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Water harvesting from air in passive, adsorption-based devices holds great
potential for delivering drinking water to arid regions of the world. This
technology requires adsorbents that can be tailored for a maximum working
capacity, temperature response, and the relative pressure range in which
reversible adsorption occurs. In this respect, metal-organic frameworks
(MOFs) are promising, owing to their structural diversity and the precision
of their functionalization for adjusting both pore size and hydrophilicity,

thereby facilitating the rational design of their water-sorption characteristics.

Here, chemical and structural factors crucial for the design of hydrolytically
stable MOFs for water adsorption are discussed. Prevalent water adsorption
mechanisms in micro- and mesoporous MOFs alongside strategies for
fine-tuning of their adsorption behavior by means of reticular chemistry are
presented. Finally, an approach for the selection of promising MOFs with

drinking water. While technically feasible,
desalination of sea water requires energy
intensive processes to produce water of
drinking water quality.! More importantly,
many of the countries experiencing water
stress are landlocked, further highlighting
the need for alternative ways of accessing
drinking water. One alternative resource
that can be accessed is the humidity in
the earth’'s atmosphere. It holds water in
the form of vapor and droplets (humidity),
adding up to about 10% of all other fresh-
water resources. This equals an estimated
13 000 trillion liters of water available
in the atmosphere at any one time that
could be used to address the global water

respect to water harvesting from air is proposed and design concepts for
next-generation MOFs for application in passive adsorption-based water-

harvesting devices are outlined.

1. Introduction

Water is the single most indispensable natural resource for life
on earth as best described by Leonardo Da Vinci's conclusion that
“water is the driving force of all nature” (vetturale di natura).l!!
Today, providing fresh water to a rapidly growing world popu-
lation is a great societal challenge. Of all water on earth only
2.5% is fresh water—the main part being locked up in glaciers
(68.7%), stored in groundwater (30.1%), and only a small frac-
tion being directly accessible in rivers and lakes (0.4%).12) With
two thirds of the world’s population experiencing water stress,
it is unlikely that these sources of fresh water will suffice to
address this challenge.’l The main fraction of water, 96.5%, is
contained within the oceans thus precluding direct utilization as
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problem. There have been efforts to collect
water from fog and moist air and two gen-
eral concepts, fog collectors and adsorp-
tion based systems, have been proposed.!
Fog collectors require permanent high
relative humidity (RH = 100%) levels and
light winds to facilitate dewing on fine nets, and this severely
restricts the geographical areas suitable for their application.
In contrast, the concept of adsorption based devices has a high
potential for water harvesting, even from dry air, but is strongly
dependent on the performance of the adsorbent. As of now, the
water uptake of classical desiccants (e.g., CaCl,, silica gel, or zeo-
lites) employed in such devices is high but their strong affinity
to water renders their regeneration energy intensive, thereby
leading to low working capacities in autonomous devices, espe-
cially when powered by low grade energy sources.®! Therefore,
the development of novel adsorbents is needed in order to
propel adsorption based water harvesting devices from scientific
curiosities into real-life applications. Next generation adsorbents
should have: (i) high chemical stability to water, (ii) tailorable
hydrophilicity, and (iii) an adjustable pore diameter to fine-
tune the adsorption profile and modulate the sorption kinetics.
Metal-organic frameworks (MOFs) hold promise to meet all of
the aforementioned requirements as their modular construc-
tion from molecular building blocks and the large diversity of
the resulting structures allow for the chemical and geometrical
optimization necessary to achieve the desired water sorption
properties.

While the adsorption of gases such as H,, CH,, and CO, has
been extensively studied and principles regarding the design of
MOFs displaying high uptake of these gases have been estab-
lished, water sorption has received significantly less attention.
This may be due to the fact that the first generation of MOFs
often showed low stability in the presence of water. Today, how-
ever, this issue has been resolved and many MOFs with high
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water-stability have been reported. With respect to real-life
applications as well as to the development of next-generation
MOFs for water harvesting, a thorough understanding of the
degradation mechanisms in the presence of water is necessary.
In Section 1 of this review we will focus on the hydrolytic sta-
bility of MOFs and discuss prevalent degradation mechanisms.
In addition to a high water-stability, for a MOF to be suitable
for water harvesting from air it needs to show a high rever-
sible water uptake between 10% and 30% relative humidity
(RH), the region that defines the deliverable capacity in passive
water harvesting devices. For a material to operate efficiently in
this region water needs to interact relatively strongly with the
adsorbent, but at the same time the strength of this interaction
should be weak enough to allow for temperature swing adsorp-
tion (TSA) using low-grade, renewable energy sources (e.g.,
solar—thermal heating, waste heat, geothermal energy) or pres-
sure swing adsorption (PSA) within the limits of a typical day-
night cycle.”) The water adsorption properties, i.e., the slope
of the isotherm and its inflection point on the P/P, scale are
mainly governed by the pore size, the hydrophilicity, and the
chemical nature of the adsorbent. Section 2 deals with different
adsorption mechanisms, while Section 3 will focus on single
component water adsorption isotherms and their optimization
by means of reticular chemistry. Section 4 will illustrate the
working principles of water harvesting devices based on MOFs,
highlight promising materials and provide guidelines for the
proper selection and the design of next generation materials for
water harvesting from air.

2. Stability of MOFs in the Presence of Water

A prerequisite for using MOFs in water harvesting applications
is their hydrolytic stability. An understanding of degradation
mechanisms and the principles for the design of MOFs with
appropriate water stability are required in order to devise next
generation water adsorbents.

2.1. Experimental Methods Used to Characterize Water Stability

In addition to computational methods, several analytical tech-
niques are frequently used to gain insight into the degradation
of MOFs in the presence of water. Since there are no standard-
ized procedures defining the relative humidity, soaking time, or
temperature during the stability assessment, the comparability
between different studies is generally not given.l®l This can be
ascribed to the fact that MOFs are implemented into many dif-
ferent applications that require different levels of hydrolytic
stability. Therefore, it is important to select conditions mim-
icking those, the material will be exposed to in the envisioned
application. In order to understand the isolated effect of water
vapor on the structure, inert carrier gases such as N,, He, or
Ar should be chosen, true water adsorption isotherms however
can only be recorded by dosing water vapor in the absence of
a carrier gas. Minimum testing conditions for MOFs used in
“single-pass” and “cycled” water sorption applications, as well
as liquid phase separation have been established, and are given
in Table 1.7
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Analytical methods used to determine the stability of MOFs
that provide insight into their degradation mechanisms can
be classified into ex situ and in situ methods. The degradation
of MOFs in the presence of water is often accompanied by a
(partial) loss of crystallinity, which is why the comparison of
X-ray diffraction patterns collected before and after exposure to
humidity is often used to assess their stability. In situ diffraction
experiments under different conditions (i.e., partial pressures
of water, temperatures) can help to pinpoint changes in the
crystal structure, allowing for the determination of degradation
mechanisms.['% Unstable compounds typically show a broad-
ening of the reflections or even complete amorphization upon
exposure to moisture, thus giving qualitative information on the
stability as illustrated recently for two isostructural compounds,
Mn,Cl,(BTDD) and Co,Cl,(BTDD) [where BTDD is bis(1H-
1,2,3-triazolo[4,5-b],[4",5"-i])dibenzo[1,4]dioxin].l'] Whereas the
powder X-ray diffraction (PXRD) pattern of Co,Cl,(BTDD)
showed no significant changes after exposure to water vapor,
that of Mn,Cl,(BTDD) indicated amorphization of the MOF.
It should be noted that even though Co,Cl,(BTDD) showed
no sign of structural degradation in PXRD studies, a decrease
of the capacity of about 6% was observed after 30 subsequent
hydration and dehydration cycles. Therefore, the substan-
tiation of PXRD data with multiple water adsorption cycles is
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Table 1. Testing conditions for the assessment of the hydrolytic stability of MOFs for different types of application and appropriate analytical methods

are proposed.

Application

Recommended testing conditions

Recommended characterization methods

Gas or vapor phase

Single pass/one-time use

o Single pass cartridge (e.g. gas mask or air filters)
Cycled/multiple use

o Gas separation: packed bed (e.g., CO,, NG, H,)

e Gas separation: membranes

e Gas storage (e.g., Hy, CH,, CO,)

o Water harvesting

Aqueous phase

Liquid phase catalysis, liquid phase separation

Prolonged stability in ambient or humidified air

Multiple adsorption desorption cycles with the
relevant gas mixture (regeneration using the
appropriate method; TSA, PSA, VSA)9)

Prolonged exposure to the relevant gas mixture
under application conditions
Prolonged storage of the relevant gas under

application pressures

Multiple adsorption desorption cycles under
the relevant application conditions (humidity,
temperature), immersion and prolonged stirring

Immersion and prolonged stirring under relevant
application conditions

PXRD? and sorption (BET)?) measurements

PXRD, sorption (BET) measurements, adsorption
capacity for each cycle, microscopy (e.g., SEMY), TEM®))

PXRD, sorption (BET) measurements, microscopy
(e.g., SEM, TEM, AFMP)

PXRD and sorption (BET) measurements,
microscopy (e.g., SEM, TEM)

PXRD, gas sorption (BET) measurements, determination

of the inflection point and the water adsorption capacity

for each cycle, microscopy (e.g., SEM, TEM), solid state
mass loss, titration of the solution

PXRD and sorption (BET) measurements, solid
state mass loss, titration of the solution

Apowder X-ray diffraction; ®Brunauer-Emmet-Teller surface area; 9Temperature, pressure, vacuum swing adsorption; 9Scanning electron microscopy; ®Transmission

electron microscopy; ) Atomic force microscopy.

recommended. Degradation can also occur by partial dissolu-
tion of the material. This pathway inevitably leads to a mass
loss and can be quantified by weighing of the material before
and after water exposure. The formation of a minor amorphous
side phase or dissolution of the material can however not be
detected using crystallographic techniques. PXRD measure-
ments are therefore generally substantiated with gas adsorp-
tion data collected before and after exposure to humidity
and a comparison of the surface areas calculated from these
measurements.

Changes of the material on the macroscopic scale, such as the
formation of cracks or surface degradation can give valuable infor-
mation on the degradation pathway. Scanning electron micro-
scopy (SEM) studies showed that the degradation of HKUST-1
[Cu3(BTC),(H,0);, where BTC = benzene tricarboxylate] crys-
tals is highly dependent on the temperature. Degradation of the
crystal surface was observed after 3 d at 40 °C (90% RH), while at
25 °C the bulk of the crystal degraded faster than the surface.l?

In situ infrared spectroscopy (IR) has been used to determine
the water reaction pathway in (M)MOF-74 [M,(DOT) where
M = Mg, Co, Zn and DOT = 2,5-dihydroxy-therephthalate]. It
was shown that while water adsorption at room temperature
below the condensation pressure is reversible, at elevated tem-
peratures (150 °C) a reaction takes place even at low water vapor
pressures.!3] Increased intensity of the carboxylic acid vibra-
tional bands in the IR spectrum of HKUST-1 after 6 months
at ambient conditions revealed that the degradation takes place
by hydrolysis of the metal-linker bond.'**! Recently the deg-
radation of cubic MOFs built from Zn,0(COO,), secondary
building units (SBUs) has been studied by positronium annihi-
lation lifetime spectroscopy, an in situ method allowing for the
time-resolved study of the porosity evolution.'! It was shown
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that the induction phase of the degradation strongly depends
on previous water exposure of the MOF (history dependence).
Lastly, the sensitivity of nuclear magnetic resonance (NMR)
spectroscopy toward minor perturbations in the local structure
(short-range order) make it an important tool in elucidating
structural changes that cannot be detected using methods pro-
viding averaged structural information. Several probes have
been used in solid-state magic angle spinning (MAS) NMR
experiments to monitor structural changes in MOFs, how-
ever mostly not related to the structural degradation in the
presence of water.'®! In MOFs constructed from deuterated
linkers flipping rates of aryl units have been determined using
H-NMR.[V] TH- and C-NMR have been proven useful in
tracking structural changes in HKUST-1 at different water load-
ings indicating different degradation pathways at different RH
values.['®l Many metals frequently used to construct the SBUs
of MOFs have isotopes that are NMR active (e.g., ’Al, >’Fe,
0Cu, 7'Ga, #Y, 'PIn) allowing the measurement of changes
in the local environment of the SBU upon exposure to water.
While the above-mentioned methods give information about
the stability of materials, they provide little to no direct infor-
mation on the mechanisms of degradation.

2.2. Degradation Mechanisms of MOFs in the Presence
of Water

The two pathways for the degradation of MOFs in the pres-
ence of water are hydrolysis and linker displacement. Both
have been established for MOFs built from Zn,0(COO)s SBUs
by calculations and confirmed experimentally.’®) Hydrolysis
occurs when the metal-linker bond is broken by addition of
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hydroxyl groups resulting in the liberation of a free, proto-
nated linker (Equation (1)), while the linker displacement
mechanism involves insertion of water into the metal-linker
bond, followed by the release of a free, deprotonated linker
(Equation (2))

L,M"™ = (0,C)-R+H,0 —L,M" - (OH)+R-(CO,H) @

L,M™ - (0,C)-R+ H,0 —[L,M" —(OH,)' +R-(CO,)” (2

Figure 1 illustrates the degradation of UiO-66
[Zr404(OH)4(BDC)s, where BDC = 1,4-benzenedicarboxylate]
following a linker displacement mechanism in the presence of
water or base and a substitution mechanism similar to that of
hydrolysis in the presence of acids.l?”l Treatment with alcohols
such as methanol follows a mechanism similar to that shown
for water. It was suggested that clustering of water molecules
around the SBU drives the degradation of MOFs.2!l Theoretical
studies of the degradation mechanisms of hydrophobic MOFs
built from basic zinc carboxylate SBUs revealed that water does
not only play an important role in replacing the linker but that
additional water molecules stabilize, by solvation, the hydro-
lyzed SBU as well as the expelled linker.?2l The stability of
MOFs is influenced by thermodynamic and kinetic factors and
their precise adjustment is crucial for the development of next
generation materials with appropriate hydrolytic stability.

O
HO :

Figure 1. Degradation of the structure of UiO-66 following a linker displacement mechanism
in the presence of water (top) or base (left). In the presence of hydrochloric acid, a substitution
mechanism similar to that of hydrolysis is observed.?% The structures of the degradation

products are modeled based on the original crystal structure of UiO-66.
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2.3. Thermodynamic Parameters Influencing the Hydrolytic
Stability of MOFs

The two factors determining the thermodynamic stability of MOFs
are the strength of the metal-linker bond, and the energetic posi-
tioning of the frontier orbitals on the metal ions with respect to
those of water. The linkers and the SBU are both chemically stable
entities, hence the bond between them can be considered the
weak point of extended structures, formed by their reticulation.
It was shown that within certain limitations the strength of the
metal-linker bond can constitute a direct indicator of the hydrolytic
stability.!] This is however not generally the case. The binding
groups of the organic linker and the metal centers of the SBU can
be regarded as Lewis acid-base pairs. The strength of their interac-
tion is therefore governed by the basicity of the deprotonated linker
and the acidity of the metal ion. This principle was first discussed in
the context of pyrazolate based MOFs which display high chemical
stability.?3] A comparison of linkers bearing pyrazolate and carbox-
ylate groups arranged around a central aryl unit reveals dramatic
differences in pK, between the two binding groups (see Figure 2a).
The pK, is an especially useful tool in the design of thermo-
dynamically stable MOFs, since values of organic molecules
are readily available in tables or can be calculated using com-
mercially available software.?!l pK, values of the metal centers
can be approximated based on their charge and radius. Highly
charged metals such as Ti*, Zr*, and Hf* tend to form MOFs
with high stability toward water as illustrated by frameworks
such as Ui0-66 [Z1;04(OH),(BDC)], MOF-801
[Zrs04(OH)4(fumarate)s], or DUT-67 [ZrsOg
(OH),(TDC)4(Ac),, where TDC = 2,5-thiophen-
edicarboxylate and Ac = acetate].”%°] Recently it
was reported, that highly charged U*® can be
used to prepare an ionic framework with out-
standing water-stability.??l More precise consid-
erations should also include the polarizability
of the metal. A simplified way for matching
the metal used to construct the SBUs to the
binding groups connecting them is the hard-
soft acid—base concept. This concept states that
strong bonds are formed by overlapping fron-
tier orbitals of similar size and polarizability.
Since binding groups with a high pK, values—
generally hard bases—provide for strong
bonding, stable MOFs based on carboxylate,
pyrazolate, or tetrazolate linkers are mainly
formed from metals that can be described as
hard acids (see Figure 2b).

The susceptibility of different metals
to be attacked by water molecules heavily
depends on the energetic positioning of
their frontier orbitals with respect to those
of water. As a rule of thumb, for a series of
isoreticular MOFs constructed from dif-
ferent metals, those MOFs containing
metals with lower reduction potentials (i.e.,
E, is lower or has a more negative value)
are more likely to be attacked by water
and are hence less hydrolytically stable.’]
Comparison of the water stability of the

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

a b
) HO.__O N\ ; H
//
4 -
EE » dE
o o —
hard intermediate  soft
- N "
LT Wy EE Ak
PK,=36  HBTC pK,=145 HTPB i || v || cr|[mn || Fe || co || Ni|[cu]|zn Ge || As
‘ ’ ‘ ’ ] e & L e | -—
e i g
YO8 O EEREEEE ]
HO o N \NH NN =
pK,=39  H,BDC pK,=146 H,DPB E Ba EELTa (W [|[Re || Os || Ir || Pt || Au||Hg || TI |[Pb||Bi|

www.advmat.de

Figure 2. a) Comparison of the pK, values of a) carboxylic acid and pyrazole linkers. b) The classification of metals within the periodic table into soft

(yellow), intermediate soft/hard (green), and hard acids (blue).

two isostructural compounds Co,Cl,(BIDD) (E, = —0.28 eV)
and Mn,Cl,(BTDD) (E, = —2.37 eV) shows that the former is
more stable toward water than the latter, which was in fact
shown to undergo hydrolysis as indicated by amorphization of
the sample. This finding is in good agreement with the stability
expected based on the reduction potentials of the two metals.[!]

2.4. Kinetic Parameters Influencing the Hydrolytic
stability of MOFs

While the thermodynamic stability is related to the free Gibbs
energy (AG) of the degradation reaction, the kinetic inertness
is related to its activation energy (E,) as illustrated in Figure 3.
A thermodynamically unstable MOF can therefore be stable in
the presence of water due to kinetic reasons. There are multiple
structural factors that render MOFs kinetically inert; (i) steric

N,
>

Kinetics

Energy

Thermodynamics

Product of hydrolysis

Y

Reaction Coordinate

Figure 3. Reaction coordinate diagram illustrating the hydrolysis of MOFs.
The thermodynamic stability is defined by the Gibbs’ free energy (AG).
Kinetic inertness is defined by the activation energy (E,) required to reach
the transition state. The green graph represents a kinetically inert MOF with
a high E, for the hydrolysis reaction, whereas the yellow line represents a
kinetically labile MOF, where little energy is needed to reach the product-
like transition state. Both materials are thermodynamically unstable.
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hindrance and rigidity of the SBU and/or the linker, (ii) steric
hindrance through interpenetration, (iii) the electronic configu-
ration of the metal, and (iv) hydrophobicity.

2.4.1. The Rigidity of the Building Blocks and Steric Shielding

The degradation of MOFs relies on water molecules being
able to approach the SBUs and form water cluster in their
vicinity.2!l Steric shielding can inhibit or slow down the dif
fusion of water to the metal centers of the SBU. Three dif-
ferent ways to introduce steric shielding in MOF structures,
resulting in an increased water stability have been reported;
(i) SBUs with high connectivity, (ii) bulky linkers, and (iii) cat-
enation. It was also shown that frameworks built from rigid
building blocks are less likely to undergo degradation by linker
displacement.

Bulky binding groups and substituents appended to the linker
can effectively shield the metal centers in the SBUs from water.
Shielding of the SBU by the binding groups of the linker is more
efficient, the higher the connectivity of the SBU. Highly connected
nets are often observed in MOFs built from highly charged metals
such as zirconium and hafnium. A prominent example of a zir-
conium based MOF with high connectivity is UiO-66, built from
12-connected ZrsO4(OH), SBUs stitched together by ditopic BDC
linkers, forming a framework of fcu topology (Figure 11).%%4 The
high connectivity provides for steric shielding of the SBU and
Ui0-66 indeed shows high stability toward water.'>?% Other MOFs
built from 12-connected SBUs sharing the same M¢*(OH), O, core
also show similar hydrolytic stability.?” In all of these cases, steric
shielding is not exclusively due to the binding groups of the linker
but the bulkiness of the linker itself and the pore size also play
pivotal roles. The isoreticular expanded version of UiO-66 (UiO-67
[Zr04(OH)4(BPDC)s] where BPDC = biphenyl-4,4’-dicarboxylate)
displays a significantly lower stability toward water than the parent
isoreticular UiO-66. The original stability can be restored by virtue
of appending large substituents to the BPDC linker to effectively
increase steric shielding, an effect that will be discussed later in
more detail.?% MOFs built from infinite, rod-like SBUs are often
exceptionally stable because of steric shielding by the binding
groups. Figure 4 gives selected examples of SBUs with high
connectivity found in MOFs with outstanding water stability. The
space filling representation highlights the steric shielding of the
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[La(COO)¢(H,0)1.,

light the kinetic inertness of the SBUs due to steric shielding.

SBU, which by virtue of its high connectivity has been proven to
be a key feature in designing water stable MOFs.[7:2>31]

Another approach to tuning the kinetic water stability of
MOFs is to append bulky substituents to the organic linker.*2
This approach allows for the adjustment of the water stability by
rational linker design. Studies regarding the impact of linker
functionalization on the water stability of a series of quaternary
MOFs based on MUF-7a revealed that linkers conferring a higher
degree of rigidity may inhibit their displacement by water fol-
lowing a linker displacement mechanism, thereby endowing
the framework with increased stability®*l It should however
be noted, that the more rigid linkers studied in this report are
also more hydrophobic and the increased stability toward water
can therefore not solely be attributed to their enhanced rigidity
alone. The stronger hydrophobicity of the tritopic truxene-based
linkers used to construct MUF-77 compared to the H;BTB
(1,3,5-tris(4-carboxyphenyl)benzene) linker employed in the syn-
thesis of MUF-7a was evidenced by a shift of the inflection point to
higher relative pressures (higher value of ¢ for all modified MOFs.
The functionalization of the BDC linker in DMOF [Zn(BDC)
(DABCO), 5, where DABCO = 1,4-diazabicyclo[2.2.2]octan], a MOF

Adv. Mater. 2018, 1704304

Zr (OH),0,(C00),,
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represented as polyhedra both with and without space filling R-COO~ binding groups to high-

1704304 (6 of 26)

www.advmat.de

built from 2D Zn(BDC)-layers of sql topology,
pillared by DABCO to form a 3D network struc-
ture with an overall pcu topology, was shown
to allow for the precise adjustment of its water
stability.34 In the presence of water the zinc
paddle wheel SBUs in the parent MOF readily
hydrolyze, leading to structural degradation.
Increased steric shielding by virtue of appended
methyl groups on the H,BDC linker allows
for the systematic tuning of the kinetic water
stability of DMOF derivatives.’® The increase
in stability cannot be rationalized by the more
hydrophobic nature of alkyl substituted DMOF
derivatives alone.>! A comparison of the inflec-
tion points allowing for the assessment of the
relative hydrophilicities is however not possible
since pristine DMOF degrades in the presence
of water. The shielding effect of (CH3),-BDC
and (CH3),-BDC in the structure of DMOF is
illustrated in Figure 5. A similar, yet less pro-
nounced effect has been observed for a series
of isoreticular MOFs (IRMOFs) where the
BDC linker was replaced by (Me),BDC and
2-(CF;0)BDC.® Both IRMOFs showed an
increased stability toward water compared to
the parent MOEF-5. The shielding effect in these
examples is achieved by introducing hydro-
phobic functional groups which also inevitably
leads to a lower water uptake compared to the
parent MOF due to a decreased pore volume.
Appended polar (hydrophilic) functional groups
such as amines and alkoxy groups can also
increase the stability of MOFs. These polar
groups shield the SBU from water by acting as
basins of attraction that draw water away from
the SBU.”) The stabilization due to catena-
tion can also be rationalized by steric shielding,
and it has been shown in several cases that the
water stability of interpenetrated frameworks is higher than that of
their non-interpenetrated counterparts.’® Catenation is necessarily
accompanied by a decrease in pore-size and from a topological
point of view it is not always possible to prepare an interpenetrated
form of every MOF structure. Strategies relying on the introduc-
tion of additional functionalities or even additional interpenetrating
frameworks into the pores inevitably lead to a decrease in the acces-
sible pore volume and consequently to lower maximum capacities
as compared to the parent MOFs. Therefore, in the context of water
harvesting from air, the concept of increasing the hydrolytic sta-
bility by steric shielding based on bulky linkers or interpenetration
of framework is less useful than other strategies, where an increase
in stability does not result in a decrease of the pore volume.

2.4.2. The Electronic Configuration of the Metal Center
Kinetic inertness of the metal centers constituting the SBUs
can increase the water stability of thermodynamically unstable

compounds, a concept well-established in coordination chem-
istry. The electronic configuration of the metal centers of the
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Depending on the chemical nature of the
MOF, two types of hydrophobicity can be
distinguished; internal and external. Internal
hydrophobicity allows for water to enter the
pore system but prevents it from getting too
close to the SBU, whereas external hydro-
phobicity prevents water from entering the
pore system and can be directly quantified by
measuring the contact angle on the surface
of the materials.3! Different strategies have
been employed in the synthesis of hydro-
phobic MOFs.

Partial fluorination was shown to endow
MOFs based on copper paddle wheel SBUs
with considerable water stability. Water
adsorption isotherms of Cu,(L)(H,0), (L =
2’-amino-5’-fluoro-(1,1":3%,1”-terphenyl)-

Angess Jeyep
AyoigoydoipAH

Figure 5. Increased water stability of DMOF by rational linker design. The steric shielding
of the paddle wheel SBUs by additional methyl substituents on the BDC linker is illustrated.
Both the water stability and hydrophobicity of the material increase by appending two or four

methyl groups.3¢l

SBUs can provide information about the kinetic inertness and
thus the hydrolytic stability of MOFs. Both iron and chromium
MIL-101 [M;0(H,0),(L)(BDC); where L = OH or F] show out-
standing water stability. It can be argued that this stability origi-
nates from the electronic configuration of the metal centers
within the sterically unhindered M;0(COO)¢L; SBUs.B% (Cr)
MIL-101 is stable enough to allow for the encapsulation of
acidic moieties such as phosphotungstic acid (PTA) in aqueous
reaction media.*) A comparison of (M)MIL-53 [(M)(OH)BDC,
where M = Al or Cr] and (V)MIL-47 [V(O)BDC], three MOFs of
the same general structure (sra topology), revealed that the chem-
ical stability of these MOFs follows the order Cr*3 > Al > v+
which is in good agreement with the decreasing inertness
Crt? > Al" > VB > V™. In contrast, the bond strength of the
M—O bond (calculated for the corresponding oxides) follows
the reverse order V#* > AI** > Cr3*.*1l Here, the kinetic inert-
ness defines the stability toward water, whereas the strength of
the metal-linker bond is correlated to the thermal stability of
these MOFs. The large difference in energy between the fron-
tier orbitals of Cr** and those of water also contributes to the
outstanding water stability of (Cr)MIL-53.

2.4.3. Hydrophobicity

The structural degradation by hydrolysis or linker displace-
ment is initiated by the formation of water clusters close to the
SBU prior to diffusion of water molecules to the metal centers.
The formation of water clusters in close proximity to the SBUs
can be avoided by decorating the linker with hydrophobic
fluorinated functional groups or alkyl groups.?2>36042] Tt was
also shown that polar functional groups (e.g., amines, alkoxy
groups) can have similar impact on the water stability of MOFs
by drawing water away from the SBU, influencing the basicity
of the linker, and/or influencing the mobility of water in the
vicinity of the SBU.P’]
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3,3”,5,5"-tetracarboxylic acid) show a max-
imum uptake of 0.32 g g! alongside a strong
hysteresis. A steep uptake is recorded at high
relative pressures (P/P, = 0.85, indicative
of a hydrophobic pore system.*l In situ IR
spectroscopy and adsorption experiments,
substantiated by first-principles density functional theory
(DFT) calculations showed that the negligible water uptake in
the hydrophobic pores in FMOF-1 [Ag,(Ag,Tzs), where Tz =
3,5-bis(trifluoromethyl)(1,2,4-triazolate)] is due to the forma-
tion of pentameric water clusters in the large cavities of the
structure.*?’ The inability of water to enter the pore system
of such MOFs renders them unsuitable for water-adsorption-
based applications, however, they are ideal candidates for appli-
cations in separation, such as the separation of C6-C8 hydro-
carbons of oil components.*’! Another approach to introduce
hydrophobicity is the successive addition of methyl groups to
the organic backbone of the framework. This was illustrated
for a MIL-53 analogue [Al(OH)(1,4-NDC), where 1,4-NDC =
1,4-naphthalenedicarboxylate] where decoration of the linker
with methyl groups results in a shift of the inflection point
of the isotherm to higher relative pressures and a decrease in
the maximum water uptake, which is in good agreement with
the increased hydrophobicity of the pores and the reduced
pore volume due to the additional substituents appended to
the linker.*®l Zeolitic imidazolate frameworks (ZIFs) are gener-
ally hydrophobic in nature. The hyperhydrophobicity of ZIF-8
results in a negligible water uptake, even at pressures near to
the bulk saturation pressure.?'*] Many other ZIFs such as
ZIF-71, a ZIF built from dcIM (dcIM = 4,5-dichloroimidazolate)
linkers show a similarly strong hydrophobicity. This can be
attributed to the combination of the lack of polar centers and
the small pore openings.*8! The hydrophobicity of ZIFs can be
decreased by installation of polar functionalities in the 5-posi-
tion of the imidazolate linkers. ZIF-90, a ZIF of SOD topology
built from an aldehyde substituted imidazolate linker, shows a
water uptake of 0.29 g g1, consistent with the free pore volume
of this compound.*” It is worthy of note, that increasing the
water stability of MOFs by means of hydrophobicity limits their
capability with respect to water adsorption, especially, water
harvesting from air which requires water adsorption to occur
at low relative pressures. Low inflection points are an indicator
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for a hydrophilic pore system and cannot be realized in hydro-
phobic materials.

3. Water Adsorption Mechanisms

Water adsorption in MOFs can occur following three distinct
mechanisms: (i) chemisorption on open metal sites, (ii) phy-
sisorption in the form of layers or clusters, and (iii) capillary
condensation.

3.1. Chemisorption on Open Metal Sites

In many MOF structures, the coordination sphere of the metal
ions constituting the SBU is completed by neutral donor
ligands as in the case of MOFs built from paddle wheel (e.g.,
HKUST-1) and many rod-like SBUs (e.g., MOF-74).°% These
neutral ligands can typically be removed by heating under
vacuum. In contrast to HKUST-1, which, similar to other

www.advmat.de

copper paddle wheel based MOFs, displays low water stability,
most compounds of the isoreticular (M)MOF-74 (M = Mg,
Zn?*, Ni**, Co?") series display a comparatively high hydro-
lytic stability.'22!] The crystal structure of (M)MOF-74 mate-
rials is built from helical, rod-like SBUs that are connected
by linear DOT linkers to form frameworks of etb topology
resembling a honeycomb structure with hexagonal 1D chan-
nels of =11 A running along the crystallographic c-axis. In its
solvated form, terminal water ligands on the SBUs pointing at
the center of the pores, complete the coordination sphere of
the metal centers. When fully activated, these terminal ligands
are removed and leave behind open metal sites (see Figure 6a).
DFT calculations on fully activated (Mg)MOF-74 show that
a large unoccupied orbital is located on those open metal
sites.’! Single crystal X-ray diffraction studies on hydrated
(Zn)MOF-74 revealed the presence of three distinct adsorp-
tion sites of various strength that can be distinguished based
on their thermal ellipsoids (Figure 6b).”? The strong bonding
of water molecules chemisorbed on the open metal sites is
reflected by small thermal ellipsoids whereas water molecules

1 —e— (Mg)MOF-74 o
4 —
—&— (Ni))MOF-74 e

4 /././.’./o

0/‘._'_.—__"*"‘/’/’/'/‘

.~

T T T T
02 04 06 08 1.0

Relative Pressure (P/P,)

Figure 6. Distinct dehydration steps in the structure of (Zn)MOF-74 determined by XRD measurements. a) Loosely bound water in the center of the pore
is removed under mild conditions (24-100 °C), strongly adsorbed water is removed at 108 °C, and water chemisorbed on the SBUs is removed at high
temperature (195 °C). b) Thermal ellipsoids of the different water molecules corresponding to the strength of their interaction with the framework.?
) The resulting water adsorption isotherm is of Type |, the difference in capacity between (Ni) and (Mg)MOF-74 is due to the difference in formula
weight.34c67]
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that are strongly physisorbed close to the SBUs, have larger
thermal ellipsoids, and those located loosely in the center of
the pore have the largest thermal ellipsoids. Three dehydra-
tion steps were found upon heating of MOF-74 which is in
good agreement with the strength of the interactions for
the three distinct adsorption sites (see Figure 6a). The high
thermal energy required to regenerate (M)MOF-74 materials
to their full capacity is related to the strong binding of water
to the open metal sites of the SBU. Such high regeneration
temperatures (195 °C for (Zn)MOF-74) are undesirable for
most applications based on adsorption—desorption cycles. The
strong binding between water and the open metal sites results
in a large value of the Henrys constant Ky and a Type I iso-
therm (Figure 6c¢). Typically, the adsorption and desorption of
water on open metal sites is accompanied by local or global
structural deformation which may result in gradual degrada-
tion of the material upon repeated cycling.? Such structural
changes where observed for the dehydration of the SBUs in
the structure of Ui0-66.2°*>3 Heating to temperatures above
250 °C results in a loss of two water molecules from the
Zrs0,(OH),(CO0,);, SBU, accompanied by a decrease in the
coordination number of zirconium from 8 to 7 and a strong
distortion of the cluster.

3.2. Water Cluster Formation

Physisorption of water in microporous, hydrophilic adsorbents
is initiated by nucleation on primary adsorption sites and
the growth of water clusters rather than single or multilayer
adsorption.l”? The primary adsorption sites are typically close
to polar, hydrophilic centers within the structure (e.g., SBUs).
Water molecules adsorbed on these sites can act as additional
adsorption sites, initiating the formation of water clusters as
evidenced by the step shape of the isotherm. The reversible
formation of water clusters in MOF-801 has been studied by
X-ray single crystal and neutron powder diffraction.l”? MOF-
801 crystallizes in an fcu topology and has two differently sized
tetrahedral, as well as one octahedral pore with diameters of
4.8, 5.6 and 7.4 A, respectively.”* The combination of small
pores and short fumarate linkers provides for a hydrophilic
pore system. At low relative pressures, water is adsorbed in
the two tetrahedral pores. The highest occupancy was found
for adsorption sites that are located close to the —OH groups
of the SBU (sites I and II). An additional adsorption site (site
III) was found in one of the tetrahedral pores, where addi-
tional water is hydrogen bonded to three water molecules on
site II forming a water cluster with an overall cubic geometry.
At 100% RH water is also adsorbed in the octahedral cavity.
The octahedral cavity itself does not have specific adsorption
sites, but it was shown that water molecules adsorbed on site
IIT in the tetrahedral pores facilitate the adsorption of water in
the octahedral cavity of the framework by hydrogen bonding.
These findings suggest the instigation of water adsorption
by formation of small water clusters that eventually connect,
leading to continuous pore filling, a mechanism similar to that
established for porous carbons.’®! The different adsorption
sites in the tetrahedral and octahedral pores of MOF-801 are
shown in Figure 7.
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3.3. Capillary Condensation

In contrast to the reversible, cluster mediated pore filling mech-
anism found in hydrophilic microporous MOFs such as MOF-
801, adsorption by capillary condensation is an irreversible
(hysteretic) process. It is observed for materials with effective
pore diameters larger than the critical diameter (D¢) for capil-
lary condensation as calculated according to Equation (3)

_ 401
(Ic=T)

&)

C

where o is the van der Waals diameter of the adsorbate, and
Tc and T are the critical temperature of the adsorbate and the
adsorption temperature, respectively. The critical diameter for
water at 25 °C is D¢ = 20.76 A and capillary condensation is
therefore commonly observed in mesoporous MOFs. The
resulting “S”-shaped isotherm typically shows a hysteresis loop
between the adsorption and the desorption branch (Figure 8a,b).
A hysteresis loop between the adsorption and desorption
branch observed for MOFs with pore size smaller than 20 A
cannot be assigned to irreversible capillary condensation but
it is commonly caused by structural deformation of the frame-
work as a result of host-guest interactions, structural degrada-
tion of the MOF, or the formation of water superclusters.>%l

MIL-101 has a hierarchical pore system with two acces-
sible pores of 29 and 34 A diameter and pore openings of
=12 and =16 A, respectively. It displays an adsorption isotherm
of the expected “S“-shape with two distinct steps. A low uptake
is recorded at low relative pressures followed by a steep step
at around P/P, = 0.4 and a second step at P/P, = 0.5, corre-
sponding to filling of the smaller and larger pore, respectively
(Figure 8b).57) The strong hysteresis loop is indicative of capil-
lary condensation. Nucleation and growth on the inner surface
initiates the adsorption at low relative pressures, followed by
capillary condensation at relative pressures larger than P/P, =
0.4. High heats of adsorption at low coverage (=—80 k] mol™)
that decrease at a coverage of about 20% by almost 50%
(=—45 to =50 k] mol™, a value close to the evaporation enthalpy
of water) support this assumption.P®!

4. Single Component Water Adsorption Isotherms

The shape of a water adsorption isotherm gives important infor-
mation on the predominant adsorption mechanism as well as
on the strength of the interaction between the adsorbent and the
adsorbate. All water adsorption isotherms discussed in this section
are measured at 298 K unless specified otherwise. The gravimetric
uptake (g g) is plotted against the relative pressure given as P/P,
where P is the bulk saturation vapor pressure at 298 K. The rela-
tive pressure is equivalent to the relative humidity (RH, in %) at
the specified temperature. Four quantities are commonly used
to describe the water adsorption isotherm: (i) the water adsorp-
tion capacity (gmax in g g7%), (i) the relative pressure a at which
half of the total capacity is reached (i.e., the inflection point of the
isotherm), (iii) the Henry‘s constant K (i.e., the slope of the iso-
therm at low values of P/P), and (iv) the heat of adsorption (Qy in
kJ mol™).P”) In this review, only hydrophilic MOFs are discussed.
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Figure 7. a) Single-crystal structure of MOF-801 illustrating three different cavities, two of which are tetrahedral (green and pink spheres) and one of
which is octahedral (yellow sphere). c,d) Initial water adsorption upon exposure to humidity occurs through hydrogen-bond formation to the SBUs
(site | and Il) and among adsorbed water molecules (site I11) as determined by single-crystal diffraction. e) Crystals exposed to increased levels of
humidity (100% RH) show similar arrangements as well as incomplete cubic clusters. b) Adsorption of water in the octahedral cavities occurs through

formation of hydrogen bonds with sites 111.]

The maximum capacity of such materials is linked to the
pore volume. The position of the inflection point a (0 < o < 1)
strongly correlates with the hydrophilicity of the pores and there-
fore to some extend also the pore size. The value of o decreases
with increasing hydrophilicity allowing for the comparison of the
relative hydrophobicity of isostructural MOFs. Since strong adsorp-
tion at low relative pressures close to zero (e.g., due to the presence
of open metal sites) is unfavorable for water harvesting applica-
tions, only MOFs with low values of Kj; are discussed. Where pos-
sible, these factors will be given to allow for a direct comparison of
different materials based on their water adsorption isotherms. The
materials discussed in this section are divided into mesoporous,
microporous, and flexible/breathing MOFs. Chemical modifica-
tions influencing the adsorption behavior as well as composite
materials aiming at large-scale applications will be discussed.

4.1. Water Adsorption Isotherms of Mesoporous MOFs
Water sorption isotherms of mesoporous MOFs are typically

of Type IV or V and show a hysteresis loop due to capillary
condensation. The MIL-100 [M30(H,0),(L)(BTC), where L=OH
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or F] and MIL-101 series are among the most studied
mesoporous MOFs. Even though their structures are built from
linkers with different topicity, both structures have an under-
lying mtn topology. In both structures, tetrahedral tertiary
building units (TBUs) are formed by linking trinuclear SBUs of
trivalent metal cations (e.g., Cr**, Fe**, Al**) with ditopic BDC
(MIL-101) or tritopic BTC (MIL-100) linkers. These TBUs are
further linked to form two differently sized cages of 25 and 29 A,
or 29 and 34 A in MIL-100 and MIL-101, respectively.’%%%
Water adsorption experiments performed on highly stable
MIL-100 and MIL-101 materials revealed steep uptakes at
relative humidity ranging from 25% to 60%.2'°U As can
be expected considering the different free pore volumes of
these structures, the maximum capacity of (Cr)MIL-100 is
lower than that of (Cr)MIL-101, with up to 0.8 and 1.4 g g™,
respectively.2014 For both materials, different maximum load-
ings have been reported depending on the method of sample
preparation.[) However, all measurements show similar ‘S’
shaped adsorption isotherms with a = 0.46 for (Cr)MIL-101
and a = 0.32 for (A)MIL-100 (Figure 8a,b).?*" Water uptake
at lower relative pressures is limited by the hydrophobicity
of the organic linker, and uptake at relative pressures close
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Figure 8. a,b) Water-sorption isotherms of (Cr)MIL-101 and (Al)MIL-100.57°8 Two steps are observed corresponding to filling of the smaller and larger
pore by capillary condensation. The hysteresis loop between the adsorption (filled symbols) and desorption (open symbols) branch is caused by the
irreversibility of capillary condensation. c) Cycling experiments performed on (Cr)MIL-101 indicated a high performance-stability of the material with

no significant loss in loading lift after more than 40 cycles.[634

to zero can mainly be ascribed to the presence of open metal
sites in the fully activated material. At higher relative pres-
sures two adsorption steps corresponding to the filling of the
smaller and subsequently also the larger pore by capillary
condensation are observed.’”] Water adsorption isotherms for
both materials show a hysteresis between the adsorption and
desorption branch due to irreversible capillary condensation.
Owing to their outstanding water stability, the cycling sta-
bility of MIL-100 and MIL-101 materials has been extensively
studied in the context of adsorption-driven heat pumps, room
chillers, and sea water desalination, revealing a high perfor-
mance-stability of these materials.’®¢3] MIL-100 and MIL-101
materials have been demonstrated to be superior to traditional
water adsorbents such as NaX [Nagg(AlO,)g6(Si03)106), SAPO-34
[(Si0;)4(Al;03),(P,0s),], or silica gel in terms of water uptake
and adsorption—desorption kinetics.[®32 Water adsorption iso-
therms and cycling experiments of (Al)MIL-100 and (Cr)MIL-
101 are shown in Figure 8a—c.

Adv. Mater. 2018, 1704304

1704304 (11 of 26)

The effect of functional groups on the water adsorption
properties of MIL-101 was studied by partial incorporation of
chemically modified linkers bearing functional groups capable
of interacting with water.’”*4 The BDC linker in (Cr)MIL-
101 was partially functionalized with —COOH (1), —NH, (2),
—NHCONHCH,CH; (3), —NHCOCHCHCOOH (4), and
—NH(CH,)3;SOsH (5). Water adsorption isotherms showed that
incorporation of hydrophilic groups (1, 2, 4, 5) shifts a to lower
values (o0 = 0.42, 0.38, 0.40, and 0.33, respectively) whereas
hydrophobic groups (3) result in higher values of o (ot = 0.58)
relative to the pristine (Cr)MIL-101 (v = 0.46) (Figure 9a—f).
The maximum capacity however decreased for all substituents
which can be explained by a smaller free pore volume of the
functionalized materials as evidenced by nitrogen adsorption
isotherms. Hydrophilic functional groups attached directly to
the hydrophobic linker show the lowest decrease in capacity
while shifting the inflection point to lower relative pressures.
The hydrophilicity of a given functional group is correlated to
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Figure 9. Adsorption isotherms of functionalized (Cr)MIL-101 derivatives. Only the adsorption branch is shown, the isotherm of parent (Cr)MIL-101 is
shown in light gray. Hydrophilic substituents shift the inflection point of the isotherm lower (a—d), hydrophobic groups to higher P/P, values (e), and
hydroneutral groups have a negligible effect on the position of the inflection point (f). In all cases substitution leads to a decrease in maximum capacity,

arguably due to the decreased pore volume.F7:64

its donor- and hydration number, its pK,, and its ability to act
as a hydrogen bond donor or acceptor, rather than its dipole
moment.[®] Therefore, functional groups such nitro groups,
esters, and ketones are considered hydroneutral rather than
hydrophilic. Higher loadings of functional groups were shown
to neither increase the maximum capacity nor the uptake at
low pressures compared to lower loadings. Appending —NO,
substituents to the BDC linker in (Cr)MIL-101 showed that the
hydroneutral —NO, substituent has a negligible effect on o but
decreases the stability of the framework due to the electron
withdrawing properties of —NO, (Figure 9).1614.6¢]

4.2. Water Adsorption Isotherms of Microporous MOFs

Water adsorption isotherms of microporous hydrophilic MOFs
can be of different types (e.g., Type I, II, IV) depending on the
chemical nature of the MOF. Typically, no hysteresis is observed
unless the adsorption of water results in a distortion, struc-
tural change, or degradation of the framework, or open metal
sites are present. The adsorption of water in nickel and mag-
nesium MOF-74 have been reported.?*®”7] Both compounds
show a Type I adsorption isotherm similar to that commonly
found in zeolites.[%®! 81% of the maximum capacity is reached
at very low relative pressures (P/P, = 0.05) which is ascribed
to the presence of open metal sites.®” The adsorption iso-
therms of (Ni) and (Mg)MOF-74 reach a plateau at P/P, = 0.1
and show a maximum capacity of 0.47 and 0.54 g g%, respec-
tively (see Figure 6¢).3*%7] The lower gravimetric uptake of
(Ni)MOE-74 compared to (Mg)MOF-74 is a consequence of its
higher molar mass. (Ni)MOF-74 was shown to be a promising
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candidate for water desalination in a two bed system operating
at low evaporation (5 °C) and high regeneration temperature
(T 2 110 °C).1% The high regeneration temperature is required
due to the strong interaction between the adsorbed water mole-
cules and open metal sites, which makes MOF-74 materials
irrelevant for water harvesting applications.

The water adsorption properties of CAU-10(H) [Al(OH)(m-
BDC),] and a series of isostructural CAU-10 derivatives have
been studied extensively. CAU-10(H) is built from fourfold hel-
ical rod-like SBUs of cis vertex-sharing AlOg octahedra, linked
by ditopic, angled m-BDC linkers to form a framework of yfm
topology with square 1D channels of 7 A (Figure 10c).*] The
water sorption isotherm of CAU-10(H) is of Type V with a steep
uptake at low relative pressures (P/P, = 0.2), in good agreement
with both the pore size and hydrophilicity of the pores. Coat-
ings of CAU-10(H) were shown to be very stable in the pres-
ence of water, retaining the initial capacity of 0.26 g g™' after
up to 10 000 cycles under the selected cycling condition.”” The
effects of functional groups appended to the m-BDC linker in
the 5-position on the water sorption behavior of CAU-10 deri-
vates have been extensively studied.®>”!l Hydrophilic —OH
substituents shift o to lower relative pressures, appended
—NH, groups even change the general shape of the isotherm
to a Type I isotherm. In contrast, hydroneutral and hydrophobic
substituents (e.g., —NO,, —CH3) shift o to higher relative pres-
sures. Appending functionalities was shown to result in a lower
maximum capacity which is caused by the decrease in free
pore volume. Replacement of m-BDC by 2,5-furane dicarbo-
xylate (FDC) leads to the formation of MIL-160, a MOF isore-
ticular to CAU-10. The shorter, more hydrophilic FDC linker
results in a material displaying a Type I isotherm with a slightly
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Pore Volume (cm3 g-*)  Inflection Point (P/P)) Capacity (g g*) Q (-kJ mol)
0.39 Type | 0.39 58
0.45 0.07 0.39 43
0.43 0.07 0.4 46
0.42 0.09 0.42 46
0.43 0.15 0.36 37
0.47 0.19 0.44 36
0.45 0.35 0.42 32

Figure 10. Comparison of structural parameters a) and water-adsorption isotherms b) of aluminum-based frameworks with yfm topology, isoreticular
to CAU-10. c) The crystal structure of all materials is built from rod-like SBUs linked by bent ditopic linkers. The hydrophilicity of the linker influences

the position of the inflection point of the isotherm, whereas the pore volume can be correlated to the maximum capacity of the materia

increased maximum capacity as compared to the parent CAU-
10(H). Grand canonical Monte Carlo (GCMC) calculations indi-
cate that adsorbed water molecules interact preferentially with
—OH groups bridging the metal centers in the rod-like SBUs.
These findings were further supported by 'H-NMR."? Recently,
predicted isotherms for a series of (hypothetical) isoreticular
MOFs based on CAU-10(H) were reported.l”3! Furan, pyridine,
pyrazine, and thiophene based linkers were demonstrated to
improve the water affinity and adsorption capacity compared to
CAU-10(H) considerably, while hydrophobic linkers (e.g. pyr-
role) shift the inflection point to higher relative pressures. Con-
sidering that the pore volume and topology of all compounds
reported in this study is similar, the inflection point can give
information on the hydrophobicity of the pores. Figure 10 gives
a comparison of structural parameters and (calculated) water
adsorption isotherms of an isoreticular series of MOFs based
on the structure of yfm net of CAU-10(H).

Unlike many other paddle wheel based MOFs, the mixed
linker MOF ISE-1 [Nis(u3-BTC),(is-BTRE),(u-H,0),, where
BTRE = 1,2-bis(1,2,4-triazol-4-yl)ethane] was shown to be stable
in the presence of water, with a high cycling stability.’* The
loading lift of 0.21 g g™! does not decrease over 10 cycles under
the chosen cycling conditions between 40 and 150 °C and 1.2
and 5.6 kPa. The high stability of ISE-1 renders it an interesting
candidate for adsorption-based heat transformation applica-
tions such as refrigeration, heat pumps, and heat storage.

Since MOFs built from 12-connected Zr;O,(OH), core SBUs
typically show high water stability, many MOFs of this class are
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1.169,73]

of interest for water-adsorption-based applications. The adsorp-
tion mechanism of MOF-801 was discussed in Section 3.2. The
water sorption isotherm of MOF-801 is of Type V with o = 0.08.
About 88% of the maximum capacity (0.36 g g™') is reached at
P/Py = 0.3."] Single crystalline samples of MOF-801 show 78%
of the capacity measured for powder samples. A similar trend
was observed for nitrogen adsorption isotherms and the differ-
ence was attributed to a large amount of missing linker defects
in the powder sample. MOF-801 was shown to have a high per-
formance stability as indicated by the high cycling stability."””]
The effect of isoreticular expansion on the water adsorp-
tion characteristics of MOFs with underlying fcu topology
built from ZrgO4(OH)4(COO,);, SBUs allows for the deline-
ation of general design principles for MOF suitable for water
harvesting from air (Figure 11a). Increasing the length of the
linker in MOF-801 renders the resulting MOF (UiO-66) more
hydrophobic, leading to a shift of o to higher relative pressures
(P/Py = 0.36 compared to P/P, = 0.08).1234<7¢] The larger free
pore volume manifests itself in a higher maximum capacity
(0.44 g g7!) compared to MOF-801 (¢ya = 0.36 g g7') (Figure 11b,
left). The effects of functionalization with hydrophilic and
hydrophobic substituents appended to the BDC linker have
been studied.’*®77] The functionalization of BDC with one
hydrophobic methyl substituent was shown to have no effect
on the inflection point of the isotherm but leads to a lower max-
imum capacity due to the smaller free pore volume. A second
methyl substituent appended to the BDC linker, however, not
only resulted in a dramatic decrease of the maximum capacity
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Figure 11. a) Isoreticular series of MOFs with fcu topology. The adsorption characteristics are highly dependent of the length and chemical nature of
the linker. b) The difference in pore size between UiO-66 and MOF-801 results in different maximum capacities. A clear influence of the hydrophilicity
of the linker is seen in the position of the inflection point of the isotherms. c) Hydrophilic —=NH, substituents appended to the BPDC linker in the
structure of UiO-67 result in a dramatic shift of the inflection point to lower relative pressures. The observed hysteresis is in good agreement with the
presence of mesopores (octahedral cavities) within the material. The filled symbols represent the adsorption, open symbols the desorption.”.76>78]

but also an almost linear isotherm indicative of strong hydro-
phobicity. The inflection point of the Type V isotherm of hydro-
philic UiO-66(NH,) and hydroneutral UiO-66(NO,) are shifted
to lower relative pressures P/P, = 0.15, whereas hydrophilic
UiO-66(0OMe), has a Type I isotherm and surprisingly displays
the highest uptake among all UiO-66 derivatives (Figure 11D,
left). Further expansion of the BDC linker by one aryl unit leads
to the isoreticular UiO-67. This expansion results in a dramatic
decrease of the capacity by 34% and a shift of the inflection
point to P/Py = 0.56 along with a strong hysteresis, indicating
structural degradation, and a higher hydrophobicity of the
pores compared to UiO-66.78 Appending two —NH, groups to
the BPDC linker in UiO-67 was shown to afford more hydro-
philic pores (o = 0.2) while the capacity was decreased by only
10% (Figure 11b, right).

MOF-841  [Zr,04(OH),0,(MTB),(HCOO),(H,0),,  where
MTB methane tetrabenzoate] and DUT-67
[Z2r0,(OH)40,(TDC),(HCOO),] are both built from 8-con-
nected Zr;O4(OH), core SBUs linked by tetratopic MTB or
ditopic TDC linkers to form frameworks of flu and reo topology,
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respectively.”2? Both materials possess relatively similar
\%

pore volumes (Vpors4) = 0.53, Vypurey = 0.6) and density
(Aerystmor-gs1) = 1.05, derygypurey) = 1.06) resulting in similar max-
imum capacities of 0.51 and 0.50 g g, respectively. The small
pores in MOF-841 (9.2 A) are hydrophilic as evidenced by a low
inflection point of the Type V isotherm at P/P, = 0.24. DUT-67
has a hierarchical pore system (11.7 and 14.2 A) and the resulting
Type IV isotherm therefore displays a stepwise uptake, where the
first step is related to pore filling of the smaller, more hydrophilic
(= 0.26) and the second step to pore filling of the larger, more
hydrophobic pore (o = 0.37). The isoreticular expanded version
of DUT-67 (DUT-51) displays no steps in the Type IV isotherm
regardless of the hierarchical pore system (15.6 and 18.8 A).’10
The larger, more hydrophobic pores in DUT-51 result in a higher
maximum capacity of 0.54 g g”! and a significant shift of the
inflection point to higher relative pressures (o= 0.64).

The preceding examples illustrated that the water sorp-
tion behavior of microporous MOFs is largely governed by
the hydrophilicity of the pores, the free pore volume, and the
pore diameter. In order to facilitate water adsorption following
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Figure 12. 1D pores of fully activated a) and partially hydrated b) Co,Cl,(BTDD). c) Rehydration of the open metal sites on the rod-like SBU at 30% RH
decreases the effective pore size to about 17 A, rendering reversible micropore filling the predominant mechanism for water adsorption. d) The Type
IV water adsorption isotherm displays a steep uptake around P/P, = 0.29 and no hysteresis is observed. The filled symbols represent the adsorption,

the open symbols the desorption.l""]

a pore filling mechanism, a pore diameter < 20.76 A, the crit-
ical diameter D¢ for capillary condensation of water at 25 °C,
has to be maintained (see Equation (1)). Large working capaci-
ties within the range of 10-30% RH can therefore be expected
for highly porous, hydrophilic, microporous MOFs with pore
diameters approaching this value. The structure of the recently
reported MOF Co,Cl,(BTDD) contains hexagonal 1D channels
of 21 A diameter with open metal sites located on the rod-like
SBUs, pointing at the center of the pores (Figure 12a).l'Yl The
pore diameter suggests capillary condensation to be the pre-
dominant mechanism for water adsorption (at 25 °C). However,
at low RH, the open metal sites in Co,Cl,(BTDD) adsorb water,
thereby decreasing the effective pore diameter to about 17 A
(Figure 12b,c). The water sorption isotherm of Co,Cl,(BTDD)
is of Type IV and shows a steep uptake at low relative pressures
with an inflection point at P/Py = 0.29, ascribed to micropore
filling. The high uptake at low relative pressures is a result of the
polar, hydrophilic nature of the BTDD linker. The isosteric heat
of adsorption (Qy) during pore filling (—45.8 k] mol™) is close
to the evaporation enthalpy of water (—40.7 k] mol™!) indicating
that water-water interactions are predominant during pore
filling while the initial Qy value at zero coverage (55 kJ mol™)
indicates strong interaction with the framework. These find-
ings predict a facile regeneration of Co,Cl,(BTDD) under mild
conditions. Co,Cl,(BTDD) has one of the highest reported water
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adsorption capacity of 0.97 g g”!, which in combination with the
low value of o renders Co,Cl,(BTDD) an interesting candidate
for water harvesting (Figure 12d). Cycling studies under typical
desert climate conditions of 5% RH at 45 °C and 35% RH at
25 °C corresponding to day and night, respectively, showed that
the initial capacity of 84.7 wt% was decreased by 5.1 wt% after
6 cycles.

Even though not typically observed, the appearance of
hysteresis loops in the isotherm of microporous mate-
rials arising from a specific adsorption mechanism has
been reported. The structure of Y-shp-MOF-5 [Yg(us-
0),(it3-OH)1,(OH),(H,0),(BTEB);(DMA);, where BTEB =
1,2,4,5-tetrakis(4-carboxyphenyl)benzene] is built from 12-con-
nected nonanuclear SBUs connected by ditopic BTEB linkers to
form a framework of shp topology with trigonal channels of 12
A diameter running along the crystallographic c-axis.® Due
to the hydrophobic nature of the pores, arising from the BTEB
linker, the “S”-shaped Type-IV-like adsorption isotherm of Y-shp-
MOFEF-5 shows an inflection point at high relative pressures
(P/Py = 0.64), (Figure 13). Fully activated Y-shp -MOF-5 shows
a low uptake of 5 wt% at low relative pressures (P/P, < 0.2),
caused by the adsorption of water on the open metal sites of
the SBU, after which a plateau is reached. A steep uptake is
observed between P/Py = 0.5 and 0.75 before the full capacity
of 50 wt% is reached (Figure 13). The uptake at high relative

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

50
—e— adsorption
40 4 desorption
1-45%RH
30 4 < R ’\‘;;. R o
§ ] R R
2 204 {yvo-ofiro—odiy
101§
1 ./,/’k 100% RH
0 4
0 20 40 60 80 100

Relative Humidity (%)

Figure 13. Water-sorption isotherm of Y-shp-MOF-5.5%%1 At 0% RH no water molecules are observed in the single-crystal structure of Y-shp-MOF-5
(left). Between 1% and 20% RH the open metal sites chemisorb water (middle) until a plateau is reached. Above 55% RH superclusters form in the

triangular channels until the maximum capacity of 50 wt% is reached (right).
the water superclusters.

pressures was rationalized by the formation of superclusters
resulting from the connecting of small water clusters formed
by adsorption on secondary adsorption sites at sufficiently high
relative pressures, which results in instantaneous pore filling.
Upon regeneration of Y-shp-MOF-5 at 25 °C a 10% decrease
in capacity is observed due to the strong binding of water to
the open metal sites. Interestingly, a strong hysteresis of the
desorption branch is observed. This hysteresis is not related to
structural changes or degradation, which is supported by the
finding that after cycling Y-shp-MOF-5 for more than 200 cycles
between 25% and 85% RH all structural features as well as
the initial adsorption properties were maintained. Instead,
this behavior is attributed to the presence of water superclus-
ters in the pores. A large driving force is required in order for
them to dissociate into smaller clusters held together by weaker
dispersion forces.”l The formation of superclusters is highly
dependent on the pore structure and cannot be easily predicted.

4.3. Water Adsorption Isotherms of Flexible MOFs

Several examples of MOFs exhibiting a structural deformation
upon gas adsorption have been reported.'956280] Here, breathing
refers to a reversible structural phase transition upon adsorption
or desorption, resulting in a breathing-like motion of the frame-
work, whereas gate-opening refers to an abrupt structural transi-
tion of a material from a narrow pore (np) to a wide pore (wp)
phase at a nonzero pressure. Breathing or gate-opening effects
cannot be identified from the adsorption isotherm alone, since
other effects such as degradation, change in adsorbate packing,
or the transition from monolayer adsorption to pore filling can
result in similarly shaped adsorption isotherms. Therefore,
crystallographic evidence is needed in order to confirm flex-
ible behavior. One of the first examples of a MOF exhibiting
breathing behavior, that was studied by in situ XRD techniques,
is MIL-53, a MOF built from infinite rod-like SBUs linked by
ditopic BDC linkers to form a framework of sra topology with 1D
channels of 8.5 A diameter.'®>8!] It is assumed that the breathing
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The strong hysteresis is explained by the strong hydrogen bonding within

in MIL-53 is caused by the interaction of the framework with the
dipole or quadrupole momentum of the adsorbate molecules.®?
Fully dehydrated samples of (Cr)MIL-53 show a transition from
the thermodynamically stable, wp form into the np form upon
exposure to air. Interestingly, isoreticular materials built from dif-
ferent metal ions show significantly different breathing behavior.
Whereas the breathing motion in (Cr)MIL-53 leads to a change in
unit cell volume of 40%, that in (Fe)MIL-53 causes an expansion
of only 10%.83 A detailed study of the energetics of breathing in
(A)MIL-53 and (Ga)MIL-53 revealed a thermodynamically stable
np form for (Ga)MIL-53 which expands into an intermediate np
form upon hydration.® The influence of functionalization on
the water adsorption behavior of flexible MOFs is more difficult
to rationalize than that of rigid MOFs. Studies on the influence
of hydrophilic groups appended to the BDC linker in (Al) and
(Fe)MIL-53 have been reported.®S) Whereas pristine (Al)MIL-53
displays a Type V isotherm (o = 0.28), —NH, functionalized (Al)
MIL-53(NH,) displays Type I isotherms which is ascribed to the
larger flexibility of pristine (Al)MIL-53.8 The uptake of one
molecule of water per metal unit corresponds to the hydrated
structure where one water molecule per metal unit is located in
the center of the 1D channel.®”] (Al)MIL-53(OH) displays a Type
IV isotherm with a 500% increase in maximum capacity com-
pared to pristine (A)MIL-53. The steep uptake at high relative
pressures (o = 0.8) is a result of a structural transition from an np
to a wp phase leading to a pronounced hysteresis loop between
the adsorption and desorption branch. (Fe)MIL-53(COOH), dis-
plays a Type I isotherm with a hysteresis loop, indicative of struc-
tural changes during the adsorption. The adsorption isotherms
for (Al)MIL-53 derivatives and (Fe)MIL-53(COOH), are given in
Figure 14, the insets in Figure 14 illustrate the structural transi-
tion from the np to the wp phase of MIL-53 materials.

4.4. Water Adsorption Isotherms of MOF Composites
With respect to possible applications, monolithic shaping and the

preparation of MOF films has recently gained more importance.
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Figure 14. Water-sorption isotherms for isoreticular (M)MIL-53(R) (M =
Al, Fe; R = —(NH,), —(OH), and —(COOH),) materials. Pristine (Al)
MIL-53 (black squares) shows a Type V isotherm and strong hysteresis
related to structural changes during the sorption process, whereas (Al)
MIL-53(NH,) (orange triangles) and (Fe)MIL-53(COOH), (green dia-
monds) show Type | isotherms. (Al)MIL-53(OH) (blue circles) show a
strong breathing effect at P/Py = 0.8 and a strong hysteresis between the
adsorption and desorption branch. The structures shown correspond to
the open and closed pore phases of (Al)MIL-53(OH). Closed symbols cor-
respond to the adsorption, open symbols to the desorption of water.[8>5

The preparation of monolithic xerogel composites from (Fe)
MIL-100, (Cr)MIL-100, or (Cr)MIL-101 and mesoporous resor-
cinol-formaldehyde (R,F-xerogel) has been reported recently.!
All monolithic bodies prepared in this study were shown to
be mechanically stable and their gas uptake determined by
N, adsorption was found to be close to the expected values
according to the weight percentage of MOF within the com-
posite materials.®3] The general shape of the Type IV and V
water sorption isotherms of MIL-100 and MIL-101, respectively,
was not influenced (Figure 15). Water adsorption isotherms of
77 wt% (Cr)MIL-101 loaded R,F-xerogel composite displayed a
slight shift of the inflection point toward lower relative pressure
compared to pristine (Cr)MIL-101.

In another study the same MOFs were embedded into a
macroporous oil-water (o/w) high internal phase emulsion
(HIPE) foam, based on crosslinked poly(N-isopropyl acryl-
amide) (NIPAM).®! The pre-polymerization time of the HIPE

www.advmat.de

foam before the addition of MOF powders was shown to have
a strong influence on the properties of the resulting mate-
rials. Pore blocking effects were minimized by virtue of opti-
mizing the pre-polymerization time allowing for a loading of
up to 92 wt% of MOF. All MIL@NIPAM composites displayed
a higher water uptake than pure HIPE, however, a significant
decrease in both surface area and maximum water adsorption
capacity compared to pristine MIL-100 and MIL-101 samples
was observed. (Cr)MIL-101(71 wi%)@NIPAM maintains the
“S”-shape of the Type V water adsorption isotherm of MIL-101.
In comparison to pristine (Cr)MIL-101, the inflection point is
shifted to slightly lower pressures (o = 0.4 compared to 0.46 for
pristine (Cr)MIL-101) while the maximum capacity is reduced
by 66% to 0.4 g g™*.

Coatings of Al-fumarate (Al(OH)(fumarate), Basolite A520,
BASF SE) embedded in a polysiloxane (SilRes MP50 E, Wacker
Chemie AG) were tested on a full-size heat exchanger.®”) An
even, highly stable coating of 300-330 um thickness with an
equilibrium loading of 0.317 g g* (P/P, = 0.48, adsorption at
30 °C, evaporator at 18 °C) and a corrected adsorption loading
0f 0.309 g g1, equaling 97% of that of the pristine material, was
prepared by dip coating. Aside from the use in cooling systems,
the low desorption temperatures below 65 °C, the low inflec-
tion point (ot = 0.26), the general shape of the Type V isotherm,
the maximum capacity of 0.42 g g%, combined with the high
hydrolytic stability render this material interesting for water
harvesting. From an industrial point of view, the fast adsorption
kinetics, compared to conventional adsorbents, the resulting
cooling performance, the facile processability, and the cycle sta-
bility (95% after 360 cycles) make this composite coating suit-
able for large-scale applications.

Recently the application of MOFs in “composite salt in
porous matrix” (CSPM) materials for the application in
adsorption-based thermal batteries and chillers has been
reported. CaCl, was encapsulated into (Fe)MIL-127 [Fe;O(F)
(H,0),(ABTC); 5, where ABTC = 3,3’,5,5"-azobenzene-tetracar-
boxylate], (Fe)MIL-100, (Cr)MIL-101, UiO-66(NH,), (Ti)MIL-
125(NH,) [TigOg(OH),(NH,-BDC)g], and (Al)MIL-160 [Al(OH)
FDC].% CSPM materials of UiO-66 and CaCl, (53 wt%)
showed a specific cooling power of 631 W kg™! and a coefficient
of performance (COP) of 0.8; values comparable to the best
solid adsorbents.

A recent study investigated novel composites of (Fe)MIL-100
and multiwalled carbon nanotubes (MWCNTS) prepared using a
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Figure 15. Water-adsorption isotherms for R,F-xerogel composites of: a) (Cr)MIL-101, b) (Cr)MIL-100, and c) (Fe)MIL-100 for different loadings of
MOF. The isotherms of the pure MOF phase are shown in black, that of the pure R,F-xerogel in gray. An uptake equal to that expected for the respective

MOF content of the composite is observed in all cases.[88
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molecular-level mixing process.®®! Composites containing var-

ying volume fractions of MWCNTs were synthesized. Nitrogen
adsorption measurements showed an increased BET surface area
for a composite containing 10.72 wt% of MWCNTs. The charac-
teristic Type IV isotherm of (Fe)MIL-100 is maintained and water
adsorption isotherms showed a maximum uptake similar to
pristine (Fe)MIL-100 with 38.77, 42.96, and 40.86 wt% for com-
posites with 2.16, 5.90, and 10.72 wt% MWCNTS, respectively.
Cycling stability tests revealed a stabilizing function of a low con-
tent (2.16 wt%) of MWCNTs. Such composite materials provide
the opportunity to increase the coefficient of thermal conductivity
while maintaining the adsorption characteristics of the MOF.

For the large-scale application of MOFs in water-adsorption-
based processes, the use of powdered materials is not ger-
mane.”") Hence, the above presented research on the prepara-
tion of composite materials allowing for facile production of
films and monolithic bodies constitutes an important progres-
sion in transferring lab-scale results to large-scale applications.
Embedding MOFs into polymer matrices appears to be a promi-
sing approach, even though it should be noted that efforts have
been made to produce shaped bodies by pressing and extrusion
on an industrial scale.’”?l Polymer matrices appear especially
promising since the water adsorption properties of the com-
posite can be tuned through the hydrophilicity of the polymer.
Whereas methods for the preparation of MOF-polymer com-
posite films and shaped bodies are scarce, the fabrication of
composite membranes has been studied in detail with respect to
separation processes and will not be discussed in more detail.[?}!

5. Water Harvesting From Air

The earths’ atmospheric humidity equals about 10% of all
liquid freshwater resources. In many arid regions of the world
this constitutes the most abundant water source and adsorp-
tion-based water harvesting from air could therefore poten-
tially address the global water problem. Many conventional
porous materials (i.e., zeolites, porous silica, and porous car-
bons) suffer from two major drawbacks with respect to water
harvesting applications: low maximum capacity and/or high
regeneration temperatures. The ultrahigh porosity of MOFs
combined with their wide structural diversity renders them
promising candidates for adsorption-based water harvesting
from air. The preceding sections pointed out that MOFs can
combine large free pore volumes with the structural tunability
needed for the precise adjustment of the strength of interac-
tions with the adsorbate, facilitating the use of low grade energy
sources such as solar or waste energy for combined PSA/TSA
cycles. In this section the working principles of autonomous,
low-energy water harvesting devices will be illustrated. Based
on the demands with regard to the adsorbent a method for the
selection of promising materials is proposed and design princi-
ples for next generation water adsorbents are outlined.

5.1. Working Principles of Water Harvesting
An ideal system for water harvesting should be powered by

low grade, renewable, and abundant energy sources (e.g.,
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solar-thermal heating), requiring materials with a large
working capacity under these conditions. The water harvesting
process in such devices consists of three steps: (i) adsorption of
water from air at low temperatures and high RH, (ii) desorption
at elevated temperatures, and (iii) condensation at low tempera-
tures. This process can be illustrated using the psychrometric
chart which provides a relation between the temperature and
the humidity ratio for a given pressure. Figure 16b shows a psy-
chrometric chart between —20 and 60 °C at sea level (760 mmHg
or 1 atm) and Figure 16c¢ depicts a schematic working cycle of a
simple water harvesting device operating between 20 and 60 °C.
The device consists of an enclosure equipped with a con-
denser and an adsorbent at opposing sites. The enclosure can
be opened and closed to allow for a controlled exchange of
the atmosphere (Figure 16d). The first step in the water har-
vesting cycle is the adsorption of water by the adsorbent. This is
achieved by exposure of the adsorbent to cool, humid air (here
20 °C at 20% RH), typical values for the night in dry desert
areas. When the adsorbent is saturated, the enclosure is sealed
in order to create a closed system (Point 1, Figure 16b). When
the temperature of the adsorbent is increased (e.g., by solar—
thermal heating during the day), water is desorbed resulting in
an increased humidity ratio of the air within the enclosure (red
line, Figure 16b). The slope of the line connecting points 1 and 2
in Figure 16b is determined by the working capacity and the
adsorption—desorption kinetics of the adsorbent. Subsequent
cooling of the humid air on the condenser leads to an increase
in the RH value until the dew point for the given temperature
is reached (100% RH) and water starts to condense (Point 3,
Figure 16b) which allows to collect the humidity adsorbed by
the adsorbent as liquid water.

Recently an adsorption-based water harvesting device using
MOF-801 has been reported.”>! The high water uptake of MOF-
801 at low relative pressure region (0.29 g g™! at a = 0.3 and
T = 25 °C) renders it suitable for the application in water
harvesting devices driven by low grade energy. A tempera-
ture swing of 40 °C is sufficient to fully regenerate MOF-801,
restoring its initial capacity (see Figure 16a). The reported
device is based on an enclosure that is equipped with one
heated, MOF coated (adsorbent) and one cooled surface (con-
denser). A working cycle similar to that shown in Figure 16¢
was suggested. A TSA-PSA cycle between 25 and 65 °C allowed
to harvest an extrapolated amount of 0.24 L of water per kilogram
of MOF per day, as obtained by integration of the water har-
vesting rate, starting from air with 25 °C and 20% RH. A
photograph of the passive device and the water droplets formed
on the condenser upon increasing the temperature of the MOF
are given in Figure 16d. This work provides an important proof-
of-concept, demonstrating that harvesting water using only
renewable solar—thermal energy is indeed possible and that
further solutions based on this idea can eventually address the
challenges of water production and distribution in arid, land-
locked regions of this world, even in view of the increasing
demand and decreasing supplies. The challenge of achieving
this goal however requires both, advances in the design of next
generation MOFs as well as elaborate engineering with respect
to the design of passive water harvesting devices. The design
of water harvesting devices is an engineering matter and basic
considerations have been discussed elsewhere.>d
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Figure 16. a) Water-adsorption isotherms of MOF-801 recorded at 298 and 338 K. b) Psychrometric chart at sea level (760 mmHg) between —20 and
60 °C. c) Schematic of a passive water-harvesting device; steps in the process correspond to those highlighted in the psychrometric chart. The MOF
is saturated with at 20 °C (20% RH, night conditions, point 1); subsequent heating during the day regenerates the MOF (point 2); the humidity ratio
inside the device is increased until 100% RH is reached close to the condenser (point 3). Water condenses (point 4) and the dry air is exchanged by
humid air again to close the cycle. d) Photograph of a passive water-harvesting device, the insert shows water droplets forming on the condenser upon
increasing the temperature of the MOF adsorbent. d) Reproduced with permission.®l Copyright 2017, AAAS.

5.2. Selection of Water Harvesting Materials

The selection of adsorbents for water harvesting is governed
by several factors, the most important ones being: (i) the water
stability, (ii) cycling stability, (iii) working capacity, (iv) pressure
and/or temperature swing conditions, (iv) sorption kinetics,
(v) thermal conductivity and spectral properties. The hydro-
Iytic and cycling stability have been discussed earlier and this
section is focused on the determination of the performance
stability of MOFs with respect to water harvesting from air.

No standardized procedure for the selection of adsorbents for
water harvesting has been established. In the following we pre-
sent a rational approach to the evaluation and selection of water
stable MOFs based on information gained from their isotherms
and measurements of the adsorption—desorption kinetics in
both TSA and PSA (see Figure 17). While it is evident that a
large maximum capacity is required in order to facilitate effi-
cient water harvesting from air, the pressure window in which
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the uptake takes place is just as important. A steep uptake in
a narrow pressure region between 10 and 30% RH (i.e., Type
IV or V isotherm with a small value for ¢) is desirable since
it facilitates water adsorption at low relative pressures (ie.,
low RH), while allowing for regeneration of the initial capacity
under mild conditions.”) Traditional desiccants often either
show significant water uptake at very low RH, even close to 0%
RH, and therefore bind water too strongly (e.g., zeolites), or
have a low uptake over a wide pressure range (e.g., silica gel),
rendering them unsuitable for efficient adsorption-based water
harvesting from air. Figure 17b shows schematic isotherms for
three materials with different values of a. The inflection points
of materials 1 and 2 are within the desired pressure region of
P/Py=0.1 and P/P,= 0.3, the uptake of material 3, even though
steep, takes place at too high relative pressures to allow for
water harvesting from dry air. Figure 18 shows a comparison of
the water uptake of different porous materials at P/P, = 0.3, 0.6,
and 0.9. The working capacity under ideal temperature swing
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Figure 17. Flow chart for the selection of promising MOFs for water har-
vesting from air. a) High water stability is required in order to provide
high cycling performance. b) The material should show a Type IV iso-
therm with a steep uptake ideally located between 10% and 30% RH.
) Isotherms recorded at temperatures between 25 and 65 °C should
show significantly different profiles to allow efficient TSA. d) Sorption
kinetics should be measured within different RH and temperature inter-
vals to determine appropriate working conditions as well as the maximum
loading lift under these conditions.

conditions should be determined by measurement of isotherms
at different temperatures. An idealized set of isotherms at two
different temperatures (T; < T) is shown in Figure 17c, where a
large difference in capacity at low relative pressures is observed,
allowing for efficient TSA within the temperature window
T,—T,. The measurements carried out in steps 2 and 3 provide
information on the maximum achievable loading lift in pure
PSA and TSA cycles, respectively. Most designs of passive water
harvesting devices will however operate based on combined
PSA-TSA cycles.””) The working capacity determined in
idealized TSA and PSA cycles is often limited by the adsorp-
tion—desorption kinetics. Therefore, the fourth step in the selec-
tion process should consist of kinetics measurements within
different pressure and temperature intervals. Only few studies
of water adsorption—desorption kinetics for MOFs have been
reported thus far. The kinetics of water adsorption in (Ni)MOF-74,
commercial aluminum fumarate (Basolite A520, BASF SE) and
(Cr)MIL-101 have been studied and numerical models have
been established.® These models have been proven useful in
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the optimization of operating parameters in adsorption based
desalination processes such as the optimization of the heat
source temperature.[%3 We suggest the selection of multiple
pressure intervals for the determination of adsorption—desorp-
tion kinetics in a way that different adsorption mechanisms
predominate within these segments, e.g., around the onset,
inflection point and plateau of the area of steep uptake. Such
measurements allow for the determination of the boundaries
for ideal PSA conditions. Figure 17d illustrates a kinetics meas-
urement where either the temperature or the relative humidity
is varied in periodic intervals allowing for the determination of
the working capacity at a fixed cycling rate. The kinetics meas-
ured on powder samples typically do not represent those of
processed MOF (e.g., films, pellets, shaped bodies, or mono-
liths) but provide important data for the evaluation and further
selection of promising adsorbents for water harvesting from
air. Accordingly, processing MOFs as shaped bodies may also
change the kinetics of convective heat and mass transfer.

In devices relying on thermally induced desorption of water
the thermal conductivity and heat capacity of the employed
MOF are important. The specific heat capacities of MOFs are
typically in the regime of 1 ] g”! K™!, which is comparable to
those of zeolites (e.g., zeolite 4A: ¢, = 0.915 ] g™ K™') and equal
approximately one quarter of that of water (¢, = 4.19 ] g™' K
at 15 °C and 101.325 kPa).’! The relatively low heat capacity
allows for short response times with respect to temperature
changes and the linear temperature dependence of the heat
capacity indicates the absence of thermal anomalies. Due to
their open structures and the resulting low atomic number
density, the thermal conductivity of MOFs is comparatively low.
The imbalance between the long, flexible linkers and the heavy
SBUs results in low phonon group velocities, suppressing the
development of long range correlations and thereby reducing
the mean free path of phonon modes.® The thermal conduc-
tivity of MOF-5 was shown to be governed by the short-range
acoustic and the optical phonons, whereas the long-range
acoustic phonons contribute only little to the total thermal
conductivity.*®*’] Experimental studies show that MOF-5 has
a thermal conductivity of 0.32 W m™ K! (at 300 K); a rather
low value for a crystalline material but in the same regime as
that of zeolites (e.g., Zeolite 4A: K= 0.16-0.21 W m™ K! at
300 K).%® It should be noted, that the thermal conductivity is
strongly dependent on the packing density.*?! Considering the
necessity of shaped bodies or coatings when targeting large-
scale applications, this limitation may be overcome by using
additives with high thermal conductivity to make composite
materials with tailored thermophysical properties.

5.3. Promising Materials and the Design of Next Generation
MOFs for Water Harvesting From Air

The RH range in which adsorbents suitable for water har-
vesting from air ideally show a steep uptake strongly depends
on the climate the device is expected to operate in. A steep
uptake between 10% and 30% RH is generally desirable, since
within this regime water is bound sufficiently strong but facile
regeneration using low grade energy can still be achieved. Heat
pumps for domestic heating are also preferably equipped with
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Figure 18. Comparison of the water uptake of different porous materials at P/Py = 0.3, 0.6, and 0.9. A high water uptake at low relative pressures is
desirable since it results in strong binding but also allows desorption under mild conditions.

adsorbents that adsorb water at comparatively low relative vapor
pressure. MOFs for the application in adsorption-driven heat
pumps have been extensively reviewed elsewhere and are out of
the scope of this work 02632100 The actual vapor pressure range
in which water uptake occurs therefore defines what applica-
tion (i.e., water harvesting, heat pumps, or thermally driven
chillers) and more precisely in the case of water harvesting,
what climate the adsorbent is most suitable for.

The analysis of reported water adsorption isotherms, with
respect to the inflection point, the capacity and the presence of
hysteresis as well as the analysis of important structural features of
the corresponding MOFs allows for the deduction of correlations,
helpful in devising design principles for next generation materials.
Such considerations have been reported for a series of MIL frame-
works where the influence of appended functional groups capable
of hydrogen bonding was studied.® In the following, a selection
of structural parameters will be taken into consideration in order
to establish design principles for MOFs suitable for the applica-
tion in passive water harvesting devices. A compilation of MOFs
with potential for the application in water-adsorption-based pro-
cesses alongside selected structural parameters is given in Table 2.

5.3.1. Influence of the Linker Design

The exposed surface (van der Waals surface) and the polar
surface of the organic linker can provide information on
the hydrophilicity/hydrophobicity of the pores. Large, non-
polar linkers (Ayqw/Apolar 1 large) result in hydrophobic pores,
whereas small polar linkers (A,qw/Apolar 18 small) generally
render the pores hydrophilic. The hydrophilicity is however
not directly linked to the polarity of a given organic molecule
alone, but its determination is complex and in contrast to the
polar surface, values cannot be calculated using simple com-
puter software software.l®®) As a rule of thumb, polar mole-
cules capable of hydrogen bonding (acceptor/donor) are
hydrophilic. One has to keep in mind that functionalities
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such as nitro groups, esters, and ketones are considered
hydroneutral and have no influence on the hydrophilicity of the
linker. Linkers with large aromatic system like H,BTEB used
to prepare Y-shp-MOF-5 typically result in MOFs with water
adsorption isotherms with inflection points located at high rela-
tive pressures whereas small and/or hydrophilic linkers such
as the fumarate linker in MOF-801 or the FDC linker in MIL-
160, respectively, render the pores hydrophilic, as indicated by
low values of a. Introduction of heteroatoms capable of strong
hydrogen bonding interactions allows for more hydrophilic
pore environments leading to a shift of o to lower relative
pressures. This is highlighted by theoretical isotherms cal-
culated for a series of CAU-10 analogs (Figure 10) as well as
the comparatively low value of o found for M,Cl,(BIDD) type
compounds despite the large pore diameter (Figure 12).111:673]
The dimensionality of the pore structure appears to have
little to no impact on the adsorption behavior as illustrated
by the comparison of MOF-801 (4.8, 5.6, and 7.4 A, 3D pore
system, fcu topology) and CAU-10 (7 A, 1D pore system, yfm
topology), which both have similar pore volumes (V}, = 0.45 and
0.43 cm?® g, respectively). The inflection point of both iso-
therms is located at low relative pressures (0.08 and 0.15,
respectively) and the maximum capacities are identical (y,,y =
0.36 g g!).”73 Comparison of isoreticular MOFs that only
differ in the presence of a functionality allowing for efficient
hydrogen bonding (e.g., —NH;) reveal that such function-
alization typically results in a lower value of . The fact that
these functionalities decrease the free pore volume however
commonly leads to a concomitant decrease of the maximum
capacity. Increasing the length of the linker affords a larger pore
volume and a higher maximum capacity, but may be accompa-
nied by a transition of the pores into the mesoporous regime,
which typically results in a hysteresis between the adsorp-
tion and the desorption branch due to capillary condensation
(Dc = 20.76 A at 25 °C). It should however be noted that the
critical diameter for capillary condensation under applica-
tion conditions may differ from that at ambient conditions.
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Table 2. Compilation of MOFs with interesting water adsorption properties (at 298 K). The capacity (gma,) and the inflection point (¢) are related to
structural features of the MOF. a is mainly governed by the hydrophilicity of the pore, the maximum capacity is correlated to the free pore volume
(Vp) and the density (ds;). Hydrophilic functionalities as well as heteroaromatic linkers increasing the hydrophilicity of the pores shift o to lower rela-
tive pressures, whereas linkers with a large exposed nonpolar surface shift o toward high relative pressures.

Gma [ 27] o Poresize [A]  Vp[ecm®g']  dey[gem™]  Linker, functionality A Apolar” Topology pore Ref.
HBD/A9 structure
MOF-801 0.28-0.36 0.08 4.8,5.6,7.4 0.27-0.45 1.68 (SC) Fumarate, — 124.72, - no feu, 3D [7]
UiO-66 0.44 0.36 74,84 0.49 1.23 BDC, — 135.86, —np feu, 3D [7,59,76b]
UiO-66(NH,) 0.38 0.15 <Pristine <Pristine >Pristine (NH,)BDC, —NH, 150.69, 26.02 yes feu, 3D [59]
Uio-67 0.3 0.56 8.8,16.6 0.99 1.04 BPDC, — 243.41,-no feu, 3D [78]
Ui0-67(NH,) 0.26 0.2 <Pristine 0.64 >Pristine (NH,)BPDC, —NH,  270.88, 52.04 yes fcu, 3D 78]
PIZOF-2 0.68 0.68 17.6 0.88 0.67 (OMe),PEDB, —(OMe) ~ 593.86, 18.46 yes  feu-c, 3D 7
MOF-841 0.51 0.26 9.2 0.53 1.05 MTB, — 485.36, —no flu, 3D [7]
DUT-67 0.5 0.37 11.7,14.2 0.6 1.06 TDC, thiophene 115.36, 28.24 yes reo, 3D [7]
DUT-51 0.54 0.64 15.6,18.8 1.08 1.44 DTTDC, thipophene 199.73, 84.73 yes reo, 3D [25b,31b]
MOF-808 0.59 033 18.4 0.84 0.86 BTC, - 135.86, - no spn, 3D 7
(A)MIL-100 0.5 0.32 25,39 1.14 0.80 BTC, - 135.86, — no mtn, 3D 58]
(CMIL-101 1.4 0.46 29, 34 1.68 0.61 BDC, — 135.86, — no mtn, 3D [59]
(CHMIL-101(NH,) 0.82 038  <Pristine <Pristine >Pristine (NH,)BDC, —=NH,  150.69, 26.02 yes mtn, 3D [59,64]
(Ti)MIL-125(NH,) 0.67 0.23 51,125 07 0.76 (NH;)BDC, —NH,  150.69, 26.02 yes beu, 3D [59]
BASF A-520 0.42 0.28 6 0.47 1.06 Fumarate, — 124.72, — no sra, 1D [7,101]
(AMIL-53 0.09 0.24 7-13 0.51 nd. BDC, — 135.86, — no sra, 1D [59]
CAU-1 0.55 038 5,10 0.55 0.88 (NH,)BDC, —NH, 150.69, 26.02 yes beu, 3D [102]
CAU-T(NHCHj3) 0.40 0.48 <Pristine 0.40 >Pristine (NHCH,)BDC, 187.52,12.03 yes becu, 3D [102a]
—(NHCH;)
CAU-T(NHCOCH;) 0.25 0.36 <Pristine 0.30 >Pristine (NHCOCHs3)BDC, 211.77,29.10 yes beu, 3D [102a]
—(NHCOCH;)

CAU-10(H) 0.36 0.15-0.25 7 0.43 1.37 m-BDC, — 135.86, — no yfm, 1D [103]
CAU-10(CH) 023 045  <Pristine - >Pristine  m-(CH3)BDC, —(CH3) 168.11, - no yfm, 1D [69b]
CAU-10(NHy) 0.24 0m <Pristine - >Pristine  m-(NH»)BDC, —NH,  150.69, 26.02 yes yfm, 1D [69b]
CAU-10(OCH;) 0.08 025  <Pristine - >Pristine  m-(OCH3)BDC, —(OCH;)  183.99, 9.23 yes yfm, 1D [69b]
CAU-10(NOy) 033 017  <Pristine 0.21 >Pristine  m-(NO,)BDC, —(NO,)  176.67, 45.82 no yfm, 1D [69b]
MIL-160 0.38 0.10 5 0.48 N.A. FDC, furan 108.06, 13.14 yes yfm, 1D [72]
Co,Cl,(BTDD) 0.97 0.29 17 0.90 0.70 (BTDD), dioxine 156.77, 18.46 yes etb,1 D [17]
Y-shp-MOF-5 0.5 0.64 12 0.63 0.97 BTEB, — 564.05, — no shp, 1D [56b]
(Mg)MOF-74 0.54 0.05 1.1 0.53 0.91 DOT, OMS 135.86, — no etb, 1D [34c]

?)Determined a P/Py = 0.9; ®HBD/A: hydrogen bond donor/acceptor; 9A,qy: van der Waals surface area of the linker; Ay, polar surface area of the linker. Values were
calculated using MarvinSketch.?l Binding groups were considered part of the SBU.

Typically, desorption in passive water harvesting devices is
achieved by increasing the temperature (TSA) resulting in an
increased critical diameter for capillary condensation (see Equa-
tion (1)). A hysteretic behavior can also be observed when water
superclusters are formed, since breaking up the comparably
strong hydrogen bonds requires a significant decrease of the par-
tial pressure, such behavior was reported for Y-shp-MOF-5.15¢!
Noncapillary condensation hysteresis loops may also be
observed for microporous flexible frameworks.? As illustrated
by the dramatically different water sorption of a series of isore-
ticular functionalized MIL-53 frameworks, it is not possible to
predict the occurrence of a breathing or gate opening motion
(Figure 14).
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5.3.2. Influence of the SBU

The use of heavy, highly charged metal ions such as zirconium
yields MOFs with high stability in the presence of water due to
strong bonding. However, their high atomic weight negatively
influences the gravimetric uptake. Therefore, the use of lighter
elements such as aluminum, titanium, or iron is favorable in
achieving a high gravimetric uptake. It has been shown, that
bridging —OH groups within the SBUs can act as primary
adsorption sites.l””?l Such sites are frequently found in ZrsOq
based and many rod-like SBUs. Apart from the physical proper-
ties and the structural diversity arising from the use of certain
metals for the construction of MOFs, their toxicology has to be
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considered, as partial dissolution of the MOF can result in con-
tamination of the harvested water. In general, the use of both,
linkers and metals with a low LD, such as H,BDC or H3BTC
and Al, Ti, or Fe is preferable for the construction of MOFs for
water harvesting applications.[14

5.3.3. The Influence of Defects

The presence of defects on the gas adsorption behavior of MOFs
has been intensively studied especially in zirconium MOFs
having an fcu topology such as Ui0-66.1'%! However, only few
reports discussing the impact of defects on water adsorption
have been reported.”1%°2d] The isotherms of single crystal and
powder samples of MOF-801 show different inflection points
and adsorption capacities. This was ascribed to the presence of
defects in the powder sample rendering the pores more hydro-
philic and increasing the pore volume, thereby shifting the
inflection point to lower relative pressures and increasing the
maximum capacity.”] Studies of the influence of defects in
the structure of UiO-66 on its water adsorption isotherm con-
firm these findings.'% Interestingly, experimental BET surface
areas determined by nitrogen sorption are relatively insensitive
toward the presence of defects, whereas water adsorption iso-
therms show significant changes depending on the concentra-
tion of defects. This is supported by Oy, values of water adsorption
calculated for ideal (defect free) UiO-66 and UiO-66 with two
different concentrations of defects. The hydrophobic nature
of ideal UiO-66 results in low initial Qy values (=15 k] mol™)
that sharply increase at higher loading, plateauing at—60 k] mol .
In contrast, heats of adsorption of UiO-66 containing defects
show high initial Q; values (60 to —70 k] mol™) that gradu-
ally decrease at higher loadings, indicative of hydrophilic pores.
The combination of nitrogen, argon, and water adsorption iso-
therms has been suggested for the detailed characterization of
classical porous materials, since water adsorption, including
the capacity, pore filling pressure (inflection point), and hyster-
esis behavior, are sensitive to subtle changes in size, geometry,
and surface chemistry of the pore system.!1%¢!

6. Conclusion

We have highlighted recent developments in the chemistry
of metal-organic frameworks with respect to their utilization
for water harvesting from air. With regard to their stability, a
thorough understanding of the degradation pathways and
subsequent adaptation of materials has afforded MOFs with
exceptional hydrolytic stability. Recently, it was demonstrated
that harvesting water from air using MOFs in a device driven
by low-grade energy is indeed feasible. This proof-of-concept
device can operate under low relative humidity conditions,
which lends credence to the notion that this idea can eventu-
ally address the great challenge of providing drinking water to
arid regions using off-grid energy sources such as sunlight. At
this point the challenge is three-fold. First, selection of MOFs
with improved working capacities under temperature and/or
pressure swing conditions is necessary to optimize the inherent
performance of the adsorbents. Second, it is crucial to derive
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a more detailed understanding of the sorption kinetics which,
at this point, is still lacking. A detailed understanding of the
adsorption mechanism of water in MOFs of diverse structure
types with different pore shapes and metrics provides the
basis for the deduction of design principles for next genera-
tion MOFs with promising performance for the application in
water harvesting devices. Third, while the performance of MOF
adsorbents is highly promising, a lot remains to be done with
respect to device-engineering to render this technology viable
for supplying fresh water to regions experiencing water stress.
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