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Abstract Atmospheric water harvesting based on vapor adsorptionnewdy emerged and

potentialtechnology tosupplyportablewaterfor arid areas. To efficientlgarvest vapofrom theair,
sorbents areequiredto have considerable adsorption capacity, easy regeneration and high stability.
With the advantages @brousstructure, tunable pore size and tailorable hydrophilicistalorganic
frameworks (MOFs)have demonstrated excellent performance in vaporrpiiso and water
generationlin this reviewwe first discuss thdegradation mechanisms of MOFs exposed to veater
summarize thestructurestability relationship by centering on the adsorption isotherms, the
connection between the structure of MOFs drelwater adsorption property is illuminatéuhally,

some prospectsresuggestedh order to push forward the progress of this technology.

Keywords Metal organic framework#tmospheric water harvestinglydrolytic stability, Water

adsorptiorisotherms

1 Introduction

Water shortage is one of the most urgent global challenges, which is threatening the development
of humansociety. It is estimated that twthirds of the population will live in watestressed countries
by 202%Y, environmental pollution and increasing population further exacerbate this situation.
Al t hough most of the earthds surface is cover
utilized directly,only 2.5% is fresh water, while just 0.3% of thés in liquid form¥?. To exploit new
fresh water resources, desalination is the most commonly used method to get fresh water Howadays
Seawater can provide a steady supply of fresh water, however, the construction of infrastructure needs
a large cosbf capital and the process is eneigiensivé®4. Besides, most arid regions are inland,
thus it is necessary to develop distributed whtewvesting devices to offer fresh water for these areas.
Atmospheric water is a potential water resource thauh&stunately been ignored for a long
time. It accounts for about 10% of all fresh water in I&kasdopens a new path to solve the current
dilemma. The water in air mainly exists in three forms: cloud, fog and vapor. To collect water from

cloud and fg, fine meshes are utilized to capture the microscopic droplets, however, the preconditions
2
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of this method are high relative humidity (REH00%) and light wind, meaning thaistgeographically

depender¥. Except the microscopic water droplets existingdg and cloud, most atmospheric water

is in the form of vapor. And this part of atmospheric water existing in a molecular state is everywhere,

even in thedriestdesert ardél. Water \apor can be harvested biilling-based condensaticand
adsorptiorbased concentration. Condensation is conductembblngdown moistair below its dew
point™, which is energyntensive and humiditgdependent, and will become impractical at RH

5094°1. Absorptionbased concentratids a technology lisg desiccants tharvestvapor from air in

the shade, theadsorbedvateris releasedy low-grade energy (e.g. solar energy and waste heat) and

is finally liquefied to droplets. In comparison, the adsorpbased method is more convenient and
energyefficient.

Currently, ypical desiccantmcluding:hygroscopisaltd®d, polymer§®!d, zeolite§'d and silica
gel*¥. However, theyaresufferingfrom drawbacks of slow kinetics (for salts), or hard regeneration
(for polymers), or weak adsorption capacities (for zeolite and silicaMetalorganic frameworks
(MOFs), as a new type of porous materials, are connected by metal nodes and organicTlggnds
are characterized lynprecedentdd high surface areas and porosittadoredmicroporousstructure
and tunable surface properyhichendow them with great potential in harvesting water frofair
Although MOFs have beeextensively and integively investigated as sorberits the storage and
separation otlifferent gases, such as CO, £0H, and H*618 it is not until recent years thitey
have been applied to adsorb@ becausenost MOFs havepoor ability to withstand structural
degradation in the presence of water or vfoith the development of more and more water
tolerant MOFstheir use in water harvesting has arouseteasing researdttention.

In this review, we first introduce the degradation mechas@VIOFs expsed to water and the
corresponding structwgtability relationshipln the following sectionwe center on water adsorption
isothermsof MOFs discussindhowthe isotherms e f | e c wateMa@dorptidon behaviors and thus
their water harvesting performaain correlationwi t h MOFs & structur al
provide guidance for théesign andabrication ofthe next generatiof water harvesting materials.
Lastly, some prospects are provided in order to push forward the development of Mii#-ariga of

atmospheric water harvasg.

pr



86 2 Hydrolytic Stability of MOFs

87 The prerequisitef using a MOF for capturing water from the air is that it is structurally stable in

88 the presence of water. Therefore, it is crucial to understand the hydrolytic stabiliteguadiation

89 mechanismef MOFs for developing MOfbased sorbents for water hastiag.

90 2.1 Degradation mechanisms

91 Throughexperimental testing and molecular modeling, Low epadposed that the reaction of

92  MOFs with water involves two pathways: hydrolysis and linker displacéfflertydrolysis reaction

93  occurs by breaking the metegand bondjn whichthe hydroxyl groups dissociated from water would

94  be addedo metal nodes witfree protonated linketbeing formedsimultaneously (Equation (1)):

95 00 00 Y O0©° 00 00 Y 0600 (1)

96 In contrast, the linker displacement involves the insertion of water into -figetatl bond,

97 forming a hydrated catioimteracting witha deprotonated linker as indicated in Equation (2):

98 00 06 Y 0O0° 00 VIN©®) Y 060 (2)

99 It is conceivable that the reaction pathway in water solution idgpéndent. For instanddiO-
100 66 is degraded in HQolutionfollowing the mechanism which is similar to hydroly§isgure 1a)
101 while in NaOH solution or pure wateit is degraded by linkedisplacemerit? (Figure b,c). As
102  regards water harvesting from air, it is obvious that linker displacement should be the main degradation
103  mechanisnif the air is clean and unpollutelesides, it is also reported that solvation can promote the
104 degradation process. At higher water loading (four water molecules per unit), the degradation of
105 hydrophobic MOFs built from basic zinc carboxylate SBUs is mainly attributed to the linker
106  displacenent by one water molecule, while additional three water molecules would stabilize the state
107  with one bound water molecule by solvatfdn Understanding the degradation mechanisms would

108  guide us tdundamentally improve thieydrolytic staldity of MOFs
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Figure 1. Proposed mechanisms of the degradation of&80n HClsolution(a), NaOHsolution(b)
andpurewater (c), Carbon (gray), hydrogen (white), oxygen (red), zircogligint blue), and chlorine
(green) atoms can be seen; hydrogen atom are drfattelarity?Y.

2.2 Relationships betweentsucture and stability
In view of the degradation mechanisms mentioned in 2.1, there amgetvevalways to design
hydrolytically stable MOFs from the perspective of thermodynamics and kinetics respectively.
Thermodynamically,ite binding groups of organic ligands and the metal nodes can be regarded
as Lewis aciebase pairsOn the one handheir interaction would be strengthened by increasing the
acidity of the metal nodes or the basicity of the organkelis.As demonstrated by Choi and Park,
linkers containing pyrazolate and imidazolate with haia values are conducive to forming water
stable MOF®324, Highly charged metal ionuch as Z¥, Ti**, U5, etc) with smallpKa valuesare
also beneficial to enhance thedrolytic stability?>?1. Besideshe Kavalue polarizability is another
factor for designing a stable structu@onsidering linkers with highfavalues are usually hard bases,
thus on the basis of the hasdft acidbase theory, stable MOFs can be constructed by matching hard
base linkers (e.g., carboxylate, pyrazolate, or tetrazolate) to metathatsare defined as hard acids

(e.g., AF*, CrP*, Ti*, Zr*).
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In addition reduction potentiabf the metalions alsoplag cr uci al role in MO
with lower reduction potential are less hydrolytically st&fleKizzie and his colleagues synthesized
different coordination polymers M/DOBDC with Mg, Ni and Co for £&@pture, after exposure at
70% humidity and further thermal regeneration, Mg/DOBDC only recovered 16% of its original
capacity, while Ni/DOBDC and Co/DOBD@covered 60% and 85% of its initial capaéity The
weakest stability of Mg/DOBDC is attributed tbhe lowest reduction potential of Mg4.372 eV)
compared to the other two metals (MN).5 eV) and Co-0.28 eV)).

Apart from the above thermodynamicragmeters, kinetic factoralso have influencen the
hydrolytic stability of MOFsThe first step oMOF degradation is water approaching to the metal
nodes, steric shielding can efficiently limit the diffusion of water and thus improve the stdthisty.
worth noting thaintroducingsteric shieldings notequivalent taeducingthe adsorption capacity or
weakening thaevater affinity it is a strategy to protect ttiekagesbetween metal nodend organic
linkersf r om wat er mad$ aeraleudf thusnb, tharé dreatwokpathways to introduce steric
shielding: metal nodes with high connectivity and bulky link&re excellent stability ofJ/iO-66 is
attributed tahe high coordination afr/Hf nodes(12-connected) thgtrovides steric shiding for the
framework. In general, highly charged metaigch as Zr and Hf, are often highly coordinaaed
therefore favang stability. However, it is worth noting th#éte coordination numbes not theonly
factor of thesteric shieldingand the pce size would also make a differené®r example, despite
being isostructural, Uid7 shows markedly lower water stability than LB6, because tHarger pore
sizeof UiO-67 promotes the accessibility of water to the mlatéler coordination bonds.

Besides, modifying the linker withariousfunctional groupshas proven helpful for improving
the water stability of MOFslasujaet al. demonstrated thabnpolar functional groups such as methyl
groups could prevent the Zn-O bond in [Zn(L)(DABCO)os (L is functionalized 14
benzenedicarboxylic aciffom the attack of wateand they attributed this resulttte stericshielding
effect instead othe hydrophobicityof the frameworkgonsidering its high water uptake at low H
Interestingly, polar functional groups such as amines and alkoxy gramodd also improve the
stability by drawing water away from the metal ndtfes

Modifying the framework withhydrophobic functional groups likewisean effective strategy to

strengthen the hydrolytic stabiliogf MOFsby water exclusion. Fluorination and methylation ave

6



156 most commonly used methods. Ralal. found that after partial fluorination, the water uptaie
157  {[Zn2(L)(H20)2](56DMF)(2H20)} » (L is functionalized tetracarboxylic agighifted to a higher relative
158  pressure B/Po=0.85), indicating the formation of hydrophobic pdtésLikewise, decorating the
159 linkers with methyl groupmcreased thbydrophobicityof AI(OH)(1,4-naphthalenedicadxylate) as
160 reflected bytheright-shiftedinflection pointon the water adsorption isothéffth Notably, although
161 this strategy improves thevater stabilityof MOFs the price is the loss of water adsorption
162  capacitieS4, andit is thereforenot suitablefor water harvestingpplications

163 The kinetic inertness of the metal ions was reported to play a pivotal role in improving the water
164  stability of thermodynamically unstable MOFs. Kang etiralestigated thevater stability of three
165 isostructiral MIL-53 (MIL-53-Al, MIL -53-Cr, MIL-53-V) andfoundthatthe stability decreases in the
166  order of MIL-53-Cr > MIL-53-Al > MIL -53-V[39, This resultcannot be explained by the bond strength
167 thatfollows a reversedrder of VO > Al-O > CrQ; it is notassociatedavith the coordination and
168  oxidation statef the metal ion®ither, as the three materials are identical in these aspestever,
169 it may be explained by the inertness of their central metal which follows the ordér »iACt > V¥,

170  and correhtes well with the rank of water stability.

171 In summary, m order togain hydrolytically stable MOFs for water harvestingile at the same
172 time not producing negative effects water uptake capacitgne approachs to increase the bond
173  strength betweeirlkers and metal nodes thermodynamically using the indicatoksappplarizability
174  and reduction potentighrnotherwidely appliedstrategyis to introduce steric shielding fweventthe
175 bond from the attack of water moleculey, choosing highlycharged metals with high coordination

176  numberor kinetically inert metal ions to synthesize corresponding MOFs

177

178 3 Water adsorption isotherms of MOFs

179 In addition tohydrolytic stability, the MOFs applied in water harvesting also need to satisfy the
180 following fundamental properties: tailorable hydrophilicity, higkhsorptioncapacity and easy

181  regeneratiofi®. These criteria can be evaluatadtheparameters of adsation isothermsincluding

182  Henry constanKy (slope of the isotherm in loywressure rangedherelativepressurdJat which half

183  of the adsorption capacity is reacht#te maximum water adsorption capadysx andthe hysteresis
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loop betweeradsorption andesorption branch&4. Ky andUare related to hydrophilicity of MOFs,
higherKy and lowerUmean stronger hydrophilicitgjmax is connected with the pos@lume and the
hysteresis loopeflects the regeneration capacity of MORscording to the updated IUPAC report in
2015, physisorption isotherms can be classified into six types (Figdfe P)pe | represents very
hydrophilic sorbents with steep increase at low relative pressureKhighlue). Sorbents with type

I, IV and VI isotherm shapes are classified as materials with medium hydrophilicity. These sorbents
all have considerable adsorption capacity at low relative pressure. In contrast, sorbents with type IlI
and V isotherms are considered as less hydrophilic materalfidlre small adsorption capacity at

low relative pressure. Among them, typeu , 11, k (b) andm are fully reversible and their adsorption
capacity has high sensitivity to the changes of RH, whileiryi@) andn are na fully reversible with
hysteresis loops in certain relative pressure raAgkrge hysteresis loop isisually undesirable
because it means a large amooinénergy is required to regenerate water from the sarkstherm

type can reflect some adsorptidesorption properties of the materials. For the applications of
atmospheric water harvesting, optimal sorbents should be selectelddpethe specific RH condition.

For example, in the rigid area (e.g., desert regions), ideal sorbents shoudchigivaffinity to water

to enablewater uptake at low RKILO% 20%), while for areas with high RH (e.g., seaside regions),
sorbents having high aoigption capacity at high RH (60980%) areapplicable.Note that an over
strong affinity between the sorbent and water, which can be a consequence of ultrasmall pore size or
super hydrophilicity of the pore surface, is not favorable for water regeneration, because it requires
high energy input to release thdsarbed water and is difficult to be realized bydgmade energy like

solar thermal or waste hedth e sor bent sdé perfor mance ,wkichsvalu
the amount of water (g) generated per godisorbent in one adsorptifitesorptiorcycle. The working
capacityis determined by the property of sorbents andstiexific adsorptiomlesorption conditions.

To achieve full working capacity in short tinfastadsorption/desorption kinetiés neededbut this

point has not been carefullykien into account in the current literatufiéhe adsorption/desorption
behaviorof MOFs can be adjustday controlling theirstructural and compositional parameters, such

asmetal nodes, organic ligands, defeetsd framework flexibilityas elucidated bew.
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Figure 2. IUPAC classification of adsorption isotheri¥s

3.1 The effect of metal nodes

Metal nodesn MOFshave great influencen ther water adsorption propertieStudies revealed
that poducingopen metal sites by activatia@an increase the affinity of MOFs to watkr.2009,
Kiisgenset al found that HKUSTL exhibits an adsorption isotherm of approximate 8/p8. Due to
unsaturated coordination, the open metal sites of HKUSHowed high affinity towards watethus
the adsorptioncapacity increased quickly at low relative pressure rang@5@) (Figure 3a).
Schoenecker et al also discovered the same phenomenon in7M@Rose maximunfsaturated)
adsorption capacitgmax Was reached at lowelative pressurg~10%)9. However, the binding of
water to the uncoordinated metal sitegsso strong that itvasdifficult to releaseall the adsorbed
watereven at a lower relative pressuas shown in Figure 3&unctionalizng the metal clusten
MOFs can also exert influence on their water adsorptienaviors Zhang et al decoratéhe metal
cluster of BUT46X with functional groups of different sizes ahgdrophilicity (size: HO/OH <

9
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HCOO < CH3COO < PhCOO, hydrophilicity:PhCOO< CHsCOO <HCOO < H.0/OH) to achieve
precisetuning of its water uptakeapacity(Figure 3b¥9. They found thatreplacingHCOO with
different groups have significant effects on the size amhidphilicity of the pore windows and thus
the Kn andQmax

To efficiently harvest water from air, MOFs not only neeghow favorable water adsorption
capabilitybut also should haveasy regeneratigoroperty Creatingopen metal sites can increase the
affinity of MOFswith water,but often leading to ovestronginteraction that makesater desorption
difficult. By comparisonfunctionalizing the metal nodegth suitable functional groups might be a
morefeasibleand flexible means to tune the sorbent/water affinityatonospheriavaterharvesing

underspecific climate conditions.

q) 0 b
( ) ( ) 800 |
800 ,
e -
700 T j o
800 - . ) g s00f
o S
T 500 .
% 00 S 400 -
w
300 2 —8——C— BUT-46F
= 200 —m—/——BUT-46A
b
w| F —v—/——BUT-46B
100 jr/ I
0 ol 1 . 1

(o R A 02 03 04 03 06 07 08 09 10 0.0 0.2 04 0.6 0.8
P9y P/P,

Figure 3. (a) Water adsorption (filled symbols) and desorption isotherms (open symbols) of HKUST
1 at 298K3%; (b) Water adsorption (filled symbols) and desorption isotherms (open symbols) of four
BUT-46-X MOFs at 298K(BUT-46-F, -A, -W, -B are separately grafted with HCOQ@H:COO,
H.O/OH, PhCOQ)1“Y,

3.2 The effect of organic ligands

The organic ligandsave also been modifiedth different functional group® finely tuneM O F s &
hydrophilicity. Reinsch et ahvestigated the effect of variofimctional groups attached to the organic
ligands on the water uptake of CALD-X based orthe adsorption isothermgFigure 4aYl. The
original CAU-10-H exhibited a type n isotherm after functionalizationwith -NH> or -OH, the
obtained materialsGAU-10-NH2 and CAU10-OH) had increasedKn values and the adsorption
isotherm of CAU10-NH> even changgfrom typen to types, indicating strong hydrogen bosnd

formed between water and the framework. Besidshijftedto lower relative pressures becaushef

10
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270

enhanced hydrophilicity. In contrast, CALO-NO,, CAU-10-CHs and CAU10-OCHs were more
hydrophobic as seen from their increae@IF-8 is a hydrophobic MOF that hsv wateruptake at

p/po < 0.9 (0.0125¢-g* at p/po = 0.5). After decoratiorwith aldehyde group<IF-8 showsa 8fold

increase in its water uptake under the same conditions @*haip/po = 0.5, Although grafting

polar functional groups is demonstrated to increase the hydrophiliddpéts, the occupation of free
pore volume by the substitueniis turn,would decrease the maximum adsorption capakgyseen in
Figure 4agmax of CAU-10-NH, and CAU10-OH weremuch smaller than that of unfunctionalized
CAU-10-H.

(a) 500 -
] g m =
| |
400 ann " ) &
s =" . & A
A
2 300 g ok & " H
t -t Lo ® B < -CH,
L . o
s 5 " « Vv -OCH,
> - > 4
200 g g e NO,
A > -NH,
1004 e A v;vv A OH
- A 4‘
ogsnﬁ "7{
0.0 02 0.4 06 0.8 1.0
p/p,

Figure 4. (a) Wateradsorption isotherms at 298K of CALD-X (X=-H, -CHa, -OCHg, -NOz, -NH2, -
OH)*3: (b) Structure o0,C.BTDD projected along the ¢ a¥id.

Increasing the length of organic linker and expanding the pore size can offer a higher maximum
adsorptioncapacity. However, the increase of the pore size may sometimes change the water
adsorption mechanism from pore filling to capillary condensafiomysteresis loopnay occurand
the desorption process would become less sensitive to the changewh&tthe pore size is larger
than the critical diameter of watBx. That is to say, more energy needs to be input to lower RH and
desorb all the water, which is also unfavorable for the application of water harvastengritical

diameter of water isalcuated according to Equation (3):
T, Y
~ Y
Wherel is the van der Waals diameter of waferand T are respectively the critical temperature of

O

(o)
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water and the adsorption temperature, teasling to aD¢ of 20.76A at 298K. The occurrence of
capillary condensation can be verified from the change of adsorption Qgatdlculated from
ClausiusClapeyron equation. Adsorptidreatdecrease from 80 kJ mof to 4550 kJ mot! (close to

the evaporatiomeatof water at 298Kwhich is44 kJ mot') when the coverage increastom O to
20%, indicating watewater interaction becomes dominamter the watesorbent interactidff.
Reversible pore filling/evaporation (no hysteresis loop in the isotherm) is desirable for water
harvesting applicationsecause this measmsfull use of the pore volume in combination with easy
regeneration of the sorber@n the basis of such a considerati@ni ncadés grouwmp SY
mesoporous GEI.BTDD with controlledpore size of 22Awateradsorption orits openmetal sites

at low RH decrease the effective pore size to20A, which is ideal for reversiblepore
filling /evaporation to take pla¢Eigure 4b), enabling water uptake at the reversible torstichievea
record water capture capacid.

Yaghi and his alleagues compared the isotherms of different MOFs and found that pore size
plays a more important role than hydroxyl groupsdetermining the lowpressure water adsorption
behaviorfor microporous MOF&4. Specifically, in the lowpressure range, the water uptak&/IGiF-

804 and-805havinghydroxyl groupsn their frameworksvasonly ~10% ofthat ofMOF-801, which
does not have hydroxyl groups busmaore appropriate micropore size for tnggregatiorof water
moleculeqFigure 5a, c).

It is worth noting thaalthough the modification of organic linkers can tune the hydrophilicity of
the MOF for efficient water harvesting under a specific conditiamaly cause a substantial decrease
of porosity and thus reduce the adsorption capacity. The tradeoff between the surface property and
porosity should be considered when modifying the MOFs with functional groups in order to achieve

optimal performances.

12
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3.3 The effect ofstructural defects

Although thestructural defects in MOFs have been extensively studied, most studies focused on

how the local defective structures influence the catalytic activiyasradsorptioproperties, while

there are onlya few reportsdiscussingtheir impact on water adsorpti. Yaghi et al compared the
adsorption isotherms of MG801 in the form of single crystals (M@01-SC) and microcrystalline
powder (MOF801-PY*4 (Figure 5a), the water uptake of M@B1-Pwas1.3 times higher than that

of MOF-801-SC. This was becausket missinglinker defects increased the hydrophilicity and the

pore volume of MORB 0 1 .

Choi

proved thi

S

and

further

and spatial configuration on the adsorption property of MBOE, andthe <110> direction was
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identified to be the preferéal directionfor water condensati#fi (Figure 6). UiG66 was also chosen
to study the influence of def e, tasddhe hydiophobitity a n d
of perfect UiG66 anddefectiveUiO-66 was clafied by calculating the correspondiagsorption heat
Qst. The Qst on perfect UiG66 wasonly 15 kJ mol at low water loading, whilé wasaround 606 70
kJ mot? for defective UiG66, indicatingthat water hd astrong affinity withthe defective sitesn the
framework

Introducing defects intoa MOF is an effectiveapproachto increase itgpore volume and
hydrophilicity, leading toa larger water uptake araismallerU. However,the stability of a defective

MOF structure could be a problem for practical applications and should be carefully evaluated.

(a) (b) s
g5 |1 LaesseiR—
T
20 »
-#perfect
& ~+deft
15
g o % def2_90
- - =~ - B
oot w @ h &l == y 10 -=def2_180
- A & -=-def2_par
Defect 5 ~+-def4
density 1/24 112 112 112 1/6 PR
A—] Unitcellof ___ Missing 1oimi : 0z2
' erminal group: -OH 0 0.2 0.4 0.6 0.8 1
! MOF-801 linker grotp -

Figure 6. (a) Five MOF801 defect structures with different defedéensities and/or spatial
configurations. The first number in the structure name indicates how many linkers were removed per
unit cell, the notations after the underscore refer to different configurations of the defects (par: defects
which are perpendiculao each other and located in different planes; 90: defects that are perpendicular
to each other and located in the same plane; 180: defects which are in parallel and located in the same
plane); (b) Water adsorption isotherms of different M&R (the solil lines are the results of different

MOFs obtained fromGrand Canonical Monte Carlo (GCMGEalculations; the dashed line is the
experimental result of perfect M@#01 reported by Furukawa et!&f)

3.4 The effect ofstructural flexibility

MOFs with flexble frameworks may exhibfibreathing or gateopening effed Breathing effect
refers to the reversiblgansitionof structural phase upon adsorption or desorption, vihdeate
opening effect refers to an abrupt structural transition occurs at a nonzero pféssarally speaking,
flexibility of MOFs cannotbe ascertained from the adsorption isotherms alone because the effect of
degradation or adsorbate packing change alsyresult in simildy shaped isotherms. Here, we only

discuss the MOFs which has been crystallographically certified that structural transition really occurs

14



333 in their framework during adsorption or desorption.

334 Serreand his colleagues first found theehthing effect (more thardy of MIL -53 between its
335 hydrated form and the anhydrous form in 2602vamada et al also reported the gapening effect
336 of the composites which are isostructural to ME*@. The fexibility of the framework would exert
337 asignificant influence on the isotherms of microporous Mi#esiuse of the structural transformation.
338 Interestingly,DevautousVinot found that different metal ions plegtdifferent roles in the flexibility
339  of the formed MOFsThe magnitude of breathing effect in MB3(Cr) wasmuch larger than MIL
340 53(Fe), and the framework flexibilitydeo a 40%variationof the volume in MIL-53(Cr) compared
341  to a 10%variationin MIL-53(Fe}*9, as illustrated in Figure 7&unctionalizingthe organic ligand
342  would help to relieve the structural change caused by the flexil8lityyematsu et al graftetliH»
343 onto MIL-53(ABY, whichmadethe framework more rigid and the water adsorption isothermeshift
344 fromtypen t o type t theedsappaganae ofdydterdsis Igure 7b), because of the
345  formation of internal hydrogen bond between bridgi@é and-NHo.

346 The structuralflexibility of MOFs provides opportunities fatevelopng novel applicationsFor
347  example, a flexibleMOF structurethatrespondto external stimuli (e.g., light antdmperaturegould

348  be useful foatmospheric water harvasg because its adsorption/desorption behavior is easily tunable.
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350  Figure 7. (a) The structural change of M#&3(Cr) and MILl-53(Fe) uporwater desorptidfi?; (b)

351  Water adsorption (filled symbols) and desorption isotherms (open symbols) eb3Al) (blue),
352  MIL-53-NH(Al) (pink), MIL-53-OH(AI) (green) and MIE53-(COOH)(Fe) (red) at 298K,

353
354 4 Conclusions and perspectives
355 MOFs have demustrated great potential, as higarformance sorbents, for the application of
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water harvesting from the air. Their designable and easily tunable structures, porosities, and surface
functionalities are particularly advantageous for this application, becthes desirable water
adsorption/desorption properties of the sorbent varies with the specific climate conditions. The water
adsorption/desorption isotherraEMOFs can be used to evalu#iteir water harvesting performance

that is essentiallgefined byii wo r ki n g . Irc genemlche M@FOmaterials need to meet the
following fundamental requirementsigh hydrolytic stability, tailorable hydrophilicity, superior water
uptakecapacity and easy regeneration. These properties dandxby designed sythesis ofMOF s 0
structuresthrough various aspegtsicluding metal nodes, organic linkers, defects and framework

flexibility. A successful example iIMIOF801, which has demonstrated a good performaote

atmospheric water harvesting in the desert, duts thigh water uptake at low RH (about 0.2§%

when the RH is 10%) and exceptional stabfiity

Despite thesteadyprogressnade in tis field, thereremain somehallenges to be resolved. Firstly,
the working capacity of MOéneeds to be further enhanced to reducedfeiredmass/volume of the
sorbentAs we discussed in the main text, working capacity is closely reiathé metal nodes, the
organic linkers and the formed pore structure. TigieMOFs withultrahigh working capacity, these
three perspectives should be considered comprehensseelyndly,the water adsorptiowlesorption
kineticson MOFs, whichdeterming the amount of wategeneratedvithin a certain period of time
and iscruciallyimportant forpractical applications, has been largely overloakad urexploredin the
literature Kineticsis not only relatedo the nature of MOFs, but alsdassociated witimass transport.
Designing rational adsorbent beds to ensure that MOFs can fully contact with air is an efficient
pathway to accelerate the kinetichirdly, the mechanical strength of MOF sorbents should be
carefully evaluated because in practiggplecations, they neet be shapedmal packed into adsorbent
beds. Lasly, the development oémart stimuliresponsiveMOFs for water harvestingemains
conceptional but unexploited, which would bring new strateagieisopportunitiefor tuning thewater

adsorption/desorptiobehaviorto achieve higher working capacities with less energy input
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