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MOFs for Heat Transformation
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Abstract: Cyclic physical adsorption and desorption processes
on porous materials can be used for the conversion of heat in
heat transformation processes, which is the working principle
in adsorption heat pumps (AHPs). Environmentally benign water with its high enthalpy of evaporation is the working fluid of

choice in AHPs. Metal-organic frameworks, MOFs can adsorb
large amounts of water or methanol, up to their own weight.
MOFs could be alternative materials to silica gels, zeolites, or
aluminum phosphates for low-temperature heat transformations in AHPs.

Introduction
Metal-organic frameworks (MOFs) are potentially porous coordination networks composed of metal nodes and organic linkers
that self-assemble into an extended (crystalline) two- or threedimensional network (Figure 1).[1–3] Their high internal surface
area and a large pore volume, adjustable three-dimensional
structure, and tunable inner and outer microenvironment let
one envision MOFs for a myriad of applications,[4–7] most prominently in gas storage and separation,[8,9] as porous fillers in
mixed-matrix membranes,[10–14] catalysis,[15] drug delivery,[16,17]
enzyme immobilization, etc.[18] as filler in mixed-matrix membranes etc.
Since their discovery in the early 1990s, MOFs have proven to
be more and more suitable for a task- and compound-specific
adsorption of gases and vapors.[4–7] Compared to other sorption materials such as activated carbons, silica gels, or zeolites,
the sorption properties of MOFs can be better tailored via the
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Figure 1. Construction principle of MOFs from metal clusters or metal atoms
(examples shown with their attached donor atoms from ligands with carboxylate, -CO2 or azolate, -N groups) and organic ligands (linkers) into a threedimensional porous framework.

organic ligands. Due to the chemical robustness of MOFs, the
ligands can be modified by organic-chemical reactions (substitutions, additions) even after MOF network synthesis. For this
purpose, the term “post-synthetic modification” has been
coined for MOFs.[19] In a simplified picture, zeolites and silica
gels have only SiO4 and AlO4 building blocks which are connected via corners into networks. A modification of the assembly of these building blocks is only possible within relatively
narrow limits when compared to MOFs. For the latter, the essentially infinite variety of organic chemistry is available for the
modification of MOF ligands. MOFs are record holders for the
size of the internal surface area. Specific inner surface areas of
MOFs typically range from 1000–4000 m2/g, but values above
6000 m2/g have also been reported (MIL-210 or NU-100).[20] In
contrast, the specific inner surface areas of zeolites and silica
gels are at 1000 m2/g and below. The pore openings or channel
diameters in MOFs range from 0.3 to 3.4 nm, with specific pore
volumes up to 1.5–2 cm3/g. An advantage of MOFs over amorphous sorption materials such as activated carbon or silica gel
is their perfectly identical pore size over the entire network
structure. In contrast, activated carbons and silica gels are
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amorphous materials, so their microstructure is not precisely
known.
In the last few years, water sorption has become an increasingly important research field.[21,22] This also includes the possible use of porous materials to adsorb and desorb water vapor
under atmospheric conditions without external power sources
as a promising methodology for the capture and release of water in arid or desert regions of the world. The potential of metalorganic frameworks as water harvesting materials for freshwater
production in dry regions with medium or high humidity conditions during the night appears to have first been tested by Kim
et al.[23] and Trapani et al. in 2016,[24] The possible generation
of drinking water through the adsorption of moisture from the
air was then followed-up by Yaghi and co-workers in 2017. The
energy-efficient adsorption of atmospheric water and its separation for subsequent use still represents a technical and economic challenge.[25–29]
One obstacle on the way to broader applications of MOFs
has long been their insufficient hydrothermal stability (see below).[30] However, in the meantime MOFs are known to be stable against prolonged contact with water, and not only because
of their high hydrophobicity (as with ZIF-8). This has opened
up the potential application of cyclic water sorption with waterstable MOFs in adsorption heat pumps (AHPs), including adsorption chillers.[31] Physical adsorption and desorption proc-

esses on inner surfaces of highly porous materials, can be used
to convert heat in heat transformation processes.[32] Adsorption
is a process of adhesion of atoms, molecules, or ions of a gas
or liquid at the surface of a solid or liquid. Most research focuses on adsorption on the solid surface and physisorption, i.e.
the process in which the adsorbed species do not form chemical bonds with the surface but only bind through physical
forces (dispersion, electrostatic, etc.).
A simple setup illustrates the working cycle (Figure 2) in
which cold is generated, which can be used for cooling processes, from the evaporation of water which is driven by adsorption into the activated porous sorption material.
Figure 3 depicts the underlying principle of closed cycling
adsorption heat transformation systems. The heart of such systems is the working pair consisting of an adsorbent and a working fluid. During the first stage of this two-stage-process, the
active (dry, porous) adsorbent physisorbs the working fluid that
is evaporated by taking up heat (Qin) and thereby generating
useful cold. The released heat of adsorption in the adsorbent is
led away or used as heat (Qout,1). During the desorption stage,
heat has to be applied to the filled (wet) adsorbent (Qdrive) in
order to induce the desorption of the working fluid. The working fluid is condensed by leading away or using the heat of
condensation (Qout,2) on a medium temperature level. Qout,1 and
Qout,2 can be applied as usable heats for heating purposes.
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up to 0.26 g of water per gram zeolite (0.26 g/g) (Figure 4), but
also require a high temperature of over 200 °C for regeneration.[38,39] Silica gels bind water less well than zeolites and require only about 100 °C for regeneration (see also below). However, silica gels have only a low water adsorption capacity in
the relevant vapor pressure range of 0.13 g/g (Figure 4).[40]

Figure 2. A simple experimental setup illustrates how the evaporation of
water generates useful cold. After opening the manual valve, the water evaporates from the left-hand flask into the right-hand flask, driven by the adsorption into an empty, porous sorption material. Right: infrared image taken a
few minutes after opening the manual valve. In the water flask the temperature drops to approx. –5 °C with the formation of ice; in the sorption material
it rises to approx. 40 °C.[33,34] Reproduced from ref.[34]

Figure 4. Comparison of typical water adsorption capacities of classical porous materials and MOFs of the MIL type,[68] for the possible use in adsorption
driven heat pumps.[35] The loading capacity (in g of water/g of dry sorbent
material) is the uptake or loading lift within an adsorption-desorption cycle.
The water stability of some of the MIL networks was confirmed over a large
number of adsorption and desorption cycles (MIL-100Al and MIL-100Fe,[67]
MIL-100Cr,[66] MIL-101Cr[34]).
Figure 3. Schematic working principle of thermally-driven adsorption heat
transformation. (a) In the working cycle, a working fluid (favorably water due
to its high evaporation enthalpy and nontoxicity) is evaporated at a lowtemperature level Tcool consuming the heat of evaporation Qin which translates into useful cold. During adsorption into a porous material, heat of adsorption Qout,1 is released at a medium temperature level TM. (b) In the regeneration cycle, driving heat Qdes for desorption is applied at a high-temperature level Tdes, to regenerate the adsorbent. The released working fluid is
collected in a condenser and releases condensation heat Qout,2 at the medium temperature level TM. The device can be used as a chiller or a heat
pump.

By reversing the adsorption and regeneration in few-minute
intervals, a heat pump, including an air conditioning system can
be set up. In the heating mode, the heat of adsorption (Qout,1)
and heat of condensation (Qout,2) are utilized and Qin presents
the additional energy gain from the environment to Qdrive
(ideally Qout,1 + Qout,2 = Qdrive + Qin), determining the coefficient
of performance for heating (COPHP) (see below).
In the cooling mode cold is generated essentially from heating and adsorption heat transformation (AHT) can therefore operate much more energy-efficiently than conventional air conditioning systems operated with compressors (using electrical energy), if there is the chance to use waste heat which is otherwise lost.[35] For both modes, driving heat (Qdrive) can be supplied by often readily available waste heat (below 100 °C) from
industrial processes, solar heat, or direct heat from a gas
burner.[36,37]
So far, the inorganic materials silica gels and zeolites are already used in commercial adsorption coolers and adsorption
heat pumps. At low humidity, zeolites adsorb water well with
Eur. J. Inorg. Chem. 2020, 4502–4515
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A sorption material for thermal adsorption chillers and adsorption heat pumps should have a high water adsorption capacity at low to medium relative humidity (5–35 %, that is 0.05
< p/p0 < 0.35), release the water vapor below 80 °C and have
a water uptake during each cycle of at least 0.3 g/g.[35,41] This
value is two to three times higher than the mass-based g/g
working capacity of silica gel within the stated boundaries.
A broad variety of different adsorbent-adsorbate working
pairs is already investigated for sorption heat transformation.[37,42] Each one of these classes has its own distinct field of
application, e.g. activated carbon-methanol for cooling, SAPO34-water for heating, silica gel for certain cooling applications,
zeolite 13X for heat storage, not to mention the vast variety of
salt-based adsorbents and composites for any of these applications. Activated carbons are rather low-cost and hydrophobic
materials and have high adsorption capacities for alcohol and
ammonia.[43,44] Silica gel is one of the most used adsorbents in
commercially available AHTs due to its low cost and stability,
despite its less favorable linear water uptake curve instead of
the S-shaped isotherm and low water uptake of 0.03 to 0.1 g/
g.[45,46] The recently developed AHT technique “Heat from Cold”
(HeCol) uses LiCl-silica gel/methanol as working pair.[47,48] LiBrsilica and CaCl2-silica[49] appear to be superior composite adsorbents with the working fluid water for air conditioning and
heat pumping. For refrigeration, where water freezes and cannot be used as adsorbate, LiBr-silica with methanol and ethanol
was found as promising working pair.[50] One of the biggest
disadvantages of standard zeolites for AHT is their quite high
hydrophilicity, which necessitates desorption temperatures up
to 120 °C.[51] Modified zeolites such as Mitsubishi's adsorbent
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AQSOA®-FAM-Z02,[52–54] and the SAPO-34 zeolite[55] with water
as adsorbate were similar in performance to the above-noted
LiBr-silica and CaCl2-silica.[50] Since the focus here is set to the
use of MOFs, the reader is referred to a variety of publications
for further reviewing and comparing different classes of adsorbents and adsorbent-adsorbate working pairs.[51,56–60]
Further, water is the natural choice as working fluid due to
its non-toxicity and its high heat of evaporation (2258 kJ/kg).
However, other working fluids even though inferior in the heat
of evaporation come with advantages like higher pressure levels, less problems with hydrothermal stability (for the adsorbate), and a freezing point below 0 °C (to allow for refrigeration
applications). These other working fluids are methanol (1100 kJ/
kg), ethanol (838 kJ/kg), ammonia (1368 kJ/kg), and even difluoromethane (45 kJ/kg). The latter two have already been proposed and tested, e.g. with the working pair activated carbon/
ammonia[32,61,62] and activated carbon/difluoromethane.[63]
However, to the best of our knowledge ammonia and difluoromethane have not been tested with metal-organic frameworks
with respect to their use in heat transformation. Regarding
methanol, it has to be stated, that methanol itself showed instabilities (e.g. ether formation) at driving temperatures above
120 °C whereas there have been no such observations for ammonia.[51,64]
The group of late Prof. Gérard Férey from the Institute Lavoisier at the University of Versailles has produced highly porous,
water-stable MOF materials called MILs (MIL = Materials of Institute Lavoisier).[65] MIL materials can adsorb significantly more
water than zeolites (Figure 4).[33,35,66,67,68] The zeolite-like but
inorganic-organic hybrid chromium terephthalate MOF MIL101Cr can adsorb more than its own weight of water
(Figure 4).[33–35,68] At the same time, the highly porous material
MIL-101Cr is stable against water and heat for a long time.
MIL-101Cr is among the MOF record holders for water uptake
which however takes place at a slightly too high relative pressure of 0.4.[34]

How it Started
The development of cyclic water sorption in MOFs for heat
transformation in the Janiak group started with the contact to
Dr. Henninger in 2009 to employ the potential of MOFs with
their high porosity as sorption material in heating and cooling
applications. In the Janiak group, the doctoral student Hesham
A. Habib had synthesized the MOF 3D-{[Ni3(μ3-btc)2(μ4-btre)2(μ-H2O)2]·ca. 22H2O} (Figure 5) in water as solvent. This MOF
contained about 30 wt.-% of crystal water with about 22 disordered water molecules where the oxygen atoms with partially
occupied position could be refined in the X-ray structure.[69] At
the same time this MOF could be expected to be at least somewhat water stable, because it originated from this medium.
When the cycling water sorption properties of this MOF were
published,[70] the MOF was denoted as ISE-1 (ISE = [Fraunhofer]
Institute for Solar Energy Systems). Using the MOF ISE-1, the
possibility of using MOFs for cycling water sorption for heat
transformation was experimentally demonstrated for the first
time,[70] after a suggestion for MOFs for adsorptive heat pumpEur. J. Inorg. Chem. 2020, 4502–4515
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ing and storage had been put forward by Aristov.[71] Subsequently, Henninger and Janiak as well as other groups examined many aspects of this area. The main focus was on the
hydrothermal stability of the MOFs in combination with uptake
capacity, humidity region, and synthesis from inexpensive starting materials. Furthermore, shaping of the microcrystalline MOF
powder became a focus that is extremely important for almost
any industrial application.

Figure 5. Schematic drawing of the 3D framework 3D-{[Ni3(μ3-btc)2(μ4-btre)2(μ-H2O)2]·ca. 22H2O} (btc ligand in red, btre ligand in dark blue,
nickel atoms in green) with the oxygen atoms (light blue) of the water of
crystallization in space-filling mode.[69,70] Reproduced from ref.[70] © (2009),
with permission of the American Chemical Society.

Theory of Water Adsorption
The physisorption of water in porous materials can be described in two different parts, at first the attachment of layers or
clusters of water molecules to surfaces or in pores until surface
saturation. Subsequently, the continuous pore filling takes
place, which occurs as capillary condensation in the case of
small pore sizes.[72]
The capillary condensation depends on the so-called critical
pore diameter (Dc), which in turn is temperature-dependent.[89]
The variables included in the calculation are the van der Waals
diameter of the adsorptive (σ), the measuring temperature (T),
and the critical temperature of the adsorptive (Tc).[89]

For water, Dc at 298 K is approximately 20 Å (2 nm). Porous
materials are classified according to their pore size. According
to IUPAC, microporous materials have pore sizes up to 2 nm,
mesoporous ones between 2 to 50 nm, and macroporous ones
have a pore diameter above 50 nm.[73] Up to the value of 2 nm
the pore filling occurs continuously. At larger pore diameters
the pore condensation leads to a hysteresis in the desorption
isotherm.[72]
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An S-shape of the sorption isotherm (IUPAC classification
Type V)[74] is desirable which enables a large loading lift within
a narrow relative pressure range and with the large uptake step,
that is the steep rise and inflection point in the relative pressure
range of p/p0 ≈ 0.1–0.3 for an effective usable adsorptive uptake.[75] The inflection point of the water sorption isotherms
describes the relative hydrophilicity of the adsorbent. At this
point, half of the maximum intake has been reached. The hydrophilicity of porous materials is a measure of the material′s
affinity for water, in a multi-component mixture. Hydrophilic
linkers as well as small pore sizes move the inflection point to
lower partial pressures.[89,76] For the uptake capacity, it is, however not the hydrophilicity, but the pore volume that is decisive.[89] The optimum inflection point and uptake pressure
range should be tunable as they depend on the desired working conditions which can vary. Suitable for AHP applications
are, in particular, those porous materials which have a high water uptake (adsorption) in a narrow partial pressure range and
which show little to no hysteresis.[77,89] A hysteresis will reduce
the usable part of the loading and lead to loss of sensible
heat.[78,79] The partial pressure at which water adsorption takes
place can be adjusted by pore size and hydrophilicity. These
requirements make MOFs the most promising materials for further development of adsorbents for AHPs because of the easy
fine-tuning of their hydrophilicity (see below). Figure 4 has already shown the advantage of MOFs in terms of water adsorption capacity.
The water sorption isotherm provides insight into the uptake
mechanism and hydrophilicity/hydrophobicity of the material.
Figure 6 shows five isothermal water adsorption profiles of adsorbents which differ in their hydrophilicity and porosity. A
highly hydrophilic material, such as a zeolite but also a hydrophilic MOFs, such as HHU-1[80] with uniform micropores will
have a steep uptake at very low p/p0 due to strong adsorbentadsorptive interactions in the narrow micropores from which a
micropore filling at very low p/p0 results (curve a in Figure 6).
With lower hydrophilicity but still uniform microporosity, as in
the MOFs NH2-MIL-125,[81] aluminum fumarate (Alfum)[82] or
CAU-10-H[78,[83] the isotherm changes to an S-form with the
uptake in the relative pressure range up to p/p0 ≈ 0.3 (curve b

Figure 6. Comparison of different types of water adsorption isotherms. a:
hydrophilic and microporous (e.g. zeolites); b: less hydrophilic, microporous
(e.g. SAPO/AlPOs, hydrophilic MOFs); c) moderate hydrophilicity, amorphous
micro up to mesoporous (e.g. mesoporous silica gels), d) hydrophobic, mesoporous; e) very hydrophobic (e.g. active carbon and related materials). For
the version of this diagram with specific examples the reader is directed to
Figure 4 in ref.[36] and to ref.[52] Noteworthy a microporous (regular density)
silica gel has an isotherm of type I (a); however, less steep than a hydrophilic
zeolite.
Eur. J. Inorg. Chem. 2020, 4502–4515
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in 6).[84] If the material becomes more hydrophobic and may
also include mesopores beside micropores, as MIL-101Cr[34] the
steep S-rise shifts to higher p/p0 (curve c in Figure 6) and may
also become more gradual.[84] The isotherm curve d in Figure 6
is obtained with highly hydrophobic materials, such as activated carbons[85,86] or covalent triazine frameworks (CTFs).[87,88]
There, the pores are only filled at high partial pressures. Silica
gels lie with their hydrophilicity and amorphous micro-mesopore structure between these examples and show continuous
water adsorption.[89]

Stability of MOFs for Water Sorption
Water stability of MOFs is one of the necessary conditions for a
sensible use in AHPs. For the use of MOFs in adsorption heat
pumps, it is important to note that hydrothermal stability cannot be concluded by proving the structural integrity simply by
immersing into and retrieving the MOF from an aqueous suspension. Instead, water stability needs to be verified through a
larger number of water-vapor ad/desorption cycles (Figure 7).

Figure 7. Water loading lift measured on Al fumarate,[82] H2N-UiO-66,[81]
MIL-100Fe,[67] MIL-100Al,[67] H2N-MIL-125,[81] MIL-101Cr,[34] HKUST-1[35] and
Basolite™ F300[35] after activation (black filled square), after 20 ad-/desorption
cycles with water vapor (red filled square), and after 40 ad/desorption cycles
(blue filled square). Graphic adapted from ref.[84] © (2014), with permission
of the Royal Society of Chemistry.

Expected lifetimes in real adsorption-driven heat pumps are
over 100,000 ad- and desorption-cycles.[35,77] The 100,000 cycles
correspond to an estimate of ten years of operation in a heat
pump.[77] Cycling water sorption over thousands of cycles will
be impossible without very high water stability. The desired
water stability depends on the metal and ligand building
blocks. Stability is divided into thermodynamic and kinetic stability.[76,90,91] MOFs are 2- to 3-dimensional coordination compounds with the same stability principles which are known for
molecular metal-ligand complexes. The coordinative metalligand bond can be viewed as a superposition of an ionic and
a covalent bond. The ionic bond derives from the Coulomb
interaction between a metal cation and a ligand anion or the
negative end of a polar ligand molecule. A covalent metalligand sigma bond can be viewed as a Lewis acid (metal) –
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Lewis base (ligand) (or acceptor–donor) interaction where a ligand donor atom donates its free electron pair into an empty
metal orbital.
Water can react with metal-ligand complexes as a protic reagent (an acid) or as a ligand. Consequently, non-water-stable
MOFs decompose either through hydrolysis or linker exchange.
In the case of hydrolysis, the metal-ligand bond is broken with
formation of the metal-hydroxide and the conjugated acid of
the ligand.[92] During ligand exchange, a water molecule (an
aqua ligand) replaces the original ligand.

The metal-ligand stability in terms of complex formation
constant is determined by the metal cation and the ligand in
equilibrium with the metal-ligand complex. The thermodynamic stability towards water can, in principle, be derived from
this complex formation constant, the formation constant for the
aqua-metal complex, the formation constant (or solubility product) for the hydroxido-metal complex (or metal hydroxide), and
the pKa value of the conjugated acid-base pair of the ligand.
More practical, a higher covalency of the metal-ligand bonds is
often viewed to go along with increased water stability. For
example, azolates such as imidazolates have higher-lying nitrogen donor orbitals which are closer in energy to the empty
metal orbitals and, thereby, give more covalent metal-nitrogen
ligand bonds. Whereas carboxylates with their more electronegative oxygen donors yield to more ionic metal-ligand interactions. Consequently, ZIFs, where Zn2+ and imidazolate derivatives are combined, are rationalized more hydrolytically stable
than MOF-5 analogs from Zn2+ and aryl-dicarboxylate ligands.[89,90,92] To a large extent the often noted hydrolytic stability of ZIF-8 is purely kinetic and due to the hydrophobicity
of the material with almost no water uptake.[93,94] When the
hydrophobicity/hydrophilicity of ZIF-8 was adjusted through
linker modification as demonstrated by Zhang et al.[95] MAF-4
(ZIF-8, zinc 2-methylimidazolate) was tuned to become more
hydrophilic by partial or full replacement of the linker with 3methyl-1,2,4-triazolate in MAF-7. Replacing a C–H moiety with
an isoelectronic N atom influenced the polarity of the resulting
MOF strongly, where the additional N atom served as an extra
adsorption site for polar water molecules.[35,95] This MAF-4 to –7
variation demonstrated the potential of MOF tailoring through
partial isoreticular linker replacement (see below) but the more
hydrophilic MAF-5 to –7 were no longer water stable. Figure 8
compares the water stability of different MOFs.
Qualitatively, also the HSAB concept allows a quick estimate
of the bond strength. Soft acids, that are easily polarizable large
metal cations in combination with low oxidation states will give
stable combinations with soft bases, that are easily polarizable
ligands.[89] Such soft acid–soft base interactions are orbital controlled and have a higher covalency than charge-controlled
(more ionic) hard acid–hard base interactions between metal
ions and ligand donor atoms of low polarizability.[76,89,90]
Besides or instead of thermodynamics, kinetics can be used
to stabilize a material. In thermodynamics the Gibbs free energy
(ΔG) determines stability/instability. Kinetic stability, that is inEur. J. Inorg. Chem. 2020, 4502–4515
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Figure 8. Hydrothermal stability of different MOFs against water vapor at
different temperatures as a steam-temperature diagram. The corresponding
activation energies for the MOFs, which are required for the exchange of a
linker, are plotted as numerical values. Reproduced from ref.[92] © (2009), with
permission from the American Chemical Society.

ertness/lability of a compound, e.g. of a metal complex towards
ligand exchange is concerned with the reaction rate (constant)
and activation energy for the process. Even if a complex is thermodynamically unstable it can be kinetically inert. The wellknown rate constants for the exchange of aqua ligands in aqua
complexes {[M(H2O)n]c+ + H2O* – k(H2O)→ [M(H2O)n–1(H2O*)]c+
+ H2O} can be used to assess metal cations as inert or labile.[96–98] The divalent transition-metal cations from Mn2+ to
Cu2+ have fast rate constants k(H2O) of over 106 s–1 for this
exchange which renders their complexes rather labile. For trivalent Cr3+ k(H2O) is about 10–6 s–1 and Cr3+ complexes are
generally viewed as inert. The most inert main-group metalaqua complex is [Al(H2O)6]3+ with k(H2O) = 1.3 s–1. Hence, Cr(III)and Al(III)-MOFs are reasonably kinetically stable materials for
AHPs. Along these lines, also Zr4+ and Ti4+ MOFs are among the
more kinetically stable systems.
For MOFs, essentially three ways are discussed through
which the hydrothermal decomposition can be kinetically inhibited. This includes steric shielding of the labile metal-donor
atom bond, the increase of the material′s hydrophobicity, and
the use of rigid, inflexible linkers and metal-cluster secondary
building units, SBUs.[89,76,90,92] Rigid linkers and SBUs significantly reduce linker exchange, while steric shielding makes the
labile metal-linker bonds difficult to access for water molecules.
The approach of hydrophobicity increase distinguishes between internal and external hydrophobicity. In the case of internal hydrophobicity, functionalization of the linker with e.g.
fluorine atoms or alkyl chains slows down the approach of water molecules to the metal-linker bond. External hydrophobicity,
on the other hand, prevents water molecules from penetrating
into the pores of the material.[89,76]
The difference between the stability towards liquid water
and towards water vapor in ad/desorption cycles can be explained by the water phase change enthalpy, the head of adsorption which is released at the adsorption site, i.e., in the
MOF. Such adsorption enthalpies have been calculated to lie in
the range of ligand displacement energies. In addition, water
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molecules are constantly moved in and out of the porous material during cyclic ad/desorption processes. This increases the
chance of metal-ligand bond hydrolysis and stresses the framework by the alternating forces created through cavitation (moving in) and capillary forces (moving out). For example, the ZrMOF UiO-67 was shown to be stable towards linker hydrolysis
in H2O, but collapses during activation, that is desorption of
H2O from the pores through capillary-force-driven channel collapse.[99]

Linker Functionalization for Increased
Hydrophilicity
A possibility to increase the hydrophilicity of a MOF is the
functionalization of the aromatic spacer on the linker with an
amino group. The amino-aryl function provides hydrogen-bond
donor sites and thus an increased affinity of the MOF for water.[81,84] When UiO-66 and MIL-125 with their non-functionalized terephthalate linkers (O2C-C6H4-CO2) were compared to
the analogs H2N-UiO-66 and H2N-MIL-125 with the 2-aminoterephthalate linker (O2C-C6H3(NH2)-CO2)[81] the amino-functionalized MOFs showed a water uptake at lower p/p0 (Figure 9). H2N-MIL-125 also exhibited an extremely promising
adsorption isotherm with the steep S-rise between 0.1 and 0.2
(p/p0) being ideal for use in heat pumps. At the same time,
H2N-MIL-125 was shown to be stable to hydrolysis in over 40
water sorption cycles (Figure 9).

the hydrophilicity between the two water-stable MOFs CAU10-H and MIL-160 by varying the proportions of the two (commercially inexpensive) linkers (isophthalic acid and furandicarboxylic acid).
CAU-10-H[104] is currently the most realistic stable known
MOF for hydrothermal cycling between 40 °C adsorption and
140 °C desorption temperature, with proven stability of 10,000
water adsorption-desorption cycles.[78] It has a BET surface area
of over 1000 m2/g and a water uptake of 0.33 g/g, even below
the relative pressure of 0.2, which is significantly earlier than
comparable MOFs.[105]
The tuning made it possible to continuously adjust the water
adsorption in between the p/p0 limits set by the two singleligand MOFs. Figure 10 depicts the modulation of the hydrophilicity, i.e. the fine-tuning of the p/p0 range of the water uptake step between MIL-160 and CAU-10-H thereby maintaining
the single-step and high-uptake characteristics of the singleligand starting MOFs.

Figure 10. Fine-tuning of water adsorption curves with solid solution mixedlinker aluminum MOFs with varying furandicarboxylate and isophthalate
linker proportions between (from left to right) neat MIL-160 (FDC-only,
brown), IPA:FDC 22:78 (green), 53:47 (blue), 74:26 (grey), 85:15 (olive), neat
CAU-10-H (IPA only, pink).[101] Reproduced from ref.[81] © (2019), with permission the American Chemical Society.

Figure 9. Water adsorption/desorption isotherms of UiO-66 (red), H2N-UiO-66
(green) and H2N-MIL-125 (black), acquired at T = 25 °C.[81] Adsorption: filled
symbols; desorption: empty symbols.

Mixed Linker
In addition to functionalization, it is also possible to modulate
the hydrophilicity or hydrophobicity of MOFs by using mixed
linker systems. For example, Schlüsener et al. recently investigated a “solid solution” mixed-linker approach for aluminum
MOFs.[100,101] Aluminum MOFs are particularly promising for industrial applications because aluminum salts are low cost and
readily available starting materials, and their MOFs are rather
hydrothermally robust materials which can also be manufactured in an environmentally friendly aqueous and even continuous route.[78,82,83,102,103] Schlüsener et al. were able to modulate
Eur. J. Inorg. Chem. 2020, 4502–4515
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The above mixed-linker approach was only successful because of the very close isostructural MOF frameworks of MIL160 and CAU-10-H. An only superfluous structural similarity
may not be sufficient to yield such mixed-linker solid solution
materials. Such was the case with the attempt to tune the water
uptake between the MOFs CAU-23 (with 2,5-thiophenedicarboxylate, TDC) and MIL-160 (with FDC).[101] This attempt was
made as CAU-23[106] and MIL-160[107,108] are seen as two of the
most promising adsorbents for heat transformation.
All of the aforementioned Al-MOFs share fourfold helical
chains of bis-OH and tetrakis-CO2 bridged {Al(OH)2(O–C–O)4}
-polyhedra as the inorganic building unit, which are interconnected by the linkers to the 3D framework structures with
square-shaped one-dimensional channels. The slight and easily
overlooked difference lies in the or cis-(OH)2 and trans-(OH)2
connection of the {Al(OH)2(O–C–O)4} octahedra which in turn
depends on the opening angle between the di-carboxyl groups
(Scheme 1).
MIL-160 and CAU-10-H, which enable the formation of solid
solution mixed-linker networks, share the cis-(μ-OH)2 connectiv-
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Scheme 1. Schematic illustration of linker molecules relevant in this work, their opening angles, and the resulting MOFs with their cis- and/or trans-(μ-OH)2
connectivity of the {Al(OH)2(O–C–O)4} octahedra.

ity of the {Al(OH)2(O–C–O)4} octahedra. CAU-23 on the other
hand features cis- and trans-connected {Al(OH)2(O–C–O)4} along
the chain. There is also a polymorph to CAU-23 in the form
MIL-53-TDC with trans-only OH-bridges.[109] MIL-53-TDC also exhibits highly interesting water sorption properties with high
hydrothermal stability and a favorable low isosteric heat of adsorption and a driving heat (for regeneration) below 65 °C.[110]
The different cis or trans connectivity of the infinite
{Al(μ-OH)(O2C-)} SBU apparently prevented the formation of
clearly identifiable mixed-linker MOFs. Consequently, the three
MOFs MIL-160, CAU-23, and MIL-53-TDC, which differ in cis and
trans connectivity in their SBUs (Scheme 1), do not lead to a
solid solution as in the case of CAU-10-H and MIL-160, but to
mixed-MOF phases that are present side by side as in a physical
mixture. The verification of mixed-MOF vs. mixed-linker proved,
however, difficult since the differentiation via powder X-ray diffractometry (PXRD), IR-spectroscopy, and nitrogen sorption was
either not conclusive enough or impossible, due to similarities
(in PXRD) of the neat MOF phases. It was the curvature of the
water sorption isotherms which indicated the simultaneous formation of the different MOF phases (albeit do not fully exclude
mixed-linker MOFs which may form at low levels of substitution). Depending on the number and the position of the uptake
steps, the different MOF phases could be discerned (Figure 11).
Noteworthy, the MOF mixtures were obtained in-situ from onepot syntheses of different linker mixtures. The resulting MOF
mixtures then exhibited two or three uptake steps in their water
sorption isotherms, corresponding to an overlay from the indi-

Figure 11. Comparison of uptake regions and water uptake from MIL-160,
CAU-23, MIL-53-TDC, and the Mixed-MOF (purple-blue), containing a near 1:1
mixture of the TDC and FDC linker.[100] Reproduced from ref.[80] © (2019),
with permission from the Royal Society of Chemistry.
Eur. J. Inorg. Chem. 2020, 4502–4515
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vidual water sorption isotherms of MIL-160 (inflection point
p/p0 ≈ 0.07), CAU-23 (p/p0 ≈ 0.26), and MIL-53-TDC (p/p0 ≈ 0.33)
(Figure 11). The third water uptake step after 0.30 p/p0 for MIL53-TDC, was especially pronounced for the mixed-MOF material
which was prepared from a 1:1 mixture of FDC and TDC. This
was somewhat remarkable as the synthesis of MIL-53-TDC was
hitherto unknown from purely aqueous synthesis conditions.[100]

Shaping
The shaping of the material is a necessary condition for the
successful commercial application of MOFs. Traditionally, MOFs
are obtained in the synthesis as microcrystalline powders,
which in this form cannot be used or can only be used poorly
in applications or devices. Suitable dosage forms for industrial
applications are, for example, pellets, granules, monoliths, or
membranes.[12,111–114]
The integration of porous materials in AHP devices requires
close contact with a (metal) heat exchanger for the efficient
and rapid dissipation of the heat of adsorption (Qout,1) and the
driving heat (Qdrive). Any increase in temperature within the
sorption material during the working cycle (Figure 3) counteracts the desired uptake of the adsorbate. The close contact can
be achieved by using a bulk of loose grains filled between the
lamellae of a heat exchanger (Figure 12), by using monolayers
of grains fixed/glued to the surface of the heat exchanger, by
using binder coatings of small material particles or by using
direct crystallization e.g. through partial support transformation
into the porous material. For the latter three cases, the longterm mechanical stability is critical and must be ensured.[115,116]
Although the latter three alternatives to fixed bed heat exchangers are more efficient, the fixed-bed technique is common
because of its simplicity and its long-term mechanical stability.
In a proof-of-principle study, Gökpinar et al. prepared millimeter-scaled grains ca. 2 mm diameter of the Al-MOFs MIL160 and Al-fumarate through the freeze granulation method
(Figure 12) together with a pelleting device. Aluminum fumarate (Al-fum, commercially known as Basolite™ A520) is a very
affordable MOF to manufacture. It is made at 60 °C from fumaric
acid and (almost) any Al3+salt sources in aqueous solution.[117]
The BET surface area is around 1000 m2/g and the water uptake
is around 0.35 g/g. These properties, combined with an adsorption range at 0.2–0.3 relative pressure, make aluminum fumarate a suitable candidate for replacing silica gels in heat and
cold applications. In addition, aluminum is stable over more
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Figure 12. Top: freeze granulation process of MOF/polyvinyl alcohol (PVA) composites. Bottom: pipe-lamella heat exchanger unfilled (left) and filled (right)
with pellets.[31] Reproduced from ref.[30] © (2019), with permission from the American Chemical Society.

than 4500 ad- and desorption cycles and has already been successfully tested in a heat pump prototype.[118] Poly(vinyl alcohol) (PVA) as binder gave highly mechanical and water stable,
uniformly shaped MOF/PVA grains with 80 wt.-% MOF loading
where the porosity properties of the MOFs were retained as
verified by water adsorption isotherms, over 1000 water adsorption/desorption cycles and thermal and mechanical stability
tests. The pellets withstood mechanical loads of up to 79 N.
The Al-fumarate/PVA pellets were placed between the lamellae
of a pipe-lamella heat exchanger, Dynamic adsorption and cooling performance testing provided specific cooling powers (SCP)
from 349 up to 431 W/kg(adsorbent), which is better than current commercially used silica gel grains in AHPs under comparable operating conditions.[31]
Another promising shaping method for MOF/polymer monoliths was presented by Hastürk et al.[119,120] based on Sun′s
method of phase separation (Figure 13).[121] The Al-fum/PVA
composites with a MOF loading of 50 to 80 wt.-% even exhib-

Figure 13. Top: schematic fabrication procedure of MOF/PVA monoliths via
phase separation. Bottom: photographic images of Al-fum50/PVA2 (left) and
MIL-101(Cr)40/PVA1 monolith (right).[120] Reproduced from ref.[100] © (2019),
with permission from Elsevier.
Eur. J. Inorg. Chem. 2020, 4502–4515
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ited an increased porosity. which was traced to additional
mesopores from interfacial voids which were formed between
Al-fum-particles and the PVA polymer. This additional interfacial
volume leads in turn to an increase in water uptake capacity
compared to the neat/pure MOF. The composites obtained had
mechanical stability up to 63 N.

Application
Meanwhile, many different methodologies have been envisioned for metal-organic frameworks suitable for water adsorption applications. These can roughly be divided into closed and
open cycles.
Depending on the working mode (chiller or heat pump), different temperature levels are used and the efficiency, the
so-called Coefficient of Performance (COP), can be defined differently. In both cases, the effort to spend is Qdrive. It is very
important to note that the COP values vary with the working
conditions, that is the adsorption temperature, condenser
temperature, and evaporator temperature which in turn are
chosen according to the sorption properties of the adsorbentadsorbate working pair.[37]
In the heat pump mode, Qout,1 and Qout,2 are used for heating applications like floor heating or radiators. In this case,
Qin is the heat of evaporation that has been taken up from the
environment, for instance by an earth probe.
The COP for the heat pump mode (COPHP) is defined by:

In the chiller mode, a surrounding is cooled by evaporation
of the working fluid and Qin constitutes the useful cold,
whereas the heat on medium temperature levels (Qout,1 and
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Qout,2) has to be rejected to the environment. The COP for the
chiller mode (COPCh) is defined by:

The COPCh values range from zero to less than 1 and COPHP
values range from one to less than two.[36] Chillers have
already been commercialized, for instance by the companies
Fahrenheit and Invensor. These systems reach COPs up to 0.75
(Invensor LTC 90e Plus). The adsorbents used in these systems
are typically silica gel or a zeotype like SAPO-34.
Besides the efficiency or COP, the power and even more the
power density of a heat transformation device is of major importance. Usually, the power P is defined as the ratio of mean
heat gained over a half cycle (Qads) per half-cycle time (tcyc):

The power density can be defined either with respect to the
volume or to the mass. However, when presenting these values,
the reference system (material, adsorber, module···) has to be
provided.

Open Cycles
When it comes to open cycles, there are two major applications:
In thermal heat storage, waste heat is used to charge the storage by desorption of the adsorbent. As soon as heat is to be
used, the storage can be discharged by a humid air stream
flowing through the adsorbent bed. The performance, ecological and economic efficiency is highly dependent on the number
of cycles per year due to heat losses.[122,123]
The other main application is air conditioning, for instance,
drying of industrial process air (e.g. clean room) or air conditioning in non-residential buildings. For the latter, a comfort zone
is defined in DIN EN 12779. The minimum and maximum temperatures and humidities herein are 20 to 26 °C and
30 to 65 % r.h. This comfort zone is depicted in Figure 14 in a
Mollier diagram (light blue area). The target state of the ingoing
air is usually at around 18 °C and 8 g kg–1. In conventional systems, emanating from typical summer conditions (red circle,
35 °C and 15 g kg–1) this state is reached by first cooling the air
to the saturation line, then dehumidifying the air by condensation and finally heating of the air.
A most elaborated adsorption air conditioning process is the
so-called desiccant and evaporative cooling (DEC) process (Figure 14, dashed line). In such a process, the ingoing air is dehumidified by an adsorbent and simultaneously heated by the
released heat of adsorption (1 → 2), precooled by the air
that comes from the building (2 → 3) and then humidified and

Figure 14. Process paths of a solid desiccant cooling (SDC) system (”) and of
a desiccant and evaporative cooling (DEC) system (•: ingoing air, —: outgoing
air) are depicted in comparison to a conventional A/C system (”) in a Mollierdiagram.

adiabatically cooled (3 → 4). The air coming from the building
is first adiabatically cooled (5 → 6) and then used to precool
the ingoing air (6 → 7a). In the last step the air is heated
(7a → 7) and used for the regeneration of the adsorbent
(7 → 8).[124] Power and efficiency of this process are mainly
determined by the heat of adsorption and the necessary desorption temperature.[128]
In the aforementioned processes, the temperature boundaries are set by the application and humidities that are listed in
Table 1 and plotted transferred to relative pressures in Figure 15. The colored areas show the working windows for the
different applications. Therefore, an adsorbent has to be chosen
according to the application. The necessary properties of an
adsorbent are high uptake within the boundaries and stability
against thermal and adsorption induced stress. The uptake capacity depends on geometrical parameters like pore volume
and specific surface as well as on surface chemistry.
A great effort has been spent finding materials that match
the different boundary conditions and has lately been exhaustingly reviewed.[76] Amongst the above mentioned metal-organic frameworks, MIL-160(Al) has been evaluated as a promising material for heat transformation and storage.[105,108] The
work of Schlüsener and co-workers demonstrated the possibilities to tune the adsorption characteristics by a mixed linker
approach varying the linker from furandicarboxylic acid to isophthalic acid yielding a mixture of MIL-160 and CAU-10-H structure.[101] These mixed-linker materials can be used at the standard conditions (evaporator temperature of 10 °C; mid. T of
40 °C) applying lower desorption temperatures. Therefore, these

Table 1. Boundary temperatures for open and closed thermally-driven applications.

Evaporator
Adsorber/Condenser
Desorption

Heat pump

closed
Chiller

Server cooling

open
Heat storage

Dehumidification

–10–15 °C
35–65 °C
95–250 °C

–15–25 °C
20–37 °C
55–95 °C

18–22 °C
27–32 °C
55–65 °C

–10–22 °C
25–100 °C
100–250 °C

8–17 °C
30–50 °C
50–95 °C
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Figure 15. Working windows of possible application based on water adsorption.

materials show higher COP values at lower desorption temperatures.
Since water has the disadvantage of freezing at temperatures
below 0 C, methanol has been investigated as a possible working fluid with HKUST-1 and MIL-101(Cr) showing COP-values
higher than 1 for evaporator temperatures below 0 °C and adsorption temperatures between 40 °C and 50 °C. Later, MIL-53muc was shown to yield a COPHP of over 1.6 for evaporator
temperatures of 0 °C and of almost 1.4 for evaporator temperatures of –10 °C by researchers of the Janiak group.[126–129]
The same MOF has also been evaluated for the use in adsorption chillers with a COPCH of over 0.7 at ice-making conditions surpassing the performance of activated carbon/methanol.[129–134]
When it comes to adsorption chillers, metal-organic frameworks fully develop their potential due to their well-balanced
hydrophilicity and the possibility to adjust the adsorption characteristics according to the application. An impressive example
is the development of MIL-53-TDC showing sufficient water uptake capacities of 0.35 g·g–1 for comparably high evaporation
temperatures of above 15 °C and/or heat rejection below 30 °C.
At this condenser temperature, the MOF can be fully dried at
desorption temperatures of only 60 °C.[110] This development
pathed the way towards MOFs for ultra-low temperature-driven
cooling yielding in the isostructural MOF CAU-23 As can be
seen from Figure 16 this MOF yields a very high cooling COPCh
of 0.8 at ultra-low temperature of less than 55 °C and typical
cooling conditions of 10 °C and 30 °C.[106] (Figure 16).
Thermal batteries can be seen as a sub-category of thermal
heat storage based on a closed cycle. The working principle is
described in detail elsewhere.[135–137] The targeted performance
as defined by the U.S. Department of Energy is a minimum heat
storage capacity of 2.5 kW h with the condition of the maximum weight of the heat exchanger system of 35 kg.[138] Just
recently, a composite material of LiCl@UiO-66 has been proven
to be able to fulfil the capacity by use of only 10 kg of this
material outperforming the benchmark material up to this
date.[139]
Eur. J. Inorg. Chem. 2020, 4502–4515
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Figure 16. Calculation of adsorption driven chiller temperature boundaries
for CAU-23 and coefficient of performance for cooling in comparison with
selected state of the art materials. Calculated loading of CAU-23 for different
temperatures used in an ADC setup for adsorption a, and desorption cycle
b. Calculation of the COP values for different driving temperatures (assumed
desired cooling of 10 °C and back cooling temperature of 30 °C). d Water
adsorption curves at 40 °C of selected compounds. Reproduced from ref.[106]
© (2019), with permission from Springer Nature.

Conclusions
With their high-water adsorption capacity, MOFs can significantly expand the existing inorganic sorption materials for heat
transformation applications through the cycling ad- and desorption of water. The water adsorption behavior of MOFs can
be controlled by the hydrophilic nature of the linker, i.e. the
organic bridging ligand. On the way to a mature application,
further optimizations of the kinetics of water sorption and the
proof of hydrothermal stability for more than 100,000 adsorption and desorption cycles are necessary. In place of water, alcohols are also possible working fluids, thus extending the range
of MOFs that can be used. Some MOFs are already industrially
produced today (e.g. by BASF and marketed under the name
Basolite™). A current challenge is still the processing of MOFs
into shaped parts and the deposition and adherence of MOFs
on surfaces. By solving these challenges, heat and mass transfer
can be further improved, making MOFs sought-after new materials for numerous future tasks in heat transformation and storage, but also catalysis, gas separation, and storage.

Outlook and Future Challenges
As shown within this review, the development of materials
made a great success, and a lot of great materials have been
identified showing steep water uptake curves within the whole
area of relative pressures, also techniques have been proposed
to further shape the water uptake curves. To push these materials further towards the application, the research should be oriented on the application. New materials usually make it into
the application when they either come with a new function or
they fulfil a needed task better or cheaper as compared to
state-of-the-art materials. In the case of MOFs for heat transformation, MOFs have to compete with activated carbon, silica
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gel, and zeotypes, all well researched and developed materials.
Although further work should be invested to decrease the synthesis effort of MOFs, they might never become competitive to
silica gels or zeolites in terms of cost per mass of dry powder.
Also, when it comes to comparing the volumetric loading (water mass uptake per volume of adsorbent, e.g. kg m–3) or to
power density (generated heating or cooling power per volume
of adsorbent, e.g. kW m–3) MOFs are only partly competitive to
commercial silica gels due to the low specific density of
MOFs.[140] Therefore, MOFs have to become more competitive
in terms of cost per (volume) specific power. This may either be
achieved by adjusting material characteristics in terms of higher
uptake per volume of MOF or by improving heat and mass
transfer by optimized shaping technologies. When it comes to
shaping, it would be beneficial to provide a solution that can
be employed in existing technologies easily, leading to either
(directly) coated heat exchangers or granules in the size of silica
gel granules that can be glued on heat exchanger structures
with established approaches.
To further ensure the long time stability, the stability should
be within the focus of further research not only in the case of
hydrothermal cycles but also in the case of compatibility of the
MOFs in combination with a supporting structure like the heat
exchanger materials, binding agents, and the working fluids.
Here, issues like outgassing, adhesion, fouling, corrosion, and
decomposition have to be further understood and taken care
of.
Last but not least, life cycle analyses are under-presented in
this field, especially taking into account that the technology of
heat transformation is intended to save CO2. Profound LCA
studies starting at the synthesis of MOFs and taking also into
account the full operating lifetime will definitely be guiding
further needs for research and development.
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