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ABSTRACT: The development of new water adsorbents that are hydrothermally stable and can
operate more efficiently than existing materials is essential for the advancement of water
adsorption-driven chillers. Most of the existing benchmark materials and related systems in this
field suffer from clear limitations that must be overcome to meet global requirements for
sustainable and green energy production and utilization. Here, we report the energy-efficient water
sorption properties of three isostructural metal-organic frameworks (MOFs) based on the simple
ligand pyridine-2,4-dicarboxylate, named M-CUK-1 [Ms(us-OH)2(2,4-pdc).] (where M = Co?*,
Ni%* or Mg?*). The highly hydrothermally-stable CUK-1 series feature step-like water adsorption
isotherms, relatively high H2O sorption capacities between P/Po = 0.10-0.25, stable cycling, facile
regeneration, and most importantly, benchmark coefficient of performance (COP) values for
cooling and heating at low driving temperature. Furthermore, these MOFs are prepared under
green hydrothermal conditions in aqueous solutions. Our joint experimental-computational
approach revealed that M-CUK-1 integrates several optimal features, resulting in promising

materials as advanced water adsorbents for adsorption-driven cooling and heating applications.

1. INTRODUCTION

Recent advances in sustainable and green chemistry have focused on global issues such as climate
change, energy production, availability of a safe and adequate water supply, and the use of water
as a clean reaction/ synthesis medium.!? Water is one of the oldest refrigerants and an
environmentally-friendly natural refrigerant that has attracted renewed interest because it is
inherently benign, non-flammable, abundant and essentially cost-free.> Therefore, the
implementation of water as a refrigerant has been intensively considered in recent years for

applications traditionally served by fluorocarbons.* Global energy consumption for heating and



cooling in residential areas has increased steadily over the past few decades and it is forecasted to
accelerate in the coming years, especially for cooling purposes.’ However, the current
infrastructure relies primarily on non-sustainable energy resources; this is in misalignment with
recent global agreements that aim to reduce our dependence on energy generation from fossil
fuels.%’

When water evaporates under vacuum, it is cooled due to the substantial latent heat of
evaporation (2500 kJ kg™! or 40.7 kJ mol ™). By exploiting this phenomenon, water has been touted
as a ‘natural’ refrigerant fluid for adsorption-driven chiller/heat pump applications.®!* The
adsorption-driven chiller/heat pump technology features a two-step process comprising a working
cycle and a regeneration cycle. The regeneration cycle of the adsorbent after the working cycle
requires external work in the form of thermal energy input.

Ideally, the regeneration temperature should be as low as possible (below 80 °C) to enable
the use of low-grade and environmentally-sensitive heat sources (e.g., industrial waste heat or solar
energy). Such an arrangement could be considered to be a sustainable and more energy-efficient
solution for both heating and cooling requirements.® The implementation of this plan depends, in
part, on the development of new materials that can act as green water adsorbents. Water adsorbents
play a crucial role in ensuring energy-efficiency of adsorption chillers and heat pumps.®
Additionally, thermal energy storage by so-called ‘thermal batteries’, based on reversible
adsorption/desorption of water as a working fluid rather than by conventional vapor compression,
is a promising alternative to exploit waste thermal energy for heat re-allocation.® A suitable water
adsorbent needs to fulfil the following five criteria under specific working conditions: (i) have a
high working capacity on a volumetric (or gravimetric) basis; (ii) have a high coefficient of

performance (COP) values for cooling and heating which indicate thermal energy efficiency; (iii)



allow for rapid adsorption and desorption of water; (iv) permit regeneration at low temperature (<
80 °C); and (v) have sufficient chemical and mechanical robustness, particularly being resistant to
degradation in hot water vapour (i.e., steam).'*!® In addition to these criteria, the synthesis cost of
the selected adsorbent is an important economical consideration for large-scale implementation.

Silica gel and aluminosilicate zeolites are currently the standard materials employed as water
adsorbents. While these materials are relatively cheap and easy to prepare in large quantities, they
suffer from distinct drawbacks for adsorption-chiller/heat pump applications, including weak
hydrophilicity leading to water adsorption at rather high relative pressures (e.g., silica gel), and
very strong hydrophilic character that necessitates the need for high regeneration temperatures
(often >150 °C; e.g., aluminosilicate zeolites).!® As an alternative, the CHA-type silico-
aluminophosphate material SAPO-34 has emerged as a commercially-viable adsorbent for
adsorption-driven chillers due to its high water uptake at low relative pressure, combined with its
very high durability and robustness.!”!® However, efforts to develop more advanced water
adsorbents are both critical and timely since the working capacities of these commercial adsorbents
at low pressure (P/Po = 0.15-0.35) are not large enough.

Metal-Organic Frameworks (MOFs) are a contemporary class of microporous materials that
are characterized by having broadly-tunable structural and chemical properties, owing to an
essentially unlimited combination of inorganic metal and organic linker components available for
their synthesis.!’?! In the context of the water adsorption-driven chiller/heat pump applications,
the richness of this family of materials leverages the ability to modulate the
hydrophilic/hydrophobic environment of the micropores via synthetic design to an extent that is
not possible for classical aluminosilicate materials. This can be achieved by incorporating

particular functional groups within the MOF framework. In 2006, Chang and co-workers were the



first to report an energy-efficient sorption of water by MOF adsorbents exhibiting large water
uptakes and easy regeneration at low temperature, i.e. below 80 °C.?? Specifically, we reported the
energy-efficient dehumidification by the hydrothermally stable mesoporous metal(III)
polycarboxylate MOFs, MIL-100 and MIL-101, which showed exceptional water sorption loading
capacities and low associated regeneration energy penalties.?* Subsequently, Henninger and Janiak
proposed a heat transformation application using the MOF ISE-1 as a water adsorbent.?* Since
these pioneering reports, several more MOFs have been reported as promising candidates for water
sorption applications.®*?-* However, none of the MOFs studied so far have completely fulfilled
all five of the criteria mentioned above, required for adsorption chiller and/or heat pump
applications. Here we propose M-CUK-1 (CUK = Cambridge-University-KRICT), comprised of
metal(Il) cations and the di-anion of pyridine-2,4-dicarboxylic acid (2,4-pdcH,)’! as viable
candidates for cooling and heating at low driving temperatures, owing to their remarkable
coefficients of performance under realistic working conditions, combined with their very high
hydrothermal stability and ease of regeneration. The M-CUK-1 materials can also be easily tuned
in terms of chemical modulation of the inorganic structural components, i.e., by obtaining
isostructural materials based on 3s- or 3d-metals, Mg?", Co** or Ni**. 3233 This assertion is
demonstrated and confirmed by a combined experimental and computational investigation that
integrates gravimetric sorption testing, thermodynamic calculations of cooling/heating
performances and molecular simulations. This work equally aims to investigate the energy-
efficient water sorption properties of M-CUK-1 materials that could be potentially applied to

thermal energy storage as well as for adsorption-driven heating/cooling.

2. RESULTS AND DISCUSSION



2.1. Synthesis and characterization of M-CUK-1 (M = Mg, Co, Ni)

The Co(I1)-based CUK-1 was the first phase reported in 2005;%* This material was obtained by the
hydrothermal reaction of pyridine-2,4- dicarboxylic acid (2,4-pdcH>) and CoCl, with excess KOH
in water at 200 °C for 15 h.3! In the reaction, sub-critical water under autogeneous pressure
provides a highly solubilizing reaction medium, and the forcing reaction conditions yield porous
Co-CUK-1, [Co3(u3-OH)2(2,4-pdc)2] 9H20 as a single, crystalline phase. Co-CUK-1 cannot be

obtained by conventional solvothermal synthesis.
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Figure 1. (a) The extended structure of desolvated Co-CUK-1 obtained by heating a single crystal
to 100 °C in order to remove H>O; The structural image of (a) shows the space-filling model and
guest-accessible voids when viewed perpendicular to the direction of propagation of infinite 1-
dimensional diamondoid channels.*° (b) Powder X-ray diffraction (PXRD) patterns of Co-CUK-1
before and after hydrothermal treatment at 150°C for 3 days.

As illustrated in Figure 1a, Co-CUK-1 has an infinite 1-dimensional microchannel system
supported by highly-connected 2,4-pdc ligands that are arranged in orthogonal fashion around
edge- and vertex-sharing M3(OH). chains. The structural details of the CUK-1 materials are
discussed in the previous papers.3'-3 The channels are filled with water molecules that can be fully
removed by heating and/or under vacuum, without loss of crystallinity, as originally determined
by single crystal X-ray diffraction (SCXRD) and bulk powder X-ray diffraction (PXRD) studies.®

Somewhat more recently, upon experimentation with other M(l1) salts, two further analogues,
Ni-CUK-1%2 and Mg-CUK-1,*® were also identified using NiClz in a 3:2:9 molar ratio of NiCl2:2,4-
pdcH2:KOH, or Mg(NOs)2 in a 3:2:8 molar ratio of Mg(NOs)2:2,4-pdcH2:KOH, respectively, by
analogous hydrothermal heating methods between 200-220 °C. Both the Ni and Mg materials are
isostructural with the Co phase and the lattice connectivity is identical for the three frameworks.
The space group of the as-synthesized Mg-CUK-1 was found to be of lower symmetry (P21/c in
the Mg-analogue versus C2/c in the Co- and Ni-analogues) due to the positions of water molecules
inside the pores, however Mg- CUK-1 reverts to a C-centered cell setting upon desolvation.®® The
PXRD patterns of three as-synthesized CUK-1 materials prepared in this work are actually
concurrent with the simulated patterns obtained from the SCXRD structures.3! Thermogravimetric
analysis (TGA) profiles of the freshly-prepared (hydrated) Co-CUK-1 and Ni-CUK-1 in a nitrogen
carrier flow show close correlation in terms of their temperature-dependent mass loss behaviour

(Supplementary Figure S1). There is a rapid loss of guest water molecules between 25-100 °C,



which conforms very closely to the mass loss that is expected for 9 H20 per 3 M(I1) ions (M = Co,
Ni; observed mass loss = 22.4%; calculated = 21%) at which point the materials become resistant
to any further mass loss due to a ligand-based decarboxylation until ca. 410 °C (Co-CUK-1) or
430 °C (Ni-CUK-1). The TGA for the hydrated Mg-CUK-1 confirmed a rapid 25% mass loss
between 25 and 100 °C, after which there is a very large temperature window where Mg-CUK-1
remains thermally stable, until the onset of degradation ca. 510 °C.

The larger initial weight loss of Mg-CUK-1 compared to the two other CUK-1 is due to the
significantly lower mass of Mg?* (i.e., Mg-CUK-1 is significantly less dense than the Co and Ni
phases). Meanwhile, the higher thermal stability is attributed to the greater extent of electrostatic
bonding between Mg?* and the carboxylate-O donors. Overall, the TGA results evidenced that all
M-CUK-1 are highly thermally robust, the Mg-version being more stable than the two 3d-metal
analogues. CO; adsorption at —78.5 °C is commonly studied in the MOF literature, especially
when cryogenic N2 adsorption (at —196 °C) yields no information due to several possible
limitations in terms of accessibility of the pores (case of ultra-small pore MOFs) or/and very slow
kinetics of the adsorbates (case of strongly hindered environment of the porosity). Typically, CO>
physisorption at —78.5 °C was used to estimate the BET area of the Ca-based MOF UTSA-280,
which does not adsorb N at =196 °C.% For M-CUK-1, the adsorption isotherms of CO, at —78.5
°C were used to evaluate the BET areas (Figure S2) since the N2 physisorption isotherm of Co-
CUK-1 at -196 °C was not correctly obtained due to the low temperature phase transformation of
this solid.2®%" Fitting the BET equation to the resulting isotherms of CO2 gives the following
estimated BET areas: 510 m? g (Co-CUK-1); 520 m? g (Ni-CUK-1); 580 m? g * (Mg-CUK-1).
The micropore volumes of M-CUK-1 were obtained from the CO; adsorption at —77 °C, by

applying the Dubinin-Radushkevich equation.® The micropore volumes of all three analogues are



similar: 0.26 mL g (Co-CUK-1); 0.26 mL g (Ni-CUK-1); and 0.28 mL g (Mg-CUK-1).
Scanning electron microscopy (SEM) and optical microscopy analyses of the as-synthesized
materials without grinding revealed average crystallite sizes of 180 x 80 um, 15 x 15 um, and 180
X 50 um for Co-CUK-1, Ni-CUK-1, and Mg-CUK-1, respectively (Figure S3). Crystals of Co- and
Mg-CUK-1 displayed distorted tetragonal-like morphology. Their sizes are significantly larger
than that of Ni-CUK-1.

Since the hydrothermal stability of a porous solid is a prerequisite for heat transfer
applications using water as a working fluid, the M-CUK-1 materials were exposed to boiling water.
Co-CUK-1 and Ni-CUK-1 were found to maintain their crystal structures after hydrothermal
treatment in water at 150 °C after 3 days (Figure 1b and Figure S4). In addition, the solids that
had been subjected to this hydrothermal treatment maintained their water sorption properties upon
isolation (Figure S5). Mg-CUK-1 was found to be less stable than the two 3d-metal analogues
when exposed to harsh refluxing water conditions, however it is equally resistant to degradation
under the lower-temperature (ca. 70 °C) working conditions required for adsorption cooling and
dehumidification applications over prolonged periods. Indeed, Figure 2 reveals the hydrolytic
stability of Mg-CUK-1 under multiple cyclic conditions, as illustrated by the plots of the water
adsorption at 30 °C with a 60% Relative Humidity (RH), and after water desorption at 70 °C and
8% RH. These results suggest that Mg-CUK-1 is Kinetically stable under hydrothermal conditions
at elevated temperatures, which is in-line with the highly electrostatic character of the Mg(ll)-
carboxylate-O bonds. Yaghi and co-workers emphasized difference in terms of thermodynamic
and kinetic stabilities of water-adsorbent MOFs in the presence of water at elevated temperatures.”

It is assumed that the kinetic stability of Mg-CUK-1 under hydrolytic conditions is ascribed to the



rigidity of its building node with high connectivity through triple bridging of Mg cations with two

carboxylate bridges and a single-atom oxygen bridge.
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Figure 2. Hydrothermal stability of Mg-CUK-1 through TGA profile for 50 cycles of water
adsorption-desorption. Test conditions: adsorption at 30 °C in humid nitrogen (60% RH) and
desorption at 70 °C in N> gas with low humidity (8% RH). In both conditions the absolute humidity
is the same (~0.016 kg H2O/kg dry air). Prior to the multiple cycle experiment, the first cycle was
carried out by a different condition such that Mg-CUK-1 is dehydrated at 150 °C for 1 h in dry N3,
hydrated at 30 °C in humid nitrogen (35% RH), and then dehydrated again at 70 °C in N> with low
humidity (8% RH).

2.2. Water sorption properties of Co-CUK-1

Water sorption isotherms for Co-CUK-1 measured at three different temperatures are depicted in
Figure 3a. The water sorption isotherms show a sigmoidal shape with a very steep adsorption step
ca. P/Py ~0.12 (Py = saturation vapour pressure), indicating the presence of a uniform micropore.
Most of the water uptake occurs at P/Py< 0.25. Considering a calculated crystal density of 1.46 g

mL~!, Co-CUK-1 exhibits a fairly high equilibrium water uptake of 0.28 g g'! (equivalent to 0.41
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mL mL™") at 30 °C and P/Po = 0.4. The adsorption-desorption isotherms also portray fully
reversible water sorption with only a small hysteresis, which is indicative of easy water cycling

regeneration by the sample.
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Figure 3. (a) Water sorption isotherms of Co-CUK-1 as a function of sorption temperatures (solid
symbols: adsorption; open symbols: desorption); (b) TGA profile for 50 cycles of water
adsorption-desorption of Co-CUK-1. Test conditions: adsorption at 30 °C in humid N> gas (35%
RH) and desorption at 63 °C under N> with low humidity (6% RH). Absolute humidity in both
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cases is ~0.009 kg H20O/kg dry air. Prior to the multiple cycle experiment, the first cycle was
carried out by a different condition such that Co-CUK-1 is dehydrated at 150 °C for 1 h in dry N>,
hydrated at 30 °C in humid N2 (35% RH), and then dehydrated again at 63 °C in nitrogen with low
humidity (6% RH). In the upper graph, solid symbols and open symbols denote adsorption and

desorption, respectively.

The isosteric heat of water adsorption for Co-CUK-1 was calculated by applying the Clausius-
Clapeyron equation for the adsorption isotherms collected at different temperatures.*® The
resulting isosteric heat of water adsorption was found to be 46.9 kJ mol ™' up to 0.22 gg ! water
uptake, which is above the evaporation enthalpy of water (40.7 kJ mol!) (Supplementary Figure
S6). In order to check the reliability of this estimated heat of water adsorption, we also applied the
virial equation*! to thermodynamic calculations of the adsorption isotherms (Supplementary
Figure S21). It was confirmed that the isosteric heats of adsorption could be accurately reproduced

using virial coefficient fitting.

To verify the low temperature desorption as well as the cycling stability of Co-CUK-1
between adsorption and desorption steps under working conditions in a hypothetical adsorption
chiller, water sorption cycling experiments were then repeated 50 times: (i) each adsorption step
was performed at 30 °C and 35% RH in N gas; (ii) the desorption leg proceeded at 63 °C in N>
gas with a lower RH = 6% (Figure 3b). The highly reversible cyclability test data shows a
negligible difference in working capacity (0.26 + 0.01 g g') between consecutive cycles,
indicating a very high cycling durability of Co-CUK-1. This result clearly highlights the energy-
efficient water sorption properties of this MOF, which is suitable for facile dehydration below 70

°C.

2.3. Water adsorption mechanism in Co-CUK-1
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A direct comparison of Figure 4a and 4b shows that the experimental adsorption isotherm for Co-
CUK-1 was accurately reproduced by Grand Canonical Monte Carlo (GCMC) simulations for Co-
CUK-1. In particular, the onset of the pore-filling at P/Po = 0.12 is extremely well captured while
the slight deviation between the experimental and predicted water uptake at saturation is most
probably associated to extra-adsorption at the external surface of the materials. The hydrophobic
behaviour of the MOF at the initial stage of the adsorption is also confirmed by the simulated
adsorption enthalpy below the evaporation enthalpy of water (i.e., below P/Po = 0.12; see
Supplementary Figure S7) which gave an enthalpy of adsorption in the range of 45 to 60 kJ mol™!
above P/Po = 0.12. This prediction is consistent with the experimental isosteric heat of adsorption
discussed above (Figure S6). This observation validates the microscopic models employed to
represent both MOF and water, as well as the force field parameters used to describe the
interactions between Co-CUK-1 and H>O. The water adsorption mechanism was further explored
to shed light on the adsorption behaviour of Co-CUK-1 at the microscopic scale. We observed that
at low coverage, the water molecules tend to interact preferentially with the hydroxyl groups (u-

OH) of the MOF framework.
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Figure 4. Comparison between (a) the experimental and (b) the GCMC simulated water adsorption

isotherms at 30°C in the Co-CUK-1, Ni-CUK-1 and Mg-CUK-1.

As illustrated in Figure 5, there is a sharp peak in the radial distribution function (RDF)
between the hydroxyl-O atoms and the oxygen of the water ‘“W’, with a mean Ow-Oon distance of
ca. 2.8 A. This distance corresponds to the formation of a relatively strong hydrogen bond between
the two species. This conclusion is also be supported by the analysis of the density distributions
for the water molecules, calculated at low coverage, which revealed that the guest molecules are
preferentially located in the vicinity of the hydroxyl groups (Figure 5a). Once the water molecules
interact with these hydrophilic centres, they trigger the clustering of further water molecules,

forming an extensive network of water until the channel is fully filled (Supplementary Figure S8).
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Figure 5. Radial distribution functions (RDFs) calculated at low coverage (1 water molecule per
simulation box) between the oxygen of the water molecules (Ow) and (a) the oxygen of the
hydroxyl groups [O(OH)] and (b) the nitrogen (N) atoms of all CUK-1. These data are averaged
over the MC snapshots collected at 30°C.
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The channel cross-sectional area (13.4 A x 13.0 A) in Co-CUK-1 is large enough to
accommodate the formation of water clusters in cycles at saturation, which consist of between 4-
7 molecules (see Supplementary Figure S9) that share common edges or are linked through single
water molecules. Such a predicted geometry is in good agreement with the pentameric drums that

were found experimentally by SCXRD previously.*

2.4. Thermodynamic performance of Co-CUK-1/H20 working pair

Evaluation of the achievable thermodynamic performance of adsorbent-water working pairs is
crucial for the development of efficient adsorptive heat transformation systems (Figure S10). A
full assessment and understanding of the ideal thermodynamic cycle between an adsorbent and
water as an adsorbate is useful to choose working boundary conditions of adsorption chillers or
heat pumps (Figure S11). This can be achieved experimentally through measurements of their
main thermo-physical parameters, such as temperature (7), pressure (P), and water uptake (1#).[*!
Figure S12 illustrates a typical adsorption-driven thermodynamic cooling cycle for Co-CUK-1
based on water adsorption isobars collected at three saturated vapour pressures, P, which
correspond to specific temperatures, i.e., 5 °C (0.9 kPa), 10 °C (1.2 kPa), and 30 °C (4.2 kPa),
respectively. The cycle consists of four steps: two for adsorption and two for desorption, in the
order, isosteric cooling (D-C), isobaric adsorption (C-A), isosteric heating (A-B) and isobaric
desorption (B-D).® During one such complete cycle, the adsorbed water as working fluid (W max-
Wiin), the working capacity, has taken up energy from the environment at a low temperature in
the evaporator by its evaporation (Qevap), While releasing heat in the adsorber at an intermediate
temperature level upon adsorption. According to the cycle in Figure S12, an effective water uptake

(Wmax-Win) for Co-CUK-1 was found to be 0.24 g g™! (corresponding to 0.35 mL mL™") under the
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boundary condition, 5 °C (7ev)/30 °C (Tcon)/70 °C (T4es). When the evaporation temperature is
increased to 10 °C, the effective water uptake also increases to 0.26 g g™ (corresponding to 0.38

mL mL™).

As summarized in Table S1, the effective volumetric water uptake (0.35 mL mL™) of Co-
CUK-1 at Tey = 5 °C, Teon = 30 °C, and Tues = 70 °C is higher than that of benchmark adsorbents
such as SAPO-34 (0.16 mL mL™"), MIL-160 (0.12 mL mL™") and CAU-10-H (0.32 mL mL™).
Clearly, Co-CUK-1 is therefore highly attractive as a water sorption medium and the discovery of
these benchmark values encouraged us to further evaluate Co-CUK-1 for adsorptive chiller/heat
pump applications under low driving temperatures. The choice of a driving temperature of 80 °C
to regenerate the water-loaded adsorbent is directly in-line with what is required for solar cooling
applications, since this level of temperature can be achieved by the use of standard flat-plate solar
heat collectors.!! Similarly, a slightly lower driving temperature of 70 °C enables the utilization of
waste heat emitted from a co-generation plant.*? Kapteijn and co-workers have proposed standard
conditions depending on the sorption temperature, water vapour pressure, and the evaporator and
condenser temperatures in order to screen performances of water adsorbents envisaged for actual
water adsorption chillers.® For thermodynamic calculations of water sorption performances,® we
next considered two practical applications of M-CUK-1 for cooling and heat pump uses. First, it
is useful to determine the thermodynamic efficiency, for which the coefficients of performance
(COPc or COPy) for cooling or heat pump applications can be obtained, as standard indicator to
make a direct comparison of performances with SAPO-34 and other MOFs (including MIL-160,’
CAU-10-H?, and MIP-200%%). Two commonly-used benchmark MOFs, MIL-100(Fe) and Al
fumarate each exhibit low adsorption at the evaporation temperature of 5 °C and hence their

chilling performances are rather poor.® At an evaporation temperature of 10 °C their performances
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are improved, however they remain much lower than that observed for the CUK-1 samples.

Therefore, these materials were not considered further in the COP comparisons described below.

The COPc for cooling is defined as the useful energy output (Qevap) that is withdrawn by the
evaporator, divided by the energy required as an input (Qdes) to desorb water from the adsorbent
(also known as regeneration).® The alternative metric, COPy, is applied to assess a material’s
performance in heat pump applications and it is defined as the summation of the useful energy
output of Qevap and Qags during the adsorption phase, divided by the energy input required for
adsorbent regeneration (QOregen).® Note that by convention, the energy output is given as a negative
value since energy is released from the adsorption cycle, while the energy needed to effect
regeneration is a positive quantity.

The calculated COP graphs for chiller and heat pump applications depending on evaporator
and condenser temperatures are given in Figures 6 and 7. The cooling efficiency, COPc, of Co-
CUK-1 is 0.83 at Tevap = 5 °C, Teon = 30 °C and Ty4es = 70 °C (Figure 6). The efficiency is
distinctively higher than that of benchmark porous solids at low driving temperatures between 70

and 100 °C.
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Figure 6. Coefficient of Performance (COPc) plots for chiller conditions (7ey =5 °C, Tags = 30 °C)
as function of desorption temperature, T4es (closed symbols and full lines, left y-axis) and working

capacity as volume of liquid water per volume of dry adsorbent, AW, as function of desorption

temperature (open symbols, dashed lines, right y-axis) for Co-CUK-1 (Hl), MIL-160 (®),” SAPO-

34 (A),3° CAU-10-H (), MIP-200 (4).°

The COPc for Co-CUK-1 remains higher than other adsorbents even when Tevap is increased
from 5 °C to 10 and 15 °C without changing 7con. This behaviour is in good agreement with the
results of gravimetric and volumetric heat transferred from the evaporator in one cooling cycle as
a function of the temperature lift at 74.s = 70 °C, as well as the storable energy capacity as a function
of Taes when Tevgp = 10 °C and Teon = 30 °C (Table S1).

In addition to its cooling properties, Co-CUK-1 shows a very high thermal efficiency on
heating at Tevap = 15 °C, Teon = 45 °C, and Tues = 85-100 °C (Figure 7). These values confirm that
Co-CUK-1 outperforms other MOFs as well as SAPO-34 for heat pump applications. As far as we
are aware, Co-CUK-1 is one of the best MOFs reported so far in terms of both cooling and heating
efficiencies for potential chiller and heat-pump applications. The small-pore alumino-phosphate
AIPO-LTA (or AIPO-42) has been also reported to be an excellent material for water sorption-
based heat allocation and storage, superior to SAPO-34.*> This material was confirmed to show

high COPc values above 70 °C,*° but it was not selected as a comparable adsorbent in this work.
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Figure 7. Coefficient of Performance (COPH) plots for heat pump conditions (7ey = 15 °C, Tads =
45 °C) as function of desorption temperature, 7qes (closed symbols and full lines, left y-axis) and
working capacity as volume of liquid water per volume of dry adsorbent, AW, as function of

desorption temperature (open symbols, dashed lines, right y-axis) for Co-CUK-1 (H), MIL-160

(@),” SAPO-34 (A),*? CAU-10-H (V). MIP-200 (4).>°

2.5. Effect of the nature of the framework metal ions (M?*) on the water sorption properties

Changing the metal ion in CUK-1 from Co to Ni or Mg was interestingly found to impact the water
adsorption properties of M-CUK-1. As shown in Figure 4a, the adsorption isotherms for Co-CUK-
1 and Ni-CUK-1 are similar, exhibiting a step- like shape with a pore filling at P/Po = 0.12; this is
perhaps expected since both Co(II) and Ni(II) have very similar ionic radii and electronegativity.
However, the scenario differs more significantly for the 3s-metal-containing Mg-CUK-1,
which shows a step in the experimental water adsorption isotherm at higher pressure (P/Po = 0.25)

and a higher gravimetric uptake, due to the lower mass of Mg compared to Co or Ni. Meanwhile,
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the total number of water molecules adsorbed at saturation for all materials remains nearly the
same ca. 30 molecules per unit cell), indicating a similar volumetric capacity, and this is to be
expected since the unit cell volumes are similar in all three materials. The higher hydrophobicity
of Mg-CUK-1 compared to the two other analogues, was also evidenced by GCMC calculations
with the presence of the steep adsorption step at higher P/Py ~ 0.2 (Figure 4). One can see from
Figure 5b that the RDF (Ow-Oon) peak is of significantly lower intensity for Mg-CUK-1compared
to the two other analogues. This is in-line with a lower probability to find the water molecules
interacting with the hydroxyl groups. This behaviour can be explained by the analysis of the RDF
between H>O and the N atoms of the M-CUK-1 framework present in the organic node: Figure 5b
clearly emphasizes that the water molecules tend to be located in the vicinity of these N atoms in
the case of Mg-CUK-1, as shown by the presence of a well-defined peak at about 3.2 A. This
behaviour is likely due to the significantly higher negative charge on the N atoms in Mg-CUK-1
versus those of the two 3d-metal analogues (see Table S2) which renders the organic node more
attractive for the adsorbed water. This peculiarity of the Mg analogue is illustrated in Figure 8c,
which clearly shows a significant distribution of water in the region of the organic linker. Such a
dual interaction between H2O and the Mg-CUK-1 framework leads to a decrease of the overall
affinity between the Mg-CUK-1 framework and water. This is confirmed by a lower water
adsorption enthalpy calculated at very low coverage for this solid as compared to the two other
analogues as can be seen in Figure S7. This trend holds true over the whole range of P/Po.
Interestingly, the water adsorption isotherm for Mg-CUK-1 at 40 °C clearly displays the two-step
uptake (Figure S18), most probably assigned to the first coordination of water with the N atoms

followed by a further pore filling with water.
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The thermogravimetric weight-loss profiles of the three M-CUK-1 measured with a low
ramping rate of heating (2 °C min™") reflects their energy-efficient character for water sorption
(Figure S13). The weight loss profiles exhibit a single step of water removal below 70 °C,
particularly 60 °C for Mg-CUK-1. In addition to this, water sorption cycling experiments were
performed for Ni-CUK-1 and Mg-CUK-1 over 10 cycles (adsorption at 30 °C and 35% RH in N>
gas; desorption at 55 °C and 10% RH in N> gas) (see Supplementary Figure S14 and S15). These
test showed negligible difference in weight loss (0.25 +0.01 g g! for Ni-CUK-1 and 0.29 +0.01 g
g ! for Mg-CUK-1) between cycles. It should be highlighted that these M-CUK-1 materials can be

easily dehydrated at 55 °C.

Figure 8. Center of mass distribution of water at low loading (1 water molecule per simulation
box) in the Ni-CUK-1 (a), Co-CUK-1 (b) and Mg-CUK-1 (c) averaged over the MC shapshots
generated at 30°C. Representation along the a-axis.
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To compare the relative water adsorption rates on the three M-CUK-1 analogues with SAPO-
34, we collected their weight-gain profiles at the adsorption stage (30 °C and 35% RH) on the
second cycle after water adsorption at 30 °C and 35% RH, followed by a regeneration at 63 °C
and 10% RH in a nitrogen flow (100 mL min™"'). As shown in Figure S16, the relative adsorption
rates of three M-CUK-1 could be competitive with that of the commercially water adsorbent
SAPO-34. However, precise kinetic analysis on water adsorption with M-CUK-1 is necessary for
comparison. Table S1 compares the thermodynamic calculation results for the working capacities
of water sorption, heat transferred from evaporator and energy storage capacities for the three M-
CUK-1 and SAPO-34. In terms of cooling performances and energy storage capacities, all three
M-CUK-1 materials clearly outperform SAPO-34. The performances for Co-CUK-1 and Ni-CUK-
1 are very similar, while Mg-CUK-1 has a moderately lower working capacities compared to the
two other analogues, but conversely, this material has unique water sorption properties that result
in a lower regeneration temperature (55 °C) due to its more hydrophobic character.

However, this MOF requires improving its hydrothermal stability because it showed 6.3 wt%
loss of the initial working capacity during 30 cycles. In terms of COPc, and COPy, the
performances for Co-CUK-1 and Ni-CUK-1 are similar (Figure 9 and Figure 10). In particular,
Co-CUK-1 (1.77) and Ni-CUK-1 (1.84) have the highest COP values for heating among the MOFs
reported so far. For Mg-CUK-1, there is a distinct advantage of incorporating Mg(II) ions into an
adsorbent used at scale, since Mg(II) is a cheaper metal source than the transition metal ions Co or
Ni, and Mg is also both non-toxic and biocompatible, which is preferential for many water sorption

applications.
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Figure 10. Coefficient of Performance (COPy) plots for heat pump conditions (7Tey = 15 °C, Tads =
45 °C) as function of desorption temperature, T4es (closed symbols and full lines, left y-axis) and
working capacity as volume of liquid water per volume of dry adsorbent, AW, as function of
desorption temperature (open symbols, dashed lines, right y-axis) for Co-CUK-1 (H), Ni-CUK-1
(@), Mg-CUK-1 (A).

As shown in Figure 11 and Table S1, we estimated the gravimetric and volumetric heat values
for the evaporative and heat storage capacities for the M-CUK-1 materials, as well as for some
benchmark adsorbents under specific working conditions. Under a single cooling cycle (where
Tev=15°C (or 10 °C), Teon = 30 °C, and T¢es = 70 °C), Ni- and Co-CUK-1 showed high volumetric
heat values of evaporation and higher heat storage capacities compared with that for SAPO-34 and
other MOFs, although the gravimetric heat capacities were slightly lower than the value previously
reported for CAU-10. Mg-CUK-1 exhibited higher volumetric heat and heat storage capacity than
those for SAPO-34 at evaporator temperatures of 10-20 °C. These results indicate that Mg-CUK-
1 is advantageous at higher evaporator temperatures for adsorption cooling performance while
other CUK-1 materials are effective for low temperature cooling below 10 °C. In contrast, MIP-
200 was reported to be effective for adsorption cooling upon low-temperature regeneration
(desorption, below 65 °C),*° but the performace was reduced at higher regeneration temperatures

(70 °C).
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Figure 11. Gravimetric and volumetric heats from evaporator calculated for M-CUK-1 and
benchmark adsorbents. Boundary conditions: heats transferred from the evaporator in one cooling
cycle at Tey = 5 °C, Teon = 30 °C, and T4es = 70 °C (white and grey bars) and Tey = 10 °C, Tcon = 30
°C, and Tyes = 70 °C (shaded and dark grey bars). White and shaded bars denote the gravimetric
heats (Wh kg'!'), while grey and dark grey bars indicate the volumetric heats (kWh m™).

Considering the five requirements stated as key qualities for MOFs to act as efficient
adsorbents, all three CUK-1 materials achieve high volumetric and gravimetric water sorption
capacities; they display ideal step-type water adsorption-desorption isotherms with a high
volumetric uptake of water between P/Po = 0.10-0.25; they enable facile regeneration at low
driving temperatures (70 °C or lower); they display high thermal energy cooling efficiencies (for

Ni- and Co-CUK-1) and heating (for Mg-CUK-1) and, they were shown to be highly cyclable due
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to suitable levels of chemical and mechanical robustness. Therefore, it is evident that the water
sorption properties of the CUK-1 materials outperform commercial water adsorbents including
silica gel and SAPO-34, as well as several benchmark MOF adsorbents. While MOFs can achieve
unparalleled levels of water sorption performance their synthesis costs and scalability in
comparison to naturally-occurring zeolitic sorbents continue to be a limiting step towards their
implementation in large-scale platforms. Arguably, the CUK-1 materials lead the field in this
regard because they are synthesized using simple reagents and water as the only solvent, and they

can be prepared at scale using continuous microwave-assisted heating.

3. CONCLUSIONS

In comparison with other commercial benchmarks and existing MOFs that have been proposed for
the chiller and/or heat pump applications, the three M-CUK-1 analogues described in this work
displayed remarkable water sorption properties in terms of the five criteria required for advanced
water adsorbents. In this study, thermodynamic calculations revealed that Co-CUK-1 and Ni-
CUK-1 exhibit high efficiency for both chiller and heat pump applications considering low driving
temperatures. In particular, Co-CUK-1 and Ni-CUK-1 had an excellent COPy. Although Mg-
CUK-1 presented a lower cooling performance compared to the two other analogues, this material
displays excellent water sorption properties that permit easy regeneration at low temperature (55
°C), together with the use of environmentally-benign, cheaper and lighter Mg(Il) ions in the
framework. Mg-CUK-1 shows the best COPc and a low desorption temperature although its
working capacity is half that of the other CUK-1 materials. This work demonstrated that a joint

experimental-computational approach combined with thermodynamic calculations is a powerful
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means to investigate the most important features of promising water adsorbents such as the M-
CUK-1 materials. In particular, molecular simulations confirmed that this Mg-version showed a
more pronounced hydrophobic character that makes this series of M-CUK-1 materials tunable

depending on the targeted applications and working conditions required.

4. EXPERIMENTAL SECTION

4.1. Typyical synthesis of CUK-1. Synthesis of Co-CUK-I. The hydrothermal synthesis of
Co-CUK-1 from the reaction of the dianion of 2,4-pdcH> with hydrated CoCl; in basic aqueous
solution was performed at 200 °C for 15 h using a recipe already reported elsewhere.’! After
cooling, the crystalline solid was purified by brief (3 x 20 s) cycles of sonication in fresh H2O (100
mL), followed by decanting of the cloudy supernatant. The solid was further treated with DMF or
ethanol under stirring at 70 °C for 5 h. Then, large pink prismatic crystals were isolated (product

yield: 67%).

Synthesis of Ni-CUK-1. A solution of pyridine-2,4-dicarboxylic acid (185 mg, 1.0 mmol) and
KOH (1.0 M, 4.5 mL) was added to a stirred aqueous solution (3 mL) of nickel(II) chloride
hexahydrate (357 mg, 1.5 mmol) to give a 3:2:9 ratio of Ni:L:OH.*? The resulting solution was
loaded in a 100 mL Teflon autoclave, which was heated to 200 °C for 15 h, and then cooled to
room temperature. The bright green crystalline solid was purified by short cycles (3 x 60 s) of
ultrasonic treatment in H>O, and decanting off the cloudy supernatant. The solid was finally dried

overnight at 100 °C (product yield: 65%).
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Synthesis of Mg-CUK-1. 2,4-pdcH> (170 mg, 1.0 mmol) and KOH (2.0 M, 2.0 mL) in H>O (2.0
cm?) were added to a stirred solution of Mg(NOs)2-hydrate (380 mg, 1.5 mmol) in H>O (3.0 mL)
to give a viscous, opaque slurry, which was then transferred to a 100 mL Teflon-lined autoclave,
heated at 210 °C for 15 h and cooled for 6 h.>* After cooling, the crystalline solid was purified by
brief cycles of sonication in fresh H>O (20 mL), followed by decantation of the cloudy supernatant

to yield large, colourless prismatic crystals (product yield: 70%).

4.2. Characterization of CUK-1. Powder X-ray diffraction patterns of CUK-1 were obtained
using a Rigaku D/MAX IIIB diffractometer (operating at 2kW) using Ni-filtered CuK,-radiation
(40 kV, 30 mA, A=1.5406 A) and a graphite crystal monochromator. The particle morphology and
crystal size were analyzed by scanning electron microscopy (SEM, Pilips, XL30S FEG). BET
surface area measurements were performed using CO» adsorption-desorption isotherms at dry ice
temperature (-78.5 °C) after dehydration under vacuum at 300 °C for 12 h using a Micromeritics
Tristar 3020. Surface areas were evaluated using the Brunauer-Emmett-Teller (BET) method, and
pore volume was taken by a single point method at P/Po=0.99. Thermogravimetric analysis (TGA)
was carried out in a thermogravimetric analyzer (DT Q600, TA Instruments, Universal V4.5A).
Analysis was performed in a dry air flow of 100 mL min'. The temperature was increased from
25 to 700 °C with a heating rate of 2 °C min! or 5 °C min'. Before each TGA measurement,

samples were hydrated in a chamber with 70% relative humidity at 30 °C for 2 days.

4.3. Water sorption measurements. Water sorption isotherms and test for adsorptive chiller
have been measured by an intelligent gravimetric analyzer (IGA, Hiden Analytical Ltd.). The IGA
was automatically operated to precisely control the water vapor pressure (1-95% RH) and
temperature (20-100 °C). Prior to adsorption experiments, samples were dehydrated at 100 °C for

1 h under high vacuum (<10® Torr). Multiple cycles of water adsorption-desorption were
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performed using a thermogravimetric analyzer (TGA, DT Q600, TA Instruments, Universal
V4.5A) connected with a humidity generator. The humidity was controlled by using two mass flow
controllers and a humidified nitrogen gas flow was passed through a thermogravimetric balance.
The adsorption profiles were measured at 30 °C in humid nitrogen with RH = 35%, while
desorption data were collected between 55-70 °C in dry nitrogen (6-10% RH) with a cycle time of

3 h

4.4. Molecular simulations. GCMC simulations were carried out at 30 °C to predict the
adsorption behaviour of water in the different M-CUK-1 analogues using the Complex Adsorption
and Diffusion Simulation Suite (CADSS) code. The simulation box was made of 12 conventional
unit cells (3x2x2) maintaining the atoms fixed in their initial positions. A mixed set of universal
force field (UFF)* and DREIDING® force field parameters were adopted to describe the Lennard-
Jones (LJ) parameters for the atoms in the inorganic and organic part of the MOF framework while
the partial charges carried by these atoms were derived at the Density Functional Theory level (see
Supporting Information). Water molecules were described by the TIP4P/2005 potential model.*®
The LJ contributions from the H-atoms of hydroxyl groups in the inorganic nodes were ignored in
accordance with the strategy we validated in a previous study.’ Further description of the
derivation of the atomic partial charges and LJ parameters are given in the ESI. The water/M-
CUK-1 interactions considered the sum a coulombic term and a van der Waals contribution with
the use of 12-6 LJ expression with parameters calculated using the Lorentz Berthelot equation.
While the long-range electrostatic interactions were handled using the Ewald summation
technique, the van der Waals term was calculated using a cut-off distance of 12 A. For each point

in the adsorption isotherm, 2x10® Monte Carlo steps were used for both equilibration and

production runs. The adsorption enthalpy at low coverage (A/) was calculated through
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configurational-bias Monte Carlo simulations performed in the NVT ensemble using the revised
Widom’s test particle insertion method. In order to gain insight into the configurational
distributions of the adsorbed species in the different CUK-1, additional data were calculated at
different fixed pressures (fixed number of water molecules) including the hydrogen bond networks

and the radial distribution functions (RDF) of intermolecular atom-pairs.

4.5. Thermodynamic calculations. The thermodynamic calculations of adsorption chiller and
heat pump cycles are performed by an express method based on the methodology reported by De
Lange et al.® The coefficient of performance (COP) is adopted to illustrate the energy efficiency
of heat pump cycle from a thermodynamic perspective. The energy analysis allows the
determination of the COP, which is a ratio of useful heating or cooling energy output provided to
work required. To be able to assess the COP of a working pair, knowledge of the enthalpy of
adsorption is of prime importance.® As described in more detail in [8], isosteric heats of adsorption
were estimated by the Clausius-Clapeyron equation and compensated by the virial equation.*® The

isosteric enthalpy of adsorption is calculated from isotherms at multiple temperatures by Eq. (1):

A H, =g 2INP

ads’ 'w %W

(1

where AaqsHw 1s the isosteric enthalpy of adsorption, R is the universal gas constant, p and T
represent temperature and pressure respectively and W is the volume of water (liquid) adsorbed

per volume of adsorbent (crystalline densities are used for the conversion).

Furthermore, the virial equation was also used to calculate the steric heat of adsorption (Qst) from

isotherms measured at different temperatures.*®
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Inp = Inv+ (%) moavtl+ Y bttt )
where v is amount adsorbed and a; and b; are empirical parameters.

The virial-type equation was applied comparing with Clausius-Clapeyron equation as shown in
Figure S21-S27. A set of temperature independent parameters ai which lead to direct evaluation
of Qs can be derived by fitting equation (2) continuously using adsorption isotherms obtained at

different temperatures.

T

Qst = —R (%) = —RY",aq; vt 3)

Using the two equations, it was confirmed that the isosteric enthalpies of adsorption for CUK-1

show overall a similar shape.

For calculation procedures, a characteristic curve needs to be constructed to transfer the loading
from two dependent variables (p, T) to one, the adsorption potential, A4, which is the molar Gibbs

free energy of adsorption with opposite sign, defined as:

A=RT In{%j “4)

where p, is the temperature-dependent vapor pressure of the adsorbate of choice. The amount
adsorbed should be expressed as volume occupied by the adsorbed phase. As the density of the

adsorbed phase is often not known, the liquid phase density is used as approximation:

)
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where ¢ is the mass adsorbed, W is the volume liquid adsorbed and piiq"" is the liquid density of
the same adsorbate. If temperature invariance of W is assumed, all measured adsorption data should
collapse onto one single “characteristic curve”. An adsorption driven heat pump cycle can be used
for either heating or cooling. As the working pair (sorbent-sorbate) is known, only four distinct
temperature levels need be defined to be able to determine the Coefficient of Performance for
either application.® Note that the desorption temperature is allowed to vary to investigate the
required desorption temperature. The COP is defined as the useful energy output divided by the

energy required as input. For heating, this becomes:

- (Qcon + Qads )

regen

COP, = (6)

where Qcon 1s the energy released during condensation, and Qags is the energy released during
adsorption. Both have a negative value as energy is withdrawn from the adsorption cycle. Oregen 1S
the energy required for regeneration of adsorbent. In this case, a positive quantity as energy is

added to the system. For cooling, the coefficient of performance COPc becomes:

COP, = % (7)

regen

where Qey is the energy withdrawn by the evaporator. Note that the COPy should have a value
between 1 and 2 and the COPc is per definition not larger than unity. The specifics on how to
exactly calculate these energetic contributions are explained in detail in [8]. Please note, lastly,
that the specific heat capacity is assumed to be 1 J g”! K™, which is an average value for a variety
of MOF materials. In fact, the actual value of this quantity has a negligible effect on calculated

COPs.
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