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Porous materials are recognized as very promising materials for water-sorption-based energy storage and
transformation. This study presents the first attempt to use Metal Organic Frameworks (MOFs) as host
matrices of salts for the preparation of composite sorbents for seasonal heat storage. We have
considered six water stable MOFs (ie. MIL-127(Fe), MIL-100(Fe), MIL-101(Cr), UiO-66(Zr)-NH,, MIL-
125(Ti)-NH, and MIL-160(Al)) differing in their crystalline structure, hydrophilic—hydrophobic balance,
pore size/shape and pore volume. The successful encapsulation of CaCl, in the pores of MOFs leads to
two series of MOFs—CaCl, composites whose salt content could be finely tuned depending on the pore
volume of MOFs and the synthesis conditions. These materials were fully characterized by combining
multiple techniques (i.e. powder X-ray diffraction, thermogravimetric analysis, scanning electron
microscopy, X-ray energy-dispersive spectrometry elemental mapping, N, sorption and elemental
analysis). The water sorption properties of these composites were studied under conditions of a solar
heat storage system (i.e. adsorption at 30 °C, desorption at 80 °C, both steps at a water vapour pressure
of 12.5 mbar) in comparison to the parent MOFs. We analyze how the physico-chemical and structural
properties of these host matrices impact the energy density of composite sorbents. We show that two
mesoporous MOFs—CaCl, composites (i.e. MIL-100(Fe)/CaCl, and MIL-101(Cr)/CaCly) with the highest
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Introduction working fluids, is a very efficient way of heat reallocation with
extremely low losses, and tunable cycle times, from months for
Nowadays, the increasingly austere problems of excessive fossil ~ seasonal applications to minutes for heat transformation, heat
fuel consumption and greenhouse gas emissions produced by —pumping or refrigeration applications (see Fig. S1 for more
combustion processes are encouraging the development of informationf). So far, only heat pumping and refrigeration
efficient and affordable alternative energy solutions. Thermo- applications are mature and water is the most widespread
chemical energy storage, based on reversible reactions involving ~ working fluid used due to its high evaporation enthalpy (i.e.

2500 kJ kg™ " at 1 bar and 373 K), non-toxicity and availability.-
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operating conditions of each application.” In the case of closed
system configurations, these operating conditions are defined
by the temperatures of (i) the cycle boundary of water evapora-
tion (Te.), (ii) condensation (7T.) and (iii) regeneration. For heat
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pumping applications, the materials should present a high
water uptake (ie. cycling loading lift) at a typical relative
working pressure p/p, below 0.3 (depending on the process
temperature).’” For seasonal heat storage applications, high
quantities of energy have to be handled in one cycle so that high
values of the cycling loading lift enable a reasonable size of the
storage system.*®

Inorganic porous materials have been investigated for such
applications, due to their fast kinetics of water sorption typical
of pure physical adsorbents.” While silica gels can be regen-
erated at very low temperatures (down to 45-50 °C), they exhibit
typically a low water sorption capacity, within the 0.03-0.10 g
g ' range for a typical adsorption heat pump (AHT).* Due to
their high hydrophilic character, zeolites present a large water
sorption uptake at quite low values of the relative pressure, but
high regeneration temperatures are required (over 140 °C).*”
Aluminophosphates (AIPOs) and silica-aluminophosphates
(SAPOs) were also considered, however with limited interest
for seasonal storage due to their high cost and low water
adsorption capacity,> except for a few recently developed
candidates.'®"* Inorganic porous materials exhibit on the whole
energy outputs of 50-100 kW h m ™ 2which is considered as too
low for seasonal storage applications. In contrast, chemical
sorption materials, such as hygroscopic salts, exhibit the high-
est energy output (up to ~600 kW h m~?) which is highly suit-
able for seasonal storage applications, but at the expense of very
slow water sorption kinetics.*>** In addition, due to the hygro-
scopic character and possible redissolution of salts upon water
sorption, their poor stability under multiple adsorption-
desorption cycles remains the key issue for their practical
use.”>™ Therefore, the design of composite materials (an inor-
ganic salt confined in a porous host matrix) was reported as
a promising approach. Indeed, a synergy between the physical
sorption of the host matrix and the chemical sorption of the salt
as well as the possible absorption of water vapour by super-
concentrated salt solution may be expected.®™ In compos-
ites, the behaviour of individual components (inorganic salt
and porous matrix) may be significantly modified in terms of
water sorption properties, kinetics, packing density, stability
and regeneration temperature. In particular, the sorption
properties of composites can be tuned by varying the chemical
nature, loading capacity and particle size of the confined salt
and depend strongly on the microstructural and physico-
chemical properties of the porous host matrix (pore size,
shape and volume, and hydrophilic-hydrophobic balance).'®>

Metal-organic frameworks (MOFs) represent a recent class
of crystalline hybrid porous materials obtained by assembling
metal nodes and organic ligands. One can easily tune their
structural and chemical features due to the large variety of
possible metal cations and organic linkers and their almost
infinite number of combinations. Thus, due to their micro- or
mesoporous character, their surface area values lie typically
between a few hundred and thousands of m* g ", exceeding in
most cases the values of “usual” porous materials.> As a result
of their fascinating physico-chemical properties, these mate-
rials present potential applications in gas storage/separa-
tion,**** catalysis,”*** biomedicine,***' and sensing,**>* among
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others. Recently, this class of crystalline hybrid materials has
emerged as promising water sorption materials for heat trans-
formation."*?*** In particular, a series of MILs (MIL stands for
Material from Institut Lavoisier) or UiOs (UiO stands for
Material from University of Oslo) that comprised of three- and
four-valent metal cations (Cr**, AI**, Fe*", Zr*" and Ti*") and
aromatic polycarboxylate linkers (see Fig. 1) were considered for
water sorption applications. 338445

These materials (i.e. MIL-127(Fe),>* MIL-100(Fe, Al, Cr),”
MIL-101(Cr),*>  UiO-66(Zr)-NH,,**** MIL-125(Ti)-NH,,** and
MIL-160(Al)*) all exhibit a good hydrothermal stability, water
adsorption isotherms with a “S” shape profile, low regeneration
temperatures and total water uptake ranging from 0.5 to 1.5 g
g~ " particularly suitable for heat reallocation applications (see
ESIT).3o3844-465056 Tpy addition, the use of hydrophilic amino
groups from the organic ligand or the presence of hydroxo
groups from the inorganic node enables the tuning of their
sorption behaviour in terms of water uptake (i.e. adsorption
loading lift) as well as their hydrophilic character (position of
step in p/p,). Very recently, composites based on CaCl, and UIO-
66(Zr) (or its NH, functionalized analog, UIO-66(Zr)-NH,) were
considered for adsorption thermal battery or chiller applica-
tions with interesting properties in terms of heat storage
capacity (i.e. 367 kJ kg™'), specific cooling power (i.e. 631 W
kg™") and cycling stability.””

The present paper deals with the first attempt to consider
this series of stable MOFs as host matrices of salts for the
preparation of composite sorbents for seasonal heat storage.
This is to analyse how the physico-chemical and structural
properties of MOFs will impact the energy density of composite
sorbents. One expects first that the position of the adsorption
loading lift (p/po) in composites might strongly depend on the
pore size of the host matrix.>*® Another critical issue here
concerns the chemical and thermodynamic compatibility
between MOFs and salts as the stability and water sorption
properties of composites strongly depend on the interfacial

v vRe sRe v
Ui0-66(2r)-NH,

MIL-125(Ti)-NH,

MIL-160(Al)

Fig. 1 Polyhedral representation of MOFs. The cavity space is indi-
cated by yellow van der Waals spheres (Fe, green; Cr, purple; Zr, blue;
Ti, orange; Al, pink; C, gray; N, blue; O, red; and H, white).
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properties between the porous matrix and the salt while this
governs both the salt dispersion/aggregation and the free pore
volume of the sorbent. A series of MOF based composites with
high CaCl, content was prepared with high energy storage
capacity. Moreover, we show that two mesoporous MOFs-CacCl,
composites with the highest salt loading exhibit very high
energy storage capacities (up to 310 kW h m > (485 W h kg ™))
outperforming the best composites or physical sorbents re-
ported so far together with very little loss upon cycling and high
chemical stability upon ageing.

Experimental section
Synthesis of salt-MOF composites

The MOF sample was dried for 3 hours in an oven at 100 °C,
before one encapsulation step using CaCl, solution with
a soaking time of 2 hours. The sample was collected following
the removal of excessive CaCl, solution by centrifugation and
was completely dried at 100 °C in an oven overnight. For more
details, see the ESLt

Characterization of materials

Powder X-ray diffraction patterns of MOFs were obtained on
a Siemens D5000 diffractometer using CuKa, , radiation (A =
1.5406 A) within the 0.2-60° 26 range, with a step of 0.02°.
Powder X-ray diffraction patterns of salt-MOF composites were
recorded on a Bruker D8 Advance Variol diffractometer using
pure CuKa1 radiation (1 = 1.540598 A) and equipped with an
Anton Paar HTK1200N high temperature chamber. The PXRD
diagrams were collected at 25 °C and 150 °C between 3 and
60°(26) with a step of ~0.009°(26). The BET surface area was
calculated from N, adsorption-desorption isotherms measured
on a Belsorp Mini (Bel, Japan) at liquid nitrogen temperature
(77 K). Prior to the analysis, samples were dried for 12 h under
primary vacuum. The BET surface area and micropore volume
were estimated at a relative pressure below 0.25. Thermogravi-
metric (TG) measurements were carried out on a thermogravi-
metric analyzer (Perkin Elmer Diamond TGA/DTA STA 6000)
with an oxygen flow of 200 mL min~'. The temperature was
increased from 303 K to 873 K. SEM-EDX analysis was per-
formed using gold-coated samples on a JEOL JSM-7001F
microscope equipped with an energy-dispersive X-ray (EDX)
spectrometer and an X-Max SDD (Silicon Drift Detector) from
Oxford.

Water sorption and calorimetric measurements

The cycling loading lift, multiple cycles of water adsorption-
desorption under cycle boundary conditions (a pressure of 12.5
mbar, an adsorption temperature of 30 °C and a desorption
temperature of 80 °C) and calorimetric measurements were
carried out using a thermogravimetric analyzer (TG-DSC111)
connected to a humidity generator (Setaram) with an RH
stability of +£0.3%. The sample was first dried for 12 h under
vacuum at the same temperature as that for N, sorption
measurements for each sample. The sample is then put in
contact with humid nitrogen (flow rate: 50 mL min~ ", bath and
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gas temperature: 40 °C, and relative humidity: 17.4%) at 30 °C.
When equilibrium is reached, the sample is heated to 80 °C at
1°Cmin~ ", and the desorbed mass and the heat flow signals are
simultaneously recorded. The desorbed mass between 30 °C
and 80 °C at 12.5 mbar corresponds to the cycling loading lift.
The integration of the heat flow signal enables us to obtain the
heat of sorption. For further use as the energy storage capacity,
this value has to be corrected with the integration of the heat
flow signal of a blank test (prior to the measurement, the blank
test is done under the same conditions with empty crucibles),
and by taking into account the heat required to heat the sample
and the water vapour from 30 °C to 80 °C.

For adsorption heat measurements only the adsorption step
(T =30 °C and p = 1.25 kPa) was considered (humidity gener-
ator at 40 °C and relative humidity RH = 17.4%). The integra-
tion of the heat flow signal using the horizontal last point
integration mode gives the heat of adsorption expressed inJ g~
of MOF. For more details, see the ESL.}

Results and discussion

Water sorption properties of MOFs under conditions of a solar
heat storage system

The sorption properties of MOFs alone (see Fig. S2-S19 of the
ESIT for full characterization) have been studied under condi-
tions close to those of the application, in light of their physico-
chemical characteristics (Table 1). Sorption isotherms or cycling
loading lifts were measured under conditions of a seasonal
energy storage system (see Fig. S20-S267). Here, the operating
conditions are the following: T4 = 80 °C (desorption tempera-
ture typical of a solar collector), T, = 30 °C (minimum adsorp-
tion temperature for space heating during the winter period)
while the evaporation and condensation temperatures of 10 °C
(T. and T.) corresponding to a pressure of 12.5 mbar for a closed
system were chosen. For each MOF, the mass change was
calculated as gram of water per gram of anhydrous MOF
measured between 30 °C and 80 °C at 12.5 mbar for each cycling
loading lift. In addition, the mass change at the adsorption step
(30 °C at 12.5 mbar) was also evaluated (i.e. adsorption loading
lift) (see Fig. S20 of the ESI{). Two main parameters have been
considered here for the MOFs: (i) their hydrophilic-hydro-
phobic balance and (ii) their pore size/shape. First, we have
considered a series of microporous MOFs bearing a pronounced
hydrophilic character, due to a combination of hydroxylated
inorganic building units and the polarity of the organic linker:
Ui0-66(Zr)-NH,,* MIL-125(Ti)-NH, ** or MIL-160(Al) (2,5-fur-
andicarboxylic acid (FDCA)).** UiO-66(Zr)-NH, and MIL-
125(Ti)-NH,, both exhibit a 3D network made up of two tetra-
hedral or octahedral cages with pore sizes of 7.5/12 A and 6/12
A, respectively. In both structures, the framework is built by
connecting metal oxo/hydroxo clusters (i.e. ZrsO,(OH), and
TigOg(OH),) and terephthalate based linkers.>*** In MIL-160(Al)
the helical cis-corner-sharing chains of Al0,(OH), octahedra are
connected via carboxylate groups of FDCA resulting in a 1D pore
system based on square shaped sinusoidal channels of ~5 A.*
As previously reported,®***® these solids present similar one-
step S-shaped isotherms with steep uptake at relative pressure
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Table 1 Structural and sorption characteristics of MOFs
Adsorption

Pore diameter,  Sgpr Total pore volume loading lift at”  Cycling loading
MOF (&) (m?>¢g™") (emg™) Structural characteristics 30°C, gg " lift, g g~*
MIL-100(Fe) 25/29 1828 0.81 Acid Lewis sites 0.39 0.32
MIL-101(Cr) 29/34 3721 1.51 Acid Lewis sites 0.17 0.12
MIL-127(Fe) 5/7/10 1342 0.57 Acid Lewis sites 0.28 0.20
UiO-66(Zr)-NH, 7.5/12 1119 0.44 Hydrophilic centres (-NH,) 0.33 0.32
MIL-125(Ti)-NH,  6/12 1480 0.64 Hydrophilic centres (-NH,) 0.39 0.37
MIL-160(Al) 5 1148 0.46 Hydrophilic centres (O-heteroatom)  0.37 0.36

“ standard deviations of adsorption and cycling loading lifts are close to 1%. ” gram of water per gram of dry MOF.

plpo = 0.30, 0.25 and 0.20, respectively. In this work, we have
shown that for UiO-66(Zr)-NH,, MIL-125(Ti)-NH, and MIL-
160(Al) the adsorption loading lifts (T = 30 °C, 12.5 mbar)
and cycling loading lifts (12.5 mbar, T, = 30 °C, T4 = 80 °C) are
equal to 0.33 and 0.32 g g%, 0.39 and 0.37 g g ', and 0.37 and
0.36 g g ', respectively (Fig. S21-S231). In contrast, if one
considers the more hydrophobic microporous MIL-127(Fe) and
the mesoporous MIL-100(Fe) and MIL-101(Cr) MOFs, a shift of
their sorption steps towards higher p/p, is observed together
with two-step isotherms due to their bimodal pore system.?*3*
These solids are built by oxo-centered trimers of metal octa-
hedra and polycarboxylate ligands (terephthalate for MIL-
101(Cr), trimesate for MIL-100(Fe), and 3,3',5,5'-azobenzenete-
tracarboxylate for MIL-127(Fe)). MIL-127(Fe) exhibits a micro-
porous cubic structure with a soc topology** and its two-step
water sorption isotherm can be explained by the consecutive
filling of hydrophilic cages (~10 A) or channels (~5 A) and then
hydrophobic pores (~7 A) leading to two uptakes at p/p, = 0.30
and at p/p, = 0.60, respectively (T = 30 °C). MIL-100(Fe) and
MIL-101(Cr) present a MTN zeolite topology with two types of
mesoporous cages of 24/27 A and 27/34 A, respectively,?”* high
specific surface areas and a high concentration of Lewis acid
sites (Table 1). This is associated with step-wise shape water
sorption isotherms and large water uptakes.***®*¢ For MIL-
100(Fe), as reported before, two stepwise uptakes of 0.49 g g~ *
at p/po = 0.35 and 0.35 g ¢~ at p/p, = 0.45 correspond to the
consecutive filling of the 25 A and 29 A mesoporous cages,
respectively.***® Due to its more hydrophobic character, MIL-
101(Cr) exhibits a stepwise water uptake close to 1.20 g g~*
shifted to a higher relative pressure of p/p, = 0.4-0.5, as previ-
ously reported,*®*® with consecutive filling of the two different
mesopores of 29 and 34 A (i.e. the first adsorption lift of 0.97 g
g ' at p/p, = 0.40 and the total adsorption lift of 1.55 g g~ * at p/
Po = 0.50). Despite their rather large pore volumes, the
adsorption loading lifts and cycling loading lifts of MIL-127(Fe),
MIL-100(Fe) and MIL-101(Cr) are not larger than those of the
hydrophilic MOFs with values respectively of 0.28 and 0.20 g
g7',0.39and 0.32 gg ', and 0.17 and 0.12 g g~ " (Fig. S207). In
addition, these MOFs exhibit a suitable stability under
numerous adsorption-desorption cycles. It has been previously
reported that the mass loss of exchanged water is 3.2% (40
cycles), 6.37% (40 cycles), 17% (40 cycles), 38% (40 cycles) and
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0% (10 cycles) for respectively MIL-101(Cr), MIL-100(Fe), MIL-
125(Ti)-NH,, UiO-66(Zr)-NH, and MIL-160(Al).3>*458 Thig
series of MOFs also shows great promise for such applications
due to the possibility to easily scale up their synthesis on
a laboratory scale.” Moreover, MIL-100(Fe)® and MIL-101(Cr)*>
can be synthesized using H,O as the solvent, MIL-127(Fe)* in
alcohols while MIL-160(Al)* is obtained through a green route
using a bio-derived linker.

Synthesis and characterization of MOFs-CaCl, composites

In the second step, composites combining MOF matrices and
CaCl, were prepared. Calcium chloride was selected due to its
large availability, low cost and hydration rate (i.e. 5 moles of
water per mole of CaCl,) under conditions of thermochemical
storage for space heating (i.e. adsorption at 30 °C, desorption at
80 °C, vapour pressure between 872 and 1704 Pa). The MOFs
were dried for 3 hours in an oven at 100 °C, followed by
impregnation of aqueous solutions of CaCl, of different
concentrations (see the ESI for details on the synthesis of
composites and Table S17). The influence of the soaking time,
sample washing, concentration of CaCl,, temperature, and
number of encapsulation steps on the microstructural proper-
ties and composition of composites was investigated. Washing
of composites with H,O or EtOH initially, to remove the excess
of salt at the outer surface of MOF particles, was ruled out due to
the excessive removal of the salt initially encapsulated. The
temperature during the encapsulation process was fixed to
ambient values since higher temperatures led to unstable
composites with a large amount of salt located at the outer
surface of MOF particles. Two methods of encapsulation were
studied. In the first one, each encapsulation step was followed
by centrifugation and removal of the liquid phase with,
however, a negligible increase of the salt content with the
number of encapsulation steps. The second method required
a drying of the composites after each encapsulation step which
led to an enhancement of the salt content but also to a partial
recrystallization of the salt at the surface of MOF particles.
Finally, we selected the one-step encapsulation procedure and
modulated the concentration of the initial salt solution to tune
the salt content in the composites with homogeneously
distributed salt in a reproducible manner. Finally, composites
with a CaCl, content varying between 30 and 62 wt% were

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Characterization of MIL-101(Cr)/CaCl, (62 wt%). (a) PXRD
diagram of MIL-101(Cr)/CaCl, (62 wt%) (red) obtained after washing
with water in comparison with that of MIL-101(Cr) (black); (b) SEM
image; and (c) elemental XEDS mapping area images. The scale bar
corresponds to 5 pm.

obtained and fully characterized through a combination of
powder X-ray diffraction (PXRD), thermogravimetric analysis
(TGA), scanning electron microscopy (SEM), X-ray energy-
dispersive spectrometry (XEDS) elemental mapping, N, sorp-
tion and elemental analysis (see Fig. 2 and S27-S60 of the ESIY).

Powder X-ray diffraction (PXRD) patterns of the composites
were collected at room temperature and 150 °C. Firstly, for the
whole series of composites, the X-ray diffraction patterns are in
good agreement with those of pure MOFs indicating that the
structure of MOFs is preserved in the composites (see Fig. 2 and
S27-S36%). Secondly, for the composites with the highest salt
rate (i.e. MIL-127(Fe)/CaCl, (40 wt%)), the presence of recrys-
tallized CaCl,-2H,0 (25 °C) or anhydrous CaCl, at 150 °C is
clearly evidenced and is likely to be due to the recrystallization
of a small amount of salt at the outer surface of MOF particles
(Fig. S28t). Finally, in the case of composites based on large
pore MIL-100(Fe) and MIL-101(Cr), a significant decrease of the
relative intensity of the diffraction Bragg peaks is observed at
room temperature and 150 °C, especially at low angles, which is
probably due to both a modification of the electronic density
(and thus a strong absorbance of the X-ray by the materials) and
the strongly disordered hydrated salt within the mesoporous
cages.® To prove such an assumption, we carried out a similar
PXRD analysis using the same samples but they were washed
with water to remove the salt. It is noteworthy that the PXRD
patterns after washing with water are similar to those of the
parent MOFs (see Fig. 2 and S35 and S367) confirming the
preservation of their structure after the salt loading. In addition,
the SEM images of the composites show that the morphology of
MOF crystallites is not altered after the salt encapsulation (see
Fig. 2 and S45-S52%). The salt rates determined by thermogra-
vimetric analysis, XEDS analysis and elemental analysis (see
Table S2t) are in good agreement. According to SEM and XEDS
elemental mapping, no CaCl, crystallites can be observed in the
samples, either at the surface of MOF particles or in the inter-
particle space.

The calcium/metal (Ca/metal) ratios measured by XEDS
(Table S21) are on the whole similar for 3 areas of each

This journal is © The Royal Society of Chemistry 2017
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composite, confirming the homogeneous distribution of the salt
among the different MOF particles, although in the case of UiO-
66(Zr)-NH,/CaCl, (43 wt%) and MIL-125(Ti)-NH,/CaCl, (45
wt%), a slightly more heterogeneous Ca/Me ratio may arise from
a larger particle size distribution, thereby affecting the diffusion
and location of the salt. Nevertheless, for all MOF based
composites, the total salt content for each composite is compa-
rable (see Table S2}). Nitrogen sorption isotherms of the
composites show as expected a strong decrease of the pore
volume and BET surface area as a result of the salt entrapment
(see Fig. S53-S60 of the ESIt). It is noteworthy that depending on
both the salt content and the type of MOF, a residual porosity
remains after salt incorporation and may contribute to the water
adsorption of the composites.

In order to shed light on the influence of CaCl, content on
the water sorption properties of composites, two series of
MOFs-CaCl, composites with different salt contents were
further prepared: (i) a first one with a similar salt content, i.e.
close to 31-34 wt%, and (ii) a second series with an increased
salt loading between 40 and 62 wt%. The analysis of the first
series of composites highlighted the impact of the water phys-
ical sorption in MOFs on the water uptake of composites, in
direct relationship with the hydrophilic character and the free
pore volume of the MOFs. The second series, which includes
composites with higher salt contents, shows the effect of their
amphiphilic character, residual pore volume and salt loading
capacity on the water uptake. It is noteworthy that for each MOF
structure and considering their theoretical pore volume, it was
possible to estimate an upper limit range of salt content to be
encapsulated assuming the total filling of the pores by CaCl,
tetrahydrate or hexahydrate (see Table 2). However, one could
point out that these values might be slightly overestimated
since one could expect that not all of the pore volume is
accessible to such a bulky salt. For instance, MIL-127(Fe)
exhibits two types of porosities: 1-D channel systems (~5-8 A)
and larger cages (~10 A) with very narrow windows (~3 A) and
thus not accessible to the salt. Thus, a complete pore filling by
the salt is impossible for this MOF and as a consequence the
experimental loading capacity in MIL-127(Fe) shall be signifi-
cantly lower than 48 wt%. Only in the case of UiO-66(Zr)-NH,/
CaCl, (43 wt%), the experimental result slightly exceeds the
theoretical one, with no evidence of recrystallized salt detected
by PXRD (see Fig. S291), which is probably due to the presence
of linker defects leading to a larger pore volume of the sample.*
It is noteworthy that, as expected, increasing the pore volume
through the use of mesoporous MOFs such as MIL-100(Fe) (1.02
cm?® g~* theor.) and MIL-101(Cr) (1.95 cm® g~ * theor.) leads to
higher salt loadings (i.e. 46 and 62 wt%), far beyond the values
obtained with composites based on silica gel (28-34 wt%).*>**

Water sorption properties of MOFs-CacCl, composites with
low salt content (31-34 wt%) under conditions of a solar heat
storage system

The water sorption behaviour of the first series of composites
with similar salt contents (31-34 wt%) was studied under
conditions of a seasonal energy storage system (see the above-
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Table 2 Properties of the MOF-salt composites
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Upper limit Total pore Total pore Energy storage capacity

CaCl, range of volume of Sger of volume of

content®  CaCl,” MOF (theor.) composite® composite® Adsorption  Cycling lift?, Calc. Exp.
MOF (%, wt) (%, wt) (ecm’*g ™) m*g™)  (em’g™) lift, g gt gg’ Whkg") (Whkg)
MIL-160(Al) 34 27-36 0.50 520 £ 20 0.240 + 0.006 0.35 & 0.01° 0.21 £+ 0.01° — —
UiO-66(Zr)-NH, 43 27-36 0.50 310 £+ 10 0.130 + 0.004 0.47 + 0.02° 0.33 + 0.02° 248 268 + 50°
MIL-125(Ti)-NH, 45 35-46 0.78 360 + 20 0.240 + 0.004 0.46 £+ 0.02° 0.35 £ 0.02° 254 243 + 8°
MIL-127(Fe) 31 38-48 0.83 520 + 20 0.228 £+ 0.009 0.43 £ 0.03° 0.31 £ 0.02° — —
MIL-127(Fe) 40 38-48 0.83 520 £ 10 0.223 £ 0.005 0.43 £ 0.02° 0.33 + 0.02° 243 228 =+ 20°
MIL-100(Fe) 34 43-53 1.02 370 £ 50 0.188 + 0.005 0.45 + 0.01° 0.32 + 0.01° — —
MIL-100(Fe 46 43-53 1.02 290 £ 20 0.130 £+ 0.020 0.57 & 0.02° 0.47 + 0.02° 347 335 £ 20°
MIL-101(Cr) 62 59-68 1.95 330 £+ 10 0.170 + 0.010 0.75 + 0.01° 0.58 + 0.01° 428 485 + 50°

“ salt content is presented according to chemical analysis. ” Calculated assuming that the pore volume of MOFs is occupied by the tetrahydrate or
the hexahydrate form of CaCl,. ¢ Standard error on 3 measurements. ¢ Gram of water per gram of dry composite. ¢ Standard error on 2
measurements. Energy storage capacity is based on the 1° adsorption cycle without taking into account the decrease of capacity after cycling.

0.5 . O Adsorption lift of composite (exp.)

Cycling lift of composite (exp.)
O Cycling lift of salt in composite (calc.)

04
28
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=
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H
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MIL-160(Al)/ SWS-L

MIL-127(Fe)/
CaCl,31%

MIL-100(Fe)/

CaCl,34%  (SG/CaCl,34%) CaCl,34%

Fig. 3 Adsorption and cycling loading lifts (gram of water per gram of
dry composites) of MOF based composites with CaCl, (31-34 wt%);
calculated cycling lift of the salt in the composites and adsorption lift of
the SWS-1L composite (silica gel/CaCl, 34 wt%).5* Conditions of
adsorption lift: 30 °C, p = 12.5 mbar (for MOF based composites) and
30°C, p=12.3 mbar (for SWS-1L). Conditions of cycling lift: adsorption
at 30 °Cand p = 12.5 mbar, and desorption at 80 °C and p = 12.5 mbar.

mentioned cycling loading lift conditions) (Fig. 3). For the sake
of comparison, we consider these results in light of those of
silica gel based composites (i.e. SWS-1L) with a 33.7 wt% CacCl,
loading.” In addition, for each composite, the cycling loading
lift of the bulk salt is calculated by considering the same salt
content as that in the composite and its hydration at 12.5 mbar
between 30 °C and 80 °C from the monohydrate form to the
hexahydrate form (NB: this corresponds to the mass of water
theoretically exchanged by an amount of salt encapsulated in
each composite under cycling conditions per mass of dry
composite). Such a comparison may be useful to show the
impact of the physical sorption of MOFs on the water sorption
behaviour of composites. The adsorption and cycling loading
lifts of the composites (see Fig. S61-S67 of the ESIT) are finally
compared to those of pure MOFs (mass of water/mass of dry
MOF) (see Table 1). One can first notice that the water uptake of
the composites is not improved when dealing with hydrophilic
host matrices (see Fig. 3). For instance, for the most hydrophilic

12894 | J. Mater. Chem. A, 2017, 5, 12889-12898

MOF in play here, MIL-160(Al), a significantly lower perfor-
mance was observed compared with those of composites based
on more hydrophobic MOFs (i.e. MIL-127(Fe) and MIL-100(Fe)).
Noteworthily, it is striking for MIL-160(Al) that (i) no improve-
ment in water uptake is evidenced upon salt encapsulation:
0.35 g g~ ! versus 0.37 g g~ ! for the pure MOF (Table 1) and (ii)
the cycling loading lift of the composite is even lower (0.21 g
¢~") than that of pure MIL-160(Al) (0.36 g g~ ') (Table 1). Such
a phenomenon may arise from the very high hydrophilic char-
acter of the MIL-160(Al)/CaCl, composite (34 wt%) due to the
polar framework and adsorbed guests (salt and water), leading
to a much lower desorption efficiency at 80 °C. Moreover, the
desorption of water and thus the complete transition of the salt
from the hexahydrate to the monohydrate state may be here
strongly hampered by the very slow diffusion of water inside the
1D pore system of MIL-160(Al) whose salt content is close to the
upper limit salt content of this MOF. In contrast, when dealing
with amphiphilic MOF based composites, ie. MIL-127(Fe)/
CaCl, (31 wt%) and MIL-100(Fe)/CaCl, (34 wt%), the adsorption
and cycling loading lifts are enhanced compared to those of the
pure MOFs. Moreover, the experimental cycling lifts of these
composites whose salt content is lower than the upper salt limit
range are also superior than those calculated for the pure bulk
salt (see Fig. 3), as a result of a beneficial synergy between the
chemical sorption of the salt and the physical sorption of the
MOFs (see Table 2).

Water sorption properties of MOFs-CacCl, composites with
high salt content (>30 wt%) under conditions of a solar heat
storage system

To gain further understanding, the second series of composites
with larger salt loadings (>30 wt%), i.e. MIL-125(Ti)-NH,/CaCl,
(45 wt%), UiO-66(Zr)-NH,/CaCl, (43 wt%), MIL-127(Fe)/CaCl,
(40 wt%), MIL-100(Fe)/CaCl, (46 wt%) and MIL-101(Cr)/CaCl,
(62 wt%), was evaluated for this application. The amount of
CaCl, is here directly linked to the pore volume of MOFs: the
higher the pore volume of MOFs, the higher is the CaCl,
amount encapsulated. Furthermore, the cycling loading lift

This journal is © The Royal Society of Chemistry 2017
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increases strongly with increasing salt content as shown by
comparing the values of composites with 40-46 wt% CaCl, and
62 wt% MIL-101(Cr)/CaCl, (Fig. 4) as well as those of both MIL-
100(Fe)/CaCl, composites with 34 and 46 wt% CacCl, (Fig. 3 and
4). As observed for the first series of composites, lower cycling
loading lift values are typically observed for hydrophilic MOF
based composites (i.e. MIL-125(Ti)-NH,/CaCl, (45 wt%) and
Ui0-66(Zr)-NH,/CaCl, (43 wt%)) or composites with the lowest
amount of salt (i.e. MIL-127(Fe)/CaCl, (40 wt%)) (see Fig. 4).
Once again, the cycling loading lifts of the composites were
compared to those derived by the hydration process of the bulk
salt. It is remarkable that for amphiphilic MOF based
composites, the cycling loading lift of the composites is larger
than that of the pure salt, showing that the water uptake of
composites results from a complex interplay between the
amphiphilic balance, the residual pore volume of MOFs and the
content and location of the salt. In particular, the more hydro-
phobic character of MOFs may facilitate the desorption process
while their residual pore volume may enhance the adsorption
process. For instance the MIL-101(Cr)/CaCl, (62 wt%)
composite, which exhibits, to our knowledge, the best perfor-
mance so far in the field of CaCl, based porous solid compos-
ites, illustrates the ideal structural and physico-chemical
requirements for seasonal heat storage applications. This
material combines a huge salt content, a moderate hydrophilic
character and a significant residual accessible pore volume.
Moreover, the 3D mesoporous pore system of MIL-101(Cr) may
also promote fast water sorption diffusivity.

Energy storage performance of MOFs-CaCl, composites with
high salt content (>30 wt%)

In the last step, the energy storage capacity of this second series
of salt-MOF composites was evaluated, either experimentally
through microcalorimetric measurements (experimental energy
storage capacity) or calculated by combining data of the cycling

0.6
= O Lift of bulk salt in composite(calc.)
= Total lift of composite (exp.)
£ 0.5
[
£
g 0.4
2
3
503
>
9
0.2
0.1
0 _— SRR
MIL-125(Ti)}-NH, UIO-66(Zr)-NH, MIL-127(Fe)  MIL-100(Fe)  MIL-101(Cr)
CaCl, 45 % CaCl,43%  CaCl,40%  CaCl,46% CaCl, 62 %

Fig. 4 Cycling loading lift (gram of water per gram of dry composite)
of MIL-125(Ti)-NH_/CaCl; (45% wt), UiO-66(Zr)-NH,/CaCl, (43% wt),
MIL-127(Fe)/CaCl, (40% wt), MIL-100(Fe)/CaCl, (46 wt%), and MIL-
101(Cr)/CaCl, (62 wt%) and the calculated cycling lift of the salt in the
composites. Cycle conditions: adsorption at 30 °C and p = 12.5 mbar,
and desorption at 80 °C and p = 12.5 mbar.
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loading lift and heat of adsorption (calculated energy storage
capacity) (see Fig. 4; Table S37). Details concerning the calcu-
lation and the measurement of energy storage capacities are
provided in the ESL7 It is noteworthy that the calculation of
energy storage capacities requires the measurement of the heat
of water sorption of each MOF. First, one can point out that the
experimental and calculated energy storage capacities of the
composites are fully consistent (see Fig. 5; Tables 2 and S3 and
S4t). The slight discrepancy might arise from the calculation
method that does not take into account the complexity of the
adsorption phenomenon in salt-MOF composites that involves
the hydration of the salt, the physical sorption by the MOF and
the interaction between the MOF and the salt. For the two most
promising composites, MIL-100(Fe)/CaCl, (46 wt%) and MIL-
101(Cr)/CacCl, (62 wt%), the experimental energy storage density
(kW h m~>) was evaluated based on the experimental energy
storage capacity (W h kg™ ') by taking into account the packing
density of the composites in their powdered forms (see Table
S4t). The values for MIL-100(Fe)/CaCl, (46 wt%) and MIL-
101(Cr)/CaCl, (62 wt%) correspond to 208 kW h m > (335 W h
kg ') and 310 kW h m® (485 W h kg "), respectively. Although
the shaping and packing of these MOFs-CacCl, composites have
not been optimized yet, their performances are higher or
comparable to those of the most promising composites re-
ported in the literature so far (see Table 3).**7° However, we
need to keep in mind that any direct comparison of energy
storage density is risky, because it strongly depends on the cycle
boundary conditions. For example, the increase of desorption
temperature from 80 °C to 100 °C will enhance the cycling
loading lift and thus the energy storage density. Nevertheless,
the state of the art of composite materials developed for space
heating applications is shown in Table 3. By considering
desorption temperatures lower than 100 °C, the energy storage
capacity values of such reported materials (CaCl, or LiCl
encapsulated in a silica gel matrix) lie within the ~130-280 W h
kg ' range which is significantly lower than those of salt-MOF
composites. The highest energy storage density was found for
the silica gel/CaCl, composite.” This silica gel matrix and MIL-
100(Fe) have roughly an equal pore volume (0.81 cm?® g~ *) while

500 O calculated
O Experimental

400

300

200+

100

Energy Storage Capacity (Wh.kg™)

0
MIL-125(Ti)}-NH,  UIO-66(Zr)}-NH, MIL-127(Fe) MIL-100(Fe)  MIL-101(Cr)
CaCl, 45 % CaCl,43%  CaCl,40%  CaCl,46%  CaCl,62%

Fig. 5 Calculated and experimental energy storage capacities (W h
kg™ of MIL-125(Ti)-NH,/CaCl, (45% wt), UiO-66(Zr)—~NH,/CaCl,
(43% wt), MIL-127(Fe)/CaCl, (40% wt), MIL-100(Fe)/CaCl, (46 wt%),
and MIL-101(Cr)/CaCl, (62 wt%).
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Table 3 The comparison of composites (literature) with MOF based composites (this work) for space heating applications
Energy storage Energy storage Adsorption Desorption

Salt content capacity (exp.) density (exp.)  temperature Adsorption temperature
Matrix Salt (%, wt) Whkeg™h (kW h m™) (9] pressure (mbar) (°C) Ref.
MIL-100(Fe) CaCl, 46 335%/298" 208/185” 30 12.5 80 This work
MIL-101(Cr) CaCl, 62 485°/446" 310/285” 30 12.5 80 This work
Comparable desorption temperature conditions
Silica gel CaCl, 33.7 132 85 40 17.0 90 65
Silica gel LiCl 35 254 163 40 17.0 90 66
Silica gel CacCl, — 283 — 30 33.9 90 68 and 70
High desorption temperature conditions
Zeolite 13X MgSO, 15 180 166 30 15.9 150 65
Attapulgite MgS0,/MgCl, — 397 — 30 31.8 130 61
Aluminosilicate CacCl, 30 240 — 40 20.0 120 66
FeKIL2 iron silicate CacCl, 7 155 — 25 12.0 150 64

“ Energy storage capacity based on the 1°* adsorption cycle. ” Energy storage capacity based on the 10™ adsorption cycle.

their corresponding salt composites were prepared under
similar conditions (i.e. 35 wt% and 40 wt% CaCl, solution,
respectively). It is important to note that in spite of the more
favourable cycling conditions for the silica gel based composite
in comparison with MIL-100(Fe)/CaCl, (46 wt%) (i.e. higher
pressure of adsorption (RH = 80% versus 30% at 30 °C) and
temperature of regeneration (90 °C versus 80 °C)), the storage
capacity of the silica gel based composite is lower than that of
MIL-100(Fe)/CaCl, (46 wt%) (283 W h kg~ " versus 335 W h kg ).

For regeneration temperatures in the range 120-150 °C,
higher energy storage capacity values between 180 and 397 W h
kg™ were found for composites based on zeolite 13X, atta-
pulgite, aluminosilicate and iron silicate matrices (Table 3).
However, once again, the highest energy storage capacity (397
W h kg™ ) reported for composites® based on attapulgite and
MgS0O,/MgCl, (mass ratio 20/80) was measured at a higher
pressure of adsorption than that used in the present study (31.8
versus 12.5 mbar, respectively). These temperature and pressure
conditions are nevertheless not adequate for a thermal storage
application using solar collectors for heat production and
a ground coupled heat exchanger for evaporation and conden-
sation, at least in Northern Europe.

Stability upon adsorption-desorption cycling of MIL-100(Fe)-
CacCl, and MIL-101(Cr)-CaCl, composites

Finally, in order to evaluate the cycling stability of MIL-100(Fe)/
CaCl, (46 wt%) and MIL-101(Cr)/CaCl, (62 wt%) composites,
these materials were exposed to continuous water adsorption
and desorption cycles under representative conditions of
seasonal energy storage devices. MIL-100(Fe)/CaCl, (46 wt%)
shows a decrease of about 11% of its initial performance after
11 adsorption-desorption cycles (Fig. 6a) but reaches a steady
state after 7 cycles. This results in a slight decrease of its energy
storage capacity from 335 to 298 W h kg™ " (from 208 to 185 kW h
m ). MIL-101(Cr)/CaCl, (62 wt%) presents only 8% loss under
10 adsorption-desorption cycles (Fig. 6b) but reaches a steady
state after 4 cycles resulting in a reduction of its initial energy

12896 | J Mater. Chem. A, 2017, 5, 12889-12898

storage capacity from 485 to 446 W h kg™ " (from 310 to 285 kW h
m?). The stability of MIL-100(Fe)/CaCl, (46 wt%) and MIL-
101(Cr)/CacCl, (62 wt%) upon cycling was confirmed by collecting
SEM, TGA and nitrogen sorption porosimetry measurements

Q
~

05 4 mdesorption 30-80°C
: Dadsorption 80-30°C

04 -

0.2 -

0.1 A

Cycling loading lift, g/g

12 3 4 5 6 7 8 9 1011
Number of cycles

b)
0.7 ~

mdesorption 30-80°C
Badsorption 80-30°C

0.5 A

0.3 A

0.1

Cycling loading lift, g/g

12 3 4 5 6 7 8 9 10
Number of cycles

Fig. 6 Stability under numerous adsorption—desorption cycles (p =
12.5 mbar) of (a) MIL-100(Fe)/CaCl, (46 wt%) and (b) MIL-101(Cr)/
CaCl, (62 wit%).
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after ageing the samples for about 18 and 6 months respectively
(see Fig. S68-S731), with no evidence of framework degradation.
The high water stability of these composites suggests that these
materials pave the way towards the development of new highly
efficient water sorbent based processes for heat reallocation.

Conclusions

A series of high loading CaCl, composites based on robust
MOFs bearing various chemical and structural features has
been prepared and thoroughly characterised in view of energy
reallocation applications such as long term thermal solar
energy storage for space heating. Firstly, it has been shown that
(i) the increase of salt content in composites significantly
enhances the water adsorption capacity of materials and (ii) the
hydrophilic character of the MOF-matrix does not improve the
overall water uptake due to regeneration or salt hydration
limitations. Secondly, the use of amphiphilic MOFs bearing
intermediate salt loadings leads to a synergetic effect between
water chemisorption of the salt and the physisorption of the
MOF, leading to better performances compared with those of
the pure MOFs or salt. Finally, the use of mesoporous and
amphiphilic robust MOFs is an efficient strategy to achieve
higher encapsulation rates and thus, higher loading lifts in
comparison with a silica gel matrix. These very promising MOF-
salt composites finally exhibit a good cycling performance once
a steady state is reached, leading to energy storage densities up
to 285 kW h m™2 for seasonal storage applications. Although
they already outperform most of the other sorbent based
composites, one can easily, in the near future, strongly enhance
these values through an optimization of the packing density of
the composites by using appropriate processing and shaping
methods as previously shown.>” Given the large variety of stable
MOF candidates already available, this finally paves the way for
the design of advanced composites based on new MOF matrices
for energy reallocation applications.
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