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The hydrothermal stability of aluminium hydroxide isophthalate
MOF CAU-10-H was proven, under humid multi-cycling conditions.
Detailed in situ thermogravimetric measurements and in situ
powder X-ray diffraction analysis during water ad-/desorption
were used. A reversible structural change during adsorption was
detected and thereby exemplified the robustness of breathing-like
MOFs over 700 water vapour ad/desorption cycles. In combination
with high water adsorption capacity, hydrophilic CAU-10-H is
the first breathing-like MOF with a structural change which is a
promising candidate for the use in heat transformation processes.

Metal-organic frameworks (MOFs) receive continuous atten-
tion due to their high potential for various applications® based
on their designable and high microporosity.”> With this new
generation of porous materials, significant improvements in
gas storage,” separation processes,’ or sorption based heat
transformation applications® are possible. Thermally driven
systems like adsorption chillers (AC), adsorption heat pumps
(AHP) or solid desiccant cooling (SDC) are gaining more and
more attention as a promising approach to energy efficient
heating and cooling.®” However, the relatively low stability
under non-inert conditions, especially the often poor long-
lasting water vapour stability of MOFs is a critical issue for
numerous industrial processes. With regard to the use in ACs,
AHP and SDC and their inherent sorption processes, the water
vapour stability must be guaranteed over several thousand up
to hundreds of thousand cycles. Although several MOFs are
claimed as moisture stable, stability often originates from the
hydrophobic character of the compound.®® Typically, water
stability tests consist of stirring the material in boiling water."°
Unfortunately, stability tests with liquid water give no clear evi-
dence regarding the use under water vapour conditions.
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Whereas under liquid conditions the pores are instantly com-
pletely filled with water which remains there during the whole
process, this is not the case for cyclic water vapour sorption
processes in which pores get filled and emptied many times.
Furthermore, during water ad- and desorption processes a
phase change from gaseous to the adsorbed phase
accompanied by enthalpy exchange (heat of ad- and desorp-
tion) to and from the framework occurs. This leads to
additional energetic stress to the coordinative metal-ligand
bonds as the enthalpy of ad-/desorption is within the range of
the activation energy for ligand displacement. In addition,
pore stress due to guest-host hydrogen-bonding interactions
accompanied by a possible breathing of the framework can
occur.” Additionally, thermal stress is applied due to heating
and cooling of the materials during the heat transformation
process for typical temperatures in the range of 20 up to
150 °C. Thus, the evaluation of the multi-cycle hydrothermal
stability is of great importance. At present, it is not clear if
‘breathing’ MOFs, which undergo a phase transition while ad-/
desorption, are sufficiently stable to withstand a large number
of gas sorption cycles in the presence of water vapour.

‘Breathing’ in MOFs refers to the motion of a flexible frame-
work adapting to guest molecules, that is, a reversible swelling
or shrinking with atomic displacements which can reach
several A."" The most famous ‘breathing’ MOF is MIL-53 which
adapts a large pore and a narrow pore form, depending of the
host-guest interactions.'"'*> Therefore, we subjected a hydro-
philic breathing-like MOF to multi-cycling experiments with
water vapour.

Recently, the development of a series of hydrophilic alu-
minium MOFs was reported by Stock et al."® which were tested
for their hydrothermal stability by stirring in aqueous media at
different pH values and solvothermal conditions. The micro-
porous aluminium isophthalate CAU-10-H (cf. Fig. 1) shows a
water adsorption isotherm of beneficial s-shape with the main
loading lift occurring at a comparatively low relative pressure
(0.15 < p/po < 0.25) (cf. Fig. 2)."* Especially for the use in heat
pump applications, the adsorption at low relative water vapour
pressure is of great interest.

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Section of the packing diagram of CAU-10-H. The structure was
redrawn with Diamond** using the CIF-file supplied with ref. 13.
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Fig. 2 Water ad-/desorption isotherm of CAU-10-H at different temp-
eratures. 25 °C adsorption —s—, 25 °C desorption - o -, 40 °C adsorp-
tion —e—, 40 °C desorption -o-, 60 °C adsorption —a—, 60 °C
desorption —a-.

MOFs which were previously investigated for cyclic water
sorption processes, such as Cr-MIL-101 showed high absolute
water adsorption capacities albeit at a high p/p, (>0.7) because
of their limited hydrophilicity.” With more hydrophilic com-
pounds, the usable loading lift for AC or AHP applications
should be shifted to lower p/p, (<0.4).

To evaluate the application oriented hydrothermal stability
towards water vapour sorption the aluminium isophthalate
CAU-10-H was synthesized according to the literature pro-
cedure by Stock et al.™® In detail, 200 mg of 1,3-benzenedicar-
boxylic acid (1,3-H,BDC, 1.20 mmol) dissolved in 1 mL of
N,N-dimethylformamide (DMF) and 800 mg Al,(SO,);-18H,0
dissolved in 4 mL H,O were placed in a 37 mL Teflon-lined
steel-autoclave for 12 h at 135 °C. After cooling to room temp-
erature, the product was filtered and purified by washing three
times via simultaneous sonication in 10 mL of water. The
white solid was first dried for 24 h at 50 °C and afterwards acti-
vated for 24 h at 120 °C in vacuum.
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Initial water adsorption isotherms where obtained on a
Quantachrome® Hydrosorb, after vacuum degassing (120 °C/
24 h) at 25 °C, 40 °C and 60 °C (¢f. Fig. 2). Stability to water
was tested by in situ X-ray analysis under different humidity
conditions. Diffractograms were acquired on a Bruker D8
Advanced diffractometer, with Cu-Ka radiation, combined with
an MRI TC-humidity chamber, coupled to a humidified nitro-
gen flow generated by an Ansyco® humidifier. A diffractogram
was measured bidirectional at every 5% relative humidity (r.H.)
between 0% r.H. and 90% r.H. at a constant temperature of
40 °C (¢f. Fig. 3). The short time in situ thermogravimetric
cycling test was performed on a Setaram™ TGA-DSC-111 with a
humidified argon gas flow at 40 °C (c¢f. Fig. 4). The sample
temperature was varied between 40 °C and 140 °C, whereas the
gas flow temperature and relative humidity was kept constant
at 40 °C and 76.3% r.H. corresponding to a water vapour
pressure of 5.6 kPa. A fixed-time procedure was used, where a
full cycle consisted of a desorption step with heating from
40 °C to 140 °C with a heating rate of 20 K min~" followed by
an isothermal step for 90 min for complete desorption and
finally cooling down to 40 °C with 20 K min~" where water
adsorption takes place. To keep the experiment at a reasonable
time scale, equilibrium measurements are only performed for
the first and the last cycle, holding the sample at 40 °C for
20 h. Hence the complete experiment with 100 cycles took
about 15 days. To expand the hydrothermal stress experiments
a newly developed apparatus for powders and granules was
used. Two alternating air streams are passed through the

0

20+

40

60 —
80
90 A
80

60

40 -

20

r.-H. [%]

10 20 30 40 50 60
201[°]
Fig. 3 Powder X-ray diffraction (PXRD) carpet plot showing a reversible

structural change upon water ad- and desorption around 20% r.H. (red:
high intensity, yellow: middle intensity, green: low intensity).
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Fig. 4 Thermogravimetric cycling test of CAU-10-H at constant
humidity.

sample. Desorption is achieved by a hot air stream at 120 °C at
0% r.H., whereas adsorption is realized with a humidified air
stream at 40 °C and 85% r.H. The streams are controlled by
mass-flow-controllers and operated at 12 L min~*. This corres-
ponds to a total water impact of 0.4 g H,O min™" or a water
excess of around six times compared to the maximum water
uptake of the sample with a cycling time of 20 minutes and a
sample amount of around 4 g. This allows faster cycles under
open system conditions.

The performed hydrothermal stability tests do not exactly
reproduce any particular cycle, but are a good profile of the
general underlying temperatures and humidity in open and
closed systems. Although, within closed cycle systems,
addition stress occurs due to the vacuum or low vapour
pressure, we assume that the main weakness is due to the
coordinative metal-ligand bonds, which must withstand the
repetitive hydrophilic attack of water. This is reflected by the
chosen test conditions as a good first approximation.

The specific surface area of CAU-10-H is Sy = 525 m” g~
(635 m* ¢”" in ref. 13) with a pore volume of 0.27 cm® g™*
(0.25 cm® g™* in ref. 13). The volumetric water sorption iso-
therms show a sigmoidal shape with a steep rise at a low rela-
tive pressure (0.15 < p/p, < 0.25) (Fig. 2). Adsorption and
desorption isotherms were measured at 25 °C, 40 °C and
60 °C. Nearly no hysteresis was observed at 25 °C and 60 °C in
our water sorption experiments. However, a slight difference
between the adsorption and desorption path for the isotherm
measured at 40 °C is visible, which can be directly related to
the corresponding phase transition visible within the PXRD
experiments.

The diffraction patterns of the in situ PXRD at 40 °C show a
significant structural change at the step from 15 to 20% r.H.
(cf. Fig. 3). At this point the positions and the ratio of the
intensity of the major reflections change. This can be attribu-
ted to a structural change, akin to breathing effects with water
as guest molecule similar to MIL-53." The shifts in the reflec-
tions at about 20% r.H. correspond to the steep water uptake
in the adsorption isotherm. As saturation is achieved at a rela-
tive pressure of 25% r.H. the structural change is complete.
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Fig. 5 Powder X-ray diffractogram of activated sample (a) and after 700
water sorption cycles (b), both recorded under dry conditions.

Upon desorption the structure changes back to the initial state
at 20% r.H. This coincides excellent with the desorption path
of the isotherm, where desorption starts at the same r.H. of
plpo = 0.2 (Fig. 2). This supports the assumption, that the
structural change during ad- and desorption of water is a com-
pletely reversible process and structural integrity and crystalli-
nity is preserved. Thus, a good hydrothermal stability for the
use in cyclic water sorption applications can be expected.

Based on the good results of the in situ PXRD analysis,
hydrothermal stability was evaluated by short time in situ
thermogravimetric cycling tests in a humid atmosphere, as
described above (cf. Fig. 4). In these experiments, long equili-
bration times are often needed, because the heat and mass
transfer to the sample is limited by thermal coupling and geo-
metry of the crucible. After 100 ad-/desorption cycles, there was
no visible change in adsorption dynamics, also the dry weight
remained constant. The adsorption capacity remains constant
before and after cycling with an uptake at the thermodynamic
equilibrium of 0.34 g ¢~* (Fig. 4 before day 1 and after day 15).

To expand the stability testing CAU-10-H was also exposed to
a high excess of water, with a rapid humid gas flow as described
above. After 700 ad-/desorption cycles the material was removed
and analysed again by PXRD. As can be seen in Fig. 5 no irre-
versible structural change or degradation was observed.

Conclusions

The MOF CAU-10-H exhibits a fully reversible structural
change like a ‘breathing’ effect upon water ad- and desorption.
The water adsorption characteristics of CAU-10-H show a high
hydrophilicity with a steep and characteristic s-shaped adsorp-
tion isotherm already at a low relative humidity around
plpo=0.2.

With regard to possible applications in sorptive heat trans-
formation processes, hydrothermal stability was tested by
short and long-term cycle tests. Even after 700 ad-/desorption
cycles, no degradation of crystallinity was observed, despite
considerable phase transition activity of the material.

This journal is © The Royal Society of Chemistry 2014
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It is important to note that the hydrothermal stability of
CAU-10-H unlike other MOFs such as ZIF-8 is not achieved by
hydrophobicity as CAU-10-H is a hydrophilic MOF.

In summary, the advantageous adsorption characteristics
combined with an exceptional hydrothermal stability render
the CAU-10-H material suitable for the use in thermally driven
heat pumps, chillers or dehumidification applications.
Although boundary conditions vary strongly with the specific
application closed versus open AC/AHP, cooling versus heat
pump or dehumidification (SDC), the initial multicycle water
vapor stability has been proven by this contribution. Thus,
corresponding tests which are closer to specific application
conditions may now follow.
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