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Today, #20% of the electric consumption is devoted to refrigeration; while,
~50% of the final energy is dedicated to heating applications. In this scenario,
many cooling devices and heat-pumps are transitioning toward the use of
CO, as an eco-friendly refrigerant, favoring carbon circular economy.
Nevertheless, CO, still has some limitations, such as large operating
pressures (70-150 bar) and a critical point at 31 °C, which compromises
efficiency and increases technological complexity. Very recently, an innovative
breathing-caloric mechanism in the MIL-53(Al) compound is reported, which
implies gas adsorption under CO, pressurization boosted by structural
transitions and which overcomes the limitations of stand-alone CO,. Here,
the breathing-caloric-like effects of MOF-508b are reported, surpassing by
40% those of MIL-53(Al). Moreover, the first thermometry device operating at
room temperature and under the application of only 26 bar of CO, is
presented. Under those conditions, this material presents values of AT =

1. Introduction

Decarbonization of heating and cooling sec-
tors is one of the main challenges in the in-
ternational agenda,!!! directly related to the
United Nations Sustainable Development
Goals.l”] Refrigeration already accounts for
~20% of the electric energy consumption,*!
meanwhile heating global energy demand
is as large as 50%.1*) Further, in some cases
such as in the residential sector, the refriger-
ation energy demand is expected to surpass
that required for heating by the year 2050.]
Therefore, more efficient technologies will
be required in the near future.

In addition, the most extended commer-
cial cooling systems are based on vapor

30 K, reaching heating temperatures of 56 °C and cooling temperatures of
—10 °C, which are already useful for space heating, air-conditioning, food

refrigeration, and freezing applications.

compression of refrigerant gases. In addi-
tion, most of these gases are fluorinated
compounds with significantly large global
warming potentials, GWP (for example, two
of the most common refrigerants exhibit
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values of GWP(R134a) = 1430 or GWP(R32) = 677). In that re-
gard, the international Kigali Agreement and the European F-
gas regulation (EU 517/2014) are progressively phasing out up
to 80% of those gases by the year 2050. Therefore, natural re-
frigerants such as hydrocarbons (HCs), ammonia (NH,), or car-
bon dioxide (CO,) are proposed as greener alternatives. How-
ever, HCs are flammable compounds strictly controlled by the
ATEX directive (2014/34/EU) and ammonia is toxic and corro-
sive; while, CO, does not share these hazards.

In parallel, and accelerated by the climatic crisis, the inter-
national community is also seeking for new technologies that
can incorporate CO, in the value chain, favor the carbon circu-
lar economy, and avoid these hazardous emissions.(®]

In that regard, the sector of heating, ventilation, air-
conditioning and refrigeration (HVAC&R) is currently transi-
tioning toward the use of the vapor compression of CO, as an
eco-friendly refrigerant, labeled as R-744.7) This refrigerant gas
presents important advantages compared to most of the other
commercial refrigerants for vapor compression systems, namely:
i) it presents a global warming potential (GWP) of only 1, while
common refrigerants have a GWP value of several hundreds or
thousands; ii) it is economically affordable and widely available,
and iii) it is not toxic, corrosive or flammable. Nevertheless, this
refrigerant requires relatively larger operating pressures of 70—
150 bar (in contrast to the 10 bar required for the rest of refrig-
erant gases), and it is difficult to operate in warm climates above
31 °C due to the presence of a critical point.®]

Alternatively, the scientific community is exploring the com-
bination of CO, with solid adsorption materials to exploit the
adsorption/desorption enthalpies as a heating and/or cooling
mechanism.[*1% In this context, most of the studied adsorp-
tion materials for CO, adsorption refrigeration/heating applica-
tions are carbons, zeolites, and—in a few recent reports—also,
porous metal-organic frameworks (MOFs). Nevertheless, when
comparing with vapor compression, adsorption technologies re-
quire the continuous regeneration of the adsorbents through
heating and/or high vacuum,®!% which adds complexity to the
systems and decreases their efficiency.'!l On the other hand, all-
solid-state barocaloric materials are becoming a promising alter-
native for emissions-free refrigeration and heating applications.
Barocaloric materials are solid compounds that present thermal
changes related to pressure-induced solid-to-solid phase transi-
tions and have experienced an accelerated development in the
last decade.!'2"18] Nevertheless, most of the barocaloric materials
still operate at very large pressures above 1000 bar and show ther-
mal changes whose values are still far from those of refrigerant
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gases, limitations which have hindered their commercial imple-
mentation up to date.['21°]

In 2021, metal-organic frameworks (MOFs) with breathing
transitions (structural phase transitions between two crystalline
phases with different pore size upon uptake/release of gas/22!])
were proposed as potential barocaloric materials to explore in the
future.?223] Breathing MOFs belong to the singular class of flex-
ible MOFs, which are known to display structural changes under
different external stimuli (such as temperature, mechanical pres-
sure or gas adsorption among others).[24-26]

In that regard, and even if coming from a different research
field, previous studies on MOFs have already reported large ther-
mal changes upon gas adsorption, a feature which was consid-
ered a major drawback for their use in gas adsorption and storage
applications.[?28] So, in that case, most efforts have been focused
on trying to avoid and/or minimize those thermal changes.[?”:]

In 2022, members of our team reported the first experimen-
tal work on pressure-induced caloric effects in breathing MOFs
of interest for heating and cooling applications. We discovered
that MIL-53(Al) (MIL = Matériaux de I'Institut Lavoisier), when
pressurized with CO,, presented very large pressure-induced
caloric effects related to its breathing transition, which com-
bines thermal changes from both the gas adsorption process
and the solid-to-solid structural transition. This dual caloric
mechanism arising from the breathing transition was coined
as “breathing-caloric effect.”1?”] Despite the fact that this was
the first report on breathing-caloric effects, the chosen com-
pound, MIL-53(Al) already presented very large thermal changes
(AHy 53 93 K] kg™, ASypp s34 & 311 ] K kg™)*] similar
to those of pure CO, as stand-alone vapor compression refriger-
ant (AHco, ~# 120kJ kg™!, AS, 2401 ] K kg™").2% In addition,
this material required a much lower operating pressure of only
16 bar, compared with the 70-150 bar for the pure CO, (or with
the 1000 bar of barocalorics), and it could also operate up to 60 °C
(well above the CO, critical point of 31 °C). Therefore, this new
refrigeration mechanism opened new opportunities for design-
ing more sustainable refrigeration technologies. However, there
are still many challenges and open questions to be solved before
their technological implementation can take place. Among oth-
ers, it is necessary to measure the value of the adiabatic tem-
perature change that can be reached by this breathing-caloric
effect.

As a decisive step forward in the field, in this work, we present
a promising new material for breathing-caloric based refrigera-
tion and heating (already surpassing the MIL-53(Al)); while, we
also show direct evidence of its adiabatic temperature change
upon CO, cyclic pressurization.

For this study, we select the MOF-508b of general formula
[Zn,(bdc), (bpy)] (bdc = 1,4-benzenedicarboxylate, bpy = 4,4'-
bipyridine), initially prepared by Chen et al., and previously stud-
ied for alkanes selective separation(*!l and for CO, separation
from gas mixtures.?

We choose this compound because it presents two consecutive
solid—solid transitions that, in principle, could maximize the re-
sulting pressure-induced thermal changes. Further, the reported
preliminary single-crystal X-ray diffraction analysis,*3! even if
performed only at three different pressures, suggests that the
MOF-508b could have a much lower volume change than MIL-
53(Al). This, in turn, would generate less mechanical strain.

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 1. a) Representation of the main modifications of the crystal structure across the solid-solid phase transitions related to the observed thermal
transitions. Note: the different interpenetrated subnetworks are represented in red and blue; and CO, molecules are randomly placed to illustrate the
gas adsorption. Crystal structures are represented from reported CIF files.[33] b) Calorimetric curve obtained by VP-DSC under isothermal conditions at
298 K and under pressurization (0 — p) and depressurization (p — 0) rate of 2.5 bar min~". Inset: enthalpy change (AH) of the full thermal process as
a function of pressurization rate. c) VP-DSC curves represented for different isothermal conditions from 288 up to 333 K for pressurization (0 — p) and
depressurization rates of 2.5 bar min~'. Note: curves have been vertically displaced for facilitating visualization.

From the structural point of view, this MOF-508Db consists of
two interpenetrated networks, each one showing hexahedron-like
cavities partially blocked with metallic nodes from the corners
of the other subnetwork (Figure 1a). These metallic nodes are
formed by Zn paddle-wheels linked by bdc ligands forming 2D
layers that are interconnected by bpy pillars, which leads to the
final 3D structure (Figure S1, Supporting Information).

As reported by Bhatt et al.,[*}] the first transition is due to a dis-
placement of the interpenetrated networks, while the second one
is a breathing transition (Figure 1a).?®! These authors also stud-
ied, from the fundamental point of view, the enthalpy changes of
adsorption of CO, in the MOF-508b at discrete pressures by us-
ing variable-pressure differential scanning calorimetry (VP-DSC)
at a slow-enough rate to reach quasi-equilibrium state.[?833]

In the present work, we delve into the calorimetric and thermo-
metric studies using significantly faster pressurizing rates, which
are desirable to reduce the time for reaching the target tempera-
ture in future heating and cooling devices.

In this manner, we are able to calculate the MOF-508b
breathing-caloric-like effects and compare these thermal changes
with those of selected vapor-compression and barocaloric refrig-
erants, as well as with emerging pressure-induced adsorption
CO, systems. As later discussed, the observed thermal changes
in MOF-508b surpass by 40% those of MIL-53(Al), while exhibit-
ing additional advantages for future integration in devices. We
also present the first thermometry device (up to our knowledge)
designed to directly demonstrate the cooling and heating effects
in breathing-caloric materials (and also in related barocaloric ma-
terials) upon CO, pressurization.

In the specific case of MOF-508b, at room temperature and
under the application of only 26 bar of CO,, we are able to obtain
heating temperatures of up to 56 °C and cooling temperatures
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down to —10 °C. It should be highlighted that these temperatures
are already useful for space heating, air-conditioning, food refrig-
eration, and freezing applications.

2. Results and Discussion

2.1. Basic Characterization

Following the procedure described in the Experimental Section,
MOE-508D is obtained with a 70% yield and without impurities
according to powder XRD (Figure S2, Supporting Information).
Moreover, we also find that the porous structure is in agreement
with the literature,*!) showing a BET surface area of 609 m?
g~! and a Langmuir surface area of 756 m? g~! (Figure S3, SI),
while the total pore volume and micropore volume values are
~0.31 cm?® g7 and ~0.11 cm® g7!, respectively (see Figure S4,
Supporting Information for pore size distribution). In the same
line, we observe a particle size distribution of 0.5-14 pm (Figures
S5 and S6, Supporting Information ).

2.2. Pressure-Induced Caloric Effects Obtained by VP-DSC

We have evaluated the pressure-induced caloric effects in the
MOF-508b material by using direct variable-pressure differential
scanning calorimetry (VP-DSC), studies which are in general very
scarce in the literature due to instrumental complexity.

Upon CO, pressurization at room temperature (298 K), the
MOF-508b material exhibits a very large exothermic peak fol-
lowed by a smaller exothermic shoulder at higher pressures
(Figure 1b). These thermal transitions seem fully reversible upon
depressurization.

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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The observed thermal transitions can be attributed to the re-
ported structural transitions between three different polymorphs
(labeled from lower to higher pressure as phases I, II, and I11).33]
These results are in agreement with the thermal studies per-
formed by Bhatt et al.*’ even if here, we use a pressuriza-
tion/depressurization rate ten times faster.

Under these latter rates, more adequate for refrigeration and
heating cycles, our analysis indicates that upon pressurization,
the two transitions, between phases [ — II and II — III, occur at
Pro—p) ~ 8.8 bar and ~11.2 bar, respectively (Figure 1b). Both tran-
sitions are relatively wide and partially overlap. Meanwhile, upon
depressurization, the transitions take place at p,,_o ~ 3.8 bar
(II - I) and ~6.2 bar (III — II). It should be noted that these
transitions are much sharper and better resolved than the pres-
surization ones, which might indicate that the depressurization
process is faster.

The thermal changes are calculated by integrating the whole
area under the curve in the pressure range from 1 to 26 bar, once
the blank baseline is subtracted (see the Experimental Section)
to avoid any extra contribution coming from CO, gas compres-
sion. In that manner, the obtained values are as large as |[AH|_, , .
130.6 kJ kg™' and [AS|,_, ~ 438.0 ] K" kg, and |AH]|,_, ~
144.3k] kg™' and |AS|,_, ~ 484.0] K" kg™". As will be discussed
later, these thermal changes (normalized per mass of MOF-508b)
arise from the combination of CO, adsorption/desorption and
solid—solid phase transitions.

Regarding the material cyclability, we have observed that, af-
ter two conditioning cycles, the MOF-508b exhibits a stationary
and fully reproducible performance over time (Figures S7 and
S8, Supporting Information). This is an advantage regarding the
thermal activation requirement of MIL-53(Al), given that in the
case of MOF-508b, no extra heating source is necessary.

Remarkably, the thermal changes also remain independent
from the pressurization rate from 0.9 to 2.5 bar min~' (Figure 1b
inset).

On the other hand, when we perform a slower point-
by-point calorimetric analysis (Figure S9, Supporting Infor-
mation), those thermal changes slightly increase around =
17% (|AH|,_, ~ 153.3 &J kg', |AS|,., ~ 514.3 ] K kg™,
|AHJ,_,~160.8 k] kg™, and |AS|,_, ~ 593.3 ] K" kg™'), which
can be attributed to the longer analysis time that would allow
to reach the complete thermodynamic equilibrium in each step.
In any case, for practical heating and cooling applications, faster
pressurization rates are preferred, conditions in which our mate-
rial can still maintain over 80% of the total thermal changes.

It should also be noted that the compound remains stable up
to 650 K (Figure S10, Supporting Information), confirming its
robustness toward thermal degradation.

To further evaluate the potential applicability of this material
under different climates and/or seasons, we perform VP-DSC
analysis at different temperatures from 288 to 333 K, trying to
cover mild to extremely hot ambient temperatures for daily life
applications (Figure 1c). The observed results indicate that the
thermal changes remain almost invariant from 288 to 303 K.
For higher temperatures, between 313 and 333 K, the thermal
changes noticeably decrease; although, they still maintain ~60%
of the original—and remarkably large—value (Figure S11, Sup-
porting Information). In addition, it is observed that the transi-
tion pressure increases only slightly with the operating temper-
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Figure 2. Volume evolution for MOF-508b upon pressurization (full cir-
cles) and depressurization (open circles) of CO, at different temperatures

from 298 K to 320 K. Note: black arrows indicate sharp volume changes at
the structural transition pressures.

ature; so that, only 30 bar is required for temperatures as high
as 333 K. This pressure value is still much smaller than that re-
quired for stand-alone CO, cooling systems.

2.3. Structural Effects and Microscopic Origin of the Observed
Caloric Effects

As previously mentioned, the observed pressure-induced caloric
transitions in MOF-508b can be associated with two types of
structural phase transitions.[*3! The first pressure-induced phase
transition (I « II at lower pressure) is provoked by a displace-
ment of the two subnetworks (process somehow similar to a
breathing-like transition), which opens the MOF’s pores to fa-
cilitate CO, adsorption (see Figure 1a). Meanwhile, the second
pressure-induced phase transition (II < III at higher pressure)
is a pure breathing effect in which the ligands rotate to further
expand the volume of the pores, which in turn, allows to adsorb
more CO, molecules.2833]

In order to deepen further into this structural behavior,
we monitor in detail, and for the first time, these transitions
by variable-pressure synchrotron powder X-ray diffraction (VP-
SPXRD) at different temperatures (Figures S12—-S14, Supporting
Information). A first interesting result is that the lattice volume
evolution as a function of pressure is practically temperature-
independent in the whole operating range (Figure 2). As for its
variation upon CO, pressurization, the larger volume increase
takes place at each of the structural phase transitions, with expan-
sions of 14.4% (I — II) and 3.8% (II — III), changes that are fully
reversible when depressurizing. Therefore, the larger volume in-
crease of the first transition will allow for a larger amount of CO,
adsorption, which explains the larger thermal signal observed by
VP-DSC.

It should be noted that the volume change of MOF-508b upon
CO, pressurization/depressurization is much smaller than that
of the first (and so far, only) breathing-caloric material, the MIL-
53(Al), which presents a volume change of ~40%.**] This is a
very relevant result for technological applications because the use
of MOF-508b will imply a much lower mechanical strain on the
walls and pipes of a working device. Further, the volume remains
almost constant in the regions without transitions, which would
also minimize these strains.

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Regarding the microscopic origin of the observed caloric ef-
fects, it should be noted that this compound displays two types
of thermal changes: one related to the adsorption/desorption of
CO, molecules inside the pores, and a second one related to the
volume change observed in this work for the structural transi-
tions.

Rather recent VP-DSC studies at low pressurization rates and
quasi-equilibrium state were able to partially separate these two
processes, which were in fact found to be opposite in sign.[?®!
Upon pressurization, the structural transitions were endother-
mic, while the CO, adsorption was exothermic. In addition, the
contrary occurred upon depressurization. In addition, the en-
thalpy change of adsorption/desorption processes seemed to be
much larger than those thermal changes attributed to the struc-
tural transitions; although, the partial overlapping of both contri-
butions hindered a proper quantification.?*!

In our studies at fast pressurization rates of interest for caloric
cooling and heating, we find that both processes take place si-
multaneously and cannot be separated. However, as our obtained
caloric effect upon pressurization is exothermic, we can deduce
that the adsorption/desorption effect is prevalent over the volume
change, which is similar to the case of MIL-53(Al).*! In fact, as
observed in Figure 1b, the first transition is more energetic than
the second one, which can be attributed to a larger volume change
(Figure 2) that allows the adsorption of a larger amount of CO,.
This is in agreement with the literature, where adsorption studies
corroborate a larger CO, uptake across the first transition.!?833]
On the other hand, the decrease of the caloric effects with tem-
perature (Figure 1c) can be explained by the temperature de-
pendence of CO, adsorption as described in the literature.[2833]
In these reported studies, there is an adsorption saturation for
pressures above 20 bar with a maximum capacity of ~4 CO,
molecules per formula unit at 288 K, which decreases down to
~3 CO, molecules/formula unit when increasing the tempera-
ture up to 318 K.12833]

In any case, it should be highlighted that even if the vol-
ume expansion at the phase transition increases the endothermic
barocaloric effects, it also maximizes the CO, adsorption and,
in turn, the adsorption exothermal thermal changes. Therefore,
these caloric effects show a similar mechanism than in the case
of MIL-53(Al),*! even if MOF-508b combines subnetwork dis-
placements with breathing transitions, and can be catalogued as
breathing-caloric-like effects.

2.4. Analysis of Caloric Parameters for Refrigeration Applications

The here reported breathing-caloric-like effects of MOF-508b
show characteristics typical of vapor compression (refriger-
ant fluid compression) and barocaloric refrigeration (pressure-
induced solid-solid transitions) combined with gas adsorption.

For that reason, we compare the caloric parameters of MOF-
508b with some of the best commercial refrigerants used in
vapor compression,?" as well as some of the best barocaloric
materials!'?'8] recently reported.

As can be observed in Figure 3a, the MOF-508b exhibits ther-
mal changes (isothermal entropy changes, AS) superior to most
barocaloric materials!>8] and also to the previously reported
breathing-caloric MIL-53(Al),[?°! and in the range of refrigerant
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gases. Further, this material can operate under pressures as small
as 26 bar and in environmental temperatures and climates from
273-333 K (Figure 3b), which matches the commercial require-
ments of commercial refrigeration gases.

It should also be noted that MOF-508b operates at signif-
icantly lower pressures than stand-alone CO, and even over-
comes the operating limit of 31 °C related to CO, critical
point.

Compared with MIL-53(Al), MOF-508b does not require ther-
mal activation. However, MIL-53(Al) has been more studied and
presents important advantages over MOF-508b, such as greener
synthesis (using H,O instead of DMF/EtOH as solvent) and al-
ready known scale-up conditions. Therefore, future efforts must
be made to improve synthesis conditions in the less explored
MOF-508D.

In the same line, recent studies present theoretical
compression-driven adsorption heat pumps and refrigera-
tion systems based on porous materials, such as active carbons
or non-flexible MOFs.[353¢] These theoretical devices show COP
as large as ~5-6 under CO, pressures of 40-70 bar, which can
be further improved using lower operating pressures, such as
in the case of MOF-508b. Therefore, our findings also offer
new candidates for performing theoretical modeling of heating
and/or cooling devices.

2.5. Thermometry Device

In order to design and manufacture refrigeration devices, one of
the most important thermodynamic parameters is the temper-
ature change experienced by the material when the pressure is
applied and/or removed. For this purpose, we have developed
the first thermometry device that can evaluate such tempera-
ture changes under full hydrostatic pressurization (Figure 3c).
This represents an important advantage with respect to previ-
ous thermometry devices for barocaloric materials, which only
reaches quasi-hydrostatic pressure through the use of a uniaxial
piston.[38-40]

In brief, the device is formed by a pressurization chamber,
where the studied sample and a reference material (Al,0;) sur-
round a thermocouple that monitors the temperature of both ma-
terials over time. Here, the CO, pressure inside the chamber is
controlled by inlet and outlet valves, and it is recorded by a pres-
sure transducer.

Figure 3d shows the adiabatic temperature change of our
MOF-508b upon pressurization and depressurization, which ex-
hibits values as large as AT ~ 30 K under operating pressures
of only 26 bar. Remarkably, this temperature change seems to
remain invariable over time when cycling the material. Mean-
while, the Al, O, reference, a well-known non-porous material,[*!]
presents a minimal temperature change of AT » 2 K under the
same conditions as MOF-508b. As can be observed in Figure 3d,
both materials reach their peak temperatures instantaneously af-
ter pressurization and/or depressurization. It should be noted
that the different transition kinetics in pressurization and de-
pressurization, as previously observed by VP-DSC (Figure 1b),
does not limit the pressurization rate of the thermometry device,
which reaches the maximum pressure almost instantaneously
(Figure 3d).
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Figure 3. a,b) Main caloric parameters of MOF-508b in comparison with commercial refrigeration gases,*°] the so-far only known breathing-caloric
material MIL-53 (Al),[2°] and a selection of the best reported barocaloric materials!'>'8l: Isothermal entropy change versus operating pressure (a) and
operating pressure versus operating temperature range —temperature span— (b). Note: black boxes indicate the values for MOF-508b observed in the
present work. Shadowed areas represent the estimated operating temperature range according to reported isothermal adsorption analysis.[2>37] ¢)
Thermometry device for studying barocaloric and breathing-caloric-like materials. The materials are inserted in pin-holed insulating capsules in the form
of powders. d) Adiabatic temperature change observed for the MOF-508b compound under CO, pressurization and depressurization of 26 bar at room
temperature. Note: the non-porous Al,O; compound is used as blank material.

The main time limitation would be the thermalization back
to ambient temperature, which currently requires 5-10 min
because MOFs have very low thermal conductivities and the
MOF-508D is inserted in a pin-holed insulating capsule and
covered with a layer of another insulating polymer for main-
taining adiabatic conditions. Therefore, the thermalization time
and heat transfer can be easily improved in the future by
using conductive materials for the capsules as well as by
making composites of MOF-508b with thermal conductive
additives.

For comparison purposes, it must be indicated that the re-
ported quasi-hydrostatic devices have registered temperature
changes as large as AT =~ 40 K for organic polymers; although,

Adv. Mater. 2024, 36, 2310499 2310499 (6 of 9)

under much larger applied pressures of 3900 bar, which is an im-
portant drawback for technological applications.[*?] Meanwhile,
when reducing the operating pressure down to 300 bar, the tem-
perature change decreases down to AT = 2 K.[3940:42]

In the case of our studies on MOF-508b, with a AT ~ 30 K at
just 26 bar at room temperature (296 K, 23 °C), we are able to
obtain, in a cyclic and reproducible manner over time, heating
temperatures as large as 56 °C when pressurizing, and cooling
temperatures as low as —10 °C when depressurizing (Figure 3d).
These temperatures and operating pressure are already very ad-
equate for many commercial applications, such as space heat-
ing, air-conditioning, and even food refrigeration and freezing,
among others.
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Interestingly, the device geometry allows not only to allocate
pin-holed capsules but also to directly integrate the materials’
powders inside the naked pipe to facilitate heat transfer. Further,
this pipe-shaped design will also allow to connect several pipes in
series to fabricate a heat exchange array for pre-commercial pro-
totypes. Advantageously, similar to barocaloric materials (which
are generally obtained as powders), MOFs can be integrated in
devices in many different ways, such as in the shape of powders
(contained by filters or membranes) to maximize surface expo-
sure to CO, while allowing gas flow, or in the shape of pellets or
even monoliths (to avoid such contention elements), which also
opens the door to future studies about the conformation influ-
ence on the final breathing-caloric-like effects.

3. Conclusion

In this work, we have identified a very promising solid-state
material for eco-friendly cooling and heating applications, the
MOF-508b, which overcomes most of the major limitations of va-
por compression gases (especially CO,), adsorption refrigerants,
barocaloric materials, and the only reported breathing-caloric
material, the MIL-53(Al).

Differently from MIL-53(Al), the MOF-508b exhibits not
one but two pressure-induced phase transitions, giving rise
to thermal changes as large as AH ~ 130.6 k] kg™! and
AS ~ 438.0 ] K'! kg™! (40% superior to those of MIL-53(Al)).
These thermal changes are related to the combination of volume
and structural changes of the solid transitions with CO, adsorp-
tion/desorption processes.

Remarkably, the thermal changes are in the range of vapor
compression refrigerant gases and largely surpass those exhib-
ited by emerging barocaloric materials. In addition, it operates
at much lower pressures than barocaloric materials and even
than stand-alone CO, refrigerant, decreasing the operating pres-
sure from p > 1000 bar (barocalorics) or p > 70-150 bar (CO,)
down to p < 26 bar. Moreover, MOF-508b expands the operat-
ing temperature range from 273 to 333 K, which is much larger
than any other barocaloric and also overcomes the limitation of
stand-alone CO, to operate in warm climates due to its critical
point (304 K). Even more, MOF-508b avoids the thermal regener-
ation generally required for adsorption refrigerants and even the
thermal activation needed for the breathing-caloric MIL-53(Al).
MOEF-508b also presents much lower volume changes (AV <
14%) than MIL-53(Al) (AV =~ 40%), which would minimize me-
chanical strains and fatigue in the designed heating and cooling
devices.

In addition, from the technological integration point of view,
we introduce the first thermometry device for evaluating the
pressure-induced temperature changes in breathing-caloric (and
also in barocaloric)-like materials under hydrostatic gas pres-
surization. This device allows us to demonstrate that, at room
temperature and under the pressure application of only 26 bar,
MOF-508D exhibits heating temperatures up to 56 °C and cool-
ing temperatures down to —10 °C, which are already useful
for space heating, air-conditioning, and food refrigeration and
freezing.

Therefore, these results strengthen the potentiality of the
emerging breathing-caloric-like materials to empower CO, eco-
friendly heating and cooling and provide important insights to
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accelerate the development of more advanced prototypes using
solid-state materials. In turn, this work opens the door toward
further studies for addressing important aspects of these new
technology, such as deepening in the understanding and control-
ling kinetics and the thermal contributions of both solid—solid
transition and adsorption/desorption processes to enhance the
performance of breathing-caloric-like materials.

4. Experimental Section

Synthesis: The MOF-508b material was obtained by adapting the
method reported by M. Bonneau et al.l3”] Terephthalic acid [H,bdc] (Merck
98%), 4,4’-Bipyridine [bpy] (Merck 98%), Zn(NO3),-6H,0 (Merck 99%),
N,N-Dimethylformamide [DMF] (Fischer Scientific >99.8%), and absolute
ethanol [EtOH] (Scharlab) were used without further purification. A mix-
ture of H,bdc (0.498 g, 3 mmol) in DMF (20 mL), of Zn(NO3),-6H,0
(0.892 g, 3 mmol) in EtOH (15 mL), and of bpy (0.234 g, 1.5 mmol) in
DMF (7.5 mL) was stirred at 373 K during 24 h using a reflux synthesis
setup. A white precipitate was collected by centrifugation, washed with
DMF (2 x 20 mL), and dried under vacuum at T =393 K for 24 h to finally
obtain the desired MOF-508b compound.

Powder X-Ray Diffraction (PXRD): The obtained material was charac-
terized by powder X-ray diffraction (PXRD) using a Siemens D-5000 diffrac-
tometer with Cu(Ka) radiation at room temperature. The obtained pat-
terns were compared with those simulated from reported single-crystal
XRD.[**]

The structural evolution of the material over pressure at different tem-
peratures was studied by synchrotron powder X-ray diffraction (SPXRD)
using a wavelength of 4 =0.71073 A. These studies were carried out at the
BMOT Swiss Norwegian Beamline (SNBL) of the European Synchrotron
Radiation Facility (ESRF).[*3! For those experiments, 0.5 mm diameter
quartz capillaries were filled with MOF-508b powder and measured in situ
atisothermal conditions of 298, 303, and 320 K under CO, atmosphere be-
tween vacuum and up to 35 bar. The temperature was controlled with an
Oxford Cryostream 700+, and diffraction data were collected with a Pilatus
2 M detector. The recorded 2D patterns were integrated into a 1D powder
profile and fitted using the Le Bail method. The diffraction patterns were
refined using the GSAS-II software.[*4]

Scanning Electron Microscopy (SEM): The particle size and morphol-
ogy of the MOF-508b compound were studied by scanning electron mi-
croscopy using a Jeol JSM-6400 microscope with a 5 kV voltage. The sam-
ple was previously sputtered with a thin layer of Pt/Pd. The particle size
was calculated using 200 particles randomly selected.

Isothermal Adsorption Analysis: N, sorption isotherm was measured
at 77 K using an ASAP 2020 Micrometrics instrument. The sample was
previously degassed at 393 K under vacuum for 12 h. The overall specific
surface area was estimated by fitting the N, sorption isotherm to the BET
and Langmuir models.

Variable-Pressure  Differential Scanning Calorimetry (VP-DSC): The
pressure-induced caloric response of the MOF-508b compound was
studied by variable-pressure differential scanning calorimetry (VP-DSC)
in TA Instruments pressure-cell mounted on a Q2000 MDSC (modulated
differential scanning calorimeter), which was bespoke upgraded to
control the CO, pressure ramps, as described in the authors’ previ-
ous work.[?° Here, the CO, pressure was controlled by a Bronkhorst
EL-PRESS P-802CV in the inlet and by a Bronkhorst EL-FLOW Select
F-201CV flux in the outlet. In all experiments, ~5 mg aliquots of powdered
samples were used. The calorimetric measurements were performed un-
der pressurization/depressurization ramps of CO, at different rates
(0.9-2.5 bar min~') and under different isothermal conditions
(288-333 K), maintaining a constant gas flux of 50 mL min~'. The
calorimeter was previously calibrated according to the manufacturer
recommendations and verified with an indium reference. The baseline
was corrected by using empty pans as blank samples under CO, pres-
surization and depressurization. The thermal changes were calculated by
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integrating the heat flow, as reported elsewhere,[**] taking into account
the corrections and calibrations described above, following Equation (1):

1 18 (dQ
18Slo-p = 3 1Mo, = 1 [ (52 )b U
where (dQ/dp) is the heat flow curve as a function of pressure, after sub-
tracted the heat flow of the CO, pressurization on the empty pan, 0 and p
are the initial and final pressures, and T is temperature at each isothermal
measurement.

In addition, and for comparison purposes, a point-by-point calorimetric
analysis (following reported methods(2>#6l) was performed by increasing
the CO, pressure in steps of 0.5 bar from 1.5 to 26 bar under isothermal
conditions at ~298 K and registering the heat flow.

Thermogravimetric Analysis (TGA): The thermal stability of MOF-508b
was studied by thermogravimetric analysis (TGA) using a NETZSCH STA
449F3 Jupiter equipment. Around 15 mg of a MOF-508b powder sample
in an alumina crucible was heated from room temperature up to 1266 K
with a rate of 10 K min~", and under a 100 mL min~" flow of dry nitrogen.

Fabrication of Thermometry Device: A device for thermometry analy-
sis of barocaloric and breathing-caloric-like materials was devised follow-
ing the design of reported high-pressure reactors for continuous flow hy-
drothermal synthesis.[*’] The device consisted of a stainless steel cen-
tral pipe that could allocate the samples and that was connected to two
union crosses, which were subsequently connected to a thermocouples’
feedthrough, one pressure transducer, one gas inlet-valve, and two gas
outlet-valves.

Around 100 mg of each powdered sample was embedded into pin-holed
insulating capsules that were wrapped into insulating polymeric film to
maintain adiabatic conditions. While several capsules could be mounted
and measured at the same time, the response of MOF-508b and Al,0O5
(this latter used as blank material) was simultaneously studied. Type K
thermocouples were embedded inside the materials’ powders of each cap-
sule to monitor the temperature changes. The temperature was registered
using a calibrated picolog TC-8 data logger. Meanwhile, the pressure was
registered using a Wika CPT2500 pressure transducer. The pressure was
increased from 1 to 26 bar by using a CO, cylinder connected to the
inlet-valve. The depressurization was done using the bottom outlet-valve.
Meanwhile, the upper release valve was placed as a secondary outlet valve
in case the bottom one got stuck with powder leaks. For the same purpose,
a safety dust filter was installed before the bottom release valve to contain
any possible leak. This dust filter would be useful in future studies where
the whole central pipe would be directly filled with powders without using
insulating pin-holed capsules.

All the high-pressure pipes (3/8”), valves, and connections were pur-
chased from Swagelok. The device size was ~60 cm in width and 40 cm in
height with a total inner volume of ~50 cm?.
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