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Our society is experiencing an accelerated technological transition to reach net zero emissions by 2050,
where the decarbonization of heating and cooling systems is a key aspect. In this work, we describe two
[C1oHo5NHzIMNCly and  [CioHosNHzIMNnBry, with  colossal
barocaloric effects of AS > 200 J K~ kg™, which are already reversible under operating pressures of 500

new solid-state barocaloric materials,

bar. In addition, we introduce the first 3D printable barocaloric composite using a pressure transmitting
matrix and thermal conductive additives, which is formed in the shape of a heat exchange gyroid. This
innovative proof-of-concept demonstrates a new strategy to enhance the thermal performance,
chemical stability and technological integration of the emerging family of barocaloric compounds. In
addition, we identify emerging technologies where thermal

(beyond traditional refrigeration)

management is critical and that match the operating temperature and pressure range of the barocaloric

rsc.li/materials-a

1 Introduction

The current international landscape is experiencing an accel-
erated technological transition towards more eco-friendly and
efficient energy systems, with the objective of reaching net zero
emissions by the year 2050."

Lithium-ion batteries and hydrogen fuel cells are identified
as two key technologies for the immediate future of cleaner
energy and mobility.> Nevertheless, despite the significant
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materials obtained here, namely, lithium-ion batteries and hydrogen fuel cells.

advances that both technologies have experienced, they still
present serious drawbacks concerning thermal management.®~
For instance, lithium-ion batteries for electric vehicles must be
kept in a narrow temperature range of between 25 and 40 °C for
efficient operation,” and thermal runaway (exothermic reac-
tions) can be triggered by temperatures above 126 °C, posing
arecognized safety risk.® Hydrogen fuel cells, on the other hand,
can reach temperatures well over 100 °C during operation®* and
hydrogen storage tanks require inner pressures of up to 700 bar,
where the refuelling process can also generate temperatures
above 100 °C.” These high temperatures both accelerate the
device degradation over time and decrease the energy efficiency.
In both of these applications, new thermomaterials for thermal
management can be used to improve the energy efficiency of
high-tech devices, increase lifespan and mitigate risks associ-
ated with temperature rise.

In this context, we propose hybrid organic-inorganic perov-
skites as thermomaterials with great potential for use with
lithium-ion batteries and hydrogen fuel cells. Hybrid perov-
skites already resonate in the general scientific and industrial
communities as a family of advanced materials for different
energy applications. In the last few years, hybrid halide perov-
skites have entered strongly into the race of low-cost semi-
conductors for efficient solar cells,® whose optoelectronic
properties can be easily tuned by modifying the structural
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dimensionality from 3D networks down to 2D layers.' In the
particular field of thermomaterials, 2D layered hybrid perov-
skites of general formula [C,H,,NH;],MX, (n = 8-18, M =
transition metal cations, X = halide anions) have been explored
as promising materials for thermal management since the late
1970s.''2 These compounds present [C,H,,+;N]" long-chain
alkylammonium cations placed between layers of [MXe] octa-
hedra in a sandwich-like structure. The degrees of freedom of
the alkylammonium chains, together with their weak interac-
tions with the metal halide octahedral layers, allow the molec-
ular cation sub-lattice to reach a molten-like state above
a critical temperature, while the rigid octahedral network allows
the compound to remain in the solid state. These thermally-
induced solid-solid phase transitions produce very large ther-
modynamic changes and tunable transition temperature as
a function of the n-value, which are of great interest for passive
thermal energy storage applications.™

Even more recently, this family of 2D layered perovskites was
revisited for active barocaloric refrigeration and heating appli-
cations. Specifically, [C;oH,;NH;3],MnCl,, [CoH;oNH;],MnCl,
and [CoH;9NH;],CuCl, were found to exhibit very large thermal
changes (barocaloric effects) related to pressure-induced solid-
solid phase transitions,"”™* superior to most of the reported
barocaloric materials to date.

In the last decade, barocaloric materials have emerged as
promising solid-state thermomaterials for eco-friendly refrig-
eration, heating and energy storage in thermal batteries.'*"”
Over the years, different families of barocaloric compounds
have been explored, including metallic alloys, inorganic
ammonium and phosphate salts,*?® plastic crystals,
polymers,®**** superionic conductors,**® spin crossover
compounds,*™ hybrid organic-inorganic perovskites'®*>5-5>
and even MOFs.>*%*

Despite this scientific interest and many breakthroughs, few
barocaloric compounds have thus far been implemented in real
applications.*® There are still critical limitations to overcome
before reaching the market. Traditional refrigeration systems
(i.e. fridges and/or air-conditioners) operate below 30 bar and at
ambient temperature. Meanwhile, most barocalorics operate
well above 1000 bar and at temperatures higher than room
temperature, often >60 °©C.*® Therefore, it is necessary to
decrease the operating temperature and pressure ranges and/or
identify new applications that match these operating condi-
tions. In addition, barocaloric materials generally exhibit very
low thermal conductivity, which hinders heat transfer from
and/or towards the heat exchangers of a given device. The
addition of carbon conductive powders dispersed as fillers
within the barocaloric materials has emerged as one approach
for overcoming the challenge of low thermal conductivity.'**"*®

Another general concern when designing barocaloric tech-
nologies is how to integrate the barocaloric materials into
devices. These compounds are often obtained in the form of
brittle powders that will have to be suspended or in contact with
heat exchange or pressurization fluids within a given device.
Here, they pose a risk of diffusing along the device pipes and
creating undesired clogs. However, if this risk is eliminated by
shaping the barocaloric material into a more compact solid (i.e.
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bulky pellets), the surface area in contact with the heat transfer
fluid will be too low for efficient heat exchange. To overcome
this challenge, new and innovative ways of integrating bar-
ocaloric materials into thermal devices are needed.

In this work, our main goal is to expand the portfolio of
available barocaloric materials and, even more, to provide
innovative materials engineering solutions that could accelerate
the technological implementation of barocaloric materials,
presenting the first examples of cast and 3D printed barocaloric
composites.

In that regard, we present two new members of the emerging
family of barocaloric 2D hybrid perovskites, specifically the
[C12H,5NH;3],MnCl, and [C;,H,5NH;3],MnBr, compounds.
These thermomaterials exhibit thermal changes as large as AS
~200 ] K" kg that can be reversibly driven in a temperature
range of 315-350 K (42-77 °C) and under pressures of 500-700
bar. Accordingly, we identify that the operating conditions of
[C12H,5NH;],MnCl, and [C,,H,5NH;],MnBr, - well above room
temperature — are of interest for avoiding overheating and/or
thermal runaway of Li-ion batteries and hydrogen fuel cells
and storage tanks, opening new thermal management oppor-
tunities for these emerging technologies.

In addition, we also develop barocaloric composites that can
enhance chemical protection, thermal conductivity and heat
transfer surface, using polymeric matrices that can adopt any
shape by in situ co-polymerization and also by 3D printing.
These composites incorporate the active barocaloric material
and graphite as an additive to enhance the thermal conduc-
tivity. Furthermore, we are able to develop a first proof-of-
concept of a 3D printed heat exchanger that will increase the
surface area in contact between the barocaloric composite and
a given heat transfer fluid.

2 Results and discussion

2.1 Barocaloric properties of the [C;,H,;NH;],MnCl, and
[C12H25NH;],MnBr, compounds

The [C;,H,5NH;],MnCl, and [C;,H,5NH;],MnBr, compounds
were obtained as pure polycrystalline powders, as confirmed by
powder X-ray diffraction (PXRD), see Fig. S1 of the SI. These
materials show a PXRD pattern similar to that of the simulated
pattern from the single-crystal structure reported for the [C;,-
H,5NH;],MnCl, compound (Fig. S1 of the SI).** It should be
noted that, even if the chloride analogue has been widely
studied,** single-crystal data have just been recently re-
ported.”” The bromide-containing compound [C;,H,sNH;],-
MnBr,—to the best of our knowledge—is reported for the first
time in the present work.

According to our variable-temperature differential scanning
calorimetry (VT-DSC) curves at ambient pressure, both
compounds exhibit a wide thermal peak at ~328 K on heating
and at 322 K on cooling. In the particular case of the Cl-
compound, DSC data suggest an overlap of two consecutive
transitions, as evidenced by the small shoulder observed during
the cooling process (see Fig. S2 of the SI). This is in agreement
with the literature, where 2 solid-solid phase transitions are
observed at very close temperatures for [C;,H,5NH;],MnCl,.>

This journal is © The Royal Society of Chemistry 2025
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As can be observed in Fig. 1, both Cl- and Br-compounds
exhibit a similar behaviour with a small thermal hysteresis of
~6 K, and thermal changes of AH ~83 kJ kg™ " and AS ~255 ]
K ' kg *. Therefore, the anion seems to have an almost negli-
gible effect on the thermodynamic parameters at ambient
pressure.

The barocaloric performance of these compounds was eval-
uated by quasi-direct and direct methods using high-pressure
differential scanning calorimetry, as reported elsewhere.'® For
the quasi-direct methods, we performed VT-DSC analysis under
different isobaric conditions (see Fig. 1).

In both compounds, the phase transition is shifted towards
higher temperatures upon pressurization (Fig. 1a and b), with
similar barocaloric coefficients of dT,/dp ~17 K kbar " (Fig. 1c
and d), which is in the same range as reported for barocaloric
2D hybrid perovskites."*™**

The barocaloric effect in terms of isothermal entropy change
(AS) was calculated by quasi-direct methods considering the
additional entropy changes, as described in the Methods
section. Fig. 1e and f show that both Cl- and Br-compounds
already exhibit reversible barocaloric effects of ASye, ~ 200 J
K ' kg™" at 700 bar, which can increase up to AS;e, ~ 230 J K™*
kg~ ' at the maximum applied pressure.

In order to confirm the barocaloric effects estimated by
quasi-direct methods, we also performed direct observations of
the thermal changes obtained during application and removal
of pressure under different isothermal conditions using vari-
able-pressure differential scanning calorimetry, VP-DSC (Fig. 2).
These analyses confirm that the barocaloric effects can be
reversibly driven already under pressures of ~500 bar.

In addition, the peak integration reveals barocaloric effects
as large as ASgirect ~ 270 ] K" kg™ ', which are slightly larger
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Fig. 2 VP-DSC curves of heat flow, dQ/dp, versus directly applied
pressure, p, for the (a) [C1oH25NH3],MnCly and (b) [C1oH25NHz1,MnBry
compounds. Note: endothermic curves are plotted upwards.

than those calculated by quasi-direct methods. It should be
noted that these barocaloric effects are similar to those of the
analogue [C;oH,;NH;],MnCl, compound, which range within
the largest barocaloric effects reported to date."**

These findings suggest that neither the substitution of CI™ by
Br nor the chain-size increase from n = 10 (ref. 13) to n = 12
(this article) seems to significantly affect the thermal changes.
Nevertheless, this modification in the chain largely shifts the
transition temperature from ~310 K (n = 10) to ~330 K (n = 12),
which makes our materials more suitable for higher tempera-
ture applications.
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the peaks, while the shaded areas represent the peak widths.

This journal is © The Royal Society of Chemistry 2025

(@ and b) VT-DSC curves at different pressures, (c and d) T-p phase diagrams, and (e and f) reversible barocaloric effects for [CioHos5-
NH3]>MnCly (top) and [C1,H25NH=],MnBr,4 (bottom), respectively. Note:

solid lines and dots in the T—p diagrams are taken from the maximum of
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2.2 Structural origin of the barocaloric effects of the
[C12H35NH;],MnCl, and [C;,H,5NH;],MnBr, compounds

In order to delve into the nature of the observed phase transi-
tions and barocaloric effects, we carried out variable-
temperature and variable-pressure synchrotron powder X-ray
diffraction (SPXRD) experiments for both compounds.

In the case of VT-SPXRD (Fig. 3a and b), we observe a drastic
structural change at T ~ 330 K associated with a first-order
transition between two different polymorphs, a result which is
in agreement with the thermal transition observed by VI-DSC.

It is worth noting that there is a short temperature range close to
the phase transition temperature where both phases coexist, indi-
cating that the phase transition occurs in two steps. This observa-
tion aligns with the broad peaks observed in the DSC curves.

Very interestingly, the VP-SPXRD patterns (Fig. 3e and f)
clearly reveal a new and intermediate phase between the high-
temperature (HT) PI phase and low-temperature (LT) PII
phase crystal structures previously observed in VI-SPXRD at
atmospheric pressure.

Using these SPXRD data, we have been able to perform Le
Bail refinements of the three different phases (Fig. S3 of the SI).
Here, the HT phase I was successfully fitted to an orthorhombic
Cccm space group with lattice parameters of a~ 7.31 A, b~ 7.33
A, c~ 66.4 A. Meanwhile, the LT phase II was fitted to a triclinic
P1 group, where a ~ 5.08 A, b ~ 5.11 A, c~ 30.1 A, & ~ 91.2°, § ~
92.5° and y~ 90.6°. It should be noted that this latter phase is in
agreement with the recently reported single-crystal XRD data.**

The evolution of the lattice parameters with temperature at
ambient pressure is shown in Fig. S4 of the SI. Both materials
exhibit volume changes of Av~ 8.4% (Fig. 3c and d), and
expansion coefficients of 2.3 x 10~* K~ * (Cl-compound) and 3.8
x 10~ K~ ! (Br-compound), values that are similar to the n = 10
analogue compound.™

Regarding the metastable intermediate phase, we found that
it exhibits a monoclinic symmetry with P2,/a space group with
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a~ 7.27 A, b~ 7.33 A, c~ 66 A and 8 ~ 95° (see Le Bail refine-
ments, Fig. S5 of the SI). Fig. 3(g and h) shows a volume
decrease upon pressurization with two abrupt transitions,
which exhibit volume changes of ~2.2% and 6.0%, respectively.
It should be noted that these volume changes of the two well-
resolved transitions are equivalent to the total volume change
when undergoing directly from phase II to phase I (Av ~8.4%).

In addition, using the Birch-Murnaghan equations, we
found that these materials exhibit an isothermal bulk modulus
of By ~4.21(4) MPa and B, ~5.31(5) MPa for the Cl- and Br-
compounds, respectively.

Similarly to the barocaloric [C;oH,;NH;],MnCl,, [CoH;o-
NH;],MnCl, and [CoH;oNH;3],CuCl, compounds,*™** the bar-
ocaloric effects in the materials described here can be attributed
to order-disorder transitions where the conformation of the
alkylammonium chain is modified, as supported by the recent
literature.'>®

In this context, it has been reported that the conformational
and volumetric entropy are the terms that play a major role in
the phase transitions for 2D layered perovskites with long-chain
alkylammonium cations." Accordingly, the volumetric entropy
term, AS,, describes the entropy change resulting from volume
expansion without considering any associated disordering
processes. We can calculate this term as AS, = (« B,)- Av, where
a, B,, and Av denote the isobaric thermal expansibility, bulk
modulus, and the specific volume change of the transition at
ambient pressure, respectively. The obtained value of AS,, is ~72
and ~80 J K ' kg™ for the Cl- and Br-compounds, respectively.
Therefore, the contribution of AS, to the total transition entropy
is relatively low, of around 31-35%, which is slightly lower than
for similar layered perovskites.™

In the case of the conformational disordering of the
dodecylammonium chain from an all-trans configuration, the
associated entropy change can be estimated as AS, = RIn 3" > =
91.29J K ' mol " (~160 J K ' kg™ " and ~122 J K~ " kg~ " for the
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Cl- and Br-analogues), being a major contribution to the total
entropy change of the transition.

Therefore, it can be concluded that the origin of the bar-
ocaloric effects in [C;,H,5NH;3],MnCl, and [C;,H,sNH;],MnBr,
can be mainly attributed to configurational disorder.

2.3 Barocaloric composites of [C;,H,;NH;3],MnCl,
embedded in polymeric matrices with thermal conductive
additives

In order to propose innovative alternatives to facilitate confor-
mation and protection of barocaloric materials, as well as to
maximize their heat transfer surface and enhance their thermal
conductivity, we have developed two different composites. Each
composite is based on a different polymer matrix: the
commercial Sylgard 184 (based on polydimethylsiloxane,
PDMS) and the 3D printing F39 resin (based on a mixture of
acrylated aliphatic urethane, 4-acryloylmorpholine and
diphenyl(2,4,6-trimethylbenzoyl)-phosphine oxide). In addi-
tion, we have also incorporated graphite powders to enhance
the thermal conductivity.

In that regard, we have been able to fabricate composites of
Sylgard 184 with a maximum load of ~19% (w/w) of the bar-
ocaloric [C;,H,;5NH;3],MnCl, material and ~7% (w/w) of
graphite powder. Meanwhile, the 3D printed composites of F39
resin incorporate a maximum load of ~16% (w/w) of [C1,H,s5-
NH;],MnCl, and ~5.5% (w/w) of graphite powders. Powder XRD
data confirm the presence of [Ci,H,sNH;,MnCl, in the
respective polymeric matrices (see Fig. S6 and S7 of the SI).

(d)y 4
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Meanwhile, EDX analysis shows a homogeneous distribution of
the [C1,H,5NH;],MnCl, particles in both polymeric matrices
(see Fig. S8 and S9 of the SI).

Moreover, in both cases, we have been able to increase the
thermal conductivity from 0.2 to 0.3 W m~* K * for the final
composites (see Fig. S10 and S11 of the SI). This increase is
similar to those observed in recently reported barocaloric
composites formed just by adding graphite and/or graphene
additives, such as [C;oH,1NH;3],MnCl,(80%):graphite(20%)**
with an increase from ~0.2 to 0.35 W m~ ' K; PDMS(80%):-
graphite(20%) with an increase from 0.16 Wm™ ' K ' to 0.37 W
m ' K% or NPG-TMP(95%):graphene(5%) (NPG: neo-
penthylglicol; TMP: trimethylolpropane)®* with an increase
from 0.19 to 0.4 W m~" K~ '. Advantageously, we reach similar
values with lower loads of graphite and, even more relevant, we
have been able to shape the barocaloric composites at will, so
the heat exchange surface can be enhanced for much faster heat
transfer, as later discussed. For instance, in the case of Sylgard
184 composites, we have fabricated cylindrical pellets by direct
co-polymerization curing using a template (Fig. 4a). Meanwhile,
for the F39 resin, we have been able to 3D print not only
cylindrical pellets but also complex gyroid structures that
contain the barocaloric material and maximize the heat transfer
surface, which serves as a proof-of-concept for future 3D printed
barocaloric heat exchangers (Fig. 4b).

VT-DSC analysis at ambient pressure (see Fig. 4c) enabled
the calculation of the effective load of the barocaloric [C;,H,5-
NH;],MnCl, compound in the final composites as the ratio of
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(a) Composite pellets of Sylgard 184: pure (left), embedded with 19% (w/w) of [C1,H25NH31,MnCl, (middle) and embedded with 19% (w/w)

of [C1oH25NHz],MNnCly and 7% of graphite powders. (b) 3D printed gyroid structure of F39 resin embedded with 16% (w/w) of [C1,H25NH3MNnCly
(left), and with 16% (w/w) of [C1oH25NH31,MNnCly and 5.5% (w/w) of graphite powders. (c) VT-DSC curves at ambient pressure for the [CioHos-
NH3],MnCl, pure material compared with the Sylgard 184 and F39 composites. (d and e) VT-DSC curves at different pressures for the Sylgard 184
(PDMS) and F39 (3D resin) composites, respectively. (f and g) Barocaloric effects (BCE) in terms of isothermal entropy changes (AS) for the Sylgard

184 and F39 composites.
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the enthalpy change of the composites (AHcomposite) divided by
the enthalpy change of the pure barocaloric material
AI'Icomposite

AH, ic), Le. load(%) =
( barocalOl‘lC) ( 0) (AHbarocaloriC

observed loads for the Sylgard 184 and F39 composites are
19.0% (w/w) and 16.1% (w/w), respectively. These values are
indicative of the total thermal response attainable for both
composites.

Remarkably, the composites retain the thermal transition of
the pure barocaloric material, with transition temperatures at
~328 K on heating and similar thermal hysteresis of ~7 K. In
turn, we have also analysed the pressure response and bar-
ocaloric properties of the obtained composites by quasi-direct
(VT-DSC at different pressures) and direct (VP-DSC at different
temperatures) measurements. Similar to the pure barocaloric
material, in the obtained composites the phase transition shifts
towards higher temperatures when applying pressure from 1 to
1000 bar, displaying barocaloric coefficients of dT/dp ~ 17 K
kbar™' (Fig. 4d and e), in perfect agreement with the coefficient
observed for the pure [C;,H,5NH;3],MnCl, material.

This significant finding highlights that the polymeric
matrices with graphite additives do not hinder the pressure
transmission towards the barocaloric [C;,H,5NH;3],MnCl,
material. Therefore, these matrices are suitable media to
encapsulate barocaloric materials without affecting their pres-
sure responsiveness.

In addition, we have also calculated the isothermal entropy
changes by quasi-direct methods (as described in the Methods
section), obtaining reversible barocaloric effects as large as
ASrev(sylgard 184)~40.2 T K" kg™ ' and ASyey(r30)~30.9 J K ' kg™ !
under pressurization of 1000 bar (see Fig. 4f and g). The
composite with F39 resin exhibits a lower value for AS,,
attributed to a slightly larger thermal hysteresis.

An important practical aspect of the composite materials is
the mechanical behavior in comparison with pure barocaloric
materials. The mechanical properties were therefore studied by
dynamic mechanical analysis (DMA). As can be observed in
Fig. 5, the compressibility of the PDMS and 3D printed
composites increases in comparison with the pure [C;,H,s5-
NH;],MnCl, barocaloric material (in the shape of a cold-press
pellet). This is directly related to the significantly large
compressibility of the starting polymers (F39 and PDMS), which
is noticeably larger in the case of PDMS. In any case, this elastic
behavior in both polymorphs facilitates the hydrostatic
compression of the [C;,H,5NH;],MnCl, particles embedded in
the polymeric matrices. Moreover, for further assessment of the
mechanical robustness and stability of these composites, we
have performed over 100 pressurization cycles over time at
a rate of 40 bar min™" in the 3D printed pellet samples (see
Fig. S12), which maintained the barocaloric response for over 80
hours. Additionally, in order to test the mechanical robustness
of the gyroid-like structure, we run 100 pressurization cycles
(over a small fragment due to space limitations of the sample
holder) under a much faster pressurization rate (115 bar-
min~"), which revealed that the tested sample maintain the
original shape of the gyroid fragment (see Fig. S13). In the same

) x 100, where the
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Fig. 5 Strain versus force compression curves for the different poly-
meric matrices and composites of F39 (a) and PDMS (b) in comparison
with the [C1,H25NHzI,MNnCly barocaloric material.

line, thermogrametric analysis reveals that these composites
offer a thermal stability up to ~250 °C (see Fig. S14), similar to
the pure barocaloric material and in agreement with similar
reported 2D-layered perovskites.'*

In order to perform an initial evaluation of additional
parameters on the 3D printed composites, we have observed
that the concentration of the additives ([C;,H,5NH;],MnCl, and
graphite) is critical and directly affects their thermal properties.
When increasing the ratio of [C;,H,5NH;],MnCl, from ~6% (w/
w) to ~30% (w/w), we are able to increase the thermal response
of the material, see Fig. S15. Nevertheless, for concentrations
larger than 30% (w/w), material agglomerations appear,
hindering 3D printing, see Fig. S16. In addition, we observe that
the graphite ratio is also very critical, since concentrations
larger than ~5.5% (w/w) absorb too much UV light from the
printer, and the composite cannot be printed. Actually, when
using graphite as an additive for 3D printing, the exposure time
per layer had to be increased from 35 seconds to 250 seconds.
Furthermore, when adding 5.5% (w/w) graphite, we can only
add ~16% (w/w) of active material before clogs start to appear.
In any case, we anticipate that using different light sources and
adding dispersants could allow an increase in the graphite and
thermomaterial loading in the composites.

It should be noted that even if we are using only ~16% (w/w)
of active barocaloric material in each composite, we still observe
very large thermal changes similar to and even superior to other
pure barocaloric materials such as (NH,4),SO,,' or [TPrA]
[Mn(dca);].** Furthermore, these composites offer the

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Comparison of the thermal performance (in terms of entropy
changes) of the as-synthesized (AS) samples and the same samples
after 3 days in ethylene glycol (Etgly) under magnetic stirring.

advantage of easy conformation, chemical protection against
fluids and enhanced heat transfer with the incorporation of
thermal conductive additives, such as graphite. Fig. 6 shows the
chemical stability of pure [C;,H,5NH;3],MnCl, and of the PDMS
and F39 (3D printed) composites after 3 days in a commonly
used heat transfer fluid, namely, ethylene glycol.

The stability studies compare the entropy change (in relative
percentage) of the as-synthesized samples (labelled as AS) in
comparison with the entropy changes after three days in
ethylene glycol (labelled as Etgly) under magnetic stirring. In
the case of the as-synthesized [C;,H,5NH;],MnCl, compound,
we observe that it completely dissolves after a few minutes.
Therefore, this material is not chemically stable in ethylene
glycol, a very common heat exchange fluid. Meanwhile, the
PDMS and F39 (3D printed) composites retain up to 20 and 80%
of the thermal response, respectively, as observed by DSC (see
Fig. S17 and S18 of the SI), which increases the chemical
stability of the barocaloric compound. We observe that the F39
resin offers better protection against heat exchange fluids.

2.4 Heat exchange in [C;,H,5NH;],MnCl, and its 3D
composite

In order to further evaluate the impact of composites modelling
on the barocaloric materials, we have analysed the adiabatic
temperature change in the pure [C;,H,sNH;],MnCl, material
and in the 3D printed composite, and we have also performed
heat exchange simulations to evaluate the thermalization over
time.

The adiabatic temperature change has thus been calculated
from quasi-direct methods for both the pure [C;,H,sNH;],-
MnCl, barocaloric material and the 3D printed composite, as
reported in the literature (eqn (1)), see Fig. 7:

[AT(S; paim < P)| = |T(S; p) — T(S; pam) AT
—(TIC,)AS; 1)

As can be observed, the pure [C;,H,5NH;3],MnCl, barocaloric
material can reach values as large as AT ~9 K under pressuri-
zation of 1000 bar, similar to other colossal barocaloric

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Reversible adiabatic temperature changes calculated by quasi-
direct methods on applying (0 — p) and removing (p — 0) pressure for
the [C1oHo5NH=],MNnCl, pure material and the 3D printed composite
(inset).

materials.*>* Meanwhile the 3D printed composites reaches
lower values of only AT ~3.3 K. Of course, these values could be
improved by increasing the loading of the barocaloric material
in the composite.

In contrast, regarding the heat exchange, we have considered
different scenarios, namely (1) thermalization by natural air
convection and (2) thermalization by fluid flow of ethylene
glycol (a common heat exchange fluid).

In the first scenario of natural convection, a compact cube of
pure [Ci,H,sNH;3[,MnCl, and a gyroid cube of the F39
composite, both with the same mass, are compared. These
cubes are left to thermalize from 70 °C (temperature slightly
above the barocaloric transition) down to ambient temperature.
As can be observed in Fig. 8 and 9, the gyroid 3D printed
composite fully thermalizes down to room temperature in 5-10
minutes. Meanwhile, the pure [C;,H,sNH;],MnCl, material
needs over 30 minutes to reach ambient temperature.

In the second scenario, we consider the same cubes inside
a cylindrical pipe where a heat exchanger fluid (ethylene glycol)
is flowing (Fig. 10).

70

—— Cube
60 —— Gyroid
50+

40

T(°C)

30+

20

10

0 5 10 15 20 25 30

t (min)

Fig. 8 Simulated data of thermalization by natural air convection over
time for the pure [C1,H25NHz],MnCly material in comparison with a 3D
printed composite in the shape of a gyroid structure.
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Fig. 9 Simulated heat transfer by natural convection in the cross section of a cube of (a) [C;,H25NH3],MnCly and (b) a gyroid-cube of the
[C12H25NH3],MNnCly composite printed in 3D resin, representing thermalization over time in a period of 0, 0.5, 3 and 9 min from left to right.
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Fig. 10 (a and b) Simulated flow lines of ethylene glycol around the [C1,H25NH3],MnCly cube and the 3D printed gyroid composite inside a pipe,
respectively. (c and d) Simulated thermalization profile over time for the [Ci,H25NHz],MNnCl, cube and the 3D printed gyroid composite in

ethylene glycol, respectively.

In this case of “forced” thermalization, both samples fully
thermalize in a matter of seconds. Nevertheless, there is still an
important time difference between the [C;,H,sNH;],MnCl,
pure material and the 3D printed composite (see Fig. 10). While
the pure material needs over 60 seconds to reach ambient

40186 | J Mater. Chem. A, 2025, 13, 40179-40191

temperature, the 3D printed composite reaches room temper-
ature in only 2 seconds. Moreover, it is worth remembering that
the pure material is not stable in ethylene glycol, as experi-
mentally observed in this work (Fig. 6).
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2.5 Outlook

The family of barocaloric 2D hybrid organic-inorganic perov-
skites represents a class of materials with great potential for
thermal management applications, not only for passive thermal
energy storage as proposed since the 1970s, but also for active
barocaloric cooling and heating applications. The transition
temperature of these compounds can be easily tuned by the
modification of the alkylammonium chain, as observed in this
work and in previous barocaloric studies.**™*

In the case of the [C;,H,;NH;],MnCl, and [Cy,H,5NH;],-
MnBr, compounds presented here, their relatively high transi-
tion temperature at ~330 K put into the spotlight new potential
applications above room temperature for barocaloric materials,
which have been not discussed to date, namely thermal
management of lithium-ion batteries and hydrogen fuel cells
and storage tanks,*” different from their more traditional
application in fridges, air-conditioners and/or heat-pumps.

To date, the main limitations of barocaloric materials that
prevent technological applications are the relatively high oper-
ating pressures (p > 1000 bar) and, in most cases, relatively high
operating temperatures (T > 330 K).

In this regard, these materials could find applications in
technologies operating above room temperature, such as
refrigerating lithium-ion batteries and/or hydrogen fuel systems
to keep them below 373 K, which are critical temperatures for
thermal runaway (in the case of lithium batteries),* and are
easily reached in the case of hydrogen fuel cells and storing
tanks during operation®* and/or refueling.” In addition, the
hydrogen systems already operate under pressures of over 700
bar, so the relative operating pressures of most barocaloric
materials would not be a limitation, contrary to traditional
fridges or air conditioners, where the operating pressure is
generally below 30 bar. It should be highlighted that there are
already circulating vehicles combining both pressurized
hydrogen systems and Li-ion batteries,*® which could benefit
from barocaloric thermal management. For instance, the inner
walls of hydrogen storage tanks could be covered with bar-
ocaloric materials (conventional and/or inverse) following
similar strategies to those proposed for phase change materials
for thermal energy storage.®”*® Similarly, barocaloric materials
could be used to recover mechanical energy from pressurized
hydrogen systems and/or compressors—a topic of increasing
interest—°®>"° and turn it into heating and/or cooling power,
where non-pressurized secondary heat transfer fluids could
safely transfer the heat from/towards a barocaloric core.”

Therefore, these two innovative applications must be
considered when designing new barocaloric materials and/or
technologies in the future, including life cycle assessments
and cost-benefit aspects in comparison with other alternative
solutions.

In addition, future studies need to consider new conforma-
tion strategies for protecting barocaloric materials and adapting
them to specific geometric constrictions during device inte-
gration. In this work, we present the first proof-of-concept
demonstrating that barocaloric materials can be successfully
integrated and protected in flexible polymeric matrices without

This journal is © The Royal Society of Chemistry 2025
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affecting their pressure responsiveness. These composites can
be shaped and conformed at will, even in very complex struc-
tures simulating heat exchangers (i.e. gyroid-type structures), by
direct co-polymerization and even by 3D printing techniques.
These barocaloric composites can offer chemical protection
against heat exchange fluids (i.e. ethylene glycol) while exhib-
iting a good thermal and mechanical stability, although the
load capacity of barocaloric materials and thermal conductive
additives is still limited, especially for photo-cured 3D printing,
where a trade-off between adequate viscosity and UV-light
adsorption by additives (i.e. graphite) must be considered.

These findings open a new path for the barocaloric
community towards a closer technological implementation,
where future studies must address key aspects such as load
maximization, shape optimization, heat exchange simulations,
and/or long-term stability, among others.

3 Conclusions

This work presents two new members of barocaloric 2D hybrid
organic-inorganic perovskites, specifically, the [C;,H,sNH;],-
MnCl, and [C;,H,5NH;],MnBr, compounds. These compounds
exhibit colossal barocaloric effects of AS > 200 J K kg™,
already reversible under pressures of 500 bar, while operating at
relatively high temperatures of >330 K. These technical speci-
fications could be suitable to integrate these materials in
thermal management systems for two innovative technologies,
namely lithium-ion batteries and hydrogen fuel cells and
storage tanks. These technologies can reach temperatures of
above 373 K, while hydrogen systems operate under pressures of
over 700 bar. Therefore, these technologies could benefit from
this type of barocaloric material, while the operating conditions
of temperature and/or pressure are similar to those required for
the barocaloric materials reported here.

It is also observed that, although the entropy changes are not
affected by the substitution of C1~ for Br™ nor by the increase in
the chain size from n = 10 to n = 12, the temperature at which
the transition occurs is markedly affected. This indicates
a possible path for customized tuning of the properties
depending on the requirements.

In addition, we also present new conformation techniques
by fabricating two barocaloric composites of [Ci,H,sNH;],-
MnCl, embedded in flexible polymeric matrices of Sylgard 184
and of F39 3D printed resin, combined with a thermal
conductive graphite additive. Remarkably, these composites
can be shaped at will by direct co-polymerization (Sylgard 184)
and even by simple 3D printing (F39 resin). Actually, we have
demonstrated, as a first proof-of-concept, that barocaloric
composites can be 3D printed in complex gyroid structures
simulating heat exchanges for maximizing the heat transfer
surface. Even more, our stability studies and our heat transfer
simulations already highlight the advantages of using bar-
ocaloric 3D printed composites in comparison with the pure
barocaloric materials.

Therefore, these findings not only expand the family of
barocaloric 2D hybrid perovskites with two new members, but
also identify new potential applications for advanced
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technologies, and demonstrate innovative conformation tech-
niques for developing future 3D printed barocaloric heat
exchangers towards future technological implementation.

4 Methods

4.1 Synthesis

Commercially available starting materials 1-dodecylamine
(97%, Alfa Aesar, CAS: 124-22-1), MnCl,-4H,0 (98% Sigma-
Aldrich, CAS: 13446-34-9), MnBr,-4H,0 (98% Sigma-Aldrich,
CAS: 10031-20-6), HBr (48% Thermo Scientific, CAS: 10035-10-
6) and HCl (37% Thermo Scientific, CAS: 7647-01-0) were
directly used for these studies. First, [Ci,H,sNH;]X was
prepared. For this purpose, 1-dodecylamine was dissolved in
anhydrous alcohol and placed into an ice bath. The respective
concentrated acid was added dropwise to the solution under
stirring. The acid is added in a slight excess because it volatil-
izes during the acid-base reaction. [C;,H,sNH;]X is isolated
and dried by rotary evaporation and dried in a vacuum. Then,
[C12H5NH;],MnX, was prepared through a stoichiometric
reaction between [C;,H,5NH;]X and MnX,-4H,0 in anhydrous
ethyl alcohol, and the solution was evaporated under reduced
pressure to obtain a white crystalline powder.

To prepare PDMS composites with a conductive additive
(AC), a commercial Sylgard 184 kit (Sigma-Aldrich), which
includes a silicone base and a curing agent, is used. These
components are mixed in a 10 : 1 mass ratio (2 grams of silicone
base to 0.2 grams of curing agent) and manually homogenized.
After achieving a uniform blend, specific amounts of [C;,Hys-
NH;],MnCl, and graphite are added to the mixture to create the
corresponding composites. The mixture becomes colored and
more viscous due to the polymerization reaction.

The blended mixture is then poured into a homemade 3D
printed mold made of polylactic acid (PLA) filament with
circular holes 15 mm in diameter and 4 mm in height. The
mixture is left to cure for 72 hours until it solidifies into pellets.

For the 3D printed composites, a commercial Elegoo Mars 4
Ultra 3D printer was used with commercial F39 white flexible
rubber-like resin (Resione). To enhance thermal conductivity,
a ~16% (w/w) concentration of barocaloric material and a 5.5%
(w/w) concentration of graphite powders were added to the
resin, and then moved into an automatic stirrer until all
components were integrated. The printing parameters of
exposure time, bottom exposure time, and layer height were 250
seconds, 550 seconds and 0.090 mm, respectively, to produce
pellets with a diameter of 13 mm and a height of 5 mm.

4.2 Powder X-ray diffraction (PXRD)

The obtained materials were characterized by powder X-ray
diffraction (PXRD) using a Siemens D-5000 diffractometer
with Cu(Koa) radiation at room temperature. The obtained
patterns were compared with those simulated from reported
single-crystal XRD."

The structural evolution of the material at different tempera-
tures and pressures was studied by synchrotron powder X-ray
diffraction (SPXRD) using a wavelength of A = 0.60172 A. These
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studies were carried out at the BM01 Swiss Norwegian Beamline
(SNBL) of the European Synchrotron Radiation Facility (ESRF).”
For the VI-SPXRD experiments, 0.5 mm diameter quartz capil-
laries were filled with powder and measured in situ at atmo-
spheric pressure, and the temperature was controlled with an
Oxford Cryostream 700+. For the VP-SPXRD experiments, 1.0 mm
diameter sapphire capillaries were filled with a powder mixture
with silicone oil and measured in situ at variable pressure (up to
900 bar) applied by silicone oil and the temperature was
controlled with an Oxford Cryostream 700+.7

The 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.”

4.3 Scanning electron microscopy (SEM)

The homogeneity and distribution of [C;,H,5NH;],MnCl, in the
different PDMS and F39 3D printed composites were analyzed
using a JEOL JSM-7200F Schottky field-emission scanning elec-
tron microscope (FE-SEM). Chemical analyses were carried out
using a JEOL JSM-7200F equipped with an Oxford Instruments X-
Max detector for energy-dispersive X-ray spectroscopy (EDS).

4.4 Dynamic mechanical analysis

The strain-stress curves of the different materials ([Ci,Hys-
NH;],MnCl,, PDMS, F39 3D printing resin, and selected
composites) were measured using a Rheometric Scientific
DMTA 1V instrument at room temperature. For that purpose,
geometrically identical pellets with a diameter of 1.3 cm and
a thickness of 0.5 cm were chosen.

4.5 Stability studies

Samples of [C1,H,5NH;],MnCl,, a 3D printed composite of F39
with ~16% (w/w) of [C1,H,sNH;],MnCl, and ~5.5% (w/w) of
graphite powder, and a composite of PDMS with ~19% (w/w) of
[C1,H,5NH;3],MnCl, and ~7% (w/w) of graphite powder were
placed in ethylene glycol at room temperature with magnetic
stirring for 3 days. The enthalpy changes of the as-synthesized
materials and after 3 days of treatment were measured using
differential scanning calorimetry. A Teledyne Isco 65D pressure
pump fed with nitrogen gas was used for mechanical stability
tests of 3D printed gyroid-like composites. For that purpose,
gyroid fragments were selected and tested for over 100 pres-
surization cycles under isothermal conditions of 66 °C (above
the phase transition) at a rate of 115 bar min " from 200 to 1000
bar - across the phase transition (see Fig. S13). Thermal stability
analysis was performed using a TGA-DTA Thermal Analysis
SDT2960 instrument, where 15 mg of pure barocaloric material
and 3D printed composite pellets were heated at a rate of 5 ©
C min~" from room temperature to 650 °C, using an alumina
crucible and under a flow of dry nitrogen.

4.6 Differential scanning calorimetry

Preliminary analysis on variable-temperature differential scan-
ning calorimetry at ambient pressure was performed on

This journal is © The Royal Society of Chemistry 2025
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a Setaram DSC Setline instrument using ~4 mg of the different
samples in a temperature range from 310 to 360 K with a heat-
ing rate of 20 K min™".

Quasi-direct and direct barocaloric methods were performed
using variable-pressure differential scanning calorimetry (VP-
DSC) on a mDSC7 EVO microcalorimeter equipped with a Tele-
dyne Isco 65D pressure pump that utilized nitrogen gas as the
pressure-transmitting medium. Samples of ~20 mg of the
different materials and composites were measured at 1 K min ™"
rate, from 310 to 360 K at different isobaric pressures from
atmospheric pressure and up to 1000 bar.

The calorimeter was previously calibrated according to the
manufacturer's recommendations.

The thermal changes were calculated by integrating the heat
flow, as reported elsewhere,'® taking into account the calibra-
tions described above, following eqn (2):

p
L@ o
where (dQ/dp) is the heat flow curve as a function of pressure,
0 and p are the initial and final pressures, and T is the
temperature at each isothermal measurement.

Using this equipment, repeatability studies over time were
performed in 3D printed pellet composites for over 100 pres-
surization cycles under isothermal conditions of 66 °C (above
the phase transition) at a rate of 40 bar min~"* from 200 to 1000
bar - across the phase transition (see Fig. $12), while continu-
ously registering heat flow.

Measurements of variable-temperature specific heat capacity
(Cp) for the calculation of adiabatic temperature changes were
performed using a TA Instruments Q2000 DSC calorimeter. For
this purpose, ~4 mg of the different samples (pure [C;,H,5-
NH;],MnCl, and 3D printed composite of F39 with ~16% (w/w)
of [C1,H,5NH;3],MnCl,) were measured in a temperature range
of 310 to 360 K.

1
|AS‘O~> 4 = ?'AH‘Oﬂp =

4.7 Thermal conductivity

The thermal conductivity was evaluated under ambient condi-
tions using a C-Term Trident thermal conductivity analyser
equipped with a 6 mm flexible transient plane source (TPS)
sensor.

4.8 Heat exchange simulations

Heat exchange simulations were performed using COMSOL
Multiphysics® software,”” modelling cubic and gyroid struc-
tures for the pure [C1,H,5NH;],MnCl, material and for the 3D
printed composite, respectively. The simulated materials were
defined by using the specific heat capacity, density and thermal
conductivity of both the [C;,H,5NH;3],MnCl, material and the
3D printed composite, as obtained in this work.

The heat transfer and laminar flow modules were used to
simulate both fluid flow and heat transfer. Additionally, the
non-isothermal flow multiphysics interface was employed.

In the case of thermal management using ethylene glycol
flow, a laminar flow regime was assumed with an inlet fluid
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velocity of 0.1 m s, resulting in a Reynolds number below
1200, which is defined following the literature™ as:
puL,

u

Re = (3)
where p is the fluid density, « is the fluid velocity, L. is the
characteristic length, and w is the dynamic viscosity of the
fluid.

The mesh type used was physics-controlled with a finer
element size to ensure adequate precision. As the mesh size
decreases, the computational cost increases. In the case of
thermal management by natural convection, the air volume
walls were set as open boundaries, allowing constant airflow.

The governing mathematical equations used in the simula-
tions are based on:

dp
P Ve (pu) =0 4
LV (@)

ou
pE+p(u-V)u:V-[—pl+f}+F+pg (5)
aT

pC,,ngpprVTV'q: 0 (6)
q=—kVT (7)

where p is the pressure, T is the temperature, 7 is the viscous
stress tensor, F is the volume force vector, C,, is the specific heat
capacity, k is the heat conductivity in solid, q is the external heat
flux and Q is the heat sources.
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