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ABSTRACT

Barocaloric materials have the potential to offer greener and more efficient alternatives to conventional refrigerants that exploit vapor
compression for cooling and heating applications. The barocaloric effect, a temperature change in response to hydrostatic pressure, is
widespread in materials; however, only in the last few years have giant and colossal barocaloric effects approaching those of commercial
hydrocarbon refrigerants been discovered. These barocaloric effects are associated with large changes in the degrees of freedom within the
material and can take various forms. Here, we discuss this variety and categorize barocaloric materials based on the degree of freedom that
underpins the barocaloric effects. We use this framework to identify material families to explore for potential barocalorics.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0046416

I. INTRODUCTION

The demand for heating, ventilation, air conditioning, and refrig-
eration (HVACR) in residential and industrial settings is growing rap-
idly. For instance, the global energy demand from air conditioners is
expected to triple by 2050, amounting to ten new units sold every
second until that date.1 Vapor-compression technologies using hydro-
carbon refrigerants dominate this industry. Despite the banning of
many hydrocarbon refrigerants due to their Global Warming
Potential (GWP) and negative impact on the environment, those used
today still have a significant GWP. The development of new hydrocar-
bon refrigerants with lower GWP typically involves increased safety
risks, such as flammability, and therefore, a trade-off must be made
between safety and environmental concerns.2 While many non-vapor-
compression technologies exist, using refrigerants with essentially zero
GWP, their efficiency and cost are currently vastly inferior.3 Therefore,
the discovery of new technologies with lower GWP and even modest
improvements in efficiency have the potential to significantly reduce
the environmental impact resulting from the rapid expansion of the
HVACR sector.

Caloric materials are one of the main non-vapor compression
alternatives as they can be significantly more efficient with essentially
zero GWP.3,4 They utilize changes in entropy and temperature, i.e.,
caloric effects, associated with ferroic transitions.5 The best known of
these are magneto-, elasto-, and electrocalorics, which use magnetic,
stress, or electric fields to drive the transition, respectively. All these
families display large caloric effects, making them promising refriger-
ants, and prototype devices have been developed for each.6 However,
barriers remain to commercialization, such as the cost of permanent

magnets for magnetocalorics and the fatigue experienced by electro-
and elasto-caloric materials during the several million cycles expected
for a residential AC unit.

Barocalorics (BCs) are the least developed family of caloric mate-
rials. Analogous to vapor-compression refrigeration, temperature
changes are driven by pressurization of the BC material [see Fig. 1(a)].
Compared to other calorics, they are less prone to fatigue and do not
require expensive components to operate.7 Until recently, they have
not been considered competitive due to the large pressures required
and, therefore, the small effects achievable in a realistic device.
However, the giant (DS > 10 J K�1 kg�1) and colossal (DS > 100 J
K�1 kg�1) BC effects (BCEs) discovered recently are the largest of any
caloric material family8,9 and can be achieved at relatively small
pressures (<1 kbar). This has spurred interest in barocalorics as a real
alternative to vapor-compression technologies, making them competi-
tive with other caloric materials and technologies, as discussed in
several excellent reviews.4–7,10–13

In this Perspective, we concentrate on reviewing the ever-
growing number of BC materials that display giant and colossal effects.
We classify the materials based on their underpinning physical mecha-
nism and collate some of their key properties related to both their BCE
and their application. We then look forward to which materials and
mechanisms may lead to further advances in the field.

II. STATE-OF-THE-ART BAROCALORICS

Barocaloric effects are caused by changes in entropy within a
material in response to hydrostatic pressure. If pressure is applied
adiabatically to a barocaloric material, a temperature change results,
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which is the basis of their use as refrigerants. More generally, in caloric
materials, large entropy changes are associated with significant
changes in the degrees of freedom within a material, typically across a
1st-order phase transition. This degree of freedom must couple to a
property that can be changed using an external stimulus or field. For
example, in magneto- and electro-calorics, the degree of freedom must
couple to the magnetization and electric polarization, respectively. In
barocalorics, the degree of freedom must couple to the lattice volume.
Various couplings have been shown to give rise to large BCEs, some of
which are depicted in Fig. 1(b), meaning that a rich and varying library
of barocaloric materials is available to explore.

In order to discuss the materials, it is important to introduce
some key BC parameters. Perhaps most important is the transitional
entropy change, DS, most easily measured using differential scanning
calorimetry (DSC). In the absence of DSC data, it can be estimated
from the transitional entropy change given by the Clausius–Clapeyron
relation,

DS ¼ DV
dTt

dp

� ��1

; (1)

where DV is the volume change, Tt is the transition temperature, and
p is the hydrostatic pressure. From this, it is clear that a large volume
change and small sensitivity of the transition to pressure (dTt

dp ) are bene-
ficial. However, it is important to note that any BCE would vanish
when dTt

dp ¼ 0 and a large shift of the transition temperature is neces-
sary to achieve large BCEs. The adiabatic temperature change, DT , is
also commonly reported and directly relevant to the BCE; however,
measuring DT directly is challenging and unreliable. Two alternative
methods are commonly employed: (i) calorimetric quasi-direct meth-
ods, which are probably the most reliable, and (ii) estimation from the
isothermal entropy change via DT ¼ TDS

C , where C is the heat capacity,
which typically overestimates values. In addition to the key BC proper-
ties, the thermal hysteresis and thermal conductivity are also impor-
tant to consider for applications. Thermal hysteresis is an important
property as it defines the reversibility of the effects; if the hysteresis is
large, higher pressures are required to achieve the same BCE revers-
ibly. Thermal conductivity is important for the efficient exchange of
heat between the solid-state caloric material and the heat transfer
fluid,14 e.g., in the “heat exchange” steps of Fig. 1(a).

In order to aid discussion of the variety of BC materials, we have
classified them according to the dominant degree of freedom under-
pinning the BCE, although in some materials, multiple couplings are
involved. Within each subsection, we use this framework to initially
discuss known BC materials before discussing those with similar
degrees of freedom, which suggests the presence of large BCEs. All
materials discussed, along with their key physical properties, are listed
in Table I. For some degrees of freedom, such as those in solid electro-
lytes, recent theoretical work has already predicted BCEs. For others,
we have looked through the literature for materials with relevant prop-
erties, such as transitional volume and/or enthalpy changes, which
may translate into a significant BCE.

A. Orientational freedom

The benchmark for barocalorics has recently been set by a family
of materials known as plastic crystals. They contain large organic mol-
ecules whose centers of mass form a crystalline lattice, yet due to their
spherical shape, they are free to reorient and, thus, have many orienta-
tional degrees of freedom. The materials undergo a 1st-order transi-
tion and concomitant colossal entropy changes of DS > 100 J kg�1

K�1, of similar magnitude to commercial hydrocarbon refrigerants,
due to the freezing of these reorientations.8,9 This discovery has rightly
generated much interest in barocaloric materials and highlighted the
promise of materials with large orientational degrees of freedom.
Indeed, further experiments demonstrated colossal BCEs in a number
of plastic crystals.15 Those with fcc cubic symmetry, rather than bcc,
have significantly lower thermal hysteresis such that the BCEs are par-
tially reversible. However, the thermal hysteresis remains high even in
fcc-based materials, meaning that larger pressures are required to
reversibly drive the BCEs.

Prior to the discovery of BCEs in plastic crystals, hybrid organic-
inorganic perovskites demonstrated the potential of materials with
large orientational (and lattice) degrees of freedom as barocalorics.
These materials have long been investigated for their multifunctional
properties, perhaps most notably as photovoltaics.16 Relevant to baro-
calorics, the flexibility of the organic-inorganic motif leads to a variety
of different 1st-order structural phase transitions with large volume
changes. The resulting entropy changes are giant, with low thermal
hysteresis of the transition, and occur under very low pressure changes

FIG. 1. (a) Schematic of a refrigeration cycle involving a material that possesses a conventional barocaloric effect. Inverse barocaloric effects are also found in some materials,
where the application of hydrostatic pressure decreases temperature. (b) Different degrees of freedom able to couple to the lattice volume and, therefore, give rise to BCEs.
Hydrostatic pressure is used to drive the system between the high entropy (top) and low entropy (bottom) states, typically across a 1st-order (discontinuous) transition. Under
adiabatic conditions, this leads to a change in temperature of the material.
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TABLE I. Key physical and barocaloric properties of the materials discussed in the text. Tt is the transition temperature, dTtdp is the sensitivity of the transition to pressure, and DH is the transitional enthalpy
change. Dp is the applied pressure used to measure DS, the isothermal entropy change, and DT , the adiabatic temperature change. For the latter, the superscipts indicate data collected using direct (D), quasi-
direct (QD), or indirect (I) methods. All values refer to the maximum at the given pressure, not the reversible value. If possible, data with Dp ¼ 1 kbar are used. The peak of the transition is used to determine
the thermal hysteresis, Thys. j is the thermal conductivity.

Material name Material type Degree of freedom
Tt

(K)

dTt
dp

(K kbar�1) DV=V(%)
DH

(J g� 1)
Dp

(kbar)
DS

(J kg�1 K�1)
DT
(K)

Thys

(K)
j (W m�1

K�1) References

NPG Plastic crystal Orientational 320 �10 4.9 … 1 410 12QD 25 0.1274 9 and 15
PG Plastic crystal Orientational 352 �9 … 170 1 500 10QD 12 … 15
NPA Plastic crystal Orientational 220 �15 … 44 1 250 15QD 33 … 15
½TPrA�½MnðdcaÞ3� hybrid perovskite Orientational 330 23 1.2 … 1 35 5QD 0.9 0.375 17
[(CH3)4N]Mn[N3]3 hybrid perovskite Orientational 305 12 1.5 … 0.9 80 … 7 … 19
(NH4)3MoO2F4 Ferroelastic Orientational 270 9.3 … … 1 25 5QD 0.5 … 20
C60 Molecular crystal Orientational 257 17 1.0 7 1 32 9.7QD 0.5 176 21
Li2B12H12 Solid electrolyte Orientational/

occupational
475 … … … 1 70a … … … 22

(Me3NNH2)2[Co(CN)6

Na(H2O)]
Ferroelastic Orientational 290 … … … … 146b … … … 23

[(CH3)3NCH2Cl] [FeCl4� Ionic plastic crystal Orientational 322 … … 50 … 152b … … … 24
[(CH3)3NOH]2

[KFe(CN)6] (TMC-1)
Ionic plastic crystal Orientational 402 … … 99 … … … … … 26

Ni49.26Mn36.08In14.66 Shape memory alloy Magnetic 293 1.8 … … 1 11 … … 5–1377,78 31
(MnNiSi)1�x(FeCoGe)x Shape memory alloy Magnetic 280–311 �–7 2.7 … 1 42 7QD 4–12 … 79
MnCoGeB0.03 Shape memory alloy Magnetic 292 –10 4.4 … 1 35 10QD 18 … 30
Fe49Rh51 Metamagnet Magnetic 310 6.4 … … 1 12 … 9 … 32
LaFe11.33Co0.47Si1.2 Magnetocaloric Magnetic 240 … 1.1 … 1 6 1.5D … … 28
Mn3GaN Frustrated

antiferromagnet
Magnetic 293 –6.5 1.0 … 1 22 5QD … 5 – 1580 33

Mn3NiN Frustrated
antiferromagnet

Magnetic 262 –1.4 0.4 … 1 22 1.5QD 281 … 34

[FeL2][BF4]2 Spin crossover Spin 260 12 2.6 … 0.43 68 4.5QD 4 … 35
Fe3(bntrz)6(tcnset)6 Spin crossover Spin 318 25 3.6 25 0.9 100 20QD 2 … 36
CrAs Antiferromagnet Magnetic 265 28 2.4 … … … … … … 37

Ni0.85Fe0.15S Itinerant metal Charge 305 –7.5 1.4 … 1 52 10QD 11.5 5–1242 42
V1�x(W, Cr)xO2 Transition metal oxide Charge 280–400 … … … … 100� 150b … … … 45
RCu3Fe4O12 Transition metal oxide Charge 250–360 … … … … 60� 70b … … … 45

(NH4)2SO4 Ferrielectric Polar 219 �–5 0.5 … 1 60 8ID 3 0.8282 48
BaTiO3 Ferroelectric Polar 400 –5.6 0.1 … 1 1.5 … 1 … 47
Sc1�xTixF3 (x¼ 0.85) Open framework Lattice 290 72 … … 1 12a … … … 49
ZIF-4(Co,Zn) Zeolite Lattice 293 … 19 [Co] 21 [Zn] … … … … … 50 and 51
ZIF-8 Zeolite Lattice 290 … … 10 … … … … … 53
Ag3[Co(CN)6] Framework material Lattice 293 … 16 … … … … … … 55
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(<0.1 kbar).17,18 Their operating temperatures are often far from room
temperature; however, their chemical flexibility allows tuning of the
transition temperature.19

A material family traditionally explored for ferroelectric proper-
ties is ferroelastics that contain fluoride or oxyfluoride MOxF6�x dis-
torted octahedral groups. A number of these crystallize in
centrosymmetric space groups, which means that they cannot be ferro-
electric; however, some of these non-polar materials display large BCEs
due to the orientational ordering of the (oxy)fluoride groups.20 The
magnitude of the BCE is similar to the organic-inorganic perovskites,
although significantly larger pressures are required, and both also share
chemical flexibility (where M takes many transition metal elements),
meaning that there is scope for tuning their BC properties. A recent
discovery in this class of materials is fullerite, C60, which displays large,
reversible BCEs across a wide temperature range spanning room tem-
perature.21 The rotations of the nearly spherical C60 molecules undergo
a partial freezing at T � 257 K with a remarkably small thermal hyster-
esis, giving rise to a giant BCE with pressures as low as 0.5 kbar.

The entropy changes associated with the BCEs of materials with
many orientational degrees of freedom approach those of commercial
fluid hydrocarbon refrigerants (see R134a in Table I for comparison).9

However, certain obstacles to applications remain. The thermal hyster-
esis of plastic crystals is particularly large and is the main drawback for
these colossal BC materials as it increases the pressures required in a
device. For all these organic-based materials, the low thermal conduc-
tivity is also detrimental within a device.

Looking to the future, theory and preliminary experiments have
already predicted two promising materials based on their orientational
degree of freedom: lithium borohydrides22 and a new inorganic-
organic hybrid ferroelastic.23 The former are a new barocaloric material
family that undergoes an order-disorder transition (T> 450 K) that
involves entropic contributions from both Liþ diffusion and reorienta-
tion of the (BH)�2

12 icosahedra, with colossal entropy changes predicted.
The latter is similar to the ferroelastic barocaloric materials already dis-
cussed, but involves the cleavage of weak bonds between organic cati-
ons and inorganic anions. For this material, the ambient pressure
entropy change measured across the transition (T � 290 K) is colossal;
however, no pressure-dependent studies have yet been performed.

Ionic plastic crystals contain inorganic and organic ionic moieties
with large orientational disorder, similar to the purely organic molecu-
lar plastic crystals already discussed. Given their similarity and the fact
that they also undergo strongly 1st-order transitions with large latent
heat and volume changes, one would expect them to possess BCEs.24–26

Moreover, inclusion of transition metals adds functionality that may
facilitate multicaloric control and tends to increase the melting temper-
ature compared to purely organic materials (molecular plastic crystals
have melting temperatures close to room temperature). Indeed, it is
this additional functionality that means they have been heavily studied
as solid state electrolytes.27 Thus, a number of different materials are
known and could immediately be explored as barocalorics.24

B. Magnetic freedom

Given the relative maturity of the field of magnetocalorics and
the fact that strong magnetovolume correlations commonly coexist
with magnetocaloric effects, it is no surprise that these systems have
also been investigated for their BCEs. For instance, the alloy families
La-Fe-Si-Co,28 MnCoGe1�x(In,B)x,

29,30 Ni-Mn-In,31 and FeRh32 allTA
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undergo strongly 1st-order transitions between low magnetization and
ferromagnetic states, leading to a magnetocaloric effect with a concur-
rent change in the volume, leading to a BCE. Given that this caloric
mechanism has been well studied, we will not discuss it in depth here;
however, their BC properties are listed in Table I. These materials typi-
cally possess a giant BCE at room temperature although the thermal
hysteresis is also large thermal hysteresis.

In fact, coupling between magnetism and the lattice volume can
arise in a number of ways and in materials with low magnetization
that are not applicable to magnetocalorics. The antiperovskite family
Mn3XN (X ¼ Ga33 and Ni34) hosts non-collinear antiferromagnetic
structures that are strongly coupled to the lattice volume. A large
change in the volume occurs at the 1st-order transition between para-
magnetic (PM) and antiferromagnetic (AFM) states, and moreover,
the giant BCE at this transition is enhanced by frustrated interactions
between both local and itinerant electronic moments.

While dissimilar to the order-disorder magnetic transitions dis-
cussed, in spin-crossover (SCO) compounds, e.g., [FeL2][BF4]2, the
volume change between different spin configurations of crystal-field
split d-orbitals underpins the giant BCEs.35 The giant BCEs can be
driven by pressures as small as 0.3 kbar due to the extreme sensitivity
of the crossover transition to pressure. Very recent results on
Fe3(bntrz)6(tcnset)6 reveal some of the largest adiabatic temperature
changes (�20 K for 0.9 kbar) of any caloric material, which are almost
fully reversible due to the small hysteresis (4 K).36 No values of the
thermal conductivity could be found for this material family; however,
one might expect them to be similar to the hybrid organic-inorganic
perovskites.

For the inorganic magnetic systems, while mass normalized val-
ues of the barocaloric entropy changes are an order of magnitude
smaller than those of, e.g., plastic crystals, the volume normalized val-
ues are of similar magnitude because of their larger physical density.
The relevance of this remains to be seen; however, it is linked to
another benefit of these materials: their typically large thermal conduc-
tivity (see Table I). Finally, for all these magnetic materials, as with the
hybrid organic-inorganic systems, their chemical flexibility provides
opportunities to tune key parameters (transition temperature and
thermal hysteresis) synthetically, e.g., by doping, alloying, or ligand
choice.

New magnetic or spin-based BCE materials are likely to be found
in two categories: antiferromagnetic materials and SCO compounds.
Of the antiferromagnetic materials, only the Mn3XN antiperovskites
with X ¼Ga and Ni have been studied for their BCEs.33,34 Aside from
this family, several other antiferromagnets exist with strong coupling
between the magnetism and the volume. Unfortunately, this coupling
typically results from magnetic frustration, which suppresses the mag-
netic transition to temperatures well below room temperature. We
identified two materials that warrant measurements of their BCE. First
is CrAs, which is isostructural to the MnP-related magnetocalorics. It
undergoes a 1st-order PM-AFM transition at T¼ 265 K with a 2.4%
volume change.37 Doping with S elevates the transition temperature
and it would be worth investigating how this impacts the 1st-order
transition.38 Second is YMn2, which undergoes a PM-AFM transition
with a giant volume change of 5%.39 The transition temperature is too
low for room temperature caloric applications (T � 100 K39) but it
may be possible to adjust this by doping while maintaining the volume
change. Further examples of antiferromagenetic compounds relevant

to barocalorics may come from the active field of antiferromagnetic
spintronics,40 where coupling between the lattice and the magnetic
structure is typically a prerequisite.

For SCO compounds, a great wealth of chemical flexibility exists.
It is worth noting here that the majority of entropic contributions at
the SCO transition can originate from the vibrational entropy associ-
ated with the ligands, rather than that originating from spin freedom
in the low spin and high spin states.41 This suggests that the ligand
choice may have dramatic effects on the BCEs, and therefore, plentiful
opportunities remain to investigate further SCO materials for yet
larger BCEs.

C. Charge freedom

In transition metal compounds, phase transitions can involve
coupling between several degrees of freedom associated with the elec-
tronic structure, e.g., spin (magnetism), charge (metal-insulator transi-
tions), and orbital (orbital ordering). The transition metal sulfide
Ni1�xFexS undergoes a 1st-order metal-insulator transition (MIT)
between a PM metal and an AFM nonmetal and, therefore, involves
both charge and magnetic degrees of freedom. The resulting giant
BCE is the largest of any of the metallic magnets under 1 kbar; how-
ever, the thermal hysteresis requires significantly larger pressures to
obtain reversible effects.42 Although the material is antiferromagnetic,
electronic structure calculations show that a significant restructuring
of the electronic density of states occurs at the MIT, and therefore, the
latter is the dominant contribution to the BCE.

The MIT of Ni1�xFexS is the only one to be studied for its BCE to
our knowledge. In general, MITs have long interested solid-state phys-
icists, from both a theoretical and practical perspective, and have,
therefore, been studied in a number of different materials. They are
generally 1st-order transitions, involving significant crystal structure
changes, and can be found in a number of transition metal com-
pounds. Vanadium oxides are one of the archetypal material families
showing MITs. For example, VO2 displays a strongly 1st-order MIT at
340 K, and indeed, this transition has been studied for thermal storage
applications due to entropy changes of �150 J kg�1 K�1.43 Significant
work has been invested in this material in order to tune the MIT, such
as controlling the temperature with W-doping43 and hysteresis,44

which could be adapted for the purposes of tuning potential BCEs.
Aside from VO2, certain other materials are of interest. RCu3Fe4O12

(R ¼ rare-earth metal) perovskites have recently been investigated as
thermal storage materials due to the large changes in charge degrees of
freedom at the MIT.45 These materials display an entropy change of
�50 J kg�1 K�1 associated with either charge transfer or charge dis-
proportionation, and by changing the R-cation the MIT temperature
can be tuned with little effect on the transitional entropy change.45

Finally, analogous to the hybrid organic-inorganic perovskites with
large orientational degrees of freedom, organic-based materials with
MITs may provide additional entropic contributions due to ordering
of the organic molecules.46

D. Lattice and polar freedom

Several of the degrees of freedom depicted in Fig. 1 could be con-
sidered as lattice freedoms, for instance, orientational and occupa-
tional. Here, we discuss materials where the entropic contributions to
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the BCE are associated with cooperative tilting, rotations, or displace-
ments of the lattice rather than those of molecular subunits or sublatti-
ces. Of these, only polar materials have thus far been studied
experimentally for their BCEs and these are ferroelectric BaTiO3

47 and
ferrielectric ammonium sulfate, (NH4)2SO4.48 In both materials, the
BCEs are caused by volume changes occurring at symmetry breaking
transitions, with the former involving a traditional polar displacive
transition and the latter a unique ionic ordering. The properties of
(NH4)2SO4 are of particular note due to the large entropy changes
achievable at small pressures. Unfortunately, its transition temperature
is well below room temperature, making it unrealistic as a BC. Instead,
these results highlight the possibility of achieving impressive BCEs in
polar materials and, by extension, in materials with significant lattice
freedom.

Theoretical studies of the open-framework material Sc1�xTixF3

have already provided evidence of the potential BCEs in materials with
lattice degrees of freedom.49 This material is a member of the metal tri-
fluoride family, MF3, which are isostructural to ABO3 perovskites with
a vacant A-site. These open-framework materials often display abnor-
mal thermal expansion properties due to cooperative tilting and rota-
tions of the crystal structure. In Sc0.15Ti0.85F3, a 1st-order transition at
room temperature, involving antiferrodistortive rotations of the MF6

octahedra, is predicted to lead to a giant BCE. This occurs over a very
broad temperature range (�50 K for 1 kbar) due to an enormous sen-
sitivity of the transition temperature to pressure and additional signifi-
cant volume changes far from the transition. Although, the hybrid
organic-inorganic materials discussed in Sec. II A may also be consid-
ered an open framework, confirming the BCE in Sc1�xTixF3 would
encourage the exploration of inorganic open-framework materials.

Beyond theoretical studies, we can look for indirect evidence of
BCE behavior in other flexible lattice material families. Some of the
most studied are zeolites, which can also be considered a type of open-
framework material. Several zeolites undergo ‘breathing transitions’
between open pore (op) and closed pore (cp) structures under temper-
ature and/or hydrostatic pressure changes, particularly within the zeo-
litic imidazolate framework (ZIF) subfamily. The magnitude of the
volume change between op and cp structures is typically �20%,
although the transitions are often irreversible. ZIF-4(Co) presents an
excellent BC candidate, as the transition involves a 19% volume
change, can be driven with 0.5 kbar, and is fully reversible.50

Calorimetric studies of the same transition in ZIF-4(Zn) driven by
temperature (Tt � 140 K) give an enthalpy change of DH � 21 J
g�1,51 suggesting that a similar magnitude latent heat can be expected
when driving the transition of ZIF-4(Co) with pressure at room
temperature.

Zeolites offer an alternative mechanism to BCEs. The intrusion
and extrusion of solvents, such as water, causes condensation of the
solvent in the pores of zeolites and acts like a genuine 1st-order phase
transition.52 For instance, extrusion and intrusion of water into ZIF-
8 leads to large enthalpy changes (> 10 J g�1) and this transition can
be reversibly driven at room temperature with a pressure of 0.3 kbar.53

These properties mean that zeolite ZIF-8 has been studied as a poten-
tial energy storage material. If these translate into good BCEs, via
either mechanism, the range and chemical flexibility of zeolites mean
that many materials are available to study.

We finally discuss the BC potential of flexible lattice materials that
show extreme compressibility. Cyanide-based framework materials, for

instance Prussian Blue, Fe4[Fe(CN)6]3, and its analogues, have been
studied for a long time due to their anomalous thermal expansion
properties related to the flexibility of their lattice. Extreme compress-
ibility is a consequence of this flexibility in some of these materials,
such as LnFe(CN)6

54 and Ag3[Co(CN)6].55 In both these materials, vol-
ume compression occurs at a rate of�2% per kbar pressure. This value
is comparable to the transitional volume change in many of the BC
materials discussed and an order of magnitude larger than the superi-
onic regime of Li3N discussed in Sec. II E (�0:1% per kbar).56 As in
the latter, these changes are not associated with a transition and so
should not be hysteretic. For Ag3[Co(CN)6], pressure also induces a
1st-order structural phase transition at p¼ 1.9 kbar, which involves a
giant volume change of 16%.55 This transition further enhances its
potential as a BCE although no calorimetry data could be found on it.

E. Occupational freedom

Occupational freedom refers to the disorder of ionic sublattices
within materials, typically found in solid electrolytes and leading to
BCEs quite different from the materials discussed. In AgI, a 1st-order
order-disorder transition of the Ag sublattice occurs; above the transi-
tion, the Ag cations are disordered across a number of sites, and below
the transition, these order.57 This transition leads to significant
changes in the ionic conductivity and lattice volume and, conse-
quently, giant BCEs over a very broad temperature range. Of particular
note are the adiabatic temperature changes, DT ¼ 10 K, which are
similar to those of plastic crystals. However, drawbacks include the fol-
lowing: (i) the large thermal hysteresis of the transition results in a sig-
nificant increase in the required pressure to reversibly drive the
transition and (ii) a transition temperature that is far from room tem-
perature. Nonetheless, the results demonstrate how theoretical explo-
ration, which had previously predicted large mechanocaloric effects in
solid electrolytes,58 can play a crucial role in discovering novel baro-
caloric materials.

Theoretical studies have already provided predictions of signifi-
cant BCEs in two solid electrolytes. In Li3N, it is noted that a giant
BCE can be induced far from a phase transition.56 In many of the
order-disorder transitions discussed (magnetic, orientational,
polar,…), the order parameter saturates in the ordered phase, meaning
that away from a transition, no appreciable entropy change can be
induced by pressure. However, in Li3N, the ionic conductivity is
strongly dependent on pressure far from the transition to ionic con-
duction. The promising aspect of this is that the effects are non-
hysteretic, due to the lack of a transition; however, the downside is
that relatively large pressures are required (DS=Dp � 3 J kg�1

K�1 kbar�1).56 Another theoretical study of the thermoelectric solid
electrolyte Cu2Se showed similar properties, which also highlights the
potential for thermoelectric materials.59

F. Conformational freedom

We finish this section by discussing BCEs that arise from confor-
mational degrees of freedom. Various forms of rubber have shown
promise as BC materials due to the large entropy changes caused by
rearrangements of elastomer chains and associated changes in confor-
mational freedom, under hydrostatic pressure. For instance, experi-
ments on vulcanized natural,60 PDMS,61 and nitrile62 rubbers have
demonstrated giant entropy changes upon application of pressure
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(although for these experiments, this was not applied in a truly hydro-
static way). Moreover, it appears that BCEs are not limited to rubber
elastomers but can also be found in other polymers. The ferroelectric
polymer PVDF-TrFE-CTFE (trifluoroethylene-chlorotrifluoroethy-
lene) displays giant BCEs associated with both conformational and
polar degrees of freedom.63 Away from the ferroelectric phase transi-
tion, giant BCEs of �20 J kg�1 K�1 are achievable across a broad tem-
perature range under 1 kbar, while at the ferroelectric phase transition
(T � 320 K), DS peaks at �50 J kg�1 K�1 at the same applied pres-
sure. In all these materials, the changes in conformational freedom are
not associated with a phase transition and, therefore, should, in theory,
not be hysteretic (although nitrile rubber does display a small hystere-
sis62). The wide variety of known polymers and elastomers mean that
many materials are available to study; however, their typically small
thermal conductivity may prove problematic.

The wide variety of elastomers and polymers mean that there is a
large source of potential BC materials to be explored in this family.
However, the BCE of these materials is perhaps of more interest as it
suggests that many other materials with conformational degrees of
freedom may possess significant BCEs. An obvious analogy is the con-
formational freedom of proteins. Indeed, denaturing of proteins is
known to be strongly dependent on pressures and can be reversibly
driven using relatively low pressures on the order of kbar.64 An interest-
ing candidate would be the mammalian protein elastin, which is present
in connective tissues in animals, due to its remarkable elasticity. Unlike
other proteins, it undergoes a unique thermally induced transition close
to room temperature, termed ‘inverse temperature transition’ (ITT),
where the volume collapses upon heating due to the expulsion of water
molecules within the protein.65 This ITT is present in many elastin-like
polypeptides. Calorimetric studies of GVG(VPGVG) show a large latent
heat at the ITT, with DS � 200 J kg�1 K�1, which can also be driven
reversibly with pressure.66

III. MATERIALS OPTIMIZATION

The focus of the article is on materials discovery; however, we
will briefly discuss potential improvements to known barocalorics.
The development of devices has been instigated by the recent discover-
ies discussed in Sec. II, and therefore, it would be beneficial to tailor
the known barocalorics in tandem with device engineering. Given the
colossal BCE values already observed, it is perhaps more important to
focus on improving key secondary parameters related to the workings
of a device, such as thermal conductivity and thermal hysteresis.
Thermal conductivity, which tends to remain fairly constant within
material families, can potentially be improved in organic-based mate-
rials via the use of composite materials, e.g., by incorporating inclu-
sions of metallic barocalorics in a composite matrix. The inclusions
could be tuned such that their transition coincides with that of the
organic and, moreover, could be chosen such that they have the oppo-
site entropy change (i.e., conventional or inverse BCE). An alternative
approach is to improve the thermal conductivity of the heat transfer
fluid, e.g., by including high thermal conductivity particles, modeling
of which shows improved device efficiency.67

Thermal hysteresis can vary considerably within material fami-
lies, and, as such, there is considerable scope to improve this property
intrinsically, either through synthetic methods or by the discovery of
new materials. For instance, different plastic crystals show vastly dif-
ferent thermal hysteresis. In inorganic or metallic systems, thermal

hysteresis can potentially be optimized synthetically or by doping and/
or alloying. For instance, quaternary Mn3(Zn,In)N shows remarkably
small hysteresis despite large values in some ternary systems, e.g.,
Mn3GaN.68 Methods for tailoring hysteresis in magnetic systems may
also be developed from the recent discovery of a non-hysteretic 1st-
order transition in Eu2In.69,70 A rich source of literature dealing with
thermal hysteresis is available from the wider caloric field from which
innovative methods to minimize could be adapted to barocalorics,
such as by using multicaloric cycles where more than one stimulus is
used (e.g., magnetic field and hydrostatic pressure).71–73

IV. CONCLUSIONS

The discovery of colossal barocaloric effects, larger than any other
caloric effect and comparable to conventional refrigerants, has rightly
attracted much attention and excitement. Despite these recent advan-
ces, it is worth remembering that the study of barocalorics is still at an
early stage and many obstacles remain to commercialization. In addi-
tion to the ongoing efforts of those studying caloric materials, collabo-
ration with broader sections of the scientific community is now
required to overcome these challenges and realize the full potential of
barocalorics. Yet, its infancy as a field also suggests that the ever-
growing variety of materials that show BCEs are not expected to slow
down and there is clear potential for further improvements. We hope
that this article stimulates the study of several novel barocaloric mate-
rials and the exploration of different mechanisms that may give rise to
barocaloric effects.
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