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As the global energy crisis and environmental issues intensify, the development of efficient and environmentally
friendly novel refrigeration technology has become a significant focus in the field of scientific research and engineering.
Conventional vapor compression refrigeration utilizes vapor refrigerants with high global warming potentials, which not
only consume huge amounts of energy but also adversely affect the environment. In recent years, solid-state refrigeration
technology has emerged as a research hotspot because of its controllable refrigerants, high energy efficiency, and environ-
mental friendliness. Among the various refrigeration technologies that yield caloric effects through external-field-induced
phase transitions, barocaloric refrigeration technology has been highly anticipated due to its low required driving pressure
for refrigerant materials, large entropic change upon phase transition, and potentially high efficiency. On the other hand,
many types of barocaloric materials are currently available, including intermetallic compounds, inorganic and organic ma-
terials, as well as organic—inorganic hybrid materials. Based on the barocaloric effect mechanism and the fundamental
principles of various barocaloric materials, this paper summarizes the latest research in this field. It reviews the origins of
the caloric effects of different types of barocaloric materials. The future development directions and application prospects

of barocaloric solid-state refrigeration technology and materials are outlined.
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1. Introduction

Refrigeration technology is an important part of energy
consumption in modern society and is widely used in food
preservation, air-conditioning systems, the medical cold chain,
superconducting equipment, aerospace, and other fields.!!=3
According to statistics, the energy consumption of conven-
tional vapor compression refrigeration technology accounts
for about 20% of global electricity consumption.?! The hy-
drochlorofluorocarbon (HCFC) and hydrofluorocarbon (HFC)
refrigerants used in conventional vapor compression refriger-
ation also cause ozone layer destruction and the greenhouse
effect.
which have a minimal environmental impact, are very expen-

Furthermore, hydrofluoroolefin (HFO) refrigerants,

sive to produce. Therefore, the search for efficient and envi-
ronmentally friendly alternative refrigeration technologies has
become an urgent challenge for the global academic and in-
dustrial communities.*¢ Solid-state caloric-effect refrigera-
tion, as a candidate new-generation technology, realizes heat
absorption and exothermic processes through reversible phase
transitions of materials under the action of external fields.[’~10]
Depending on the driving field, the caloric effects can be
the magnetocaloric effect (MCE),8-10]

the electrocaloric effect (ECE),['!l the elastocaloric effect

categorized into:
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(eCE),[12716] and the barocaloric effect (BCE).[!718] These
caloric effects have been developed rapidly over the last
two decades, and the adiabatic temperature change (AT,q)
of some materials has reached 10-30 K, showing perfor-
mance close to that of conventional refrigeration. Among
these, the hydrostatic-pressure-induced BCE (thermodynamic
cycle) has gained increasing recognition as one of the most
promising caloric routes in the field of practical solid-state
refrigeration. 1924

The BCE possesses unique advantages, utilizing hydro-
static pressure — a field that can be applied uniformly, rapidly,
and safely — to achieve significant reversible phase transition
entropy change (ASy). Importantly, barocaloric materials are
often associated with colossal ASy,, originating from one or
more of the following: order—disorder transitions, rotational
molecular dynamics, and first-order structural transitions. This
enables giant BCE to be achieved under relatively low pres-
sures. Recent breakthroughs have demonstrated AS;, exceed-
ing 600 J-kg~!-K~! in plastic crystals.!'8] The emergence of
these materials has significantly accelerated the development
of barocaloric refrigeration prototypes. Despite these advan-
tages, the practical implementation of BCE solid-state refrig-
eration still faces several challenges. First, many barocaloric
materials exhibit a large phase transition thermal hysteresis
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(AThys), which leads to energy loss and reduces the oper-
ational efficiency of cyclic refrigeration.[>>>° Second, the
working temperature window of barocaloric materials is often
narrow, restricting their applicability across diverse tempera-

5.39-331 Third, the cyclic stability and fatigue

ture condition
resistance of barocaloric materials are currently very poor and
do not meet practical application requirements.>!7-34-37] Con-
sequently, there has been an increasing focus on developing
high-performance barocaloric materials.

Therefore, it has become an important research aim to
design barocaloric materials with a low ATy, a long fatigue
life, a large AS, and a wide operating temperature range,
and to develop effective strategies to improve their BCE. This
includes tuning crystal chemistry, engineering molecular dy-
namics, coupling multicaloric effects, and optimizing pressure
application mechanisms.>!8371 A comprehensive understand-
ing of the structure—property relationships that govern BCE
behaviors is essential for advancing solid-state refrigeration
technologies toward practical, environmentally friendly, high-
efficiency cooling solutions.[¥-4%1 This review examines the
physical mechanisms of barocaloric solid-state refrigeration
and outlines the development of barocaloric materials.

2. Barocaloric refrigeration technology and
thermodynamic cycles

2.1. Barocaloric refrigeration technology

The basis of barocaloric refrigeration technology is the
use of the BCE in barocaloric materials. This effect occurs
when the volume of a material changes in response to hydro-
static pressure, inducing a first-order structural phase transi-
tion and generating AT,4. Barocaloric refrigeration technology
is also one of the most promising technologies for solid-state
refrigeration.[?1:24*1=51 The BCE can be divided into conven-
tional BCE and inverse BCE. The alloy NiMnlIn exhibits be-
havior typical of the conventional BCE. When pressure is ap-
plied, driving the transformation of austenite into martensite,
lattice vibration entropy (ASyjp) is negative, and magnetic en-
tropy (ASmag) is positive (|ASyib| > |ASmag|); thus, the total
ASy; is negative. Consequently, heat is released, and the tem-
perature rises. Similarly, when pressure is removed, driving
the reverse transformation of martensite to austenite, the total
ASy; is positive. Consequently, heat is absorbed, and the tem-
perature decreases. In summary, applying pressure shifts the
phase transition temperature toward a higher temperature. The
PdNMn; alloy of the antiperovskite system exhibits behavior
typical of the inverse BCE. Pressure drives the phase transi-
tion of the cubic phase from antiferromagnetism to ferromag-
netism, accompanied by a 0.2% volume change (AV /V). Pres-
sure causes the phase transition temperature to shift toward a

lower temperature. (27,29.46-51]

The barocaloric properties of materials are mainly char-
acterized by the barocaloric AT, or entropy change (ASBcE)
induced by hydrostatic pressure, as presented in Fig. 1. Un-
til now, it has been difficult to directly test the AT,q values
of barocaloric materials during phase transitions by applying
and removing hydrostatic pressure due to the complexity of
the equipment used to create the barocaloric effect and the dif-
ficulty of applying hydrostatic pressure compared to uniaxial
stress. Even if the barocaloric AT,q can be tested, the experi-
mental values of AT,y are far from the theoretical values. The
pressure dependence of the transition temperature and entropy
change can also be described by the Clausius—Clapeyron rela-
tion

dT AV
Tp = A7S’ (H

where AV and AS denote the discontinuous changes in vol-
ume and entropy at the phase transition, respectively.>%%3]
This relation provides the appropriate thermodynamic frame-
work for analyzing the BCE associated with first-order phase
transitions. Experimentally, ASpcg is most commonly deter-
mined using quasi-direct methods based on differential scan-
ning calorimetry (DSC) measurements under different pres-
sures. The corresponding AT,4 can then be estimated from the

measured entropy change and heat capacity. >4-°!

BCE
materials

BCE
L AS preferred! -
arger AS preferre T

T;<Ty,Py=P, T,=Ty P,=P,

Refrigeration cycle of BCE

Fig. 1. Schematic diagram of the BCE.

2.2. Thermodynamic cycles

The barocaloric refrigeration system comprises a pressure
cell into which the barocaloric materials are inserted, along
with two heat reservoirs that must be in thermal communi-
The BCE can
be found in many thermodynamic cycles, such as the Carnot

cation with the cell to enable heat transfer.

and Brayton cycles. The inverse Brayton cycle is the most
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widely exploited configuration for caloric refrigeration appli-
cations because it requires only two field intensities and is,
As depicted in Fig. 2(a),
within the BCE Brayton cycle, the barocaloric materials first

therefore, comparatively simple.

undergo hydrostatic pressurization from p; to p;, leading to
a AT,q increase in +AT,q 15. This is followed by an isobaric
heat-rejection step, during which heat is transferred from the
barocaloric material to the hot heat exchanger (HHEX). Sub-
sequent isentropic depressurization from py back to p; pro-
duces an additional AT,q drop in —AT,q34. Finally, the cy-
cle closes with an isobaric heat-absorption step, in which the
cooled barocaloric material absorbs heat from the cold heat
exchanger (CHEX).>®>7] The BCE Brayton cycle always has
a lower coefficient of performance (COP) than the Carnot cy-
cle. Figure 2(b) shows the inverse Brayton cycle, which in-
cludes regeneration and involves the material passing through
two additional steps: (2a—3) and (4a—1). This guarantees
extra cooling and heating. 3!

Another widely used cycle that can easily be derived from
the inverse Brayton cycle is the active barocaloric regenerative
(ABR) cooling cycle, which is presented in Fig. 3. As can
be seen in Fig. 3(a), the system must complete four transfor-
mations, the evolution of which is shown in Fig. 3(b). Only
two levels are required for BCE to manifest (steps I and III),
between which the hydrostatic pressure must change adiabati-

Tf———r

Py

S

Fig. 3. The ABR cycle: (a) transformations on the temperature—entropy plane; (b) the evolution of the system. !

3. Classification of barocaloriceffect materials
3.1. Organic barocaloric materials

Organic compounds can be categorized into two types:
chain macromolecular organics (or polymers) and small or-
ganic molecular crystals. These materials are mainly made
up of elements with smaller atomic numbers, such as car-
bon (C), hydrogen (H), and oxygen (O). The BCE in such
materials can be attributed to the transition between the or-
dered and disordered states of the organic chains. Recent
studies have identified several key BCE compound families

with unique structural features and thermal responses. These

| (a) " (b)

cally. Steps II and IV are reserved for the passage of the heat
transfer fluid (HTF) between the cold and hot heat reservoirs,
which are set at temperatures 7c and Ty, respectively. Ow-
ing to the active regeneration provided by the BCE material
itself, the maximum temperature span of the system can far
exceed that of a Brayton cycle without regeneration, where the
temperature increase is strictly limited by the intrinsic AT,q of
the barocaloric materials. Nevertheless, the hysteresis inherent
in barocaloric materials compromises the adiabaticity of the
process, thereby diminishing the maximum achievable AT,q.
Moreover, the ATy, also leads to a reduction in the system’s
COP.13] Therefore, enhancing the efficiency of barocaloric
solid-state refrigeration technology will be a key focus of fu-
ture research.

n (a) P2

. P

s

Fig. 2. (a) Inverse Brayton cycle for barocaloric cooling. (b) Inverse
Brayton cycle for barocaloric cooling with regeneration. 3!

__l_ n
(32233

[ —

ABR Regeaerator ABR Regencrator

ABR Regenerator ABR Regeserater

52]

materials include plastic crystals with orientationally disor-
dered molecules, elastomeric polymers, and macromolecular
organics with solid-liquid phase transitions.!'83-611 Among
them, small-molecule plastic crystals represent one of the most
thoroughly studied families. Their molecules exhibit strong
pressure sensitivity due to highly disordered molecular rota-
tions that collapse into ordered phases under compression, en-
abling a large BCE entropy change (ASpcg). As shown in
Fig. 4, neopentyl glycol (NPG), pentaglycerin (PG), and pen-
taerythritol (PE) are canonical examples; these materials show
colossal entropy changes exceeding 350-700 J-kg~!-K~! near

RT under moderate pressure due to their highly compress-
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ible, orientationally disordered high-temperature phase.!!8]

The barocaloric mechanism in these plastic crystals origi-
nates from the strong coupling between hydrogen bond net-
works and external pressure, with pressure suppressing ro-
tational disorder and tuning intermolecular interactions, en-

18,621 Another significant cat-

abling large and reversible BCE.!
egory of organic barocaloric materials is macromolecular or-
ganics with solid-liquid phase transitions, such as n-alkanes.
A slight increase in pressure of around 0.5 kbar can induce a
AS;s, of approximately 742 J-kg~!-K~!, which is comparable
in magnitude to that achieved by typical vapor compression
refrigeration.[%>) Raman spectroscopy and theoretical calcula-
tions have revealed that twisting and random thermal move-
ments of molecular chains are suppressed under pressure in
the solid state, resulting in a large ASjs,. Further molecular dy-
namics simulations have demonstrated that n-alkane C,oHy»
can exhibit giant ASjs, and AT,q by reducing intermolecular

1641 Tn contrast

potential energy under compressive conditions.
to conventional macromolecular organic barocaloric materials,
the BCE of elastomers such as natural rubber (NR) and vul-
canized natural rubber (V-NR) arises from a pressure-induced
entropy change rather than from a first-order phase transition.
These materials exhibit BCE associated with the compression
of the amorphous polymer matrix and are unrelated to crystal-
lization and the consequent rearrangement of polymer chains.
Under several hundred MPa, elastomers can yield a ASjy, of
about 50-200 J-kg~!-K~! and a AT,q of 10-30 K.[62-67]

1,000

L -Gdsnge.‘, B La(Fe,Co,Si).

DT s [IMnCoGeB,,
— I PVDF-TIFE 3 PbZr, 4 Tiy [ BaTio.
P = -C“sx.u\%?‘é:ﬂh:‘ -Fewnﬁsw 5y 6, 00)
| B (NH,),SO, mmAgI I Rubber 9 0 Py
NPG AP PG e

600 EETRIS

400

[AS 1l (0 kg™ K~

200

0

[ w—— i W—— -
MCE ECE eCE BCE

Fig. 4. Entropy changes of plastic crystal materials and typical refriger-
ation materials.[18!

These organic systems share several key advantages: (i)
extremely high entropy changes due to large latent heat and
molecular disorder; (ii) broad chemical tunability through
molecular design, chain length modification, or hydrogen
bond engineering; (iii) mechanical flexibility and low density;
(iv) absence of critical raw metals or inorganic species, mak-
ing them environmentally friendly. However, they also face
significant challenges, including large ATpys in many plastic
crystals, low thermal conductivity that limits heat exchange
rates, mechanical fatigue in polymer-based systems, and is-
sues of leakage and volume change for organic solid-liquid

phase transition compounds.

3.2. Organic-inorganic hybrid barocaloric materials

Organic—inorganic hybrid materials are single-phase,
solid-state compounds that incorporate both inorganic and or-
ganic groups within the same crystal structure. The variation
in degrees of freedom within these materials is the primary
source of the BCE. These degrees of freedom can be catego-
rized as follows: rotational, translational, orientational, and
conformational. According to their coordination dimension-
ality, hybrid materials can be classified as three-dimensional
(3D), two-dimensional (2D), one-dimensional (1D), or zero-
dimensional (0D), as displayed in Fig. 5.163-70]

Organic—inorganic hybrid perovskite materials demon-
strate a remarkable BCE, primarily due to pressure-induced
structural phase transitions. Exceptionally high-pressure sen-
sitivity has been observed in 3D hybrid materials such as
[TPrA][Mn(dca)s;], where a phase transition occurs at a pres-
sure (dT/dP) of 23.1 K-kbar~!.
quired to drive these transitions is extremely low. Applying

Notably, the pressure re-

minimal hydrostatic pressure of just 70 bar induces a signif-
icant ASj, of 37 J-’kg~!-K~!. This effect is primarily due to
the order—disorder transition of organic cations and their off-
center displacement.!”!! In contrast, 2D hybrid materials ex-
hibit a substantially larger BCE. For example, (DA);MnCly
and (C9H,NH3),MnCly achieve a reversible, colossal ASjg,
of around 250 J-kg~!-K~! at an operating pressure below
1 kbar, which far exceeds that of their 3D counterparts.!’%7?]
These 2D hybrid materials offer several advantages, including
high pressure sensitivity (d7/dP ~ 28 K-kbar~!) and min-
imal ATqys. The large entropy change is due to the signifi-
cant transformation of organic chains from an ordered, rigid
state to a disorganized, flexible state during the phase transi-
tion, coupled with the reorientation of alkylammonium cations
within the metal-halide frameworks. One-dimensional hy-
brid materials typically consist of isolated columns or chains
of inorganic metal cations that are interconnected by organic
(and sometimes inorganic) ligands. These chains are linked
via weak bonds and can accommodate other organic or inor-
ganic species within their structure./”3! Their general formula
is M(L)(L)-xH20, where M is a transition metal cation, and
L is a different organic ligand. Examples of such compounds
include [Cu(hyetrz);]-3H,O. Hybrid materials that do not ex-
hibit strong chemical interactions between their organic and
inorganic components are referred to as 0D or ionic/molecular
hybrids. These materials interact only through weak hydro-
gen bonding, van der Waals forces, 7—7 interactions, or other
electrostatic interactions.!”#! Alkylammonium tetrahalometal-
late salts belong to this category. For example, the compound
[(CH3)3S][FeCls] undergoes a phase transition at 326 K, dis-
playing relatively low ATy, (approximately 4.0 K) and a sig-
nificant entropy change (approximately 140 J-kg=!-K—1).[73]
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Fig. 5. Organic—inorganic hybrid materials with different coordination dimensionalities. !

Organic—inorganic barocaloric materials offer several ad-
vantages, including high structural and chemical stability,
large volume changes upon phase transitions, and correspond-
ingly significant BCEs. Their mature synthesis routes en-
able the preparation of large, high-quality samples suitable
for device-level development. However, these materials also
exhibit notable limitations. Their rigid lattices and low com-
pressibility typically require high external pressures to drive
phase transitions, and many organic-inorganic hybrid mate-
rials exhibit large phase transition AThys, which reduces re-
versibility and overall cycle efficiency. In addition, the use
of scarce or heavy elements in some systems raises costs and
environmental concerns.

3.3. Intermetallic compounds as barocaloric materials

Intermetallic compounds consist primarily of metals, oc-
casionally containing nonmetallic elements. These com-
pounds primarily exhibit metallic bonding; examples include
MnNiGe, MnCoGe, Ni-Mn—-X (X = Ga, Sn, Sb, In, Ti),
Mn;NiN, and Mn;GaN.[25:28:62.76-801 §ome of these com-
pounds exhibit the conventional BCE, while others exhibit the
inverse BCE. These compounds exhibit strong coupling dur-
ing phase transitions due to their ferromagnetic order, ferroe-
lastic order, lattice structure, and volume changes. This pro-
vides a rich basis for tunable physical properties in the field of
solid-state refrigeration. In addition, these compounds, which
exhibit both ferromagnetic and ferroelastic order, can undergo
multi-field-modulated phase transitions and demonstrate mul-

2.20.78] Figure 6 presents the results of Wei et

ticaloric effects.|
al."8 that the Ni3s 5C014.5Mn3sTi;5 alloy can achieve a larger
ASpcg by the simultaneous action of dual fields, hydrostatic
field and magnetic field. The reversible ASgcg of the alloy
increased from 8.5 J-kg~!-K~! under a single stress field to
22.8 J-kg~'-K~! under a 3 T magnetic field and 1 kbar pres-
sure. When simultaneously driven by double fields, the re-
versible refrigeration working temperature range of the alloy
is also nearly doubled. This suggests that barocaloric ma-
terials with multiferroic properties can be driven by multi-
ple fields to modulate the phase transition, thereby improving
the BCE and the operating temperature range of the material.
Similar phenomena have been observed in MM'X and M3XA
alloys. [27-29:62.65]

Although the phase transitions of intermetallic

barocaloric compounds can be modulated by a double field,
the phase transition entropy change of such materials is usu-
ally small and much lower than that of the plastic crystal

barocaloric materials that have emerged in recent years.[>3:18]
30 5
20 (a) 1kbar —1bar (a) 4 1bar —1kbar ( )
2 10 g ?
? =
2 0 820 \
4 = —
zg -10 -2
-20 ABSE== 1 4 1kbar—-1bar\,
270 280 290 300 310 270 280 290 300 310
T(K) T(K)
30
g0l Tkbar—1bar, 3T (©) 45 1bar —1kbar (d)
2 o2
3 g
- 8 Of—="--ml
% = (N
@ - 2
< \.
L 4| 1kbar—1bar, 3T
270 280 290 300 270 280 290 300 310

T(K) T(K)

Fig. 6. Reversible entropy and adiabatic temperature changes of
Niss.5Co14 5Mn35Tijs alloy under single and multiple fields.[30]

3.4. Spin crossover barocaloric materials

Early investigations of the caloric properties of spin
crossover (SCO) transitions were carried out in the absence
of applied pressure, primarily through heat capacity measure-
ments under ambient conditions. In 1974, Sorai provided the
first heat capacity characterization of abrupt SCO transitions in
the compounds [Fe(phen),(NCS);,] and [Fe(phen),(NCSe),].
They found latent heats corresponding to entropy changes

1181 Importantly, only a

of approximately 50 J-K~!-mo
small fraction of this entropy change (~ 13 J-K~!'-mol™")
could be attributed to the magnetic contribution, indicating
that lattice, vibrational, and configurational degrees of free-
dom dominate the thermodynamics of the transition. Sim-
ilar conclusions were reached in later heat capacity studies
by Kaji of [Fe(2-pic)3]Cl,-EtOH, a system exhibiting an ap-
parent two-step SCO transition.'®>! When the normal density
of SCO complexes is confirmed, these unoptimized entropy
changes correspond to values on the order of 100 J-kg~!-K~!
or 0.2 J-K~!-cm?, which would be described as large caloric
effects if they could be released by an applied stimulus, such
as pressure. The pressure-induced generic SCO transition of

SCO materials is illustrated in Fig. 7. The low-spin (LS) state
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of an SCO compound typically has a lower volume than the
high-spin (HS) state. In such cases, the effect of hydrostatic
pressure is to stabilize the LS state.

0.5

Yus (HS fraction)
XT (arb. units)

LS

T = T
Tsco(P1) Tsco(P2)
Temperature

Fig. 7. Schematic of the typical LS state-stabilizing effect of hydrostatic
pressure on an SCO compound. 3!

The pressure required to induce phase transitions in
these materials is generally low. High-pressure calorimetry
of the SCO compound Fe[HB(tz);], reveals detectable en-
tropy changes at pressures as low as 1 MPa.[>3l A AS;, of
99 J.kg~!-K~! and a AT,y of 2 K are achieved under a hy-
drostatic pressure of 15 MPa. Similarly, the molecular crys-
tal [FeL,][BF4]> exhibits a AT,4 of 3 K under a pressure of
30 MPa, which is associated with a first-order transition be-
tween the LS and HS states.!®3 For [Fe(hyptrz);]A,-H»0, ap-
plying a pressure of approximately 9 MPa produces a ASjs,
of about 56 J-kg~!-K~!.13% The large AV /V during the spin-
state transition leads to a large lattice entropy contribution, re-
flecting strong coupling between lattice and electronic states
in Fe”*Ng. Consequently, a giant BCE can be observed. From
a broader perspective, SCO materials offer several advantages
as barocaloric materials, including large ASj,, high d7'/dP,
and chemical tunability of transition temperatures. However,
they also present notable challenges, such as thermal hystere-
sis, mechanical fragility, and limited thermal conductivity.

3.5. Ionic compounds as barocaloric materials

Tonic compounds consist of cations (cationic groups) and
anions (anionic groups), and their phase transitions typically
include ionic-order transitions as well as ferroelectric or fer-
romagnetic transitions. In particular, the presence of nega-
tive thermal expansion associated with ferromagnetic or fer-
roelectric phase transitions can give rise to a BCE. This be-
havior has been observed in several ionic compounds, includ-
ing NiS, BaTiO3, KPFg, and (NHy);S04.16%7980351 The pri-
mary advantages of ionic compounds are their abundant con-
stituent elements, widespread availability, and low cost. In
addition, these materials offer high structural design flexibil-
ity, enabling phase transition temperatures and ATy to be ad-
justed through ion exchange or doping. Significant BCEs can
typically be achieved at relatively low pressures (tens to hun-
dreds of MPa). Most ionic compounds are nontoxic and highly

stable, making them ideal for large-scale manufacturing. [©2-80]

Recent studies have also demonstrated that certain ionic com-
pounds, such as KPFg, possess high-pressure phases across
a broad temperature range, as illustrated in Fig. 8. This en-
ables these materials to exhibit a BCE from room tempera-
ture down to cryogenic temperatures of 4 K. This discovery
also marks the first finding of a solid-state refrigeration mate-
rial effective at all temperatures.[lg] However, these materials
also face certain challenges, including a large phase transition
AThys, limited cyclic stability, and relatively low thermal con-
ductivity. These factors somewhat constrain their efficiency in
high-frequency refrigeration cycles. Nevertheless, ionic com-
pounds are considered important candidate material systems
for solid-state pressure-driven refrigeration technology due to

their large enthalpy change and structural tunability.[6>-6485]
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Fig. 8. Schematic entropy—temperature curves (a) and high-pressure
phase diagrams (b) for NPG. Entropy—temperature curves (c) and high-
pressure phase diagrams (d) for KPFg. (e) Comparison between the
operating temperature ranges of regular BCE materials with that of
KPF¢.[19]

Tonic compounds, similarly to intermetallic compounds,
exhibit both ferroelectric and ferroelastic order during phase
transitions and can also be used to modulate caloric effects
through electric- and stress-field-driven phase transitions. Al-
though a dual field can modulate the phase transitions of in-
termetallic and ionic compounds, the phase transition entropy
change of such materials is usually small and is much lower
than that of the plastic crystal barocaloric materials that have
emerged in recent years.>>!8] In addition, intermetallic com-
pounds usually have a larger driving field for the phase tran-
sition, and their d7'/dP sensitivity is much lower than that
of organic or inorganic barocaloric materials. Table 1 lists
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the BCE parameters of different barocaloric materials to com-
pare their performance more directly. In general, intermetallic
compounds have high thermal conductivity, but the application
of these materials is hindered by high driving pressures and
low BCE. In contrast, organic and hybrid barocaloric materials
operate at low pressures and have excellent reversibility and

flexibility, although their heat transfer capability is lower. Fu-
ture developments will focus on combining the advantages of
these materials through composite architectures, microstruc-
tural design, and multifield coupling strategies, with the aim of
achieving high-performance, durable, and eco-friendly solid-
state refrigeration.

Table 1. Performance parameters of typical barocaloric materials. Here, (p), (ASyye), and (RC) are the maximum applied pressure, reversible

ASBcE, and refrigeration capacity of the listed materials, respectively.

. ATy ASpve RC AThys P ASBCE dr/dpP Thermal conductivity
Material 1 o1 1 1ol 1 1 o1 Ref.
Ky dJdkg " K) (Jkg') (K) MPa) (Jkg '-K') (KMPa™') (W-m™"-K™)

NPG 30 - 24138 24 91 389 0.13 0.37 [18,85]

PG 10 490 4948 11 240 490 0.09 0.36 [86,87]

AMP 16 - 10596 55 200 690 0.08 - [86,88]
CioH;5Br 10.4 20 - 9 60 88.3 0.25 0.684 [87]
CioH;5Cl1 - 208 14542 8.4 240 208 0.27 - [90]
(C10H21NH3),MnCly 12 250 8373 8.2 250 250 0.25 0.3 [62]
[TPrA][Mn(dca)3] 4.1 30.5 479 2.8 7 30.5 0.19 0.25 [71]
[FeL,][BF4]» 45 - - 4 430 76 0.152 1.4 [83]
Ni35.5C014.5Ml’l35Til5 4.2 22.8 - 6 100 24.2 0.058 - [80]

GdsSir Gey 1.3 - 149 5 300 6.2 0.035 5.64 [86,89]
Ni49_26Mn36_ogln|4_66 4.5 10 104 4.4 300 24.4 0.018 - [38]
LaFe;; 33C0047Si12 22 - 183 - ~240 8.7 - 6-7 [24]
(MnNiGe)(FeCoGe) 52 19.3 255 6.4 100 32.8 0.069 - [29]
NH4SCN 26 70 3755 28 100 128.7 0.258 - [2]
BaTiO3 3 - 155 4 390 1.47 0.056 0.8 [91]
Agl 18 60 1085 25 ~ 420 60 0.135 0.2 [92]
NHyl - 71 3046 26.1 80 71 0.79 - [93]

4. Outlook performance and carbon-free barocaloric solid-state refrigera-

In summary, the BCE represents a promising pathway
toward next-generation solid-state refrigeration, offering en-
vironmentally friendly alternatives to conventional vapor-
compression systems. However, challenges such as large
AThys, limited reversibility, and high driving fields still hin-
der the practical applications of barocaloric materials. Fu-
ture research should focus on developing barocaloric materi-
als that exhibit strong and reversible thermal responses with
high thermal conductivity, low driving fields, and enhanced
cyclic stability. The simultaneous application of multiple ex-
ternal fields (magnetic, electric, and mechanical) has demon-
strated clear advantages over single-field operation. Multifield
coupling can reduce phase transition barriers, suppress ATy,
and enhance both AT,g4 and ASjs,. This synergy enables tun-
able control of caloric effects and facilitates continuous, wide-
temperature cooling.

At present, it is difficult for existing different types of
barocaloric materials to achieve a comprehensive trade-off in
barocaloric performance, as they are unable to deliver out-
standing performance across all key BCE parameters simulta-
neously. Therefore, in the future, we should consider prepar-
ing composite barocaloric materials with excellent overall
properties and more efficient pressure-based solid-state refrig-
eration systems. The combination of synergistic field coupling
and intelligent materials design offers a viable route to high-

tion.
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