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The barocaloric effect is considered as one of the most promising refrigeration with the potential to replace traditional
gas compression refrigeration. One of the main obstacles to the application of barocaloric materials lies in the requirement
for high driving pressures. In this paper, we report on the barocaloric effect of Pb3(VOy),, which exhibits a ferroelastic
transition from a high-temperature trigonal structure to a low-temperature monoclinic structure at 357 K, accompanied by
a substantial volume change. The entropy change induced by hydrostatic pressure can reach up 14 J-kg~!-K~! under a
relatively low pressure of 80 MPa. This work is expected to expand the selection range of barocaloric materials.

Keywords: solid-state refrigeration, barocaloric effect, ferroelastic transition

PACS: 68.35.Rh, 62.50.—p, 81.40.Vw, 07.20.Mc
DOI: 10.1088/1674-1056/ada9d8

1. Introduction

Conventional vapor compression refrigeration technology
is extensively employed in diverse areas including air condi-
tioning, industrial refrigeration, and pharmaceutical storage.
However, it would result in significant emissions of green-
house gases, thereby not meeting contemporary standards for
environmental preservation and energy efficiency. Conse-
quently, solid-state refrigeration that is based on caloric ef-
fects has received substantial focus considering that the work-
ing substances are emission-free and environmentally friendly.
Solid-state refrigeration refers to change of entropy and adia-
batic temperature in response to external fields. Depending
on the type of external fields, such as magnetic field, uniaxial
stress, electrical field, and hydrostatic pressure, the caloric ef-
fect are categorized as magnetocaloric effect (MCE),[%) elec-
trocaloric effect (ECE),?*! elastocaloric effect (eCE), > and
barocaloric effect (BCE).!7:8!

The BCE refrigeration has received extensive attention
over the past decade. In general, significant BCE can be
frequently achieved at low pressures (such as < 100 MPa),
comparable to MCE induced by substantial magnetic fields
larger than 3 T, ECE by electric fields in the magnitude
of kV-m~!/MV-m~!, or eCE by uniaxial stress larger than
500 MPa.
sive and heavy rare-earth-based permanent magnets, and ex-

The excessive magnetic fields require expen-

cessive voltage would cause electrical breakdown phenom-
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ena. By comparison, a hydrostatic pressure of less than
100 MPa is more easily accessible. Besides, the BCE per-
formance of the materials is less affected by cycling fa-
tigue characteristics. More important, the BCE materials
do not have systematic selectivity. Any substance exhibit-
ing volume changes under hydrostatic pressure can poten-
tially exhibit BCE. Therefore, the BCE is considered the
most promising alternative to traditional gas compression re-
frigeration. Until now, BCE has been observed in a di-
verse array of materials, including MCE materials,”~'?! hy-

brid organic—inorganic compounds,!'3!4 ferroelectrics,1>16]

superionic conductors,!78 fluorides and oxyfluorides,1°->!1

22231 plastic crystals.[>*?3] These

frustrated antiferromagnets,[
materials exhibit significant barocaloric entropy changes as-
sociated with magnetic, electrical, and structural phase transi-
tions. However, BCE materials undergoing ferroelastic phase
transitions remain rarely reported. Ferroelastic materials are
characterized by spontaneous strain modulation in reaction to
external mechanical stress, often accompanied by lattice struc-
tural changes and substantial volume change across a first-
order ferroelastic-to-paraelastic phase transition. Such mate-
rials hold promise for achieving significant BCE performance.

One of the primary challenges in practical application
of BCE materials lies in achieving substantial BCE entropy
changes only at relatively high driving pressures. Applying
excessive pressure in practical applications would increase
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http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

036801-1


https://doi.org/10.1088/1674-1056/ada9d8
https://cstr.cn/32038.14.CPB.ada9d8
mailto:wangdh@hdu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 34, 036801 (2025)

power consumption and equipment instability. Currently, the
optimal driving pressure for most leading BCE materials typ-
ically exceeds 200 MPa.[!1-2] Recently, the driving pressure
of some newly discovered BCE materials has been reduced to
100 MPa.?”-28] Nonetheless, achieving excellent BCE perfor-
mance at lower driving hydrostatic pressures remains a sig-
nificant challenge. Additionally, evaluating the pressure co-
efficient d7;/dP of materials, which quantifies the change in
phase transition temperature induced by hydrostatic pressure,
has emerged as an effective approach for assessing pressure
sensitivity. This parameter is also crucial in determining the
suitability of materials for efficient and low-pressure BCE ap-
plications.

In this paper, we report the BCE performance of lead or-
thovanadate Pb3(VOy4), possessing a ferroelastic phase transi-
tion. This vanadate belongs to the Pb3(XO4), family of com-
pounds (X =P, As, V).[29’3O] It shows a first-order phase tran-
sition from ferroelastic to paraelastic phases at 357 K, accom-
panied by significant volume changes.*!! Moreover, the phase
diagram of Pb3(XOy4); shows that the phase transition temper-
ature decreases with increasing pressure.*>33] It exhibits an
entropy change of 14 J-kg~!-K~! at the phase transition tem-
perature under a relatively low pressure of 80 MPa. We sug-
gest the ferroelastic phase transition oxide as a novel category
of BCE materials, showing potential for BCE refrigeration ap-
plications.

2. Experimental methods

The Pb3(VOy4), sample was synthesized using the solid-
state reaction method. V;0Os and PbO reagent grade chem-
icals were mixed in a molar ratio of 1:3 and placed in an
The mixture was heated at 1000 °C for
1 day, followed by grinding and further heating at 1200 °C
The phase
structure was analyzed by variable temperature x-ray diffrac-

alumina crucible.
for 2 days, then cooling to room temperature.

tion (XRD) patterns with Cu-K « radiation in the temperature
range of 340 K to 390 K. Variable temperature Raman spec-
troscopy was tested with the aid of in situ variable temperature
test platform (HCP421V-MP) purchased from Instec Inc. and
achieving large range, rapid, stable heating and cooling pro-
cesses. Heat flow measurements under selected hydrostatic
pressures were conducted using the DSCuDSC 7 EVO, which
integrated a pneumatic system capable of applying hydrostatic
pressure up to 100 MPa using high-pressure nitrogen. The
scanning rate was 0.1 K-min~!, and the low rate of tempera-
ture ensured the accuracy of the test data. For pressure testing,
the sample was enclosed in a high-pressure container, and the
desired pressure was controlled by a dedicated high-pressure
gas panel. The first-principles based on density functional the-
ory (DFT) were performed calculate the formation energy and
band gap using the AMS-BAND software.

3. Results and discussion

Figure 1 shows the XRD patterns of the Pb3(VO4), mea-
sured at 350 K and 360 K, which can characterize the phase
All diffraction
peaks are indexed based on the standard reference card. At
the temperature of 360 K, Pb3(VOy4), exhibits a trigonal struc-
ture within the R-3m space group. Upon cooling to 350 K, a

structure across the ferroelastic transition.

transition to a monoclinic structure characterized by the P2 /¢
space group is observed. This change of XRD pattern suggests
that the phase transition temperature of Pb3(VOy4), occurs be-
tween 350 K and 360 K.

Intensity

<>

Fig. 1. The XRD patterns of the Pb3(VOy), at 350 K and 360 K.

(a) ? Po (b)

Fig. 2. Crystal structure of the Pb3(VOy,), sample: (a) high-temperature
trigonal phase, (b) low-temperature monoclinic phase. The black sphere
represents the Pb atom, the yellow sphere represents the V atom, and the
red sphere represents the O atom.

Two different crystal structures of the Pb3(VO,), sample
are illustrated in Fig. 2. In Pb3(VOy4), crystals, Pb-layers and
O4-layers are stacked along the c-axis, with V atoms coordi-
nated by four nearest neighbor O atoms to form [VOy4] tetra-
hedra. In the case of trigonal phase at high temperature, the
V atom predominantly occupies a central position within the
[VOq4] tetrahedra. The stacking of atomic layers is orthogonal
to threefold axis. Upon cooling, Pb3(VO4); undergoes a phase
transition from a trigonal structure to a monoclinic structure.
The V atom at the center of the [VO,] tetrahedra and Pb atom
originally along the threefold axis displace, and the threefold
symmetry is broken.
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In order to obtain further insight into the structure of
Pb3(VOy4),, the phase transition was investigated by means
of variable temperature Raman spectroscopy. As shown in
Fig. 3, the Raman spectrum consists of three groups locat-
300 cm™! to 400 cm™! and
! regions, respectively. In the bands

ing at 50 cm™! to 240 cm™!,
700 cm™! to 900 cm™
lying in the 50 cm™! to 240 cm™! range that are attributed
to external modes of the lattice, a modification of the spec-
tra can be observed between 350 K and 360 K. The spectra at
360 K and 350 K have a typical band locating at 150 cm™!
and 214 cm™!,

the external lattice vibration mode of Pb3(VOy), is changed.

respectively. This phenomenon indicates that

Furthermore, the band of 317 cm™! that is assigned to the vi-
brations of (VO4)3~ ion shifts to 325 cm™!.

in Raman spectra correspond to the distortion of [VOy4] tetra-

These changes

hedra in the crystal structure across the phase transition from
high-temperature trigonal phase to low-temperature mono-
clinic phase between 350 K and 360 K. These structural
changes across the phase transition suggest that Pb3(VO4), has
the potential to show a significant BCE.

I 834 cm™!
= ‘ 1312 cm ™!
z 150 cm | R-3m 370 K
=1 1
- I
S 1317 cm™! 834 cm™!
g 150 cm~—1 | R-3m 360 K
© 1
Na) | MU e
>, 1325 cm ! 834 cm
-‘é 2% P2i/c 350 K
g ! 1
R : 325 cm™! 834 cm
2% P2,/c 340 K
0 200 400 600 800 1000 1200

Raman shift (cm™1!)

Fig. 3. Raman scattering spectra of the Pb3(VOy4), sample recorded
between 340 K and 370 K.

Deriving barocaloric entropy changes from isobaric
calorimetric curves is a commonly accepted quasi-direct
method for assessing the barocaloric performance. The
temperature-dependent heat flow profiles are recorded under
several selected hydrostatic pressures up to 80 MPa, which is
depicted in Fig. 4(a). These profiles manifest distinct peaks
The T; value for
the ferroelastic phase transition at ambient pressure is deter-

at transition temperatures, denoted as T;.

mined to be 357 K, which is consistent with corresponding
deductions derived from XRD analyses either. With increas-
ing pressure, a noticeable downward shift of 7; is observed.
This means the pressure tends to stabilize the trigonal phase,
which has a smaller unit cell volume compared to the mon-
oclinic phase. The rate at which the phase transition tem-
perature moves with pressure, which is called as the pres-
sure coefficient d7;/dP, is calculated to be 120 K/GPa for

both cooling and heating cycles, as shown in Fig. 4(b). It is
worth to note that the pressure coefficient of Pb3(VOy4), ex-
ceeds that of most previously reported barocaloric materials to
date, such as 18 K/GPa for Nigg 26Mnsg.0gIn 14 66, 94 K/GPa
for LaFe;;33C00.47Si11.2,1% 35 K/GPa for GdsSi;Ge,, [
50 K/GPa for (NH4)2S0O4,[151 and so forth. This indicates the
extreme sensitivity of Pb3(VO4); to hydrostatic pressure, sug-
gesting its potential for generating large entropy changes even
under relatively low hydrostatic pressures.

2
Pbs(VOy)s
z
~ O
3 .
2
S
o1t Heatlng
g ——1 bar
T ——20 MPa
—2F ——40 MPa
— 60 MPa
80 MPa
-3 330 340 350 360 370 380
Temperature (K)
370
o —a— Cooling (b)
\ —e— Heating
. 365 .
X
:)/ \o
£ 360f ™~
g . \o
5 355 T~ 120 K/GPa
o}
H !
350f T~
\.
345 . . . .

0 20 40 60 80
Pressure (MPa)

Fig. 4. (a) Heat flow data for the Pb3(VOy4), sample for both cooling
and heating cycles under several hydrostatic pressures up to 80 MPa.
(b) Transition temperatures as a function of hydrostatic pressure.

From the measured heat flow data under selected hydro-
static pressures, the isobaric entropy change across the first-
order phase transition can be calculated using the following
equation:

Tl&dT (D

smm_umm:/
where Q T, and P represent the heat flow, rate of transition
temperature change, and hydrostatic pressure, respectively.
The integral is based on heat flow data with the baseline sub-
tracted, focusing solely on the contribution from the ferroelas-
tic transition. The calculated isobaric transition entropy ob-
served across the ferroelastic transition for both cooling and
heating runs is plotted in Figs. 5(a) and 5(b), respectively. It
can be found that the isobaric transition entropy reaches up
14 J-kg~!.K~!. Besides, based on pressure coefficient d7;/dP
and the isobaric transition entropy, the spontaneous fractional
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volume change Av across the first-order ferroelastic transition
can be estimated by the Clausius—Clapeyron relation

d7; Av
—v..[= 2
> =Va <AS)T:TJ )

where V},, is the molar volume. The volume change Av at T; is
calculated to be —1.5%, which is in agreement with the results

[321 The studies on thermal expansion

reported by Midorikawa.
indicate notable reductions in strains along distinct crystallo-
graphic directions — Ac, Aa; and Aa,. This substantial vol-
ume change during the first-order ferroelastic transition plays
a crucial role in contributing to the isobaric transition entropy

of Pb3 (VO4)2.

16

14} @ 7
~ 12F —1 bar
X 10} —20 MPa
& —40 MPa
> 8t —60 MPa
~ 6l 80 MPa Cooling
=
S
0 o

0
—2

330 340 350 360 370 380 390
Temperature (K)

16
14} (b) P —
— 12r
X
o wor 4 bar
~ 8} —20 MPa
Py
.2 —40 MPa
= 6F —60 MPa Heating
5 nt 80 MPa
0
2 L
0
_92 L L L L L
330 340 350 360 370 380 390

Temperature (K)
Fig. 5. Temperature dependence of isobaric transition entropy for the
Pb3(VOy4), sample on (a) cooling and (b) heating at various pressures
obtained from heat flow data.

By subtracting the isobaric transition entropy curves
measured under several selected hydrostatic pressure to the
one measured under ambient pressure, the pressure-induced
barocaloric entropy change (ASgcg) can be obtained by

ASBCE(O%p):S(Tap)_S(TaO)a (3)

The results are plotted in Figs. 6(a) and 6(b), respectively,
illustrating the expected trend where ASpcg increases pro-
portionally with applied pressure. Moreover, the Pb3(VO4),
sample shows a maximum value of 14 J-kg=!-K~! achieved
under the pressure of 80 MPa, which is readily accessible
under conventional condition. It is noteworthy that even at

40 MPa, the entropy change retains a substantial value of up
to 11 J-kg~!-K~!. Up to now, the barocaloric materials that ex-
hibit large entropy changes under such low pressure are rarely
reported. For practical applications, excessive pressure appli-
cation can lead to increased power consumption and equip-
ment instability. The characteristic of Pb3(VOy); being re-
sponsive to lower pressures holds considerable promise for
practical applications.

0
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Fig. 6. Pressure-induced barocaloric entropy change as a function of
temperature for (a) p — 0 and (b) 0 — p.
Based on thermodynamic theory, the transition entropy
change at finite temperature can be calculated by the Gibbs
free energy formula

AG = AH — TAS. 5)

Here, AG and AH represent Gibbs free energy and enthalpy,
respectively.
formation energy of Pb3(VOy4), between two phases. The

We use first principles DFT to estimate the

DFT-based first principles calculations for structure were car-
ried out with Vienna Ab initio Simulation Package (VASP)
plane wave ab initio code using general gradient approxima-
tion (GGA).[3*3] Based on DFT calculation, the difference in
formation energy between the high-temperature trigonal phase
and the low-temperature monoclinic phase, also known as en-
thalpy change, is 1.307 kcal/mol. By substituting AH between
the two phases into the formula, the entropy change value
of Pb3(VOy), at 357 K is calculated to be 17.9 J-.kg~!-K~1,
which is similar to the experimental result.

It is well known that the total entropy change is the sum
of the changes of magnetic entropy, electronic entropy, and
lattice entropy. Based on DFT calculation, the band gap of
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high-temperature trigonal phase and low-temperature mono-
clinic phase is calculated to be 2.84 eV and 2.79 eV, respec-
tively, indicating that Pb3(VOy,), is an insulator. Consequently,
the electronic entropy changes are negligible and can be disre-
garded. Similarly, the magnetic entropy changes in Pb3(VO4)>
can be ignored either because the magnetic moments are ab-
sent. As mentioned above, Pb3(VO4), undergoes a first-order
ferroelastic phase transition at 357 K, and also exhibits a first-
order ferroelectric phase transition at room temperature of
273 K. However, the entropy change associated with this fer-
roelectric phase transition is as small as 3.8 J-kg~!-K~1.132.36]
This can be attributed to the fact that Pb3(VO,), undergoes
changes primarily in the spontaneous polarization order pa-
rameter across the ferroelectric phase transition, while main-
taining a consistent monoclinic crystal structure without sig-
nificant alterations, leading to a relatively small lattice en-
tropy change. In contrast, the ferroelastic phase transition in
Pb3(VO4);, involves a structural transition from trigonal struc-
ture to monoclinic structure, accompanied by a significant vol-
ume contraction of —1.5%, resulting in a comparatively large
entropy change. Therefore, the barocaloric entropy change in-
duced by hydrostatic pressure in Pb3(VOy4), primarily arises
from the lattice entropy associated with the first-order ferroe-
lastic structural phase transition.

4. Conclusion and perspectives

In summary, we have investigated the BCE performance
of Pb3(VOy4),. This material undergoes a ferroelastic tran-
sition from a high-temperature trigonal structure to a low-
temperature monoclinic structure at 357 K. It possesses high
sensitivity to pressure with a pressure coefficient reaching up
to 120 K/GPa in both heating and cooling cycles. Under a
relatively low pressure of 80 MPa, Pb3(VO4), shows signifi-
cant pressure-induced isothermal entropy change of ASpcg =
14 Jkg~'K~!. We suggest the ferroelastic phase transition
oxide as a novel category of BCE materials, showing promis-
ing potential for BCE refrigeration applications.
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