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In this study, the conventional and inverse barocaloric effects (BCE) in ferroelectric NH4HSO4 are re-
ported. Maximum extensive and intensive BCE near order—disorder phase transition can be achieved at
low pressure p <0.1 GPa. Large thermal expansion of the crystal lattice plays a very important role in the
developing conventional BCE and conversation between BCE of different sign in the narrow temperature

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, much attention is paid to caloric effects (CE) in
solids, particularly in ferroics, associated with the reversible change
in the temperature, AT,p, or entropy, AScg, under variation of the
external field in adiabatic and isothermal conditions, respectively
[1—4]. One of the main reasons for this interest is related to the
possibility to use the materials showing large CE's as solid state
refrigerants in alternative cooling cycles [5—8]. Among the CEs of
different physical nature, the barocaloric effect (BCE) is distin-
guished by a serious advantage associated with its universality.
Indeed, both extensive ASgcr and intensive AT,p barocaloric pa-
rameters strongly depend on the volume thermal expansion
(0V/0T),, which very often shows large change near the tempera-
ture of any phase transitions: ferroelectric, ferroelastic,
ferromagnetic
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p
oV T
ASpcg= — J (ﬁ) dp, ATsp = < ASpcE, (1)
p
0

where G, is the heat capacity.

The most intensively, BCE was studied in materials undergoing
ferroelastic [9,10] and ferromagnetic [11—14] phase transitions. As
to the ferroelectrics, their barocaloric efficiency was investigated
only sporadically [11,15—17]. It is known that the values and
behavior of the BCE depend on the behavior and change in the
entropy AS of the phase transition as well as on the sensitivity of
the phase transition temperature to hydrostatic pressure [9,10].
Thus, ferroics undergoing order—disorder transformations accom-
panied by large change in the volume and as result in baric coef-
ficient, dTy/dp = 0V/dS, are the most promising barocaloric
materials. Important requirements for caloric materials are also
their low cost and ecological tolerance.

It has recently been shown that ferrielectric (NH4)>,SO4 meets all
of the above requirements [15]. Due to significant values of
AS=17]/mol-K=RIn8 and dT,/dp=-45K/GPa, rather large
extensive and intensive BCE were observed in the region of the
phase transition Pnam — Pna2; under low pressure. In accordance
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with Eq. (1), the negative baric coefficient associated with the
negative value (8V/dT), is the reason of the inverse BCEjy in
(NH4)2S04 accompanied by increase/decrease in entropy/temper-
ature under pressure increase. It was also found that large coeffi-
cient of the volume thermal expansion of the crystal lattice, $;47,
can play an important role in formation of real BCE in material.
Indeed, in the case of ammonium sulphate, large positive value
Biar = 1.4 x 1074 K~ leads to decrease in the inverse BCE;,, under
pressure due to the appearance of the conventional contribution
BCE (ASgcg <0, ATsp > 0) [15]. The conversion from BCE;;,, to BCE oy
was observed in a narrow temperature range. When pressure in-
creases, the ratio between these values changes and at p = 0.25 GPa
is about BCE¢ny/BCE;i, = 0.15. Thus, to get correct information on
BCE in materials with large thermal expansion coefficient, it is
necessary to take into account the effect of pressure on the lattice
entropy. It is obvious that the magnitude of baric coefficient
strongly effects on the maximum value of the intensive BCE [18]. In
this respect, it is interesting to analyze both BCE in material with
anomalously large negative or positive dT /dp. From this point of
view, another ferroelectric crystal, ammonium hydrogen sulphate,
is very good example.

Indeed, NH4HSO4 undergoes two successive phase transitions
P2; /cPc+ P1, of the strong second and first order at T; =271 K
and T, = 159 K, respectively. One more difference is that anomaly of
volumetric thermal expansion coefficient is positive at T; and
negative at T, [19] which leads to BCE,y and BCE;,,. Thus, the
contribution from the thermal expansion of the crystal lattice to
both BCE will be also different. Despite the large difference in the
entropy of the phase transitions (AS;=1.2]/mol-K, AS, =7.6]/
mol-K), one can suppose that BCE.y, at T; could be strongly
increased due to rather large value of fj4r =2x10"4K~! far from
the phase transition points. In addition, like (NH4)2SO4, ammonium
hydrogen sulphate is also easy to prepare, cheap and environ-
mentally friendly.

In the present paper, we performed an analysis of extensive and
intensive barocaloric efficiency of NH4HSO, near both phase
transformations based on methods developed by us earlier [18]. For
this aim, the dependencies of AT,p(T,p) and ASgc(T,p) were
determined using data on total and anomalous heat capacity [19],
the T — p phase diagram and the dependencies of entropy of the
phase transitions on temperature and pressure.

2. Experimental details

Powder samples of ammonium hydrogen sulphate were ob-
tained by slow evaporation at 45°C from an aqueous solution
containing equimolar quantities of high purity raw materials
(NH4)2504 and H2504.

The quality of samples used for the experiments was checked at
room temperature using XRD, which revealed a monoclinic sym-
metry consistent with the space group P2; /c (Z= 8) suggested in
Refs. [20,21]. No additional phases were observed in the samples.
Fig. 1 shows the results of Rietveld refinement (Rwp=6.04,
Rp =4.23,%? = 2.06). The unit cell parameters a = 24.770(6)A, b =
4.611(1)A, c = 14.871(4)A, 3 = 89.70(1) grad are consistent with
the values determined in Ref. [21].

Quasi-ceramic samples of NH4HSO4 in the form of disks,
approximately 1.0 mm thick and approximately 6 mm in diameter,
were used for investigations. Because of the presence of ammo-
nium ion in crystal, the heat treatments of ceramics were not
performed. For dielectric measurements, electrodes on pellets were
formed by conducting glue covered the opposite sides of the
sample.

The effect of hydrostatic pressure on temperature and entropy of
the phase transitions was studied using a piston-cylinder type
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Fig. 1. Difference Rietveld plot for NH;HSO4 at room temperature.

vessel associated with a pressure multiplier. Pressure of up to
0.25 GPa was generated using a mixture of silicon oil and pentane
exhibiting optimal electrical and heat conductivity, solidification
point and viscosity as the pressure-transmitting medium. Pressure
and temperature were measured using a manganin resistive sensor
and a copper-constantan thermocouple, with accuracies of about +
103 GPa and +0.3 K respectively.

The dependencies T;(p) and T,(p) were revealed, firstly, in ex-
periments with differential thermal analysis (DTA) and, secondly,
by measurements of the permittivity e. In the former case, to detect
anomalies of DTA-signal associated with the heat capacity anom-
alies, high-sensitive differential copper—germanium thermocouple
was used. In the latter case, experiments were performed using an
E7-20 immittance meter. To ensure the reliability of the results, the
measurements were performed for both increasing and decreasing
pressure cycles.

3. Results and discussion

At ambient pressure, the anomalies of DTA signal and e were
detected at about T; = 271.5+1.0 Kand T, = 160+2 K (Fig. 2 (a) and
(b)), which agree well with values observed during measurements
of the heat capacity [19]. Fig. 2(c) shows that an increase in pressure
leads to linear increase and decrease in T; and T, respectively:
dT; /dp = +90+15 K/GPa and dT, /dp = —123+15 K/GPa which are
significantly higher than that for ammonium sulphate [15].

Due to the limited sensitivity of the DTA method, the area under
the DTA peak at T, represents a change in the enthalpy JH, (en-
tropy 0S, = 6H,/T,) jump at the first order phase transition Pc« P1
in NH4HSO4. An increase in pressure is accompanied by a linear
decrease in the value of 0S, which reaches zero at p=0.17 GPa
(Fig. 2(d)) that can be considered as corresponding to the pressure
of the tricritical point. On the other hand, it is unlikely that such a
low pressure may affect the degree of disordering of structural el-
ements in phases P2 /c and Pc, and as a result the total entropy
change at the Pc~ P1 transformation, AS;(p) = 6S2(p) + AS5(T, p),
remains constant. Here AS;(T, p) is the temperature- and pressure-
dependent contribution.

The analysis of extensive and intensive BCE in NH4HSO4 was
performed in three steps.

At the first stage, the possible influence of pressure on the en-
tropy of the crystal lattice AS;4r was not taken into account. Fig. 3
demonstrates the temperature behavior of the lattice S;a7(T) —
Suar(100K) = [{10(Crar/T)dT and total S = [}, (Cp/T)dT entropies
in the vicinities of T; and T,. Temperature dependencies S(T) under
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Fig. 2. (a) Temperature dependencies of permittivity for NH4HSO4 around T; and T, and (b) anomalous component of the DTA signal near T, at different hydrostatic pressure. (c)
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hydrostatic pressure.
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Fig. 3. Temperature dependencies of total entropy of NH4HSO, at different hydrostatic pressure near (a) T; and (b) T».

pressure were determined by summation of the lattice entropy Sy
and the anomalous contributions AS; and AS, shifted along the
temperature scale in accordance with the sign of baric coefficients
dT; /dp and dT, /dp. The values and behavior of extensive BCE,
ASgcg, at different pressure were determined from temperature
dependencies of the total entropy as a difference ASgcg = S(T,p)—
S(T,p=0) at constant temperature (Fig. 4(a)). The temperature
dependencies of the intensive BCE were revealed analyzing plots of
S(T,p) = Siar(T,p=0) + AS(T,p) at constant entropy S(T,p) =
S(T +ATup, p = 0) (Fig. 4(b)). Large difference in BCE at T; and T, at
the same pressure is the result of the different values of AS; and
AS;.

It is known [22] that if we neglect the contribution of the
thermal expansion of the crystal lattice, the maximum values of
both BCE are limited by the value of the entropy of the phase
transition:  (ASE¥)r; = AS;=-10]/kg-K, (AT{5)1 =2K;
(ASEEE )y = AS; =68]/kg-K, (ATi5*)r, =12K. However, un-
doubtedly important is the ability to realize in the material
maximum values of both BCE at low pressure.

Estimates made using the following relation p,,;, = TAS/
(CrardT/dp), valid for phase transitions of the first order [9], show
that the value (ASES )7, can be implemented in NH4HSO4 by rather

insignificant pressure 0.1 GPa. In fact, the rather large value
(ASpce)Ty = 0.95(ASEE )1 can be achieved even at much lower
pressure, p=0.02 GPa (Fig. 4(a)). However, intensive BCE, which
also depends on the dS;4r /dT derivative, is characterized by lower
increase rate under pressure and reaches (AT;5)r, at about
0.13 GPa (Fig. 4(b)). As to the second order phase transition, at
pressure 0.1 GPa extensive and intensive effects reach only about
18% of (ASgci)ry and (ATZp")r

At the second stage, effect of the lattice entropy change under
pressure on BCE in NH4HSO4 was studied. This contribution can be

evaluated using Maxwell relation (8Si47/8p)r = — (8V/0T),
p

ASuar(T.p) =~ [ (@V/3T)pdp= ~ Vinbuar (Tp. (2)
0

here Vi = 6.17 x 10~3 m3/mol) is the molar volume.

Taken into account the data of the thermal expansion study of
the related (NH4)2SO4 [15], it was suggested that the values of 84t
and Vi, of NH4HSO4 are also weakly depend on the pressure. Lattice
contribution was determined from the results of dilatometric study
of NH4HSO4 []9].
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Fig. 4(c) and (d) demonstrate that due to the same sign of both
derivatives, (8V/0T)r; and (8Vi4r/0T), there is a strong increase in
BCEconv. At p=0.15GPa, the values (ASpcg)rq = —18.8+1.5 J/kg-K
and (ATap)r; = 4.0+0.2 K are about one and a half times higher
than even the maximum values considered above as associated
with the phase transition entropy AS;. Thus, contributions of
(ASKATY. and (ATEAT ), to the full BCE at Ty are predominant.

On the other hand, at the same pressure, BCE;,, associated with
the phase transition Pc —P1 ((8V/0T)r, <0), is reduced to the
magnitudes (ASpcg)ry = 59+5 J/kg K, (ATap)rp = — 10.0+ 0.8 K by
BCEMT,,,, arising in accordance with Eq. (2), (8Viar/0T)>0:
(ASKATY, = —9.0+0.7 J/kg-K, (AT )7, = 1.5+0.1 K.

At last, at the third stage, we determine the behavior of exten-
sive and intensive BCE at T, taken into account the peculiarities of
experiments with DTA under pressure. As it was discussed above,
increase in pressure strongly decreases the entropy jump 0S, at the
first order phase transition Pc — P1 (Fig. 2(b) and (d)), while the
total entropy change AS, remains constant. Analyzing the de-
pendencies S(T, p) using both the DTA data under pressure and the
effect of the lattice expansion, barocaloric parameters at T, are
determined and presented in Fig. 5 in comparison with the data
obtained in the second stage. One can see that in this case the

70 - (a) B

ASgeg, Jkg K
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160 170

magnitudes of (ASEF ), and (AT45)r, are realized at almost the
same low pressure which was determined in the second stage
(Fig. 4(c) and (d)). The main difference was observed in the form of
peaks (ASpce)1(T) and (ATap) o (T) which is due to peculiarities of
the processes of measuring the heat capacity by methods of adia-
batic calorimeter and DTA.

Returning to the results of the BCE study at Ty, one can confi-
dently argue that it would be interesting and useful to investigate
the influence of the thermal expansion of the crystal lattice on
conventional BCE in ferroelectrics characterized by large §;4r and
undergoing order—disorder transformation with the positive baric
coefficient.

4. Conclusion

This paper demonstrates BCE in NH4HSO4 undergoing two
successive ferroelectric phase transitions characterized by signifi-
cantly different entropy changes (AS;=1.2]/mol:K, AS, =7.6]/
mol-K) and large baric coefficients of different sign
(dT, /dp=-+90 K/GPa and dT, /dp =-123 K/GPa). Hydrostatic pres-
sure strongly decreases the entropy jump at T, which reaches zero
at a pressure of 0.17 GPa. Very low pressure is needed to realize the
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Fig. 5. (a) Barocaloric entropy and (b) adiabatic temperature changes at different hydrostatic pressure determined using DTA data on a jump of the entropy (thick lines) and data

presented in Fig, 4(c) and (d) (thin lines).
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maximum values of the extensive and intensive inverse BCE. Large
thermal expansion of the crystal lattice leads to two very important
points. Firstly, the conventional BCE can be greatly increased to
values much higher than the magnitudes corresponding to the
entropy of the phase transition. Secondly, in the case of the negative
baric coefficient, a conversion from the inverse to conventional BCE
can be realized by low pressure in the narrow temperature range.
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