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Large electrocaloric strength and broad
electrocaloric temperature span in lead-free
Bag g5Cag 15Ti_xHf,Ozceramics

Xiangjian Wang,? Jiagang Wu,? Brahim Dkhil,© Chunlin Zhao,® Tangyuan Li, Wei Li®
and Xiaojie Lou*@

The electrocaloric (EC) effect of BaggsCagisTii_xHf Oz (abbreviated as: BCTH,) ceramics has been
systematically investigated using an indirect method. Our results indicate that the BCTHg e ceramic
exhibits a sharp ferroelectric—paraelectric phase transition, around which a large EC value of 1.03 K is
obtained under the electric field of 35 kV cm™, associated with a relatively broad electrocaloric
temperature span. The giant EC strength of the BCTHg g ceramic is 0.29-0.31 K mm kV~! under an
external electric field of 9 to 35 kV cm™2, which is larger than most previous values. The temperature of the
EC peak shifts to higher temperature as the electric field increases, which implies that electric field may be
another powerful tool to obtain a large EC value and modulate the EC peak. The ceramics with higher Hf
contents display a strong diffusive character. The BCTHg 15 ceramic shows a relatively small EC strength
(0.10-0.13 K mm kV™) with a broader EC temperature span. The diffusive feature of the BCTH, ceramics
with high Hf concentrations broaden the electrocaloric temperature span and meanwhile decrease the EC
strength considerably. Our results indicate that compositional modification in BaTiOs-based ceramics
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Introduction

Recently, the exploration of new types of solid-state refrigera-
tion has attracted considerable attention due to the risks
associated with greenhouse gas emissions and the urgent need
for next-generation solid-state cooling devices."” Promising
candidates for solid-state refrigeration that have triggered
extensive studies recently are mainly focused on caloric mate-
rials, especially electrocaloric (EC) materials.>* In EC materials,
the EC effect results from the temperature change induced by
the change in polarization of dielectric materials via the
application/removal of the electric field under adiabatic condi-
tions. In 2006, A. S. Mischenko et al.” reported a giant EC value
of 12 K at 480 kV em ™ * in PbZr, 9s5Tio 0505 films of 350 nm in
thickness. This work has stimulated many researchers to
explore the EC effect in inorganic and organic materials.>*™® It
is well known that large EC values could be readily achieved at
thin films, due to their high breakdown field. For instance,
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offers a promising route for designing potential dielectric cooling materials with excellent EC properties.

a giant EC value of 45.3 K was obtained in relaxor Pb, gBa, ,ZrO;
thin films with the coexistence of antiferroelectric and ferro-
electric phases at room temperature by Peng et al.® Unfortu-
nately, the lower heat capacity of thin films hinders their
application in medium and large-scale solid-state cooling
devices. Recently, bulk EC materials have been extensively
studied to enhance their EC values. These include BaTiO;-
based single crystals,>® ceramics,”**** Bi, ;Na, sTiO5-based
ceramics®?** and K, sNa, sNbO;-based ceramics.>® The BaTiO;-
based materials are considered favorably as suitable EC mate-
rials due to their relative low and tunable Curie temperature,
low coercive field and lead-free character. However, it remains
as a big challenge for scientists to further increase EC temper-
ature change up to 2 K for commercial usage in BaTiO;-based
ceramics due to their relative lower breakdown field. In the past
few years, it was suggested that a good way to enhance the EC
effect of the ceramic is to construct a morphotropic phase
boundary through compositional modifications. The piezo-
electric, electromechanical and electrocaloric properties of the
ceramics are enhanced significantly, which is attributed to the
comparable energy in the energy landscape at the coexistence of
multi-phases.” Based on this theory, large EC values have been
achieved using this theory in (1 — x)BaTiy gZr, ,03-xBa, ;Cag 3-
TiO; ceramics,>® BaTi;_,Sn,O; ceramics’ and Bag 9,Cag o6Ti1_x
Sn,O; ceramics.® For (1 — x)BaTiggZry,03-xBa, ;Cag 3TiOs
ceramics, the best EC properties were achieved for x = 0.30 by
Bai et al®” and x = 0.4 by Zhou et al.*® respectively. Such
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discrepancy may be related to the grain size of ceramic and
compositional fluctuations. To date, the mechanism underlying
the electrocaloric effect is not yet fully established.* In addition,
the magnitude of electric field is significant element to influ-
ence the EC effect. High electric field in ceramics may induce
significant Joule heating,*?*° breakdown and fatigue which
hinder their future application in efficient EC cooling. EC
strength n (n = AT/AE) is another important parameter to
characterize EC effect in different materials. Generally
speaking, large EC temperature are achieved at higher electric
field, provided that the ceramic does not suffer electrical
breakdown. On the other hand, EC strength has been observed
to decrease at higher electric field using indirect or direct
method in BaTiOs-based ceramics,?****' and 0.45BaZr,,Tig.g-
0;-0.55Ba, ;Cay 3TiO; single crystal.” The decreasing EC
strength is attributed to phase transition from the first-order to
more diffusive second-order under higher electric field.”®
Kutnjak et al. studied the EC effect using high-resolution calo-
rimeter, their results indicate that the maximum of EC strength
is occurred at electric field critical point in lead-based ceramic
relaxors® and BaTiO; single crystal.®

Previous results suggest that the diffuse or relaxor phase
transition in PbMg,;3Nb,/30;-xPbTiO; relaxors®?***** and
BaZr,,T, 305 relaxor ceramic** broadens the electrocaloric
temperature peak span, and is favorable for future refrigeration
applications. However, it remains as a big challenge to design
EC materials withstanding high electric field. It is highly war-
ranted to enhance EC effect under low electric field. Therefore,
it is desirable to study systemically the relationship between EC
effect and the magnitude of electric field. Previous studies***”
indicate that the compositional modification of B-site in BaTiO;
ceramic modulates the nature of phase transition. Here, the EC
effect of Bay g5Cag 15Tiy_Hf, O3 ceramics is studied at various
electric fields using thermodynamics Maxwell relations. Our
results show that the largest EC value of 1.03 K is obtained at 35
kV cm ™! in the BCTH, ¢ ceramic, associated with a giant EC
strength of 0.29-0.31 K mm kv~ under an external electric field
of 9 to 35 kv em™'. The BCTH, ,5 ceramic with strong diffuse
character exhibits broad electrocaloric temperature range
associated with relatively low EC strength.

Experimental

The BaygsCagsTi; <Hf,0; (x = 0.06, 0.10, 0.125, and 0.15)
ceramics were fabricated by conventional solid state method as
described elsewhere.*® The ceramics were coated with silver
pastes on the upper and bottom surfaces and sintered at 600 °C
for 10 min for electrical measurements. The crystal structures of
all ceramics were examined using X-ray diffraction (XRD Shi-
madzu 7000). The density of all the ceramics was measured
using Archimedes methods. The dielectric measurements were
conducted with a HIOKI 3532 LCR meter from —100 °C to
180 °C. The ferroelectric hysteresis loops (P-E) were measured
at different electric fields and temperatures using Radiant
precise workstation at 10 Hz. Heat flow analysis of these
ceramics was conducted by a differential scanning calorimeter
(DSC, TA Instruments Q200).
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Results and discussion

The room temperature XRD patterns of BCTH, ceramics are
shown in Fig. 1. These ceramics show a pure perovskite phase
without secondary impurity phase, indicating that Ca®** and
Hf'" ions have diffused into the BaTiO; lattice to form Bag gs5-
Cay.15Ti;_Hf,O;3 solid solution. The splitting of the (200) and
(310) peaks exist the mixture of tetragonal and monoclinic
phase in the BCTHg ceramics. The overlapping of the
diffraction peak around 45° at x > 0.10 indicates that the
structure transforms from tetragonal phase to pseudocubic one.

To investigate the phase transition behavior of BCTH,
ceramics, their dielectric constants as a function of temperature
were collected at 10 Hz, 100 Hz, 1000 Hz, 10 000 Hz and
100 000 Hz and 1 V during cooling process, as shown in Fig. 2.
The Curie temperature of all the ceramics decreases succes-
sively with increasing of Hf contents, it changes from T, =
104 °C (x = 0.06) to T. = 55 °C (x = 0.15). The dielectric
permittivity peaks of the ceramics become broader at higher Hf
contents, which indicates the existence of a composition-
induced diffuse ferroelectric phase transition. It was found
that the frequency dispersion of dielectric permittivity of
BCTH, ;5 ceramic becomes obvious, indicating that the phase
transition indeed becomes more diffuse.

In order to further present diffuseness character of the phase
transition in these ceramics, the modified the Curie-Weiss
law*>*® are suggested to determine the diffuse exponent v, as
follows: 1/e — 1/ey, = (T — Tw)"/C, where ¢, is the maximum of
dielectric constant and Ty, is the corresponding temperature. vy
and C are assumed to be constant. Fig. 3 shows the plot of In(1/¢
— 1/ey,) as a function of In(T — T,) of BCTH, ceramics at
10 000 Hz. For v = 1, a normal Curie-Weiss law is satisfied, and
v = 2 means a complete diffuse phase transition to relaxor
behavior. The diffuse exponent v is found to be ~1.65,1.81, 1.85
and 1.95 for BCTH, ceramics with x = 0.06, x = 0.10, x = 0.125
and x = 0.15, respectively. The diffuseness of these ceramics is
affected by the competition between Hf*" (0.71 A) and Ti** (0.61
10\) cations occupied in B-site of perovskite in nature. In addi-
tion, previous study has also reported that the sintering
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Fig. 1 Room temperature XRD patterns of BCTH, ceramics.
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Fig. 2 The dielectric constants of BCTH, (a) x = 0.06, (b) x = 0.10, (c) x = 0.125, (d) x = 0.15 ceramics as a function of temperature at 10 Hz,

100 Hz, 1000 Hz, 10 000 Hz and 100 000 Hz.
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Fig. 3 Plot of In(1/e — 1/¢,y,) as a function of In(T — T,,) for the BCTH,
ceramics at 10 000 Hz.

temperature also influence the diffuseness of phase transition
of BaTiO;-based ceramics.**

The heat capacity (Cp,) of BCTH, ceramics is displayed in
Fig. 4. The obvious heat flow peak is only observed in BCTH o6
compound. That implies the diffuseness weakens the heat flow
peak in other three ceramics. Obviously, C, increases with
increasing temperature, our data are in good agreement with
the previous results on other BaTiOs-based ceramics.>* In
order to evaluate the EC effect of BCTH, ceramics, the P-E

This journal is © The Royal Society of Chemistry 2017

hysteresis loops were measured at different temperature at
10 Hz. Fig. 5 displays the P-E hysteresis loops of BCTH,
ceramics at three different temperatures. Both polarization and
coercive field decrease as the temperature increases. The P-E
hysteresis loops indicate these ceramics are ferroelectric below
Curie temperature. The temperature is higher than its Curie
temperature, the P-E hysteresis loops shrink to an approximate
line, implies the nature of paraelectric feature. The inset of
Fig. 5(a) shows the pinched P-E hysteresis loop at low electric
field of 3 kV cm ™. From Fig. 5(d), one can see that the BCTH, ;5
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Fig. 4 The heat capacity (Cp) as a function of temperature of BCTH,
ceramics.
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Fig.5 The P—E loops of BCTH, (a) x = 0.06, (b) x = 0.10, (c) x = 0.125, (d) x = 0.15 ceramics under electric field of 35 kV cm™%. The inset: the
pinched P—E loops of BCTHq o6 under electric field of 3 kV cm™ at 94 °C.

ceramic shows relaxor-like feature, which agrees well with
dielectric permittivity results. It is also observed that both
polarization and coercive field decrease with increasing of Hf
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Fig. 6 The P-T curves of BCTH, (a) x = 0.06, (b) x = 0.10, (c) x = 0.125, (d) x = 0.15 ceramics at various electric field.
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Fig.7 Electrocaloric temperature change (AT) as a function of temperature of BCTH, (a) x = 0.06, (b) x = 0.10, (c) x = 0.125, (d) x = 0.15 ceramics
at various electric fields. The inset: electrocaloric temperature change (AT) of BCTHg g6 at 3 kV cm™t

the same temperature. The value of polarization decreases with
increasing temperature. However, the polarization of BCTH s
ceramic starts to increase with increasing of temperature and
then decreases at 3 kV cm ™", as seen in Fig. 6(a). This result can
be expected to obtain negative EC effect.

According to the thermodynamics Maxwell relation, the
adiabatic temperature change AT and isothermal entropy
change AS are calculated by the temperature dependence of

polarization by:*
T (% (0P
AT:——J (—) dE,
pCo Jp, \9T/

s () o
P JE T/

where p is the density of ceramic, E; (E; = 0 kV em™ ') and E, are
the initial and final external electric field, respectively. The heat
capacity C}, shows the temperature-dependent thermal proper-
ties. Previous studies® suggested that the usage of constant heat
capacity can obtain consistent EC value via indirect and direct
methods. Here, the zero-field heat capacity C, at room
temperature is chosen to calculate the EC temperature change.
The heat capacity C,, is 0.38, 0.40, 0.39 and 0.44 J g~ ' K™ ' for the

1)

(2)

This journal is © The Royal Society of Chemistry 2017

ceramic with x = 0.06, 0.10, 0.125, and 0.15, respectively. The
densities of these ceramics are 5.72, 5.81, 5.92 and 5.93 g cm >
for x = 0.06, 0.10, 0.125, and 0.15, respectively. Then, the (9P/
dT)r curves are obtained from the P-E hysteresis loops
measured at different temperatures and are fitted with a fourth
order polynomial equation.

The adiabatic temperature change AT (in Fig. 7) and
isothermal entropy change AS (in Fig. 8) in BCTH, ceramics are
obtained at various electric fields. It is found that negative EC
effect is observed at 3 kV em ™" in BCTH, o ceramic, as shown in
the inset of Fig. 7(a). Negative EC effect can be attributed to the
pinched ferroelectric hysteresis loops induced by the existence
of multiphase.*” Large EC values are obtained at higher electric
field in all ceramics. However, at higher temperature, the
ceramic becomes more leaky and readily breakdown. The
highest electric field of 35 kV cm ™" has been applied for the four
ceramics at measured temperature. Table 1 and Fig. 7 show that
the largest EC values at 35 kV cm™ " are 1.03 K for BCTH, o6, 0.74
K for BCTH, 14, 0.61 K for BCTH, 1,5, and 0.45 K for BCTH,, ;5,
respectively, all occurring near the ferroelectric-paraelectric
phase transition. The isothermal entropy change AS shows the
same change trend as the electrocaloric temperature change
AT. The corresponding isothermal entropy change AS are 0.98 ]

RSC Adv., 2017, 7, 5813-5820 | 5817
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fields.

Table 1 The temperature (Tecmax) Where the maximum EC value is  temperature of maximum AT and EC strength at various electric
z;ch|eve+d,2t£12tE3(25 tf\;nf::f"ltuzri E\?acr;gff;zt;iir/ﬂzntgcmax —20.and  fie]ds are displayed in Fig. 9(a) and (b). For BCHT, o ceramic,
Eemax ' ' the EC temperature change AT of 0.36 K occurs at 121 °C under
E Tyemax AT AT AT electric field of 12 kV ecm™, while AT increases to 1.03 K

Ceramic (kvem™)  (°C) (K)  (Tgemax— 20) (Tgemax +20) Occurring at 132 °C as electric field increases to 35 kV cm ™

Similar results are observed for other three ceramics, see Fig. 7.

BCTHo.06 ;i 1;3 (1)'22 g'gg g'i(l) Obviously, the temperature at which the maximum AT is ob-
9 117 026  0.22 0.21 Falned .for all the cerar.nlcs shifts t(,) higher temperature with

BCTH,., 35 123 0.74  0.67 0.64 increasing of the electric filed, see Fig. 9(a). Such phenomenon
21 117 0.44  0.40 0.38 indicates that the Curie temperature of these ceramics is shifted
9 106 0.16  0.14 0.14 to higher temperature under higher electric field, which agrees

BCTHo.105 35 103 0.61  0.57 0.57 well with previous works on 0.71PbMg;/3Nb,/;05-0.29PbTiO;
21 93 0.37 0.34 0.35 inol tal® BaTio inel tals™* d BaTiO.-based
° 83 013 012 012 single crystal,” BaTiO; single crystals®® and BaTiOs-base

BCTH,.; 35 100 0.45 043 0.43 ceramics.**** The elevated Curie temperature under higher
21 82 0.28 0.26 0.26 electric field is attributed to the electric-induced phase transi-
9 68 0.10  0.09 0.09 tion or change in domain configuration.*

The EC strength of all ceramics increases sharply below 15
kV em™", as shown in Fig. 9(b). The enhanced EC strength at low
electric field is dominantly attributed to the entropy contribu-
tion of non-180 domain switching.***” Above 15 kV cm ™, the EC
strength is nearly constant. Such results suggest that high EC
strength can be obtained at relative low electric field. Higher
electric field may induce electrical fatigue, mechanical cracks
and Joule heating, which are not desirable for practical

kg™ K~* for BCTHy, 06, 0.77 J kg~ * K~* for BCTH, 1, 0.64 ] kg ™*
K for BCTHy 155, and 0.54 J kg~ ' K ! for BCTH, 15, respec-
tively, under the electric field of 35 kV ecm ™', as displayed in
Fig. 8. It is well known that both large EC value and high EC
strength are beneficial for the application of cooling device. The

5818 | RSC Adv., 2017, 7, 5813-5820 This journal is © The Royal Society of Chemistry 2017
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applications. The polarization of BCTH, ¢ ceramic is saturated
easily at a relatively low electric field of 9 kv cm ™. However,
more diffusive second order phase transition is induced, along
with reduced EC strength with increasing of electric field. For
example, for BCTH, ¢ ceramic, the EC strength is up to 0.31 K
mm kv~ ' at 21 kv em ™, it decreases to 0.29 K mm kv~ ' under
an electric field of 35 kV em ™. The EC strength is larger than
most of lead-free ceramics®**>*” and even lead-based ceramic.*
For BCTH, ¢ ceramic, the EC values are 1.03 K at 133 °C, 0.89 K
at 113 °C and 0.81 K at 153 °C under electric filed of 35 kVem ™,
respectively, as shown in Table 1 and Fig. 7(a). Obviously, the
decrease in AT above the Tgnmax temperature is more significant
than that below the Tgn.x temperature. This implies that
superior EC effect can be obtained below Curie temperature.
The responding EC strength is 0.29 K mm kv ™', 0.25 K mm
kv~ ' and 0.23 K mm kV ', respectively, at 35 kV cm ™. Both the
EC value and EC strength decrease slightly below or above 20 °C
of EC peak temperature. The EC strength is 0.23-0.29 K mm
kv~ at the temperature span of 40 °C, which displays a rela-
tively broad EC temperature span. The EC strength of BCTHj ;5
is nearly constant, although this value is only 0.13 K mm kv ™" at
the range of 40 °C. For these ceramics, the maximum temper-
ature span becomes broader with increasing Hf content, which

This journal is © The Royal Society of Chemistry 2017
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can be attributed to the diffuseness character of the ceramics
with higher Hf doping level. Our dielectric and heat capacity
datas also confirm the diffuseness character with increasing Hf
content. Unfortunately, both EC value and EC strength decrease
dramatically in the ceramics with diffuse phase transition.

Conclusions

In summary, the BCTH, ceramics are fabricated using solid
state reaction route. We systematically investigated their EC
effect of these four ceramics as a function of temperature and
electric field using indirect method based on thermodynamics
Maxwell relation. The BCTH, s ceramic displays a sharp
ferroelectric-paraelectric phase transition, large EC value of
1.03 K at 35 kV em™ " is reported, associated with a relatively
broad EC temperature span. Under the electric field of 9 to 35 kV
em !, the EC strength is 0.29-0.31 K mm kv ', which are
comparable to the best results of previous studies. With
increasing Hf contents, the dielectric analysis shows that the
ceramics display strong diffusive character. The BCTH, ;s
ceramic has relative small EC strength (0.10-0.13 K mm kv )
and exhibit a broader EC temperature span. The decreasing EC
strength and broad EC temperature span are attributed to the
nature of diffuse feature of ceramic. In addition, the tempera-
ture of EC peak shifts to higher temperature as the electric field
increases, which suggests that electric field can be an useful tool
to tune the temperature of EC peak. Our results indicate that
compositional modification of BaTiO; ceramics may offer
a promising route for designing potential EC materials.
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