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Abstract: The bimodal grain-size distribution 0.9KNbOs:-0.1BaTiOs ceramics, with a typical perov-
skite structure in tetragonal phase at room temperature, were successfully prepared by an induced
abnormal grain growth (IAGG) method at a relatively low sintering temperature. In this bimodal
grain-sized distribution structure, the extra-large grains (about 10-50 pm) were evolved from the
micron-sized filler powders and the fine grains (about 0.05-0.35 um) were derived from the sol pre-
cursor matrix. The 0.9KNbOs-0.1BaTiOs ceramics exhibit relaxor-like behavior with the diffused
phase transition near room temperature, and confirmed by the existence of the polar nanodomain
regions (PNRs) using the HRTEM images. The large room-temperature electrocaloric (EC) effect
was found, characterized by an adiabatic temperature drop of 1.5 K, an isothermal entropy change
of 2.48 J kg K1, and high EC strengths of |AT/AE| = 1.50x10KmV- and AS/AE = 2.48x10¢ JmkgK-
V-ldirectly measured under E =1.0 MV/m. These excellent ECEs demonstrate that this simple IAGG
method is highly appreciated for synthesizing high-performance EC materials for efficient cooling
devices.

Keywords: electrocaloric effect; abnormal grain growth; bimodal structure; grain-size distribution;
polar nanodomain regions

1. Introduction

The electrocaloric (EC) effect refers to the adiabatic temperature change in a polar
material under an electric field, due to the isothermal entropy change associated with the
electric field induced polarization change [1-3]. The EC effect for a ferroelectric has been
attracting continuous attention because of the zero-global-warming-potential applications
in solid-state refrigeration, which is regarded as the best solution for cooling microelec-
tronic devices due to the ease of miniaturization, high efficiency, and low cost. Based on
these considerations, a “good” EC material should possess the large isothermal entropy
change (AS) and thus large adiabatic temperature change (AT) under a reasonable electric
field E. In the other words, large EC strengths defined by | AT/AE| and AS/AE are favored,
where parameters T, S, and E are the temperature, isothermal entropy, and applied elec-
tric field, respectively. Also, the wide working temperature range near room temperature
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(RT) is favored in order to develop high performance EC cooling devices [4-6]. Therefore,
one critical question here is how to design and develop high-performance dielectric ma-
terials which are capable of generating giant EC effect over a broad T-range near RT, un-
dera relatively low electric field.

A thorough review of the state-of-the-art researches on the EC materials suggests that
perovskite relaxor ferroelectrics (RFE) with a similar first-order phase transitions could
be suitable solid-state systems because they present the large EC effects with much mild
temperature dependency and low hysteresis loss [7, 8]. On the other hand, the quest for
an even higher EC effect in bulk ceramic materials is prior to any type of materials other
than ceramics, which could be implemented in the medium- and large-scale cooling de-
vices because of the high refrigeration capacity [9]. However, in the recent decades, re-
searchreports on a series of FE perovskite materials in terms of enhanced EC effect re-
vealed that the as-generated AT is limited and the largest AT is less than 2 K at best in
response to AE< 50 kV cm™, a relatively large electric field. This AT value could not meet
the request of commercial applications [5] and thus substantial effort is still urgently
needed.

Additionally, in analogy to the current trends in piezoelectric technology, highly ap-
preciated EC materials should also be lead-free that could in future replace the lead-con-
taining materials for environmental considerations. Among various FE perovskites,
KNbOs (KN)and BaTiOs (BT), typically environmentally friendly materials of the first-or-
der ferroelectric (FE) transitions, have been paid much attention due to their excellent
electrical properties [10]. KN is a well-known FE material that exhibits the same symme-
tries and phase transition sequence as BT, and it undergoes the structural phase transi-
tions from cubic to tetragonal at its Curie temperature T = Tc ~ 435°C and further from
tetragonal to orthorhombic at ~ 225°C upon cooling from high temperature to room tem-
perature [11]. Although it was theoretically calculated that large EC temperature change
can be achieved near the Curie point, e.g. AT ~ 6 K at T ~ 435°C for KN, and AT ~ 1.5 K at
12°C for BT [12], these individual materials are not desired for practical cooling device
applications due to their best EC performance is achievable only far above RT.

Physically, it is known that appearance of the largest EC effect around T. for a FE
material is ascribed to the fact that external field induced isothermal entropy change usu-
ally reaches the largest around T.. Therefore, a good EC material is required to have its
Curie point close to the device operational temperature, such as RT for most practical ap-
plications. Furthermore, the thermal hysteresis in terms of FE polarization over the phase
transition region should be as weak as possible, since such a hysteresis loop represents
the energy loss during the device operation [4]. Keeping in mind these issues, one under-
stands that a good EC system should have its Curie temperature around RT on one hand,
and exhibit weak thermal hysteresis on the other hand.

An immediate choice to fit the above requirement is a KN-BT solid solution which
allows a remarkable reduction of the Curie point with respect to both KN and BT. And
the 0.9KNbOs-0.1BaTiOs (KN-BT(9/1)) solid solution exhibits its Curie temperature of Tc ~
50 °C, which is very close to RT. In addition, a solid solution, consisting of two distinct FE
components with remarkably different T, favors a diffused phase transition from the
high-T paraelectric phase to low-T FE phase, accordingly leading to the weak thermal
hysteresis [11].

Nevertheless, so far there has been no report on the EC effect of this KN-BT(9/1) sys-
tem, mainly because the preparation of highly dense KN-BT(9/1) ceramics has been un-
successful due to the large differences between the properties of cations involved in KN
and BT using the conventional solid-state reaction technology, noting that the melting
point of KN is as low as 1040 °C, but that of BT is as high as 1625 °C. In addition, the
potassium oxide (K20) is volatile over 800 °C and its evaporation from the system can be
accelerated by the humidity in the sintering environment, resulting in deviated stoichi-
ometry and thus easy formation of unwanted phases [13]. A proper sintering method to
overcome this deficiency would be highly appreciated if one plans to sinter high-quality
KN-BT(9/1) ceramics.
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In this study, a new sintering technique, the so-called induced abnormal grain
growth (IAGG) method developed by us in the previous work [14], was introduced to
prepare KN-BT(9/1) ceramics with a novel bimodal grain-size distribution structure via a
conventional solid-state reaction simply and easily. This bimodal grain-size microstruc-
ture (briefly called the bimodal structure) is consisted of a small amount of large-sized
grains uniformly embedded in the matrix of nano & fine-sized grains. And the large grains
are evolved from the micron-sized KN-BT(9/1) powders (fillers), simultaneously, the
small ones are derived from the nano-sized KN-BT(9/1) particles (matrix), which all are
well sintered at a relatively low sintering temperature. Our results reveal that the highly
dense and chemically stoichiometric KN-BT(9/1) ceramics can be obtained; also, the excel-
lent EC performance can be exhibited which is capable of generating large EC effect under
a small electric field near the RT. These advantages would be characterized by optimizing
the processing route and sintering behavior so that the structure- EC property relation-
ship can be developed.

2. Materials and Methods
2.1. Preparation of the filler and matrix powders

Micron-sized KN-BT(9/1) powder (as fillers) was fabricated using KN and BT as raw
powder by the conventional ceramic processing. Herein, the KN powder was calcined at
640 °C for 4 h using pure grades of K2COs and Nb20s powder as starting materials. Then,
the calcined KN was again ball-milled for 24 h and dried at 120 °C for overnight. Subse-
quently, 0.9 mol KN and commercially high purity nano-sized 0.1 mol BT powder (pow-
der diameter Ds0=50 nm, SAKAI Chemical Industry Co. Ltd. Japan) were weighed and ball
milled, after the drying, the uniformly mixed powder was calcined at 900 °C for 2 h, and
then ball-milled for 24 h and dried at 120 °C for overnight for further use, as shown in Fig.
S1(a).

A modified Pechini method was introduced to prepare for the KN-BT(9/1) sol pre-
cursor. All raw materials were weighed according to the formula. For the Nb-sources, the
Nb205 (99.95%, Alfa Aesar) powder was used and dissolved in hydrofluoric acid (48-51%,
ACS, Alfa Aesar) at 80 °C, and then ammonium hydroxide (28% NHs, Alfa Aesar) was
tardily added into the solution until the pH value reached 10, followed by filtering, wash-
ing, and drying of the sediment at 80 °C for 10 h. Consequently, the niobium hydroxide
was formed. The Nb-source was then obtained by dissolving the niobium hydroxide in
citricacid (CA) solution. For preparing the metal-CA solution (metal: K and Ba), K2COs and
BaCOs were dissolved directly in CA solution. For the Ti-CA solution, tetrabutyltitanate
(C16H3604Ti, 96%, Alfa Aesar)with the CA solution was heated to 80 °C until the solution
became transparent. Finally, all above metal sources were mixed, and the ratio of CA:EG
(ethylene glycol) was set as 1/4 and pH value was set to 10. The KN-BT(9/1) precursor
solution was obtained by stirring the solution at 80 °C for 2 h, and dried at 120 °C for 24 h,
and then calcined at 900 °C for 2 h as matrix particles. The detailed synthesis routes are
shown in Fig. S1(b).

2.2. Preparation of bimodal structure KN-BT(9/1) bulk ceramics

The processing scheme of the IAGG method is shown in Fig. S1(c), firstly, the fillers,
i.e.,, micron-sized KN-BT(9/1) particles was dispersed in nano-sized KN-BT(9/1) powders
(as the matrix), and then ball milled for 4 h to form uniform suspension with an assistant
of ball media ethanol. The homogeneous slurry was completely dried at 120 °C. Then, the
dried powder was used to prepare green pellets with a diameter of 10 mm and a thickness
of about 1 mm. Finally, the green pellets were sintered at 1000-1050°C for 2 h in air with
a heating rate of 2 °C/min. At the same time, by comparison, the green pellets also were
prepared using the conventional ceramic processing, and Sol-gel technique as shown in
Figs. S1(a)—(b), and then sintered at 1050 °C for 2 h in air with a heating rate of 2 °C/min
respectively.
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2.3. Characterizations
2.3.1. Microstructure and morphology

The crystal structures are examined using the X-ray diffraction (XRD, Bruker D8 AD-
VANCE) with CuKu radiation (1.5418 A, 40 kV, 40 mA) at a scan step of 0.02° at room
temperature. The SEM images are applied to observe the natural surface of bulk ceramic
samples, also, the composition analysis was done using the energy dispersive X-ray spec-
troscopy (EDS) with the SEM facility (SEM, JEOL JSM-6335F). A high-resolution transmis-
sion electron microscope HRTEM images (Tecnai G2 F20 S-Twin, USA) and the corre-
sponding SAED patterns (Selected Area Electron Diffraction, SAED) were applied to ob-
serve the morphologies of micron-sized or nano-sized KN-BT(9/1) powders.

2.3.2. Measurement of the specific heat capacity

The determination of specific heat capacity of the samples was performed using the
Mettler Toledo DSC3 instrument according to the Sapphire method. The heat flow was
measured directly from -50 — 200 °C, so that the specific heat capacity of the samples can
be calculated via:

Dsam Msap
Cp,sample = . “psap 1
cI)solp Msam
where Cpsan and Cpsap, @psam and Dy,sap, Msam and msay, are the specific heat (J/K-g), heat flow
(W/g), and mass of the sintered KN-BT (9/1) bulk sample at 1050°C and standard sapphire
as reference respectively.

2.3.3. Dielectric and ferroelectric properties

To measure the dielectric and ferroelectric properties, the top and bottom surfaces of
the pellet-like samples were coated with Ag paste fired at 600 °C for 30 min as electrodes.
The temperature-dependent dielectric spectra were measured over 1 kHz ~ 100 kHz range
of frequency using the dielectric analyzer (RT-800, TZDM) from -20 — 500 °C at a rate of 1
K/min. The ferroelectric hysteresis loops were evaluated using a modified Sawyer-Tower
circuit operated at a frequency of 10 Hz, over the temperature range from RT to 52 °C.

2.3.4. The setup measurement of electrocaloric effect

The direct ECE measurement was carried out in this study. To directly measure the
ECE signals, a pulsed electric field was applied to the sample with a thermocouple (5 pre-
cision fine wire thermocouples, Omega Engineering, Inc. USA) attached directly to record
the temperature variation as shown in Fig. 1.

Hung in the air

A small plastic clamp Ground Side

B ey
———— \

Thermocouple

Ceramic samples with Au electrode coated on both side High Voltage

Hung in the air

Figure 1. Schematic diagram of the electrocaloric effect measurement setup.

For measurement, the sample was hung in the air through the two wires to avoid any
heat dissipations. Thermocouple directly toughed one of the sample surface (ground side)
and was connected to an oscilloscope to record the temperature. The measurement was
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(a)

carried out by (i) manually applying an electric field to the sample witha positive peak
appearing on the oscilloscope, (ii) waiting the heat peak to completelypass and tempera-
ture curve to become constant, manually removing the electric field, and (iii) appearing a
cooling peak. No constant pulse wide of the electric field was set. Based on the dimension
of the samples, the period was about 2s. The final cooling performance was obtained by
calculating the temperature difference between initial temperature and maximum value
of the cooling peak. The precision and validity of thermocouple were checked by 1) a heat
plate with known temperature, which was confirmed by another infrared (IR) thermom-
eter, was used to check the precision of the thermocouple, temperature read from thermo-
couple is in perfect agreement with what read from IR thermometer; 2) before we con-
ducted the ECE measurement on ceramic samples, a Teflon plate with same Au electrode
coated on each side was used to check the validity. As shown in the schematic diagram,
we use Teflon plate to replace the ceramic samples and applied similar electric field, no
temperature changes can be read from thermocouple. Therefore, the observed tempera-
ture changes in ceramics samples should be real temperature change.

3. Results and Discussion
3.1. Microstructure of the Bimodal structure

Fig. 2(a) shows the XRD patterns: (1) the commercial nano-sized BT powders; (2) mi-
cron-sized KN powders (calcined at 600 °C); (3, 4) micron-sized fillers and nano-sized ma-
trix of KN-BT(9/1) particles calcined at 900 °C, together with (5) the bimodal structure KN-
BT(9/1) bulk ceramic sintered at 1050 °C using the IAGG method, and Figs. 2(b)-(c) show
TEM images of fillers and matrix of KN-BT(9/1) powders calcined at 900 °C.

= Bimodal KN-BT
S = ) o —
S s l‘; g g 5 E g
Y i i, A A= A
) Micron-sized KN-BT
(4) i
U A Feo A A
= Nano-sized KN-BT
=y - =) —_ — —_
g3 |z g ¢ ¢ g
| = A= — A— s
s — = Micron-sized KN
- - a8 £ = =
r (2) = N8 o = &
_A_ M g AS A=
= Nano-sized BT
— =] - — o —
= - = e ) = S
= )= £ 8 § 8 a
A A A S A e
¥ T & T ; T L T ¥ 1
20 30 40 50 60 70
2 theta (deg.)

Figure 2. (a) XRD patterns of the powders (1-4), (5) the bimodal structure KN-BT(9/1) bulk ceramics.
(b)-(c) TEM images of the micron-sized fillers and nano-sized matrix powders calcined at 900 °C
respectively.

As shown in Fig. 2(a), it clearly displays that all the samples exhibit the typical per-
ovskite structures, and the commercial nano-sized BT powder exhibits the cubic perov-
skite (PDF: 31-174) [15]. As well known, for perovskite compounds, the orthorhombic and
tetragonal structures demonstrate different lattice distortions with respect to the cubic
structure. And the orthorhombic phase (O-phase) and tetragonal phase (T-phase) can be
characterized by checking the reflection splitting. This occurs for the O-phase in the
(220)0/(002)o reflections, and for the T-phase in the (200)1/(002)r peaks respectively. There-
fore, in Fig. 2(a), the calcined KN powder exhibits the O-phase due to the (220)o/(002)o
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splitting with higher left peak than the right one (PDEF: 32-0822) [16]. And for the bimodal
structure sintered KN-BT(9/1) bulk ceramic at 1050 °C, the zoom-in view of 44-47° as
shown in Fig. S2, the structure featured with a weak-left and high-right for T-phase struc-
ture is demonstrated as T-phase in this study, which is agreement with phase transition
diagram in KN-BT system [11].

In Figs. 2(b)—(c), the TEM images reveal micron-sized KN-BT(9/1) powders, as the
fillers, consist of the irregular crystalline particles with average grain size of about 200-
500 nm, and nano-sized KN-BT(9/1) powders, as the matrix, are characterized as uniform
rectangle crystalline particles with grain size about 100 nm respectively.

Also, Fig. S3 shows XRD patterns of the KN-BT (9/1) bulk ceramics prepared by using
the conventional ceramic processing, sol-gel technique and IAGG method sintering at
1050 °C respectively. As shown in Fig. S3, all the samples exhibit the pure perovskite struc-
ture with the same corresponding peaks.

Fig. 3 shows morphologies of the KN-BT(9/1) bulk ceramics fabricated using the
IAGG method sintered at (a) 1000 °C, and (b) 1050 °C, including (e) the cross-section im-
ages of samples sintered at 1050 °C respectively. Figs. 3(c) and (d) show the average grain
size and size distribution of the bimodal structure of the KN-BT(9/1) bulk ceramics sin-
tered at 1000 and 1050 °C, which were evaluated by using the software equipped with the
SEM equipment using a number of both surface and cross-sectional SEM images at differ-
ent magnifications.

Clearly, the primary character for a bimodal structure is demonstrated by the two
well-separated distribution peaks. As shown in Figs. 3(c) and (d), the bimodal grain size
distribution suggests that a higher sintering temperature shifts the two peaks simultane-
ously, a reasonable consequence is due to the faster grain growth at higher sintering tem-
perature. For the 1000 °C sintered sample, only a small number of grains are larger than
1.0 um in size, surrounded by nano-sized grains of ~ 0.1 pm. When the sintering temper-
ature is increased to 1050 °C, these relatively large grains began to be exaggerated and
elongated. Eventually, ultra-large grains with sizes of ~ 10 pm to 50 pm can be found. It
can then be concluded that this IAGG method does make sense in accessing the bimodal
grain-size distribution with a small number of coarse grains uniformly distributed in fine
matrix grains.

Here, an essential issue should be concerned about the composition homogeneity in
the coarse and fine grains. To check this issue, the cross-sectional surface image with large
amplification as shown in Fig. 3(e), the EDS probed data on the coarse and fine grains
respectively are plotted in Fig. 3(f). Indeed, the EDS data indicate that the measured stoi-
chiometry of the large grains is very close to that of the fine-sized grains within the meas-
uring uncertainties. This result is highly concerned and confirms that the IAGG method
is powerful for obtaining such bimodal structure with composition homogeneity over the
whole samples, in other words, the IAGG method did not trigger the uneven distribution
of K* and Nb?in the two types of grains.
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Figure 3. SEM images of the KN-BT(9/1) bulk ceramics sintered at (a) 1000 °C, and (b) 1050 °C, to-
gether with their grain sized distributions corresponding to (c) and (d). (e) Cross-sectional SEM im-
age of the KN-BT(9/1) bulk ceramic sintered at 1050 °C, and (f) its corresponding EDS analyses re-
sults, with marks indicating the selected coarse and fine grains. The inset of Fig. 3(d) is the enlarged
image of matrix marked by the red solid dash square in Fig. 3(b).
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Figure 4. HRTEM images and SAED patterns of (a, b, c) coarse grain, (b, e, f) small grain. The bi-
modal structure KN-BT(9/1) bulk ceramic sintered at 1050 °C is chosen and analyzed. .

The HRTEM images and the corresponding SAED patterns of the coarse grain in Figs.
4(a, b, c) and the fine grain in Figs. 4(d, e, { ) are indexed respectively in detail. As shown
in Figs. 4(b, c), and (e, f), on one hand, the almost identical lattice planes can be found,
demonstrating the homogenous structure obtained using the IAGG method; the other
hand, the indexed KN-BT(9/1) grains exhibits the characteristic of T-phase structure com-
pared with PDF: 71-0945. Therefore, we can confirm that the present bimodal structure
KN-BT(9/1) bulk ceramic is a typical T-phase structure as mentioned above.

Similarly, by comparison, the surface morphologies of the KN-BT(9/1) bulk ceramics
fabricated using the conventional ceramic processing and sol-gel technique are shown in
Figs. S4(a) and (b), together with (c, d) the corresponding grain size distributions. As ex-
pected, these two KN-BT(9/1) bulk samples with unimodal structures and average grain
sizes of about 250 nm and 300-400 nm, no abnormal grain growth (AGG) phenomena can
be found when sintered at 1050 °C.

The grain growth behavior using the IAGG method can be understood through the
explanation of Kingery and Kanget al. [17, 18]. Due to the difference in free-energy across
a curved grain boundary, the irregular micron-sized KN-BT(9/1) powder with the large
curvature, as the fillers, underwent exaggerated growth, acting as “seed” to consume the
neighboring nano-sized matrix. Therefore, in a given polycrystalline system, the grain
growth behavior is governed by the maximum driving force(Agmax) relative to the critical
driving force (Agc), showing the mixed controlling growth behavior. Although the grain
size could be increased by sintering at very high temperatures or for very longer times in
theory, no grain growth with specific morphologies and crystal orientations of large
grains are occurred for aAgmax smaller than aAge. Also, the IAGG method introduced in
this study can be used as a reference to develop ceramics with extraordinarily oriented
large grains at relatively low sintering temperatures when using the solid-state reaction
process. It seems that the filler grains are “cloned”, while the gel matrix is just like a “nu-
trient source or reservoir” to breed the fillers to grow. This method is simple, reproducible
and low cost, which can be easily extended many other ferroelectric perovskite-type ma-
terials.

3.2. Dielectric and ferroelectric properties

Figs. 5(a)—(b) show dielectric properties of the KN-BT(9/1) bulk sample sintered at
1050 °C: (a) as a function of temperature at 1 kHz, 10 kHz and 100 kHz, and (b) the plot of

log(gi - Si) as a function of log(T — T;;) at 100 kHz, (c) TEM image of the ferroelectric
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nanodomains, (d) the measured specific heat capacity versus temperature. As shown in
Fig. 5(a), each of these measured & (T) curves exhibits a broad peak about 50 °C, indicating
a diffused phase transition is present in KN-BT(9/1) bulk ceramic [19], which this diffused
behavior is further confirmed by the corresponding dielectric loss curves. Also, it is obvi-
ous that the temperature (T;;,) of the maximal dielectric constant (&, nax) increases with
increasing frequency.

For relaxor ferroelectrics, the reciprocal of dielectric constant as a function of temper-
ature follows the Uchino and Nomura function, a modified Curie-Weiss law, which is
expressed as [20]:

1 1 T —Tn)Y
e @
T m
Where C is the Curie constant and y is the diffusion coefficient ranging from 1 (an ideal
normal ferroelectric) to 2 (an ideal relaxor ferroelectric). The slope of the fitting curves is
used to determine the y value in the Fig. 5(b). The value is y=1.59 at 100 kHz, confirming
the relaxor-like ferroelectric behavior of the KN-BT(9/1) bulk sample.

The ferroelectric nanodomains are observed through HRTEM images as shown in
Fig. 5(c), displaying the size of about 2-10 nm existing randomly in the nondomain matrix.
The presence of the PNRs provides the strong evidence of the diffusion phase occurred
during the phase transition in the KN-BT(9/1) bulk sample.

This relaxor-like behavior of the KN-BT(9/1) bulk sample can be explained as follows:
the size of Nb%* (rw>* = 0.64 A) is larger than that of Ti#* (rri#* = 0.604 A) for six-coordination
(6-CN). Due to the simultaneous occupation of the 6-CN site by Ti** and Nb?, the diffused
phase transition can be ascribed to the freezing of the displacive-type phase transition,
and thus forming the PNRs [21, 22].
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Figure 5. (a) Dielectric properties dependent of the temperature at three selected frequencies (1 kHz,
10 kHz and 100 kHz). (b) The plot of log(=-— —) s a function of log(T — T;,) at 100 kHz. (c) TEM

image of polar nanodomain regions (PNRs). (d) The measured specific heat capacity and dielectric
properties for the KN-BT(9/1) ceramics.

Moreover, The maximum temperature (T,,) of the bimodal structured KN-BT(9/1))
was observed to be near 50 °C. According to the empirical relation [23]:
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Polarization (uCl/em?)

Tc = (%) (AZ?) 3)

where K has the dimensions of a force constant, k is Boltzmann’s constant and Tc¢ is Cu-
rie temperature in absolute unit, while A Z is the displacement of certain atom. When Ti*
was substituted by Nb%, the shift ( A Z) of the tetravalent cation from the octahedron cen-
teris limited, leading to a decrease in T,. Here, we believed that the presence of the fine-
size grains in the bimodal structured sample is responsible for additional decrease in the
T,, further [24].

In Fig. 5(d), no obvious anomaly is observed in the specific heat capacity curve, The
specific heat capacity value is increased with increasing temperature, which is about 0.50
J K g'at room temperature. As shown in Fig. S5, the enlarged segment of the heat ca-
pacity curve can be observed to reveal slightly anomaly. This phenomenon is similar to
that of Pb-free relaxor Ba(Tio.65Zr035)Os ceramics [21], when the displacive phase transition
is frozen, the specific heat capacity anomaly should be negligibly small (absence of the
specific heat capacity anomaly).

Fig. 6(a) shows P-E hysteresis loops of the KN-BT(9/1) bulk sample sintered at 1050
°C measured at RT and 52 °C at 10 Hz, while Fig. 6(b) illustrates the P-E curves at different
electrical fields, with the curve of polarization as a function of electric field at RT to be
shown as the inset in Fig. 6(b).
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Figure 6. (a) P-E loops measured at RT and 52 °C at 10 Hz. (b) P-E loops measured at different electric
fields at RT, with the inset showing the remanent polarization (Pr) versus electric field.

The sample has ferroelectric nature, whereas the slim P-E hysteresis loops suggest
that the diffused phase transition occurred with the low hysteresis losses. The P-E loops
at RT and 52 °C were nearly the same, indicating the high performance of ferroelectricity
can be reached a relatively broad temperature range at maximum temperature. Also, as
seen in Fig. 6(b), the P-E loop is electric field dependent, with the remanent polarization
to be increased almost linearly with increasing electric field. At 2.5 MV/m and RT, the
values of the Pr and the coercive field (Ec) are 0.675 uC/cm? and 0.23 MV/m, respectively.
By comparison, the P-E loops of KN-BT(9/1) bulk samples sintered at 1050 °C using the
conventional ceramic processing and sol-gel technique are shown in Fig. S6. As shown in
Fig. S6, the lossy hysteresis loops are observed, indicating the higher conductive behavior
in an unimodal structure compared with the bimodal structure in this KN-BT(9/1) bulk
samples. That is, the present bimodal structure bulk ceramic displays the high ferroelec-
tricity with the low dielectric loss, it can be inferred that the extra-large grains ensure a
high ferroelectricity, while the fine grains ensure highly relative density suppressing tun-
neling current occurred in the bimodal structure [25].
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3.3. Electrocaloric effect

The ECE adiabatic AT refers to the temperature drop induced after removing the elec-
tric field, and the ECEs were evaluated at RT. The typical thickness of KN-BT(9/1) bulk
sample used in the ECE measurement was 0.264 mm with an electrode diameter of 6mm
(i.e., area of samples: 28.2743 mm?). The isothermal entropy change, AS, is calculated
with AS = ¢ pVAT /T, where c is the specific heat of the ceramic sample, the density p is
4.638 g/cm?, V is the effective volume of the sample. Fig. 7(a) shows the directly recorded
ECE signal of the bulk sample at RT under 1 MV/m, where the temperature is demon-
strated to rise and drop as the field is applied and removed. The AT and AS at RT under
different electric fields are presented in Fig. 7(b). The ratios of |AT/ AEl and AS/AE (or
AQ/AE, where AQ = TAS) are introduced to express the electrocaloric coefficients (ECE
strengths). It is found that the KN-BT(9/1) ceramics have pretty high ECE at E =1 MV/m,
corresponding toAT=—1.5 K, andAS= 2.48 Jkg'K-1. Accordingly, [T/, | =1.50*106KmV-
1 and AS/AE = 2.48x106 Jmkg'K'V-! were obtained at RT. As discussed above, the
strongly widened phase transition temperature near RT is responsible for the giant ECE
response over a relatively broad temperature range [4, 5].
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Figure 7. (a) Directly recorded ECE signal for the KN-BT(9/1) sample as the electric field was
switched on and off. Solid line is drawn to show the ambient temperature. The magnified tempera-
ture drop is shown as the inset, (b) ECE-induced adiabatic temperature drop (AT) and isothermal
entropy change (AS) as a function of electric field (E) at RT. The dash line is drawn to guide eyes.
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Table 1. Comparison of ECEs for various ferroelectric ceramics with operating temperature near

RT.
AT
Material Form (02) ?;) (M\Ilsm-l) (1|0_6 {nAg _|1) (10 nAli/g élf(-lV-l) Method Reference
KN-BT(9/1) Ceramic 23 1.5 1 1.50 2.48 Direct  This work
Bao.6sSro.35Ti0s3 Ceramic 23 0.4 2 0.21 - Indirect [26]
BiosNaosTiOs-based Ceramic 23 0.45 3 - - Direct [9]
Ba(ZrxTiix)Os Ceramic 38 1.1 2.1 0.52 0.54 Direct [27]
(Pb,LaBa)(Zr,5n,Ti)Os  Ceramic 30 0.25 2.2 0.11 - Direct [28]
PZT-5 Ceramic 30 0.15 2.8 0.05 - Direct [29]
(Ba,Ca)(Zr,Ti)Os Ceramic 60 0.3 2.0 0.15 - Indirect [30]
0.9PMN-0.1PT Ceramic 25 0.63 2.8 0.23 - Direct [25]
BaTiOs Single-crystal 10 1.4 1 1.4 23 Direct [31]
0.9PMN-0.1PT Single-crystal 50 1.0 4.00 0.25 - Indirect [8]

Additionally, as shown in Table 1, compared with the ECEs in ferroelectric ceramics
in opening literatures near RT [8-9, 25-31], the current bimodal structure KN-BT(9/1) bulk
ceramics in this work shows a fairly high ECE coefficient (strength), which is close to the
ECE of single crystal BaTiOs at 10 °C. Except for the above mentioned a diffused phase
transition temperature near RT, on the other hand, the coarse grains (10-50 um) in the
bimodal structure can enhance the dielectric and ferroelectric properties, resulting in high
ECE strength at smaller electric fields [24]. At the same time, the finer grains derived from
the matrix plays the crucial roles in dense microstructure and inhomogeneous dielectric
properties, leading to the high entropy [3].

However, in this study, the unimodal structure KN-BT(9/1) using the conventional
ceramic processing and sol-gel technique cannot be evaluated the ECEs due to the occur-
rence of the strong Joule heating. Apparently, the novel bimodal structure KN-BT(9/1)
bulk ceramics can overcome the shortage of the unimodal structure by the IAGG method,
also, the preparation of the bimodal structure KN-BT(9/1) ceramics using the IAGG
method is highly compatible with the conventional ceramic process, making them poten-
tial as micro-refrigerators to be used for cooling the microelectronic devices near RT.

4. Conclusion

The bimodal structure KN-BT(9/1) bulk ceramics in tetragonal phase at RT with a
diffused phase transition were prepared successfully using the IAGG method at relatively
low sintering temperature of 1050 °C. In this bimodal structure, the exaggerated large
grains were evolved from micron-sized KN-BT(9/1) powder (fillers), while the finer grains
were derived from the KN-BT(9/1) sol precursor (matrix). Compared with the unimodal
structure KN-BT(9/1) bulk ceramics prepared by the conventional ceramic processing and
sol-gel technique at 1050 °C, the bimodal structure KN-BT(9/1) bulk ceramics display a
high electrocaloric performance with a large ECE-induced adiabatic temperature drop of
1.5 K and a large EC coefficient of 2.48:10-¢ Jmkg'K-'V-1 at RT, showing potential for the
design of cooling devices. We contribute the coarse grains ensure the high ferroelectricity
and ECE strengths, and the finer grains are responsible for the additionally decreased
maximum temperature close to the RT, and the inhomogeneity and the increased density.
The IAGG method is simple, reproducible and low cost, which can be easily extended to
other ferroelectric perovskite-type materials.
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