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An energy-harvesting material with high energy-conversion constant (d33 x gs3) and Curie temperature (Tc¢) is
required to effectively harvest the mechanical energy which has not been recycled into electrical energy. Here,
we present an eco-friendly single-crystals, the 3rd generation material, for energy harvesting with the excellent
d33 x g3z of 118 1072 m?N! (d33=1030 pCN'l) and high T¢ of 390 °C, prepared by simple heat-treatment. A
donor (not an acceptor) has been doped to (K,Na)NbO3 (KNN)-based materials to obtain single-crystals through
exceptionally abnormal grain growth (AGG). The severe AGG in a donor-doped KNN is explained by the donor
effect to locally accelerate the volatilization of metals earlier. In particular, a donor-doped PbTiO3 (PT + Bi3")
material as well as a donor-doped KNN material allows for the synthesis of a single-crystal seed through the
simple molten salt method. These findings advance understanding of sintering mechanisms in metal-volatile

oxides and offer significant progress in energy-harvesting materials.

1. Introduction

Energy harvesting has become a growing priority to conserve the
earth’s environment, and the various types of energies such as light,
heat, and mechanical energy are being converted into electric energy
and then stored or used [1-7]. In our daily lives, the mechanical energy
is constantly generated through a wide variety of activities, such as the
walking of people and the movement of cars, but it is rarely converted
into electricity. In order to harvest the mechanical energy and effectively
convert to electrical energy, a variety of studies have been conducted to
develop the material which has a high conversion performance (dss x
g33) [7,8]. ds3 is piezoelectric constant and gs33 is piezoelectric voltage
constant [9,10]. They have the following relationship:

d
833 = % (@)

where €13 is the dielectric constant under constant stress. For the high
d33 X g33, the grain boundaries and pores should be minimized, and
therefore a single-crystal material is generally preferable to a poly-
crystalline material. In addition, a material with a low dielectric

* Corresponding authors.

constant is beneficial since gs3 is high when the dielectric constant is
low. Therefore, an excellent ds3 x g33 can be predicted by growing huge
grains of the energy conversion material which has a low dielectric
constant. Furthermore, Energy harvesting materials must have a high
Curie temperature (Tc), since energy harvesting devices generate a lot of
heat during operation and energy harvesting materials lose their per-
formance at the temperature above T¢. Pb(Zr,Ti)O3 (PZT) ceramics
which are commercial materials are widely used owing to their high
piezoelectric constants, but they have low T¢ of 150-350 °C [11-13]. On
the other hand, PbTO3 (PT) shows high T¢ of >400 °C[14,15]. More-
over, the (K,Na)NbO3 (KNN)-based ceramic has not only a high T¢ of
approximately 400 °C, but also a low dielectric constant [16,17]. In
addition, since KNN-based ceramics shows high ds3 x g3z when phase
transition temperature (To.r) from tetragonal structure (T) to ortho-
rhombic structure (O) is near room temperature (RT), in this study, the
To.t has been controlled to obtain high d33 x g33 in KNN-based ceramics
[18-20]. In particular, huge grains which ensure an excellent d33 x gs3
can be grown by simple sintering in donor-doped KNN ceramics which
are chosen in this study. Here, a donor is an additive which has a higher
valence, and thus it is the opposite of acceptor. In this study, we present
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Fig. 1. Single-crystal materials grown by simple heat-treatment in donor-doped ceramics: SEM images of (a) KNN and PT and (b) KNN + Li* (same valence) and PT
+ Fe3* (acceptor) specimens, (c) SEM images of p-KNN and p-PT samples to show abnormal grain growth (AGG), (d) Single-crystal specimens grown by simple
sintering and simple molten salt method (SMM), and (e) Development of energy-harvesting material from 1st to 3rd generation.

the fundamental studies that identify the mechanism that allows single
crystal materials to be grown by simple heat treatment.

Large particles with a controlled shape have been widely investi-
gated as the next-generation materials for energy harvesting, since they
are used as the seeds for templated grain growth (TGG) to enhance dsz3 x
g33 [21-25]. Moreover, they are also frequently compounded with
polymers to develop a flexible device for energy harvesting [2,3,26-28].
The seeds are typically polycrystalline materials, and they are primarily
prepared by topochemical reactions (TR) [29-31]. However, TR is not
industry-friendly, and the polycrystalline materials need to be improved
to single-crystal materials. We have demonstrated that single-crystal
seeds can be prepared by simple molten salt method (SMS) which is
industry-friendly, in not only donor-doped KNN (d-KNN) but also
donor-doped PbTiO3 (d-PT).

2. Experimental

“KNN and (K0‘5Na0.5Bi0‘005)Nb03 (d-KNN, donor: Bi3+)”,
(Ko.475Nag 475Li0.08Bi0.0025)(ND0.978b0.03)03 + 0.2 at. % MnO2 (d-
KNLNSM, donor: Bi®*), “PT and (PbBig,6)TiO3 (d-PT, donor: Bi®*)”, and
“BaTiO3 (BT) and Ba(TiNbg,g5)O3 (d-BT, donor: Nb>)” were synthe-
sized by the conventional solid-state route. The powders of KyCOs,
N32C03, LizCOg, Nb205, Sb203, MIIOZ, BigOg, PbO, BaCO;,-, Ti02 (99.9
%, all obtained from Sigma Aldrich) were mixed for 24 h in a poly-
propylene jar with zirconia balls. The mixtures of powders were dried at
80 °C and calcined at 850-1000 °C (KNN and p-KNN: 900 °C, PT and b-
PT: 850 °C, and BT: 1000 °C) for 3 h. The calcined powders were milled
for 24 h, dried and pressed into disks under the pressure of 100 MPa and
sintered at 1020-1300 °C (KNN and p-KNN: 1020-1100 °C, PT and p-PT:
1100 °C, and BT and p-BT: 1300 °C).

For the synthesis of single-crystal seeds, a molten salt method was

employed. The calcined powders of p-KNN and p-PT (CPKNN and CPPT)
were combined with KF (99 %, Sigma-Aldrich) salt in a 0.5:0.5 CPKNN-
to-KF and a 0.3:0.7 CPPT-to-KF weight ratio using a mixer. These mix-
tures were heated to 900 °C and 860 °C at a rate of 5 °C/min, held for 2
h, and then gradually cooled to 25 °C at a rate of 0.5 °C/min. The final
products were washed repeatedly with HCl and deionized water to
selectively remove the KF salt through filtration. Furthermore, the BT
and BZT seeds were synthesized by the two-step process of TC reaction
[22].

2.1. Analyses of microstructure and crystal structure

The crystal structures of the sintered specimens were determined
through X-ray diffraction (XRD, Rigaku, D/MAX-500VL/PC) using Cu
Ko radiation (A=0.1542 nm). The microstructures of the samples were
observed using a scanning electron microscope (SEM, JSM-6610LV;
JEOL Ltd., Japan) and transmission electron microscope (TEM, JEM-
2100F, JEOL Ltd., Japan). MD was calculated with TEM results.

2.2. Property measurement

The densities (p) of the specimens were measured using Archimedes’
method with m-xylene as the medium. The samples were poled in sili-
cone oil at 120 °C by applying a DC field of 1 kV/mm for 30 min. All of
the electrical measurements were conducted after aging the samples for
24 h. The piezoelectric and dielectric properties were determined using
a piezo ds3 meter (Micro-Epsilon Channel Product DT-3300) and an
impedance analyzer (4294A, Agilent Technologies, Santa Clara, CA,
USA). Permittivities as a function of temperature were obtained by
measuring the capacitance and loss using an LCR meter (HP model
4284) in a furnace interfaced with a computer for data acquisition.
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Fig. 2. Metal deficiencies (MDs) calculated with modified peak-intensities in (a) metal-volatile oxides, (b) PT, and (c) KNN. MD refers to the reduction ratio of a
metal element due to the high-temperature heat treatment in a metal-volatile oxide (MVO), compared to the unheated specimen. To calculate the MD, the various
analyses (such as TEM, SEM, EPMA etc.) can be used. In KNN and PT, they were analyzed using TEM. Nb and Ti do not show the difference in the intensity of an EDS
peak. The Nb and Ti peaks were used for the fixed parameters to be compared to K & Na and Pb.

2.3. Thermogravimetry (TG)

TG (STA 409 PC, NETZSCH, Germany) was performed to determine
the temperature at which the liquid phase forms in PT and the tem-
perature at which Pb volatilizes in PT. The temperature increase rate
was 5 °C min !, and heating was performed from 20 to 1400 °C.

3. Result and discussion
3.1. 3rd generation material for energy harvesting

The KNN and PbTiO3 (PT) ceramics shown in Fig. 1(a) are piezo-
electric materials which have been studied for energy harvesting ma-
terials, and they exhibit the typical microstructure of a sintered
specimen. As indicated in Fig. 1(c), this normal microstructure changes
to a microstructure in which abnormally grown grains are observed
when the donor is added, while no change in microstructure is observed
when the others are added, as shown in Fig. 1(b).

In general, the normal-grain materials (NG) do not have high d33 x
g33 or piezoelectric constant (dss3), as seen in the 1st generation material

of Fig. 1(e). Recently, thus, various studies have been conducted to
develop the oriented large-grain materials (OLG, TGG: templated grain
growth, the 2nd generation) which show the higher performances of ds3
x gs3 and dss for energy harvesting than NG. In OLG, the grain size is
large and thus the energy harvesting property is relatively high due to
the lower degradation caused by grain boundaries. In addition, the
higher performance is expected since the crystal structure is oriented.

Single-crystal materials (SC) have much higher properties, since SC
does not have the grain boundary. Nevertheless, SC has not been widely
used in industry due to the high cost of the processes such as bridgeman
method and self-flux method. Therefore, as shown in Fig. 1(a and c-d),
SC manufactured by conventional ceramic processes is definitely the 3rd
generation material for energy harvesting. In particular, the single-
crystal seeds [right image of Fig. 1(d)] can be used as seed particles,
an essential material for OLG fabrication, and can be composited with
polymers to prepare flexible energy-harvesting devices. In addition, the
single-crystal materials of Fig. 1(c-d) and S1 have the scientific signifi-
cance, as they are only grown in the addition of a donor (d-KNN and p-
PT) among the various additives.
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Fig. 6. SEM images to show AGG caused by donor-doping in (a) KNN, (b) PT, and (c) BT. A relatively large amount of donors (3.0-7.0 at. %) are required in PT,

compared to KNN (0.3-0.9 at. %) and BT (0.3-0.7 at. %).

3.2. Crystal growth behavior in p-KNN & p-PT

In general, liquid-phase sintering (LPS) is observed in the sintering
behavior of KNN and PT, and the elements of K, Na, and Pb are volatile
at the sintering temperature of approximately 1100 °C [32-37]. Hence,
the effect of the metal volatilization (MV) on LPS was investigated in this
study, initially. Indeed, a weight loss does occur when they are
heat-treated at high temperatures of >900 °C, as shown in Fig. S2. To
clarify the MV, metal deficiency (MD) was devised to verify MV differ-
ences, as indicated in Fig. 2(a). MD quantifies the reduction in metal
content following high-temperature heat treatment, characterized
through scanning electron microscope (SEM), transmission electron
microscope (TEM), electron probe microanalysis (EPMA), etc. Figs. 2
(b-c) show the MD extent of Na and Pb (approximately 7-13 %) resulting
from MV in KNN and PT. Details on MD calculation are provided in
Table S1 and Fig. S3. MD of 7-13 % in KNN and PT does not imply that
this percentage of metals was volatilized during sintering; rather, it in-
dicates a significant decrease in the proportion of these metals compared
to Nb and Ti which are not volatile elements.

SEM images of KNN and PT sintered at 1100 °C are shown in the LPS
images of Fig. 1(a). The images show dense microstructures (relative
density: >98 %) formed via LPS [38,39]. The liquid phase formed in
KNN is not presented in this manuscript, as it has been reported previ-
ously [36,37]. As depicted in the process schematic of Fig. 3(a),
liquid-phase formed on particle surfaces likely results from significant
MV (K, Na, and Pb). The liquid phase formation at grain boundaries in
polycrystalline materials can be attributed to the segregation or
non-uniformity of elements at the boundaries [40,41]. When liquid
phase is formed at grain boundaries, it accelerates elemental diffusion
during sintering, thereby increasing the velocity of interface migration.

Numerous studies have reported the interplay between grain-growth
behavior and interface structure in polycrystalline materials [34,35,41,
42]. The behavior of grain growth is influenced by the diffusion and
reactions at interfaces, making interface structure a crucial factor in
controlling grain growth. Atomically disordered interfaces provide
numerous nucleation sites, such as kink sites, where atoms can attach
without expending energy [43,44]. Consequently, the growth behavior
is primarily diffusion-controlled, with the growth rate directly propor-
tional to the driving force. In such a scenario, nearly all grains can grow,

resulting in normal grain-growth behavior. Conversely, atomically or-
dered interfaces facilitate two-dimensional nucleation and the attach-
ment of lateral growth and interface defects like screw dislocations and
twins [35,43]. At atomically-ordered interfaces, grain growth is influ-
enced by a mixed control of interfacial reactions and diffusion, where
grain growth occurs only when the driving force exceeds a critical value
(referred to as the critical driving force for growth). Therefore, normal
grain-growth behavior can be restored as the critical driving force de-
creases, characteristics of AGG systems. Conversely, systems exhibiting
normal grain growth can show apparent AGG with an increase in the
critical driving force. Fig. 4 shows a schematic representation illus-
trating the growth rate of a grain as a function of the driving force for
diffusion and control mechanisms under the two-dimensional nucle-
ation and growth.

In KNN and PT, a Bi®" ion can enter the sites of a K™ ion, a Na™ ion,
and a Pb?* ion, and thus it is a donor in KNN and PT. In similar, a Nb>*
ion is a donor in BaTiO3 (BT) since it can enter the site of a Ti** ion.
Doping the donor in KNN, PT and BT, metal vacancies are formed as
follows;

KNN: Bi,O3 — 2Bi, +4 V, +305 (A:Kor Na) )
site

PT: Bizogp—bngi;’,,, + Vg, + 305 (3)

BT: szosz-r_i:)Z 2Nby; + Vi, + 505 4

In the p-KNN and p-PT samples, a limited number of grains exhibited
significant growth [45,46]. In fact, the interface structures in p-KNN and
p-PT can be engineered to introduce slight atomic disorder through
accelerated Na-volatilization or the enhanced Pb-deficiency [Egs.
(1)-(2)] using donor doping. Consequently, AGG in p-KNN and b-PT can
be attributed to a reduction in the critical driving force for growth,
allowing early growth of a few grains. When the volatilization does not
occur, the critical driving force remains high, inhibiting widespread
grain growth. However, due to MV, the critical driving force decreases,
allowing only small portion of grains to grow, thus leading to AGG, as
indicated in Fig. 4.

In general, this mechanism which is explained above is considered to
understand the sintering behavior of a ceramic material, but it is not an
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easy approach for readers. Therefore, in this study, we suggest an easy
approach to describe the sintering behavior observed in metal-volatile
oxides. As described in Fig 3(a), it is the sintering behavior predicted
by the variation of the particle surface with metal volatilization.

In p-PT and p-KNN, AGG can be explained by the local differences, as
shown in Figs. 5 and S4-5. The donor is concentrated on the center line
in the specimens of Figs. 5 and S5, and the grain growth is localized in
the donor area of KNN and PT. Namely, in p-KNN and p-PT, significant
grain growths occur earlier in the region where the donor is located, as
indicated in Figs. 5 and S4. This observation is consistent with Egs. (1)-
(2); the donor doping is expected to increase metal vacancies, poten-
tially contributing to the AGG in metal-volatile oxides (MVOs) of p-KNN
and p-PT. On the contrary, this localized-donor effect has not been
observed in BT, a non-MVO, as seen in the right images of Fig. 5.
Nevertheless, as seen in Fig. 6, AGG occurs in donor-doped BT (d-BT).
Hence, AGG of p-BT may differ from that of p-KNN and p-PT induced by
localized donors in MVOs.

Furthermore, there were significant differences in donor concentra-
tions between p-KNN and p-PT, both of which exhibit AGG, as indicated
in Fig. 6. In p-PT, the donor concentration (3.0-7.0 at. %) is comparable
to the Pb volatilization (7.0-9.0 %) necessary for liquid-phase formation
in PT, as shown in Fig. 3(a) and S3. On the contrary, in b-KNN, AGG
occurs with significantly lower donor concentration, approximately
0.3-0.9 at. %, compared to Na deficiency of 8-13 % [Fig. 3(a) and S3].
Namely, it is conceivable that donors may accelerate Na and K volatil-
ization in p-KNN, while enhancing Pb deficiency in pb-PT. This MV ac-
celeration is also observed in donor-doped MgO (d-MgO) which is a
metal-volatile oxide, as exhibited in Fig. 3(b). The densification and
grain growth are not observed at the MgO (MD: 3.0-5.0 %) specimens
sintered at 1400 °C, but the high density of 97-99 % and the large grain
size of >10 pm are found in p-MgO (donor: 0.1-0.5 at. %, MD: 8.0-12.0
%) samples. The difference between p-KNN and p-PT in terms of MD
acceleration and MD enhancement is not identified in this manuscript.

3.3. Single-crystal materials grown by donor doping in KNN & PT

It is intriguing that the grain size resulting from AGG is notably large
in p-KNLNS and p-KNLNSM, as shown in Fig. 7. We have previously
reported that these huge grains grown by AGG are single crystals, with
reaching several centimeters in size by a conventional sintering process

[47-49]. The huge grains of Fig. 7(d) are single crystals and show the
excellent energy-conversion constant, dss x gss of 118 102 m®N! and
the high T¢ of 390 °C as exhibited in Figs. 8 and 9. The excellent ds3 x
g33 is due to the huge size of grains and To.t near RT as explained above.
Compared to TGG and NG, the huge grain does not have the grain
boundary which degrades the piezoelectric properties, and the To.t was
located at the range of 30-50 °C, in p-KNLNS and p-KNLNSM, as seen in
Fig. 8.

The development of a reliable seed powder is a prerequisite for the
manufacture of TGG specimens. On the contrary, this single crystal does
not have any grain boundary, and thus excellent properties are guar-
anteed, as shown in Fig. 9. In addition, the manufacturing process is not
different from that of a polycrystalline material which is the cheapest.
Therefore, this single crystal which has high ds3 x gss of 118 10712 mN-
! and T of 390 °C must be the next generation material for energy
harvesting.

Furthermore, due to the rapid growth of grains, the single-crystal
seeds were manufactured by a SMS method in both p-KNN and p-PT,
as exhibited in Fig. 10 and S6. We have also previously reported the
straightforward production of single-crystal seeds using a SMS method
in various p-KNNs [69,70]. To date, however, the PT single-crystal seeds
prepared by the SMS method have not been reported. In this manuscript,
we suggest that donor doping in MVOs such as KNN and PT facilitates
not only the growth of single crystals by a simple sintering process but
also the fabrication of single-crystal seeds through SMS method, as seen
in Figs. 7 and 10. In this study, the Ba%* or Bi>* ions were used as donors
in KNN (A site in ABOs: K+ and Na™) and Bi®" or Nb°* ions were used as
donors in PT and BT (A site in ABOs3: Pb%* and Ba®" or B site in ABOg3:
Ti*h. Fig. 11 shows the XRD patterns and SEM images of BaTiO3 (BT)
and Ba(Zr,Ti)Os (BZT) seeds which are prepared by TR method. They are
not metal-volatile oxides and show different sintering behaviors from
p-KNN and p-PT, as seen in Figs. 5(c), 6(e-f), and S3. Moreover, the seeds
are not single-crystal materials, since they were synthesized by TR. In
particular, T¢ (<130 °C) of BT and BZT are relatively low, compared to
>400 °C of PT and KNN [14,15,20,71-73]. Thus, BT and BZT frequently
lose their energy harvesting performances when the energy harvesting
devices operate, since the device temperature easily rises.

In the next generation of energy harvesting devices, the seed mate-
rials must show the superior performances, and the cost must be
affordable [74,75]. Despite being single crystals, our proposed materials
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Fig. 9. Energy-conversion constants (dz3 x g33) as a function of Curie temperature (T¢) in various energy harvesting materials: (a) comparison with poly-
crystalline materials (TGG: templated grain growth) and (b) compared to single-crystal materials prepared with various methods (TSSG: top seed solution growth)
[16,17,21-25,50-68]. ds3 x g33 of 118 10712 m®N"? and ds3 of 1030 pCN™! are observed in the huge grain of p-KNLNSM which has a high T¢ of 390 °C.

are manufactured through a cost-effective and straightforward process,

making them a promising alternative to current expensive energy har-
vesting materials.

4. Conclusions

An excellent energy-harvesting material with high ds3 x gs3: of 118
1072 m?N! (d33=1030 pCN’l) and T¢ of 390 °C has been developed to
effectively convert the wasted mechanical energy into electrical energy.
In addition, the effects of donor doping on crystal growth behavior and
physical properties in MVOs such as KNN and PT. In KNN and PT, the
sintering behavior is explained by the variation of the particle surface
with metal volatilization. The severe metal (Na and Pb) volatilization

was responsible for liquid phase formation at 900-1000 °C, resulting in
observed LPS at 1100 °C. In particular, the interesting behavior is the
local acceleration (or enhancement) of MV by donors in p-KNN (or p-PT),
which promoted earlier localized grain growth in donor-rich regions.
Consequently, AGG was more frequent in p-KNN and p-PT. AGG in p-
KNN facilitated the production of single crystals with high energy-
conversion constants via simple sintering processes. This crystal-
growth behavior may provide significant hints for obtaining single-
crystal materials prepared by simple heat-treatment in various MVOs,
and thus these single-crystal materials show low cost and high perfor-
mance. Furthermore, this finding can offer practical benefits in
enhancing energy harvesting devices. Moreover, single-crystal seeds for
next-generation energy harvesting materials were fabricated by a SMS
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method in p-KNN and p-PT.
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