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Abstract: KxNa(;_,)NbO; particles (KNN, 0 < x < 1) were successfully synthesized through a facile
glycothermal method by using KOH, NaOH and Nb,Os as precursors and 1,4-butanediol as solvent
at 200 °C for 12 h. The effects of varying the 1,4-butanediol/deionized water (B/W) volume ratio as
solvent on the growth behavior, the morphological evolution, and the particle size of the synthesized
KNN particles were investigated. In order to obtain K 5NagsNbO3 with the morphotropic phase
boundary (MPB) at the potassium content of x ~ 0.5, the effect of varying K* /Na* molar ratio on
the composition of the obtained KNN particles was investigated. The crystal phase structure, mor-
phology, particle size, chemical composition, and thermal behavior of the obtained particle samples
were characterized using XRD, FE-SEM, EDS, TG, FT-IR, PSA, and TEM. The pure orthorhombic
KNN particle close to NaNbO3 phase was obtained at the same concentration K*/Na* of 1.0/1.0 and
[K*+Na*]/Nb molar ratio of 2.0/0.1. The synthesized Ky 91 Nag99NbO3 particle exhibited a hexa-
hedron shape with an average crystallite size of approximately 400 nm by glycothermal treated at
200 °C for 12 h. It is also demonstrated that the size of Na-rich KNN particles was decreased from
15 pm to 400 nm with increasing 1,4-butanediol content at various reaction conditions such as the
volume ratio of B/W and can be controlled by 1,4-butanediol with an additive of water. Until the
molar ratio of K* /Na* reaches 1.6/0.4, the obtained particles have produced a Na-rich KNN phase,
whereas when the molar ratio of K* /Na* is 1.8/0.2, the particles could obtain a K-rich KNN phase.
The results revealed that single-phase Ky5Nag5NbO3 particles could be obtained at a relatively
narrow molar ratio of K*/Na* to 1.7/0.3. The particles with weakened agglomerate could obtain
the average particle size of approximately 400 nm and a hexahedron shape. In comparison with the
traditional hydrothermal method, the glycothermal method has been confirmed to be a more efficient
method in controlling the particle size of KNN particles from micro- to sub-micron.

Keywords: KxNa(; _,)NbOj3 particle; glycothermal method; 1,4-butanediol/deionized water volume
ratio; K* /Na* molar ratio; MPB

1. Introduction

Lead-containing piezoelectric ceramics, represented by Pb(Zr,Ti)O3 ceramics and
Pb(Zr,Ti)O3-based multi-component ceramics, have been widely used as actuators, trans-
ducer, and sensor materials [1-5]. However, the use of lead-containing ceramics has caused
serious environmental problems because of the high toxicity of lead oxide [1,5]. Therefore, it
is necessary to develop lead-free ceramics with excellent piezoelectric properties to replace
such lead-based ceramics.

Research on lead-free piezoelectric materials has mainly been focused on the follow-
ing material systems: tungsten bronze-type materials, bi-layer structured materials, and
perovskite-type materials [6,7]. Potassium sodium niobate is considered as one of the most
promising candidates for lead-free piezoelectric ceramics because of its strong piezoelectric-
ity, ferroelectricity and high Curie temperature [8-14]. KxNa(;_,)NbO3 (KNN, 0 <x<1)isa
combination of ferroelectric KNbQOj3 and antiferroelectric NaNbOj3 [15,16], and this ceramic

Crystals 2022, 12, 827. https:/ /doi.org/10.3390/ cryst12060827

https://www.mdpi.com/journal/crystals


https://doi.org/10.3390/cryst12060827
https://doi.org/10.3390/cryst12060827
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0002-4774-8927
https://doi.org/10.3390/cryst12060827
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst12060827?type=check_update&version=2

Crystals 2022, 12, 827

20f16

forms a morphotropic phase boundary (MPB) at approximately x ~ 0.5. It is believed that
in these systems, a high piezoelectric response is related to the MPB [9,10,12-18].

Although KNN is a promising piezoelectric material, there are some aspects that
still need attention, in which high densities (>90% theoretical density) are difficult to
attain during normal sintering, and K,O and Na,O easily evaporate at high temperatures
often leading to potassium- and sodium-deficient phase in the composition of the final
product [16,19-21]. There has been growing interest in the synthesis of KNN particles with
the desired shape and size.

Recently, various approaches to the synthesis of KNN piezoelectric materials have
been attempted, including solid-state reaction [9,13,22,23], spark plasma sintering [24],
microwave heating method [25], molten-salt process [20], the Pechini method [21], the
sol-gel method [26-28], and the hydrothermal method [10,17,29-34].

Among them, hydrothermal synthesis is currently considered a promising way to
obtain high-quality ceramic particles. Compared to other solution processing techniques,
the hydrothermal method has many advantages: (1) A crystalline product can be obtained
directly at a lower reaction temperature, and it favors a decrease in an agglomeration
between particles. (2) Crystalline products with various compositions, structures, and
morphologies can be formed by changing hydrothermal conditions (such as temperature,
pH, reactant concentration and molar ratio, additive, etc.) and at higher purity owing to
recrystallization in hydrothermal solution. (3) The equipment and procedures required are
simpler, and the control of reaction conditions is easier.

To synthesize crystalline particles using the glycothermal concepts embodied in hy-
drothermal processing approaches, a few investigations have studied the use of non-
aqueous systems as glycol media. We have shown that a glycothermal process provides a
facile low-temperature route to produce BaTiO3, Fe304, Y-doped ZrO;, TiO;, ZnO, and ZnS
particles with the desired morphology and size, as described in our previous study [35-41].
Our research embodies some novelty concepts that differ from the reported technology
for particle synthesis. First, a glycothermal process could remarkably reduce the reaction
temperature and pressure for large-scale production. Second, it is facile to control the
size and morphology of the synthesized particles in glycol solvent without growth agents.
Therefore, this glycothermal process provides a new prospective approach for controlling
the size and morphology of electronic material particles at low temperatures.

The purpose of the present work was to investigate the possibility of directly preparing
KNN particles using a facile glycothermal process, adjusting conditions such as reaction
temperature and reaction time. We report here the effect of 1,4-butanediol/deionized
water (B/W) volume ratio on the size and morphology of KNN particles by glycothermal
processes. We have investigated the effect of the various molar ratios of K*/Na* on
the KNN synthesis. In addition, the Ky 5Nag5NbOj3 particle with MPB composition was
prepared by a glycothermal process, and the preparation conditions were studied.

2. Experimental Procedure
2.1. Glycothermal Synthesis

All experiments were conducted using NbyOs (99.9%, Treibacher Industrie AG,
Althofen, Austria), KOH (95%, DC Chemical, Seoul, Korea), and NaOH (98%, DC Chemical,
Seoul, Korea) as the starting materials to synthesize KNN particles. Glycothermal synthesis
was carried out with a mixture solvent of 1,4-butanediol (99%, C4H;90;, Sigma-Aldrich
Chemical, St. Louis, MO, USA) and deionized water. Several modifications to the standard
synthesis procedure such as reaction temperature, reaction time, mixture solvent volume
ratio, and K/Na/Nb molar ratio were incorporated to study the influence of different
synthetic conditions on the phase, size, and morphology of the resulting particle. Anhy-
drous Nb,Os is the most common niobium source for the KNN synthesis. Nb,Os as the
niobium source was dissolved in strong base solutions such as KOH and NaOH because
it poses several problems including low solubility and low reactivity in water at room
temperature [42].
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First, KOH and NaOH with a K*/(K* + Na™) molar ratio equal to 0.5 were dissolved
in 70 mL of 1,4-butanediol through vigorous stirring, forming a mixed alkaline solution
with a total alkalinity content of 2 M. Then, the oxide powder of Nb,Os (0.1 M) was added
to the prepared alkali solution, and after being stirred for 30 min, the resulting suspension
was transferred into a 100 mL Teflon container with a filling factor of 70 vol.% for reaction
in the sealed stainless-steel pressure autoclave. To determine the optimum glycothermal
synthesis condition of KNN particles, reactions were carried out under different desired
temperatures (80, 120, 160, and 200 °C) with a rate of 2 °C/min for various holding times
(1h,3h,6h,and 12 h).

Total solvent volume was 70 mL. The effect of solvent volume ratio on the phase and
size of KNN particles was investigated by varying the content of the solvent mixtures
with 1,4-butanediol and deionized water from 70/0 to 0/70 under the optimum synthesis
condition at 200 °C for 12 h. KNN particles with different x values were synthesized by
varying the molarity ratios of K*/Nat in the basic solution from 1.0/1.0 to 1.8/0.2 using
glycothermal synthesis at 200 °C for 12 h. The synthesis condition of K 5NaysNbOj3 in
MPB composition on KNN was determined.

After glycothermal reaction, the autoclave was cooled to room temperature. The
precipitates with a light ivory color were formed on the bottom of the Teflon container.
The synthesized particles were centrifuged 3 times at 8000 rpm for 15 min using deionized
water to separate and wash off the reaction solvent until the pH value was equal to 7, and
then washed in ethanol 2 times. After drying at 100 °C for 24 h in a dry oven, the final
KNN particle was obtained.

2.2. Characterization

The dried, recovered particles were analyzed using X-Ray Diffraction (XRD, Smart-
Lab, Rigaku, CuK«y, 45 kV /40 mA) over the 26 range from 10° to 80° at a scan speed
of 2° /min to determine the phase composition and crystal structure. Experimental data
from XRD patterns were compared to standards recommended by the Joint Committee on
Powder Diffraction and Standards (JCPDS) to determine the chemical identity of the prod-
ucts. The morphology and size of the synthesized particles were investigated using field
emission-scanning electron microscopy (FE-SEM, 5-4800, Hitachi, Tokyo, Japan). The com-
position was investigated using energy-dispersive X-ray spectroscopy (EDS, JSM-6380LA,
JEOL, Tokyo, Japan). The mean particle size and size distribution of the particles were
characterized using a particle size analyzer (ELS-8000, Otsuka Electronics, Osaka, Japan).
Thermogravimetric analysis (TGA) was carried out to understand the decomposition and
mass change of a sample, and to optimize the calcination temperature. Thermogravimetric
analysis (TGA 2000, MAC Science, Yokohama, Japan) was performed under ambient air
with a heating rate of 2 °C/min up to 1000 °C. Infrared absorption was measured by a
Fourier transform infrared (FT-IR) spectrophotometer (FTS 300, Bio-Rad, Hercules, CA,
USA) for analysis of surface impurities on the particles, such as C-O and O-H groups
and carbonates using the KBr pellet technique. IR samples were prepared by mixing dry
particle with dry KBr in a 1:100 ratio by weight. Transmission electron microscope (TEM,
JEM-2100F, JEOL, Tokyo, Japan) was used to observe the dispersibility and crystal shape of
the synthesized particles. High resolution lattice images and electron diffraction patterns
also were taken to confirm the crystallinity of the internal microstructure.

3. Results and Discussion
3.1. Glycothermal Synthesis of KNN Particles

To investigate the effect of the reaction temperature on the synthesis of KNN particles,
suspensions with molar ratio of K/Na/Nb to 1.0/1.0/0.1 were glycothermally treated at
different temperatures. Figure 1 presents XRD patterns of each particle obtained at various
reaction temperatures for the same reaction time of 12 h by glycothermal process using
pure 1,4-butanediol solvent. At temperatures below 120 °C, KNN could not be formed as
the reaction temperature was too low, and most peaks of NbyOs with the orthorhombic
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structure as the starting material were retained (JCPDS card 30-0873). NbyOs content
was gradually decreased as the reaction temperature increased. While the main peaks
in the XRD patterns obtained at reaction temperature of 160 °C as shown in Figure 1c
are those for the KNN phase, it was ascertained that the small peak still existed from the
unconverted NbyOs of the raw material. Phase pure KNN particles were prepared without
any impurities at a reaction temperature of 200 °C. All the diffraction peaks were attributed
to KNN with an orthorhombic structure, and the entire pattern matches the reference peaks
reported on NaNbOj phase (JCPDS card 73-0803). The lattice constants calculated from the
XRD pattern in Figure 1d were a = 0.5539 nm, b = 0.5576 nm, and ¢ = 1.5595 nm.
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Figure 1. XRD patterns of KNN particles synthesized in glycothermal conditions at various reaction
temperatures for 12 h: (a) 80 °C, (b) 120 °C, (c) 160 °C, and (d) 200 °C. JCPDS database for Nb,Os
(JCPDS card 30-0873) and NaNbOj3 (JCPDS card 73-0803) are also included in the figure.

The FE-SEM photomicrographs of each particle obtained at various reaction temper-
atures are given in Figure 2. This result shows that the particles obtained at different
temperatures were formed from Nb,Os5 to KNN without the size change of precursor. The
particle morphology changed from irregular polyhedral shapes to hexahedron shapes.

The diffraction patterns of the particles synthesized by the glycothermal process at
200 °C for various reaction times are presented in Figure 3a. After a reaction time of 1 h,
KNN was observed with some peak of the unreacted Nb;Os. Although the unreacted
Nb,Os still coexists in the reaction product until the reaction time reaches 6 h, it gradually
disappeared with the increasing reaction time. Phase pure KNN particles were prepared
without any impurities at a reaction time of 12 h. The diffraction peaks of KNN became
sharper and stronger with increasing reaction time. Figure 3b shows the EDS analysis
results for KNN particles obtained at the glycothermal condition with a molar ratio of
K*/Na" to 1.0/1.0 at 200 °C for 12 h. The particle obtained in this condition was almost
not detected in K* content of 1 mol.%. It was found to produce Ky 91 Nag 99NbOj3 particle of
potassium deficient. The EDS analyses were consistent with the XRD results.
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Figure 2. FE-SEM photomicrographs of KNN particles synthesized in glycothermal conditions at
various reaction temperatures for 12 h: (a) 80 °C, (b) 120 °C, (c) 160 °C, and (d) 200 °C.
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Figure 3. (a) XRD patterns of KNN particles synthesized in glycothermal conditions at 200 °C with
various reaction times. (a-a) 1 h, (a-b) 3 h, (a-c) 6 h, and (a-d) 12 h. JCPDS database for Nb,O5 (JCPDS
card 30-0873) and NaNbOj3 (JCPDS card 73-0803) are also included in the figure. (b) EDS analysis of
KNN particles synthesized at 200 °C for 12 h.

In addition, the particle size and morphology of KNN particles were not dependent on
reaction times. The particle sizes and morphologies of all the particles obtained appeared
to show a similar tendency. This can easily be seen in the FE-SEM images, as shown in
Figure 4. The obtained particles of hexahedron shapes are well dispersed with a relatively
narrow particle size distribution under glycothermal conditions. It is considered that KNN
was synthesized owing to the increasing solubility of Nb,Os in the 1,4-butanediol solvent
in which a strong base component was present with the increase in reaction temperature
and time. Therefore, the optimum condition for KNN particles with pure perovskite-type
phase via glycothermal treatment can be achieved at 200 °C for 12 h from the perspective
of the synthesis process.
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Figure 4. FE-SEM photomicrographs of KNN particles synthesized in glycothermal conditions at
200 °C with various reaction times: (a) 1 h, (b) 3h, (c) 6 h, and (d) 12 h.

The effect of volume ratio of 1,4-butanediol and deionized water as solvent on the
formation and particle size of KNN were investigated under synthesis condition with a
molar ratio of K/Na/Nb to 1.0/1.0/0.1 at 200 °C for 12 h. Figure 5 shows the XRD patterns
of KNN particles synthesized with varying B/W volume ratio from 70/0 to 0/70. As a
result, all XRD patterns of the synthesized particles exhibited the perovskite structure with
orthorhombic symmetry of KNN, regardless of the B/W volume ratio and confirmed that
it is corresponding with NaNbO3 (JCPDS card 73-0803). No characteristic peak of any
secondary phase and residues could be observed in the KNN particles, which indicates that
the synthesized particles have a high crystal phase purity. The crystallite size of the KNN
particle was calculated from the broadening of the main peak using Scherrer’s equation:

o _ 0942

~ Bcosf @

where D is the average crystallite size, A (0.15406 nm) is the wavelength of Cu, 8 is the
full-width at half-maximum, and 6 is the diffraction angle of the center of the peak. The
average crystallite sizes of the synthesized KNN particle by the increasing volume ratio of
deionized water were increased to approximately 40-55 nm. Careful observation revealed
a peak shift in the XRD patterns in the 26 range of from 31.5° to 33.0° as shown in Figure 5.
According to the Bragg diffraction equation of 2dsinf = nA, when 6 decreases, d value
indicating the distance between the crystal planes will increase. With the higher deionized
water content in the B/W volume ratio, the peaks for the particles shifted slightly to the
lower angles. The values of lattice parameter are shown in Table 1.
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Figure 5. XRD patterns of KNN particles synthesized by glycothermal treatment with various solvent
volume ratios of B/W at 200 °C for 12 h: (a) 0/70 (pure hydrothermal), (b) 10/60, (c) 20/50, (d) 30/40,
(e) 40/30, (f) 50/20, (g) 60/10, and (h) 70/0 (pure glycothermal).
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Table 1. The lattice parameters of KNN particles synthesized by glycothermal treatment with various
solvent volume ratios of B/W at 200 °C for 12 h.

Lattice Parameters

Solvent Volume Ratio (B/W)

a (nm) b (nm) ¢ (nm)

0/70 0.5551 0.5588 1.5589

10/60 0.5546 0.5588 1.5589
20/50 0.5543 0.5586 1.5582
30/40 0.5545 0.5584 1.5582
40/30 0.5545 0.5584 1.5582
50/20 0.5543 0.5581 1.5589
60/10 0.5532 0.5582 1.5595
70/0 0.5539 0.5576 1.5595

The size of KNN particles was strongly dependent on B/W volume ratio. From the
FE-SEM photomicrographs, it can easily be seen that the size of KNN particles increased
dramatically from approximately 400 nm to 15 pm when B/W volume ratio was changed
from 70/0 to 0/70 as shown in Figure 6. However, the morphology of the KNN particles
remained almost unchanged with hexahedron shapes, regardless of the water content in
the B/W volume ratio. This behavior can be explained by considering the solubility change
in glycothermal condition using a mixed solvents containing water.

The actions of a solvent may impact crystal growth and crystallization due to the effect
of the related properties on density, viscosity, solubility, diffusivity, and other factors such
as heat and mass transport [43,44]. The size, phase, and morphology of the prepared crys-
talline particles can be significantly influenced by the chemical properties of 1,4-butanediol
and water used as a solvent. Organic solvents have lower dielectric constants which result
in lower solubility of inorganic material in the solution. Therefore, it is suitable to suppose
that the solubility of Nb,Os in a 1,4-butanediol solvent is an essential difference compared
to that in water. In general, the synthesis systems on the materials with low solubility
appear with in situ transition by dehydration reaction from poorly soluble materials to
crystalline agglomerates composed of nano-size primary particles. This solubility of Nb,Os
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in the solution with a basic solute dissolved in 1,4-butanediol could only promote the nu-
cleation action attributed to the short mean-free path of the solute by limiting the transport
of the solute into the solid-liquid interface for crystal growth. Therefore, KNN particles
of approximately 400 nm can be synthesized by a glycothermal process. In contrast, it
is reasonably considered the solubility of Nb,Os was increased by increasing the water
content in mixed glycothermal condition. The relatively high solubility of Nb;Os in the
basic aqueous solution could support further crystal growth due to promoting the transport
of the solute into the solid-liquid interface. The size of KNN particles was increased by
increasing the water volume ratio.

=\ == 1.00 pm

- 15KU 1
w== 1.00 pm ] y = 1.00 pm

Figure 6. FE-SEM photomicrographs of KNN particles synthesized by glycothermal treatment with
various solvent volume ratios of B/W at 200 °C for 12 h: (a) 0/70 (pure hydrothermal), (b) 10/60,
(c) 20/50, (d) 30/40, (e) 40/30, (f) 50/20, (g) 60/10, and (h) 70/0 (pure glycothermal).

In addition, the particle size distributions of KNN particles synthesized with varying
B/W volume ratio from 70/0 to 20/50 are shown in Figure 7. The equivalent volume
diameter of the KNN particles decreased from 13 pum to 450 nm while the B/W volume
ratio was varied from 20/50 to 70/0, respectively. In a pure glycothermal condition, it is
believed that Nb,Os was in situ transformed into KNN without the size and morphological
change between the raw material and final product. In contrast, the size of KNN particles
increased dramatically, which was attributed to the increased solubility of Nb,Os in mixed
glycothermal condition with the water added. Since the equivalent volume diameter of
glycothermally prepared KNN particles determined by the particle size analyzer was close
to the size determined by SEM images, it appears that chemisorption of 1,4-butanediol at
the surfaces of the KNN particles minimizes the aggregation of the particles by hydrogen
bonding. 1,4-Butanediol at the surface of KNN particles acts as a dispersant in solvent,
leading to a well-dispersed suspension without any further dispersant. Therefore, the size
of KNN particles increased as a function of water content in B/W volume ratio, which can
be explained by a recrystallization reaction mechanism.

Figure 8 shows TG analysis results of KNN particles synthesized by pure hydrothermal
and pure glycothermal processes. Total weight losses of the particles synthesized by
pure hydrothermal and pure glycothermal processes were very small at 0.6 wt.% and
2.5 wt.%, respectively. The total weight loss consists of four contributions: the first region
(<200 °C) corresponds to the loss of physically adsorbed water and 1,4-butanediol, the
second regions between 200 °C and 570 °C corresponds to the loss of chemically bound
hydroxyl groups [36]. In the third regions between 570 °C and 670 °C, the weight loss is
attributed to the combustion of carbonized species by 1,4-butanediol chemically bounded
inside KNN particles and on the surface [36]. Finally, the weight loss above 670 °C is due
to CO; release from decomposition of carbonate species.
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Figure 7. Particle size distribution of KNN particles synthesized by glycothermal treatment with
various solvent volume ratios of B/W at 200 °C for 12 h: (a) 20/50, (b) 30/40, (c) 40/30, (d) 50/20,
(e) 60/10, and (f) 70/0 (pure glycothermal).
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Figure 8. TG analysis of KNN particles synthesized by glycothermal treatment in different synthesis
conditions: (a) pure hydrothermal and (b) pure glycothermal at 200 °C for 12 h.
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This result was consistent with the FT-IR analyses, as shown in Figure 9. The weak
band at 1640 cm~!, between 3600 cm~! and 4000 cm~! (bending mode of H,0), indi-
cates that some HO is present [38,39]. The two broad peaks at around 750 cm ! and
3350 cm ! are associated with the O-H stretching vibration of absorbed water and hy-
droxyl group [27,38,39]. In addition, the sharp peak at 1380 cm ! is due to the characteristics
of the CO3%~ group [27,38,39]. The absorption peaks at 1450 cem ! and 1560 cm ! are due
to the symmetric stretching of CH, group, and chemisorption of 1,4-butanediol is believed
to be involved in the formation of these peaks through substitution on a surface hydroxyl
group [38,39].

(b)
VN
4

()

Transmittance (a.u.)

3900 3400 2900 2400 1900 1400 900 400
Wavenumber (cm™)

Figure 9. FT-IR spectra of KNN particles synthesized by glycothermal treatment in different synthesis
conditions: (a) pure hydrothermal and (b) pure glycothermal at 200 °C for 12 h.

3.2. Glycothermal Synthesis of Ky 5Nag s NbO3 Particles at the MPB Composition

In the case of KNN particles appear in the morphotropic phase boundary (MPB) at a
potassium content of x ~ 0.5. We worked to find the experimentally optimized condition
of K*/Na* molar ratio for the synthesis of Ko5NagsNbOj3. The varying molar ratios of
K*/Na* in the fixed amount of Nb,Os (0.1 M) were glycothermally treated using only 1,4-
butanediol at 200 °C for 12 h. XRD patterns of KNN particles synthesized at different molar
ratios of K* /Na* appear in Figure 10. We can see that the patterns of KNN particles slowly
shifted to the lower 260 angles, as the molar ratio of K* /Na* in each solution is gradually
enhanced. Because the radius of K* (0.133 nm) is larger than that of Na* (0.095 nm), the
higher K* concentration in the solution leads to a larger distance of the crystal plane for the
particles obtained, and as a result, the KNN peaks gradually shifted to KNbOj as clearly
shown in the local enlarged XRD of Figure 10. The lattice parameters of the KNN particles
were determined from the XRD data; the results are shown in Table 2.
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Figure 10. XRD patterns of KNN particles synthesized in glycothermal conditions with various molar
ratios of K* /Na™ at 200 °C for 12 h: (a) 1.0/1.0, (b) 1.4/0.6, (c) 1.5/0.5, (d) 1.6/0.4, (e) 1.7/0.3, and
(f) 1.8/0.2. JCPDS database for KNbO3 (JCPDS card 71-2171) and NaNbO3 (JCPDS card 73-0803) are
also included in the figure.
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Table 2. The lattice parameters of KNN particles synthesized by glycothermal treatment with various
molar ratios of K*/Na* at 200 °C for 12 h.

Molar Ratio Lattice Parameters S
(K*/Na*) a (nm) b (nm) ¢ (nm) tructure
1.0/1.0 0.5539 0.5576 1.5595 Orthorhombic
1.4/0.6 0.5557 0.5567 1.5609 Orthorhombic
1.5/0.5 0.5573 0.5576 1.5704 Orthorhombic
1.6/04 0.5567 0.3931 0.5618 Orthorhombic and Monoclinic [45]
1.7/0.3 0.5646 0.3933 0.5679 Orthorhombic
1.8/0.2 0.5713 0.3996 0.5740 Orthorhombic

When the molar ratio of K* /Na* was increased from 1.0/1.0 to 1.6/0.4, the XRD
patterns of the obtained particles were the same as that of NaNbO; (JCPDS card 73-0803),
other than shifting a little to the left due to K* dissolved into the NaNbOj crystal. In the
molar ratio of K*/Na™ to 1.8/0.2 with a larger K* concentration, the XRD patterns of the
obtained particles are similar to that of KNbO3 (JCPDS card 71-2171). This result showed
that the XRD patterns of KNbOs-based single particles had shifted slightly to the right due
to the Na* dissolved into the KNbOj3 crystal lattice. When the molar ratio of K*/Na™ is
in the experimentally optimized condition of 1.7/0.3, the K 5Nag 5NbO; particle at MPB
composition could be synthesized by glycothermal conditions. The results were probably
caused by the faster reaction between sodium and niobium in comparison with the one
between potassium and niobium attributed to the different diffusivity of sodium ions
and potassium ions, as previously reported [33,46—48]. In addition, Gibbs-free energy for
NaNbOj3 (—59 J/mol) is more negative than that of the KNbO3 (—49 J/mol) [49]. Because of
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this result, the crystal distortion became more severe, and the crystal structure became more
unstable. It could be assumed that the KNN form according to the following procedure:

3Nb,Os5 + 4K' +4Na™ +80H™ + 5H,O0 — Nb60§; +4K" +4Na™ + 9H,0 — KyNayNbgO19-9H,O 2)

K4Na4Nb6O19'9H20 — 6K(5Nag5NbO3; + KOH + NaOH + 8H,0O (3)

Figure 11 shows the EDS analysis results for KNN particles obtained at the glycother-
mal condition with different molar ratios of K* /Na*. The EDS spectra of all the particles
obtained consisted of Na, K, Nb, and O elements attributed to the formation of KINN.
However, the particle obtained in the molar ratio of K* /Na* to 1.0/1.0 was KNN particle
lacking potassium, as shown in Figure 3b. Furthermore, the x value in the KNN particle
was gradually increased with the increasing K* concentration in the molar ratio of K* /Na*.
The Ky 5Nag5NbO;3 particle, which was MPB composition, could be synthesized by gly-
cothermal condition at molar ratio of K*/Na™* to 1.7/0.3 as shown in the EDS result of
Figure 11. The particles obtained until the molar ratio of K*/Na* reached 1.6/0.4 have
formed Na-rich KNN phase. When the molar ratio of K* /Na™* is 1.8/0.2, the particles could
obtain K-rich KNN phase with K* content of approximately 72 mol%. The EDS analysis
results for the changing K* concentration in the KNN particles are quite similar to our XRD
results. The calculated EDS results of each K* content of KNN particles obtained at varying
molar ratios of K* /Na* were presented in Table 3.
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0.0 . 60 80  10.0
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Figure 11. EDS analysis of KNN particles synthesized in glycothermal conditions with molar ratio of
K*/Na* to 1.7/0.3 at 200 °C for 12 h.

Table 3. The calculated EDS results of each K* content of KNN particles obtained in glycothermal
conditions with varying molar ratios of K* /Na™ at 200 °C for 12 h.

Samples
(KOH/NaOH/Nb,0s) 1.0/1.0/0.1 1.4/0.6/0.1 1.5/0.5/0.1 1.6/0.4/0.1 1.7/0.3/0.1 1.8/0.2/0.1
Mole Content of K* (%) * 1 6 15 26 50 72
Na-rich K-rich
Phase KNN MPB KNN

* An element of interest may be present below the detection limit of EDS (typically about 0.2-0.5%).

Figure 12 shows FE-SEM images of KNN particles glycothermally synthesized on
the different molar ratios of K*/Na*. This result shows that the particles obtained at
different molar ratios of K* /Na* were formed without a change of size and shape. The
particles obtained under all conditions tended to have similar particle sizes and morpholo-
gies. All particles of hexahedron shape are aggregated with a relatively smaller primary
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particle. The size and morphology of K 5NagsNbOj3 particles appeared as a hexahedron of
approximately 400 nm.

-
= 1.00 pm

m—1.00 pm

Figure 12. FE-SEM photographs of KNN particles synthesized in glycothermal conditions with
various molar ratios of K*/Na* at 200 °C for 12 h: (a) 1.0/1.0, (b) 1.4/0.6, (c) 1.5/0.5, (d) 1.6/0.4,
(e) 1.7/0.3,and (f) 1.8/0.2.

In addition, the particle size distributions of KNN particles synthesized with varying
molar ratios of K* /Na* are shown in Figure 13. It could easily be seen from the results
that the size distribution of all particles showed a similar tendency. The equivalent volume
diameter of the Na-rich KNN particles was approximately 420 nm (Figure 13a,b), while
that of the K-rich KNN particles was slightly decreased to 370 nm (Figure 13c).
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Figure 13. Particle size distribution of KNN particles synthesized in glycothermal conditions with
various molar ratios of K* /Na* at 200 °C for 12 h: (a) 1.4/0.6, (b) 1.6/0.4, and (c) 1.8/0.2.

Figure 14 shows the TEM images and selected-area electron diffraction (SAED) pattern
of the K¢ 5Nag 5sNbOj single crystal synthesized in glycothermal conditions with a molar
ratio of K*/Na* to 1.7/0.3. The Ky5Nag5NbO3 of the hexahedron shapes exhibits a
single crystalline nature well dispersed with a sub-micron size of 300 nm, as shown in
Figure 14a. The corresponding SAED pattern can be represented as orthorhombic phase
of Ko 5Nag5sNbOj3 along the [001] zone axis, as shown in Figure 14b. The high-resolution
TEM image also clearly reveals that the Ky 5Nag 5]NbOj single crystals obtained exhibited
lattice fringes with an inter-planar spacing of approximately 0.282 nm and 0.395 nm,
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corresponding to the (200) and (010) plane of the orthorhombic structure, respectively,
as shown in Figure 14c. These results are very consistent with that estimated by the
XRD results.

(a)

200 nm

Figure 14. (a) TEM image, (b) SAED pattern, and (c) HRTEM image of K 5Nag sNbOj3 particle of the
MPB composition synthesized in glycothermal conditions at 200 °C for 12 h.

4. Conclusions

Under the condition of molar ratio [1.0 + 1.0]/0.1 of [K*+Na*]/Nb, the phase pure
KNN particles of perovskite-type structure without any impurities have been synthesized
by a facile glycothermal method using 1,4-butanediol solvent at 200 °C for 12 h. It is
considered that KNN was synthesized due to the increasing solubility of Nb,Os in the
1,4-butanediol solvent in which a strong base component was present with the increased
reaction temperature and time. The obtained particles of hexahedron shapes are well
dispersed with a relatively narrow particle size distribution and a size of 400 nm under
glycothermal conditions. The particle size of KNN particles synthesized by the glycother-
mal method can be controlled from 15 pm to 400 nm by adjusting the B/W solvent volume
ratio from 0/70 to 70/0. The volume ratio of B/W in the reaction has a strong effect on the
size of the synthesized KNN particles. It is considered that the nucleation and growth of
KNN particles changed the in situ transition mechanism and dissolution-recrystallization
by the reaction solvent, respectively. KNN particles with various potassium content of x
value could be glycothermally synthesized by varying the molar ratios of K* /Na® in the
fixed amount of Nb,Os (0.1 M). The K 5Nag5NbOj particles of MPB composition with a
size of approximately 400 nm and a hexahedron shape could be successfully synthesized
by a glycothermal method on [K*+Na*]/Nb molar ratio of [1.7 + 0.3] /0.1 at 200 °C for 12 h.
The glycothermal method has been confirmed to be a more efficient method for controlling
the particle size of KNN particles from micro- to sub-micron.
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