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ABSTRACT

COMPARISION OF POWDER SYNTHESIS METHODS FOR THE
PRODUCTION OF POTASSIUM SODIUM NIOBATE (KNN)

Alkali niobate-based, i.e., potassium sodium niobate, KiNay.iNbO3; at x=0.5 (the
composition at the morphotropic phase boundary (MPB)), based materials have been
reported as promising lead-free piezoelectrics to be substituted with the most extensive
lead-based, i.e., lead zirconate titanate (PZT) ones. In this thesis, KNN particles were
obtained using three discrete powder synthesis routes: conventional solid-state reaction,
hydrothermal synthesis, and sol-gel processing. The as-synthesized powders were
characterized via several techniques to provide a comparative study and underline the
difficulties upon KNN synthesis. In the conventional method, the phase pure
Ko.5NaosNbO3; powders were obtained at 850°C with 382 + 68 nm particle size.
Unfortunately, the process cannot be considered sustainable due to the high risk of non-
perovskite impurity phase formations. Also, the results demonstrated that single phase
KNN powder having the MPB composition could not be accomplished via a one-step
hydrothermal reaction process because of the inevitable formation of the second NaNbO3
phase. Instead, post-heat treatment of biphasic (K-rich (x>0.5) KNN and NaNbOs3)
samples lead to induction of sodium incorporation into the crystal lattice. Eventually,
phase-pure KNN particles with high proximity (x=0.58) to MPB were achieved. The
KNN powder with the smallest particle size (145 nm) was obtained using the sol-gel
method at 500°C. However, the samples showed carbonate impurities resulting from the
reaction of unreacted alkali cations (K* and/or Na*) with the ambient CO,. Hence, the

KNN samples needed to be stored under an inert atmosphere to ensure purity.
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OZET

POTASYUM SODYUM NiYOBAT (KNN) URETIMINDE TOZ
SENTEZ YONTEMLERININ KARSILASTIRILMASI

Alkali niyobat bazli, potasyum sodyum niyobat, x=0.5(morfotropik faz sinirina (MPB)
denk gelen kompozisyon) i¢in KxNax.1NbO3, malzemelerin en yaygin olarak kullanilan,
kursun bazli kursun zirkonat titanatlarin (PZT) ikamesi olarak kullanilmak {izere umut
verici oldugu raporlanmistir. Bu tezde, KNN partikiilleri ii¢ ayr1 toz sentezi yolu
kullanilarak elde edildi: geleneksel kati hal reaksiyonu, hidrotermal sentez ve sol-jel
yontemi. Sentezlenen tozlar, karsilastirmali bir caligma saglamak ve KNN sentezindeki
zorluklarin altin1 ¢izmek i¢in ¢esitli yontemlerle karakterize edildi. Geleneksel yontemde,
perovskit olmayan safsizlik olusumlarinin yiiksek riski nedeniyle bu yontem siirdiirebilir
bulunmamaistir. Ayrica sonuglar, MPB bilesimine sahip tek fazli KNN tozunun, ikinci
NaNbO3 fazinin kaginilmaz olusumu nedeniyle, tek agamali hidrotermal reaksiyon islemi
ile gergeklestirilemeyecegini gostermistir. Bunun yerine, bifazik (K agisindan zengin
(x>0.5) KNN ve NaNbOs3 fazlarindan olusan) numunenin 1s1l islemi sonrasi kristal kafese
sodyum katilimi tetiklenmis ve nihayetinde MPB'ye yiiksek yakinlikta (x=0.58) saf KNN
parcaciklart elde edilmistir. En kiiclik partikiil boyutuna (145 nm) sahip KNN tozu,
500°C'de sol-jel yontemi kullanilarak elde edilmistir. Ancak numuneler, reakte olmamis
alkali katyonlarin (K" ve/veya Na") ortamdaki CO: ile reaksiyonundan kaynaklanan
karbonat safsizliklar1 gdstermistir. Bu nedenle, saflig1 saglamak i¢in KNN numunelerinin

inert atmosferde saklanmasi gerekmektedir.
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CHAPTER 1

INTRODUCTION AND MOTIVATION

Piezoelectrics are materials having the ability to generate an electric field when they are
exposed to mechanical stress, and which is called the direct piezoelectric effect. It
operates reversibly as well, meaning that it is also possible to produce mechanical stress
as a result of applied electrical field!. This group of functional materials has various
applications in pressure sensors, surface acoustic wave (SAW) devices, ultrasonic
transducers and motors, piezoelectric transformers, and actuators and so on* 3.

Piezoelectricity was first discovered by the Curie brothers in quartz crystal. Then,
piezoelectricity of BaTiOs; (BT) and lead zirconia titanate (PZT) were discovered,
respectively. Detailed historical evaluation is demonstrated in Figure 1.13. Among
piezoelectric materials, lead zirconate titanate (PZT) has been dominating the market due
to its electromechanical properties® 4. However, PZT ceramics have a lead content of
more than 60 weight percent’. Taking into consideration its high toxicity and relatively
high vapor pressure, heat treatments at elevated temperatures, e.g., calcination, sintering,
etc., increase lead release to the atmosphere!. In addition to its toxicity, recycling and
storage of lead oxide also pose challenging problems* . Lately, governmental regulations
aiming at limiting the use of hazardous substances were introduced. For example, the
European Union received two directives, Waste Electrical and Electronic Equipment
(WEEE) and Restriction of the use of certain Hazardous Substances (RoHS)” 8.
Therefore, substituting lead-based piezoelectrics such as PZT with safer ones became
urgent. As a result, a new materials group called lead-free piezoelectric materials

purposed to be replaced with lead-contained ones'.
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Figure 1.1. Historical development of piezoelectrics
(Source: Zheng, 2018) 3.

The most studied lead-free piezoceramics may be classified as perovskite,
bismuth layered, and tungsten bronze structures’. Among those, perovskite structured
piezoelectrics have received significant attention due to their enhanced piezoelectricity.
A schematic representation of cubic perovskite structure is given in Figure 1.2, in which
the green, red and blue spheres represent A cations, B cations, and oxygens, respectively.
The symmetrically positioned atoms yield smooth deformation and polarization (see the
polarized structure Figure 1.2(b)), which can be considered essential for material to
expose piezoelectricity'. Perovskite materials have the general chemical formula of
ABO3, where A and B are two different cations having a different atomic size. In a general
manner, the atomic radius of A cations are larger than that of B cations. In the perovskite
structure, the atoms are arranged to form a corner-sharing of the smaller cations octahedra

(BOs) network (see the octahedra in Figure 1.2(b))" % 19,



Figure 1.2. The unit cell of a cubic perovskite crystal(A, B, and oxygen atoms are
represented with green, red, and blue spheres)

(Source: Haertling, 1999) 1.

The basic parameters to be considered during the evaluation of piezoelectric
performance can be sorted as a piezoelectric coefficient (ds3 in pC/N) and Curie
temperature (Tc in °C)?. The higher those parameters, the better the piezoelectricity gets,
e.g., higher Curie temperature is desirable for the stability of the piezoelectric effect at
elevated temperatures'. The influence of the stoichiometric composition on electrical
properties was first investigated by Jaffe et al.'!. After then, it was realized that a
structural change occurs in solid solutions for specific compositions regardless of the
temperature. This change originates from an unstable phase compared to another one and
results in the coexistence of two crystal phases® '2. Therefore, the polarized dipoles are
able to orient more comfortably, yielding enlarged electrical properties, in particular,
piezoelectricity® '2,

Lead — free perovskite structured piezoelectrics include KosNaosNbO3 (KNN),
BaTiOs (BT), BiosNagsTiOs (BNT), BiFeOs (BFO)! 3. Among those, alkali niobate-
based, e.g. Ko.sNaosNbOs3 (KNN, 0<x<1), has been investigated the most owing to its
promising piezoelectric coefficient (d33 = 80 pC/N)!3 and high Curie temperature (Tc =
415°0)'2,

Potassium Sodium Niobate (KxNai.xNbO3) is a lead-free piezoelectric material
being a complete solid solution of antiferroelectric NaNbOs and ferroelectric KNbO3'.
The specific composition studied the most is with x ~ 0.5 (Ko.5NaosNbO3), where the
piezoelectric effect reaches its maximum owing to being close to the morphotropic phase

boundary (MPB)'* 5. Despite being a good substitution for lead-based piezoelectric



materials, KNN-based ceramics had a piezoelectric coefficient which was still
insufficient to compete with commercial PZT (d33 =200 — 590 pC/N)* 4. However, Saito
et al.!s changed the approach by managing produce textured KNN-based piezoceramics
with piezoelectricity coefficient reaching up to 416 pC/N, which is superior to soft and
few hard PZT ceramics, e.g., acceptor (Fe*") doped PZT (225-285 pC/N)!". Piezoelectric
coefficient and Curie temperature values of various KNN-based solid solution systems
are tabulated in Table 1.1. Further development in the piezoelectricity constant has been

reported!8, despite being a quite complex composition.

Table 1.1. Piezoelectric coefficients of KNN-based ceramics

Composition das Tc (°C) Reference
(pC/N)
KNN 80 420 13
KNN 160 420 19
KNN + 0.5 mol% (K4CuNbgO:3) 180 402 20
KNN + Li,Ta,Sb (Textured) 416 253 16
KNN + 6 mol% LiNbO3 235 475 2
KNN + 2-3 mol% BNT 195 375 =
KNNS-CZ-BKH (Ko.5Naos) (Nbo.o65Sbo.035)-
CaZrO3-(Bio.sKo.5) HfO3 + 3 mol% NaNbO3 700 242 18
(Textured)

There are also disadvantages considering the high sensitivity of the electrical
properties of K«Na;xNbO3; — based piezoceramics, in particular on the stoichiometric
composition. Hence, preserving the stoichiometry, i.e., keeping x ~ 0.5, becomes a
crucial issue during both powder synthesis and monolith production®®. Nevertheless, it is
challenging to obtain KNN powder at the exact MPB composition. Besides, the structural
characterization of such composition poses further challenges when XRD analysis was
used since the only difference between the XRD patterns of three discrete niobate phases,

i.e., NaNbOs3, Ko.sNagsNbO3, and NaNbOs, is a peak shift of 0.2°(260).



Despite many studies focused on the synthesis of KNN, there have been no reports in
which a systematic and repeatable procedure was provided. Accordingly, the aim of this
thesis study was based on to provide a comprehensive study comparing the outcomes of
the three distinct powder synthesis methods such as conventional solid state synthesis,
hydrothermal reaction, and sol-gel processing for KNN production. In addition to that,

numerous Rietveld refinements have been performed to highlight those considerations.



CHAPTER 2

LITERATURE SURVEY

2.1 Powder synthesis methods

The most commonly applied powder synthesis method for KNN is the

conventional solid-state reaction. Apart from that, alternative methods such as molten salt

24-26 27-29
9

synthesis sol-gel  processing?”?°,  co-precipitation®?,  spray  pyrolysis®!,

hydrothermal®**¢, and solvothermal reaction’”- 38 have also been purposed.

2.1.1 Solid-State Reaction

The solid-state reaction is one of the oldest and most common techniques that is
used for the preparation of ceramic powders due to its capability of production on an
industrial scale. It is based on a solid-solid reaction between oxide and carbonate
precursors.

According to the technique, the raw materials may need to undergo pre-treatment
processes such as drying for the avoidance of their hygroscopic nature or individual ball
milling to obtain a reduced, homogeneous particle size distribution®®. Then, the reactants
are mixed and grounded by a planetary ball mill, shown in Figure 2.1(a), using an
appropriate medium, e.g., ethanol, acetone, isopropanol, etc., to obtain a homogeneously
dispersed powder. The cross-section of the milling jar is given in Figure 2.1(b), where A,
B, C, and D represent the slurry consisting of the medium and precursors, ball collisions,
agglomerated precursors on the surface of the balls, and falling balls through the slurry,

respectively*’.



Figure 2.1. (a) Planetary ball mill; (b) cross-section of the milling jar
(Source: Shin, 2013)%.

This process is followed by the calcination stage, where the products form at the
interfaces of the raw materials, as shown in Figure 2.2 for perovskite structured materials.
Hence, the reaction rate is highly dependent on the diffusion rate of reactants through the
mentioned interfaces*!. The temperature for calcination can be as high as 1200°C, e.g.,
for magnesium aluminate (MgAl,O4)*°, depending on the material. The value has been

reported as within the range of 600 - 900°C*#> 43,

AO | BO, | | AO [ABO,[BO, | N\ ABOM\

Time

Figure 2.2. Solid-state reaction

(Source: Malig, 2018)*!.

The benefits of this method include simplicity of the process and ease to scale up

for large amounts of synthesis**. Also, plenty of experimental data can be found in the

7



literature since it is one of the most widely used methods*. However, the solid phase
reaction needs to be carried out at high temperatures. Hence, the process becomes highly
energy-consuming®. Unfortunately, treatment at elevated temperatures arises another
drawback that is the inevitable agglomeration of particles. Such a case leads to large
particles, e.g., generally around 1 pm?’. Although particle size reduction can be
accomplished via further milling, there is a significant risk of contamination during the
process, which results in low purity products**47.

During the conventional synthesis of KNN, there is the need for alkali carbonate
precursors, which are strongly in a tendency to absorb moisture, ensuring the purity of

23, 48 Such care may involve processing under a

raw materials requires great care
controlled atmosphere, e.g., under N, or pre-heat treatment of the raw materials to
eliminate the absorbed moisture®. Additionally, it is difficult to control the stoichiometry
under processes involving high temperatures (>800°C), e.g., calcination for conventional
solid-state synthesis. This is because of the relatively high volatility of alkali oxides
(Na20 and K,0)?. Also, thermodynamic calculations have shown that the vapor pressure
of K>O is higher than NayO as it already has a lower melting point (740°C) compared to
Na,O (1134°C)*!. Hence, uneven volatilization takes place and may cause precipitation
of a secondary Na-rich phase in the form of unusual grains*, deviations from the
stoichiometry, and formation of non-perovskite structures®’. Reduction of calcination
temperature could be the key to this problem and it was achieved by reducing the particle
size through a high-energy ball milling process®. However, contamination by the balls or

the vessel problem came up as it is known that conventional powder synthesis facilitates

insufficient purity, which is one of its main drawbacks™’.

2.1.2 Mechanochemical Activation

The mechanochemical activation resembles the solid-state reaction method.
However, the reaction is accomplished by the application of mechanical energy instead
of thermal energy’!. In other words, the reactants are subjected to a high-energy ball
milling process at high rotations. Such a process causes plastic deformation, the

disordering of grain boundaries, crystallographic defects, and broken bonds.



Consequently, an excess amount of energy arises, leading to the formation of a new,
chemically active form of energy. Hence, the application of external thermal energy
becomes unnecessary”?. Figure 2.3 demonstrates the progress during high-energy ball
milling, where the large particles are enclosed between the balls in Figure 2.3(a), crack
propagation and fracture follow that stage in Figure 2.3(b), and finally, particle size

refinement is shown in Figure 2.3(c)™.

(a) Bal ,l, ((b) (c)

< _= 2% ".

/f”'TK

Compressive/shear stressl

Particle

g b -
1 “p-

-Al
D »

Fracturing - Cold Welding - Fracturing

Ball T

Figure 2.3. The high-energy ball milling process
(Source: Ambika, 2016)>3.

The main advantage of mechanochemical activation is that it is readily performed
in industry since it is capable of producing a large amount of product®*. Also, it is a
simple, single-step process, just like the solid-state reaction method. Nevertheless,
although there is no heat application system, it is still an energy-consuming process
because of extensive mechanical energy requirements. Similar to the solid-state route,
there is also a high contamination threat that yields low purity products. Besides,
obtaining a new product with a small particle size may be time-consuming due to the

necessity of large milling time*®.



2.1.3 Molten Salt Method

The molten salt method relies on generating an ion pool by melting salt, and using
it as a solvent and/or as a reactant*. In a general manner, the eutectic mixtures of sulfate
or chloride salts are preferred to lower the temperature. For instance, NaCl and KCl have
melting points of 801°C and 770°C, respectively. And their eutectic mixture’s melting
point is 650°C. After heat treatment, the mixture needs to be washed several times to

eliminate excess salt. The product is obtained after drying as visualized in Figure 2.4,

reactant powders
(A +B) ]

mixing firing washing

salt

prod uc(tp?owder drying

Figure 2.4. Molten salt method
(Source: Sikalidis, 2011)%.

During the reaction, the product particles form via heterogeneous nucleation at
the surface of the reactants, which functions as nucleation sites. The amount of salt is
generally adjusted as 80-120 wt% of reactant mixture because it is enough to coat those
nucleation sites. The criteria for salt selection include being available, inexpensive, easily
washed away, and having a low melting point and vapor pressure. The molten salt has
several functions, such as increasing the reaction rate, lowering the reaction temperature,
controlling the particle size, etc>.

Molten salt is a preferred method due to its available precursor and simplicity.
Yet, the amount of salt needs great cation. It is substantial to introduce all the required
amounts of salt to coat nucleation sites, i.e., reactant surfaces. If the necessary amount of

salt does not present in the system, the expected liquid phase cannot be achieved. On the

10



other hand, using too much salt has two unfortunate consequences. One is that the
excessive salt causes the phase separation of the reactants due to the sedimentation. Such
a case significantly decreases the reaction rate. The latter is that the excess salt solidifies

and adheres to the walls of the reaction vessel’>.

2.1.4 Sol-gel Processing

The term sol means colloidal dispersion of nano-sized particles in a liquid>®. Such
a mixture undergoes a gelation process where the nano-sized particles are aggregated
under appropriate conditions by a solvent removal process or a chemical reaction®”. The
gelation process of the particles is visualized in Figure 2.5, where the first image and last
images represent the sol and complete gelation phases, recpectively®’. The gel stage can
be expressed as three-dimensional inorganic networks where the polymers act as the

linkage components>® 38,

Figure 2.5. Gelation process

(Source: Liu, 2019)*7.

Figure 2.6 demonstrates a more detailed image of sol-gel processing®. First, the
precursors are hydrolyzed, i.e., water disengages the bonds, and pushes the mixture into
a sol. Subsequently, the polycondensation reaction takes place. In addition to the

elimination of the excess water, bridging oxygen atoms form the three-dimensional
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structure via branching and cross-linking, increase the viscosity, and trigger the gelation
process® 0. Although the reactions occur at room temperature (RT), a subsequent heat

treatment/calcination is required to obtain a crystallized product powder.

Aging at Increase Calcination at R bt
low temp in temp " ... elevated temp. S
*HO : % — OIS
Solvent { 2 Gelanon 5 H S 3%
*H O/EtOH, i) 230
’ /....;..
...:: . :‘: = ".:
®e .. .
SOL GEL

Figure 2.6. Sol-gel processing
(Source: Hashim, 2019)°.

Sol-gel processing is advantageous because it provides high control of product
composition and high purity. On the other hand, some drawbacks are limiting the use of
the sol-gel method, such as hydrolysis rates of the reactants must be equal or close to
synthesizing the desired product. Some difficulties also arise in controlling the particle
morphology due to the uneven solvent removal. The heat treatment at elevated
temperatures causes unavoidable agglomeration leading to inhomogeneous particle size

distribution*®.

2.1.5 Coprecipitation Method

Coprecipitation is commonly used, faster than most other chemical methods, and
suitable for production on the industrial scale*® %, The schematical representation is given
in Figure 2.7. First, a solution is prepared to contain the desired cations. With the addition

of a precipitating agent or a ligand such as ammonia, potassium hydroxide, sodium
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hydroxide or urea, etc., precipitation is induced. The precipitated product is isolated by

filtration. A simple heat treatment process is then applied for transformation to the oxides

via evaporation of the water or decomposition®’.

Anion

Solution

Precipitating agent

Nucleation
&
Growth

!

—1——> Filtration

Calcination

Agglomeration

Cation

Solution

Figure 2.7. Coprecipitation synthesis

(Source: Venkatramana Reddy, 2019)°!.

The coprecipitation method has two key stages: nucleation with subsequent

crystal growth. Right after the concentration of precursor atoms reaches the critical

supersaturation, nucleation occurs. Such a stage is important from the engineering point

of view. As summarized in Figure 2.8, nucleation speed has a great effect on particle size,

such that fast nucleation yields small particles, and slow nucleation leads to bigger

particles. To be able to control the kinetics of nucleation, it is needed to modify reaction

conditions by changing the reaction temperature, environment, surfactant, etc>*. During

the growth stage, the solutes diffuse through the surface of the crystals, and product

particles occur at this site*®.
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Large NP’s

Figure 2.8. Crystal growth
(Source: Tailor,2020)%.

The coprecipitation method can be considered beneficial since it provides good
composition control and purity. However, due to the different precipitation and crystal
growth rates, distorted homogeneity at the microscopic level and uncontrollable particle
size distribution may arise’®. Also, it is generally results in poorly crystallized
intermediate products, including the mixture of hydrated oxides. In such a case,

conversion to fully crystallized oxides by heat treatment becomes necessary™®.

2.1.6 Spray Pyrolysis

Flame spray pyrolysis is simply a one-step combustion process where the products
are produced by thermal decomposition®®. The precursor solution is broken into droplets
by using an atomizer. It is sprayed directly into a flame where thermal decomposition
resulting in the formation of the desired substance occurs and is collected on a substrate>*.

A visualization of the whole system is given in Figure 2.9. Mainly, the system
consists of a self-sustaining, high-temperature flame for thermal decomposition, a
substrate for particles to accumulate, a peristaltic pump to spray the solution, and a

dispersion gas to carry the precursors** 3

. After the precursors were sprayed through the
peristaltic pump, solvent evaporation occurs. The pyrolysis of the raw materials takes

place, and they undergo thermal decomposition. Then, the product particles nucleate and

14



subsequently grow via agglomeration under the effect of high temperature®® %3, The flame
is obtained by combustion of a fuel gas e.g., O2 and the temperature may reach up to

3000°C, and its velocity changes between 80-100 m/s®?.

JA \',\ Film Self-assembly

Aglomeration

Nucleation

Droplet evaporation and combustion

Droplet formation
Precursor dispersion

<+<— Suporting flame

Dispersion gas

Precursor solution

Figure 2.9. Flame spray pyrolysis
(Source: Nunes, 2019)°*.

Spray pyrolysis is preferred due to its proven scalability and ability to produce
quite small particles, e.g., in the range of 5-500 nm>*. On the other hand, it is hard to
produce unagglomerated particles by this technique®. Moreover, there is a need for
advanced separation processes to diminish the loss of products and environmental
pollution. The process itself has already a high cost, and the cost becomes even higher

with the sophisticated separation processes®.
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2.1.7 Hydro/solvothermal Reaction Method

The hydrothermal root merely consists of a heterogeneous reaction among the
precursors in the presence of water as the solvent under controlled temperature and
pressure. The method uses the solubility of most of the inorganic substances in aqueous
mediums and subsequent crystallization of the product. However, the solubility of the
raw materials in water may not be sufficient in some cases. Hence, various nonpolar
solvents e.g., isopropanol, benzene, etc., can also be used instead of water. In such cases,
the process is named solvothermal reaction. The process (hydro/solvothermal reaction)
can be performed in two discrete ways: with or without a surfactant. Although the
surfactant-free path can be considered as more economic, since it avoids the need for
expensive surfactants, and simple, surfactants provide strong control on the morphology
and growth behavior of the particles®. For instance, in the relevant studies** ¢, dodecyl
benzene sulfonate (SDBS) was used to transform the KNN-hydrate morphology with
dodecahedra-shaped particles®’ to plate-like ones.

The process begins with the preparation of an aqueous solution containing desired
cations at a specific concentration. After the addition of metal oxide powder precursor,
the reaction is performed in a reactor or an autoclave (Figure 2.10(a)) under specified
temperature and pressure. The filling ratio of the autoclave is generally adjusted within
the range of 50 — 80 vol%. According to the thermodynamic calculations, the reaction
mixture becomes saturated, i.e., the hydrothermal conditions are reached, if the filling
factor is higher than 32.6 vol% and the reaction temperature is above 100°C in the
hydrothermal reaction system. Still, great caution is necessary for adjusting the reaction
temperature and reactor filling ratio, because if the pressure generated within the reaction
vessel, i.e., autogenous pressure, becomes too high, the risk of reactor explosion arises.
To avoid such cases, the plot is given in Figure 2.10(b) is used, therefore the autogenous

pressure within the autoclave may be predicted and the filling factor can be adjusted®.
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Figure 2.10. (a) Hydrothermal reaction autoclave; (b) Pressure dependence of water for
different autoclave filling factors

(Source: Einarsrud, 2014)%8.

The hydrothermal method is favored mainly because the reaction temperatures are
considerably lower compared to those of conventional methods. Generally speaking, this
results in a more energy-saving and economical process*. In addition, hydrothermal
differs from other low-temperature routes such as coprecipitation and sol-gel processing
in the elimination of the calcination process in some cases. Besides all these, high purity
products are obtained because there is no mixing process in a foreign medium, so the
impurities are avoided®. Another outcome from the comparison of the hydrothermal
method with other low-temperature routes is that the agglomeration rate is relatively
low**. Also, there are narrow particle size distribution and molecular homogeneity among
its advantages®®. However, the drawbacks of the system include long reaction time and
delicate reaction conditions which have to be carefully controlled to obtain the desired

product*.
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CHAPTER 33

EXPERIMENTAL PROCEDURE

3.1 Materials

Niobium pentoxide, (Nb2Os, CAS#: 1212-96, 99.9%, Sigma Aldrich, USA) was
used as the niobium source for potassium sodium niobate (KNN) powder synthesis via
both solid-state and hydrothermal reaction. In conventional solid-state, carbonate salts
(K2CO3, CAS#: 584-08-7, 99%, Sigma Aldrich, USA and Na,COs3, CAS#: 497-19-8,
99.5%, Sigma Aldrich, USA) were used as the alkali cation sources and ethanol, (EtOH,
CAS#: 64-17-5, 100%, Merck, Germany) was used as the milling medium. On the other
hand, in the hydrothermal route, hydroxide compounds (NaOH, CAS#: 1310-73-2, 98-
100%, Sigma Aldrich, USA and KOH, CAS#: 1310-58-3, >86%, Sigma Aldrich, USA)
were used as the sources for alkali cations. Deionized water (DI) (Ultrapure Type-I, 18.2
MQ.cm at 25°C) was the solvent and it was supplied by using a Millipak Direct-Q® 8
UV water purification system.

Apart from Nb2Os, ammonium niobate oxalate hydrate (ANO)
(C4H4NNbO9-xH>0, 99.99%, Sigma Aldrich, USA) was also supplied as the niobium
source only for the synthesis by sol-gel processing technique. The alkali cation sources
were adjusted as sodium acetate (CoH3zNaO,, CAS#: 127-09-3, anhydrous, Merck,
Germany) and potassium acetate (CoH3KO,, CAS#: 127-08-2, extra pure, Merck,
Germany). Finally, citric acid monohydrate (C¢HsO7.H20, CAS#: 5949-29-1, 99.5%,
Merck, Germany) was used as the gelling agent and ethylene glycol was added to induce

polymerization reaction.
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3.2 Equipment

Retsch Planetary Ball Mill PM100 (see Figure 1.3 (a)) was used for the milling
process using zirconia (ZrO2) balls. The calcination was carried out using an elevating
oven (Protherm) in both solid-state reaction and sol-gel processing. The hydrothermal
reaction was performed in stainless steel static autoclave (Parr instruments, model 4748
A acid digestion bomb, USA) visualized in Figure 1.12 (a). The reaction vessel was
heated using a convection oven (Memmert, UNS55, France). A digital hot plate

(Weightlab, WN-H550) was used for the gelation process.

3.3. Synthesis via conventional solid-state reaction

Firstly, the precursor powders (Nb2Os, Na,CO;, and K,COs) were weighed
according to the stoichiometric ratio and ball milled in ethanol medium at 250 rpm for 24
h. After the slurry was dried, calcination was carried out at temperatures 700 - 900°C for
5 h dwell time. Then, the obtained powder was ground to avoid agglomeration caused by
the treatment at elevated temperatures. The experimental set for the solid state reaction

method is tabulated in Table 3.1.

Table 3.1. Experimental set for the conventional solid-state reaction

Milling Ti
Code Mole Ratio Milling ! l:fd tme Notes
(K2C03:NaxCO3:Nb20s) | Conditions
Temperature
5 mole%
$S1-700 1:1:2 24 @szO Sh@700°C | excess
P carbonates
5 mole%
$52-750 1:1:2 245@250 | 51 @750°C | excess
rpm
carbonates
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Table 3.1. (cont.)

5 mole%
$53-800 1:1:2 245@250 | sy @800°C | excess
I‘pm
carbonates
$54-850 1:1:2 245 @250 | 54 @ s850°C i
I‘pm
5 mole%
SS5-900 1:1:2 @20 5h @ 900°C excess
I‘pm
carbonates

3.4 Synthesis via hydrothermal reaction

As is Nb2Os powder was initially subjected to ball milling at 250 rpm for 24 h in
ethanol in order to decrease the average particle size. Then, an alkaline solution was
prepared by dissolving cation sources, NaOH and KOH, in DI water. Total alkaline
concentration and the ratio of K*/Na* were varied in the range of 1-10 M and 1 - 10,
respectively. Treated Nb,Os was added into the hydroxide solution and stirred for 1 h to
obtain a dispersion. The white suspension was sealed within stainless steel autoclave. To
prevent corrosion due to the strongly basic medium, a Teflon reaction vessel was used
with a filling factor of 70%. The autoclave was heated to 180-240°C for 3 - 24 h. In the
end, the resultant powder was washed several times with DI water to obtain pH neutrality

and filtrated by vacuum filtration. The filtrate dried at RT. The experimental set for

hydrothermal synthesis is given in Table 3.2.

Table 3.2. Experimental set for the hydrothermal reaction

Code

R#

OH#

K*/Na*t
Ratio

1/2/4/8/10

6

Alkaline Temperature
Concentration (M) O
6 200
1/2/4/6/8/10 200

Time
(h)
24

24
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Table 3.2. (cont.)

T# 160/180/200
6 6 /2207240 24
Rt# 6 6 200 4/8/15/24

3.5 Synthesis via sol-gel processing

Ammonium niobate oxalate monohydrate (ANO, C4H4sNNbO9.H,O) was
dissolved in 1 M citric acid (CA) solution by continuous stirring at 60°C for 20 mins.
Simultaneously, 5 mmol of sodium and potassium acetates (dried at 150°C for 2 h) were
dissolved in distilled water by adjusting the K*/Na" ratio of 1 and 2. The acetate solution
was added dropwise to the ANO-citric acid solution. Finally, 0.9 g of ethylene glycol
(EG:CA=1.5) was added for the polymerization reaction. After 1 h of continuous mixing
for complete dispersion, the gelation was performed at 100°C for 6 h with subsequent
calcination in between 400 - 700°C with 100°C intervals. The experimental set for sol-

gel processing is given in Table 3.3.

Table 3.3. Experimental set for sol-gel processing

ANO K*/Na* CA . Calcination

Code . Concentration ..
(g) Ratio Conditions

(M)

SG1 1.52 2 1 400°C for 5h
SG2 1.52 2 1 500°C for 5h
SG3 1.52 2 1 600°C for 5h
SG4 1.52 2 1 700°C for S5h
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3.6 Characterization methods

Phase analyses were carried out using an XRD (Panalytical X Pert PRO, The
Netherlands) with a copper anode X-Ray source (Cuka = 1.5406 A at 40kV, 30 mA).
Scans were done between the 20° - 60° (20) range with 0.02° per second. Fourier
Transform Infrared (FT-IR) spectra analysis (PerkinElmer, UATR Two, Waltham, MA,
USA) was performed from 400 to 4000 cm! with 20 scans and 32 resolution. The
morphology of the synthesized powders was analyzed by scanning electron microscopy
(SEM, FEI Quanta 250 FEG, USA) using secondary electron (SE) mode, and size
analyses were done in ethanol by a Malvern dynamic light scattering (DLS) Nano-ZS
instrument (Worcestershire, UK). Thermal behaviors of the obtained powders were
analyzed via thermogravimetric analysis (TGA, Netzsch STA 409, Netzsch Gerdtebau
Gmbh, Selb, Germany). The samples were heated from RT to 1200°C with a 5°C. min’!

heating rate in air.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 KNN via Solid-state Synthesis

TG/DTA curves of the carbonate precursors are given in Figure 4.1. It appears
that both powders had approximately 8% weight loss at around 100°C, indicating the
absorbed moisture. Such a result supports the recorded hygroscopic nature of the
potassium and sodium carbonate™#% %%, Hence, drying the carbonate precursors before the
process becomes crucial to be able to perform stoichiometric weighing. Also, a second
weight reduction represents the decomposition reaction starting at approximately above
800°C for Na,COsand K»>COs, respectively®® 7°. Specifically, from the DTA curves

appearing at 865°C as clear endothermic peaks for both carbonate salts.
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Figure 4.1. TG/DTA analysis of the carbonate precursors; (a) Na;COs; (b) KoCO3
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XRD patterns of the KNN powders synthesized at 850°C and the ICDD data of
Ko.5NaogsNbO3 (ICDD # 96-230-0500) are shown in Figure 4.2 (a). In addition to the
orthorhombic Ko sNagsNbOs, the second phase, KoNbgO21 (ICDD # 31-1060), was
indexed for the SS — 850 sample. As mentioned in Section 1.1.1, the formation of such
non-perovskite phases is attributed to the relatively high volatility of the alkali oxides at
the corresponding (850°C) temperatures. Those may be varied, including K4NbsO17,
NaxNb4O11, or (K, Na)NbsOi1, i.e., generally alkaline deficient compositions and are
generally accepted as intermediate products’!> 72, literature, the addition of excess alkali
precursors was purposed to prevent alkali losses during calcination and eliminate the
formation of impurity phases!* 243, Therefore, the experiment was repeated (SS — 850 —
R) with 5 mol% excess carbonate precursors, and phase pure orthorhombic KNN phase
was obtained.

KNN synthesis was also performed at different calcination temperatures varying
from 700 to 900°C, and XRD analyses are given in Figure 4.2 (b). It is seen that phase
pure orthorhombic KNN synthesis was accomplished at all covered temperatures. Still, it
is worth mentioning the increased sharpness of the peaks as the reaction was carried out
at higher temperatures. Hence, it might be said that better crystallinity was obtained at

elevated processing temperatures.

*K2NbsO21 (ICDD # 31-1060) (b)

—~_
o
N’

SS-850-R

Intensity(arb.units)
Intensity(arb.unit)

Ko.5Nao.5sNbO3 (ICDD # 96-230-0500 K

} | [T li JL

20 30 40 50 60 20 30 40 50 60
20(Degrees) 20(Degrees)

Figure 4.2. XRD patterns of (a) ICDD data of K0.5Na0.5NbO3 and KNN powders
synthesized via solid-state reaction at 850°C with (SS — 850 — R) and without

(SS — 850) using excess carbonate precursors; (b) KNN powders synthesized
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via solid-state reaction at 700°C (SS — 700), 750°C (SS — 750), 800°C (SS —
800), 850°C (SS — 850 — R) and 900°C (SS — 900) calcination temperatures.

SEM images of the SS — 850 — R coded sample are given in Figure 4.3. As
indicated in the experimental procedure (Section 3.3), the powders were subjected to the
final grinding after the calcination process to avoid particle agglomeration. Figure 4.3 (a)
demonstrates the produced particles before the final grounding stage to observe particle
growth. Micron scaled (2 — 5 um) cubic KNN particles are clearly seen. Such growth has
been reported for KNN structures’-”. Although the particles became having irregular
shapes after the post-grounding step, a significant particle size reduction was observed

from above 5 microns to 382 + 69 nm. DLS plot of the sample is given in Figure 4.3 (¢).

m | L
0

250 300 350 400 450 500 550 600 650
Particle Size (nm)

Figure 4.3. Analysis of KNN powders synthesized at 850°C by solid-state reaction, SEM
images (a) before; (b) after the grinding; (c) DLS data.

4.2 KNN via Hydrothermal Synthesis

While anhydrous Nb205 was commonly used for KNN synthesis, it is known to
be having quite low water solubility’®, which leads to reduced dissolution and reaction
rates. Here, as is Nb2Os was initially ball-milled to decrease the particle size and increase
reactivity”’. In the end, the particle size of the commercial powder was reduced from 450

nm to 250 nm, as demonstrated in DLS analyses given in Figure 4.4.
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Figure 4.4. DLS analysis of commercial (dashed line) and ball milled (solid line) Nb2Os.

4.2.1 Effect of K'/Na™ Ratio

The alkali cation ratio (K*/Na®) was altered within the range of 1 — 10 while
keeping the total hydroxide concentration at 6M and reaction temperature at 200°C for
24 h to study the influences on the final product. XRD data of the powders are
demonstrated in Figure 4.5 with the ICDD data of three distinctive niobate phases,
NaNbOs; (ICDD # 96-101-1065), Ko.sNao.sNbO3 (ICDD # 96-230-0500), and KNbO3 (96-
231-0012) to underline the peak shifts. When the cation ratio was adjusted to 1,2, and 4
(HT —RI1, HT — R2, and HT — R4), the patterns were resolved for the pure NaNbOs phase.
Such a result probably originates from the reported higher reaction rate between sodium
and niobium than the rate between potassium and niobium®? 77, Also, take notice that the
diffusivity of potassium ions is lower than the sodium ions’®.

Defining the exact stoichiometric composition of the KNN phase is quite

challenging for the reason of being a solid solution. However, it could be said that the
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pattern of the sample HT — R6, indicates the orthorhombic K-rich (x>0.5) K«Nai1.xNbO3
phase if the shift towards lower 20 angles compared to KosNaosNbO; ICDD data is
realized. Since the radius of the potassium ion (1.33 A) is larger than that of sodium (0.95
A), enhanced interplanar spacing results in decreased diffraction angles according to

7981 The presence of the NaNbO; phase kept within the system as a

Bragg’s Law
secondary phase, see the shoulder corresponding to 30.5° (20), which is a problem also
observed in the relevant work®’. Keep in mind the lower Gibbs free energy of NaNbO3
formation reaction (-59 J.mol!) compared to the KNbO3 (-49 J.mol™"), indicating that
NaNbO; formation is thermodynamically more favorable®?. When the alkali ratio was
further increased to 8 (HT — R8) and 10 (HT — R10), the pattern approached KNbO3 ICDD

data pointing to further incorporation of potassium ions within the crystal lattice.
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Figure 4.5. ICDD patterns of KxNaixNbO3 (0 < x <1) and XRD analysis of samples
obtained at 200°C for 24 h by reacting the alkaline solution of total 6 M total
alkaline concentration with K*/Na* ratio of; (a) 1 (HT —R1), 2 (HT —R2) and
4 (HT —R4); (b) 6 (HT —R6), 8 (HT —R8) and 10 (HT — R10).

The quantitative results obtained by Rietveld refinement are tabulated in Table
4.1. Overall, the data support the XRD outcomes. All of the samples had K-rich
stoichiometry. While the sodium occupancy (1-x) is 0.16 (Ko.84Nao.1sNbO3), when the

cation ratio is adjusted to 6, it decreases to smaller values than 0.05 (Ko.95sNao.osNbO3 and
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Ko.99Nag01NbO3) for higher ratios. As it would be expected, increased K*/Na* ratio

resulted in more potassium ions accumulated within the lattice.

Table 4 1. Quantitative results of KNN samples obtained at 200°C for 24 h by reacting
the alkaline solution of the total 6 M total alkaline concentration with the

K*/Na" ratio of 6 (HT — R6), 8 (HT — R8), and 10 (HT — R10).

Sample | R N}?lljzz(e)3 HIEENAOE 0ccu1;:ncy
wp @ )
(%vol) Phase (%vol) (1-%)
HT-R6 | 0.1122 9.67 90.33 0.16
HT-R8 | 0.1433 - 100 0.01
HT-R10 | 0.1766 - 100 0.04

The morphology of the sample R1 (K*/Na") is demonstrated in Figure 4.6 and
rectangular prismatic particles agree well with the literature®> 84, Also, a bimodal particle
size distribution is clearly seen with approximately 200-300 nm particles, and relatively
larger ones, approximately 800-1000 nm. When the cation ratio was increased to 4 (see
Figure 4.6 (b)), distortion in the shape of those prismatic particles was observed with
some additional cube-like particles. Such an observation, in fact, might be a hint for KNN
formation. In Figure 4.6(c), the cubic morphology is seen with particles 250 — 350 nm in
size, representing the KNN phase. Somehow, when the cation ratio was reached to 8 and
finally 10, the sharp edges of the cubic particles disappeared as reported in the previous

studies3? 80,
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Figure 4.6. SEM images of samples by reaction under 6 M total hydroxide concentration

at 200°C for 24 h (a) K*/Na*=1, (b) K*/Na"=4, (c) K*/Na*=6 (the upper-right

inset shows magnified image), (d) K*/Na™=10.

4.2.2 Effect of Alkaline Concentration

The total alkaline concentration was altered within the range of 1 — 10 M while
keeping other the cation ratio, reaction temperature, and time at 6, 200°C and 24 h,
respectively, to observe alkalinity level effects on the system. In Figure 4.7 (a), the XRD
data of the samples are visualized. Under 1 M alkaline concentration (OH1), the pattern
indexed for the Nb,Os, phase indicated that the alkalinity level was not sufficient to solve
the niobium precursor within 24 h. Increased alkalinity is known to be promoting
hydrolysis reaction of Nb,Os which is essential for KNN formation®¢. As the alkaline
concentration was reached up to first 2 M and then 4 M, the pattern resolved for the same

phase, which was sodium-potassium hexaniobate, K4NasNbsO19.9H,O (PDF# 00-014-
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0360). Actually, such a phase has been reported in the previous works as the intermediate
product of hydrothermally KNN synthesis and named as KNN — hydrate (KiNas.
«NbsO190.nH,0)%7: 81- 85 86 Tt can be said that the minimum alkalinity limit to form a
perovskite structure is 6 M. KNN synthesis under presenting conditions according to the
XRD data of the sample OH6, OHS8, and OH10, the coexistence of K-rich KNN and
NaNbOs3 was observed in each set.

The morphology of the powder obtained under 4 M total alkaline concentration is
shown in Figure 3.7(b). Dodecahedra-shaped®” particles with around 1 um sizes indicate
the hexaniobate structure, as found out by XRD analyses in Figure 4.7. (a). On the other
hand, the morphology evolved to cube-like particles (see Figure 4.6 (c)) as the total
alkalinity was increased to 6 M. The relatively larger dodecahedral hexaniobate particles
were replaced with smaller (250 — 350 nm) cubic particles via dissolution-precipitation
mechanism®” #°, Further increase in the total alkaline concentration, reaching 10 M, was
resulted in the observation of micron-sized aggregates with cubic shapes in Figure 4.7

t%7, which has been

(d). Such growth was conceptually called the oriented attachmen
observed in KNN structures, as well®> #, In the growth via oriented attachment, first, the
random particle collision occurs originating from the Brownian motion. Subsequently,
those find the configuration with the lowest energy by orientation®’. In fact, reduction of
the surface energy is the driving force of the mechanism®®, and it is accomplished by the

elimination of collision surfaces and aggregation®’. A schematic representation of the

growth behavior is given in Figure 4.7 (e).
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» K4NaaNbsO18.9H20 (ICDD # 00-014-0360)
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Figure 4.7. XRD analysis of samples obtained varied alkaline concentrations; [OH]=1-
10 M (OH 1- 10) reacted with the solution having K*/Na"=6 at 200°C for 24
h; and SEM images of those samples (b) [OH]=4, (¢) [OH]=8 M, and (d)
[OH]=10 M, (e) schematic representation regarding the growth behavior of
KNN crystals.

4.2.3 Effect of Reaction Time

The reaction kinetics were investigated under both 6 M and 8 M total alkaline
concentration with constant reaction temperature (200°C) and cation ratio (K*/Na*=6).

31



XRD patterns of the obtained powders under 6 M are given in Figure 4.8 (a). The
intermediate product, i.e., the mixed hexaniobate phase, was resolved for the first 8§ h of
the reaction (see the dodecahedra-shaped hexaniobate morphology in Figure 4.8 (b&c)).
Also, it is worth mentioning a second morphology, apart from hexaniobate is seen at the
eighth hour of the reaction under 6 M alkaline concentration (Figure 4.8 (c)). The phase
is constituted by much smaller (approximately 100 nm) particles relative to dodecahedral
hexaniobate and represents the initiation of KNN crystals precipitation, presumedly. Such
co-existence was also observed in Figure 4.7(b), after 24 h of reaction of the same solution
under 4 M. After 15 h of reaction, the transformation of those structures to cube-like KNN

crystals was completed in Figure 4.8 (d).

(a) = KaNa4NbsO19.9H20 (ICDD # 00-014-0360)
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Figure 4.8. XRD analysis of samples obtained varied reaction times; 4 h (OH6 — Rt4), 8
h (OH6 — Rt8) and 15 h (OH6 — Rt15) under 6 M total alkaline concentration
with K*/Na*™=6 at 200°C for 24 h; and SEM images of those samples (b) OH6
—Rt4, (c) OH6 — Rt8, and (d) OH6 — Rt15.

32



XRD analysis of the powders synthesized under 8 M is given in Figure 4.9 (a). It
appeared that the required reaction time for perovskite KNN formation is only 6 h under
8 M total alkaline concentration (see the cubic KNN morphology in Figure 4.9 (¢)). Keep
in mind that while conversion of the mixed hexaniobate to orthorhombic KNN was
observed within 15 h under 6 M, it is not even been accomplished within 24 h under 4 M
total alkalinity (see Figure 4.7 (a)). Those are strong indications that the reaction operates
faster as the alkalinity level increases. Also, take notice of the increased particle size in
the cube-like morphology under 8 M alkalinity when the reaction proceeds first to 12 h
(Figure 4.9(c)) then 24 h (Figure 4.7(c)). Apparently, once the KNN cubes precipitated,
the growth of the crystals got involved via the oriented attachment, as discussed in Section

4.2.1.

(a) = KaNa4NbsO19.9H20 (ICDD # 00-014-0360)
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Figure 4.9. (a) XRD analysis of samples obtained varied reaction times; 3 h (OH8 — Rt3),
6 h (OH8 —Rt6) and 12 h (OH8 — Rt12) under 8 M total alkaline concentration
with K*/Na*™=6 at 200°C for 24 h; and SEM images of those samples (b) OH8
—Rt3, (¢) OH8 — Rt6, and (d) OH8 — Rt12.
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The FTIR spectra of the powders synthesized with the alkali ratio of 6 under 6 M
hydroxide concentration at 200°C for 4, 8, and 15 h of reactions are given in Figure 4.10.
The signals corresponding to 4 and 8 h of reaction consist of two identical peaks in
between 3500-2500 cm™! and at around 1600 cm™. The peak corresponding to 3500-2500
cm! range is attributed to [OH"] group, and the latter (1600 cm™) indicates, on the other
hand, chemically bonded, i.e., absorbed water molecules, that are indicated by n (K Nas-
NbsO19.nH,0), in the hexaniobate structure®> °°!. At the fourth hour of the reaction,
five clear split peaks, marked by arrows, were observed in the 1000 — 500 cm! band to
declare the presence of the Lindqvist hexaniobate structure® *3. As the reaction time was
increased to 15 h, the peak at 1600 cm™ disappeared, which was expected since the
hydrated hexaniobates were not found in the powder (see Figure 4.9(a)). In addition, it
appeared that the split peaks in between 1000 — 500 cm™! became one relatively broad
peak corresponding to the same wavenumbers for the 15 h reaction. In fact, the one broad
peak is correlated with NbOg octahedrons®> ** and the perovskite structure®® °!. On the
other hand, the broad signal (3500-2500 cm™") representing the [OH] group is still visible
even after 15 h, which is common in the literature for hydrothermally synthesized samples

without post-annealing at temperatures below 550°C3 91,

HT - OH6 - Rt15

HT - OH6 - Rt8

HT - OH6 - Rt4

Transmittance(%)

bt

T T r T v T v T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers(cm™)

Figure 4.10. FTIR spectra of powders obtained with the alkaline ratio of 6 under 6 M
alkaline concentration at 200°C for 4 (HT — Rt4), 8 (HT —Rt8), and 15 h (HT
— Rt15) of reaction.
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4.2.4 Effect of Reaction Temperature

For reaction temperature investigation, the synthesis reaction was carried out at
varying temperatures; 160, 180, 200, 220, and 240°C under 6 M total alkalinity with
K*/Na*=6 at 200°C for 24 h. XRD analysis of each set is given in Figure 4.11 (a), and it
is seen that formation of the orthorhombic KNN was not accomplished below 200°C. It
is known that reaction temperature has a major effect on the size of the final particles®
7. According to the DLS analysis given in Figure 3.11 (b), while the average particle size
was 368 nm + 45 nm at 200°C, it was increased to first 445 + 69 nm at 220°C and then
525 + 97 nm at 240°C. The size distribution was also affected and expanded to wider
ranges when the reaction was carried out at higher temperatures. Hexaniobate
morphology constituted by dodecahedra-shaped micron-sized particles was observed for
reactions at 160 and 180°C (see Figure 3411 (c&d)). Above 200°C, sub-micron cubic
KNN particles were observed (see Figure 4.6 (¢)), and the morphology was maintained
despite further temperature increase (Figure 4.11 (e&f)).
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Figure 4.11. Analysis of powders obtained with K*/Na"=6 under 6 M total alkaline
concentration for 24 h at 160 (T160), 180 (T180), 200(T200), 220 (T220)
and 240°C(T240) (a) XRD; (b) DLS plot of T200, T220 and T240; SEM
images of (c) T160; (d) T180; (e) T220; (f) T240.
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4.2.5 Probable Formation Mechanisms

There have been several studies in the literature regarding the reaction mechanism
of KNN formation®0-82 8. 8. 98 “However, there are some inconsistencies among the
proposed routes, such as the intermediate mixed hexaniobate product has been ignored in
some of the works®> 3> %8 while it has been underlined in a few others®’- 77- 80,81, 88,99 The

formation mechanism is schematically demonstrated in Figure 4.12. First, Nb2Os
dissolves into the hexaniobate ion NbsO'y (Lindqvist ion), consisting of six edge-sharing
NbOs octahedra, in the high alkaline medium through Eqn. (I)% 190191 Nevertheless, the
Lindqvist ion is known to be unstable at higher pH and temperature!?!. Hence, NbsO'
ion might be transformed to varied end-products, such as if the medium consists of K*
ions KsNbeO19.13H20 and/or KNbO3 forms!?!-193, Instead, HNa7NbsO19.13H,O and/or
NaNbO; may be obtained with the existence of Na* ions!?? 194, In other respects, if there
is a co-existence of both K™ and Na* ions, the mixed hexaniobate (KNN-hydrate) e.g.,
layered KxNagxNbsO19.9H>0O phase, forms through the dissolution-crystallization
mechanism (see Eqn. II) if the required reaction conditions are met®” !%°, This phase is
composed of one water layer between two (K, Na) NbOs oxygen octahedron layers (see
Figure 4.12). Subsequently, primary KNN crystals nucleates via dissolution-

recrystallization (or reprecipitation) mechanism®’- 77: 8. 86, 88, 103, 105

3Nb,0s + 80H™ —» Nby0%; + 4H,0 1)
Nb60]§9_ + (8 - 8x)K+ + 8xNa+ + nH20 - Kg_ngangb601g.nH20, (II)

Kg_ngangb6019.nH20 - 6K1_xNabe03 + (2 - 2x)K+ + (2x)Na+ + ZOH_
+ (n—1)H,0 (11D
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Figure 4.12. Schematic representation of KNN formation mechanism via hydrothermal
reaction

(Source: Gu, 2017; Magrez, 2006)195 106,

4.2.6 Hydrothermal Reaction with Post-Heat Treatment

The hydrothermally synthesized biphasic KNN powder composing of
Ko.84Nag.1sNbO3 (90.33 vol%) and NaNbOs3 (9.67 vol%) phases, as tabulated in Table 4.1,
was subjected to a post-heat treatment at 800°C for 2 h. The XRD pattern of the sample,
before and after the process, is given in Figure 3.13. Somehow, a peak shift towards
higher angles, see the upper-right inset for the 30.5 - 33° 20 range, was observed after the
post-annealing. In addition to the consumption of the second NaNbOs3 phase, the shift
implies the increased sodium occupancy within the crystal lattice. The quantitative result

of the heat-treated powder is given in Table 4.2.

Table 4.2. Quantitative results of the post-heat treated sample.

Sample R N]?lljabs(e)3 HIEENA0E occuNp:ncy
Wp )
Ph % vol
(%vol) ase (%vol) (1-x)
R6 @ 800°C | 0.1520 - 100.00 0.42
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It appears that the post-heat treatment process induced the sodium incorporation

into the lattice, stoichiometry became Ko ssNao.42NbO3 and the composition approached

the MPB composition (x=0.50) significantly in agreement with the relevant works®”: 88,
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Figure 4.13. XRD pattern of the KNN powder obtained with K*/Na"=6 under 6 M alkaline
concentration at 200°C for 24 h before and after the post-heat treatment, the

inset shows the magnified section of 30.5-33° (20) range.

4.2.7 Compositional Survey

In addition to the investigated parameters, compositional surveys (see Figure
4.14) were constructed using the quantitative data obtained using the Rietveld
refinements. The refinements were employed over 65 samples by systematically altering
the total hydroxide concentration between 2 - 10 M, alkaline ratio (K*/Na*); 2 - 10, and
reaction temperature; 160°C - 240°C. The obtained phases were classified under four
groups: (I) Hexaniobate ((K,Na)NbsO19*"), (II) Sodium niobate (NaNbO3), (III) biphasic
system: NaNbO; + K-rich (x > 0.5) KNN, and (IV) phase-pure K-rich (x > 0.5) KNN.
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It is seen from Figure 4.14 that increased reaction temperature, total hydroxide
concentration, and alkaline ratio resulted in decreased NaNbOs; phase fraction and
promoted K-rich KNN formation. Also, higher total hydroxide concentration facilitated
the perovskite formation at lower temperatures. Among all the samples the maximum
proximity to the MPB composition was obtained by the reaction with a K*/Na" ratio of 6
under 4 M alkaline concentration at 240°C for 24 h, and the composition was
Ko.54Nag.4sNbO3. However, this phase only constituted the 30.01 vol% of the sample, and
the rest was the NaNbOs phase.

4 M 6M
(a) (b)
10 . . . . . 10 .
8 . 8
[ 6
4 4
L2 2 2
é 160 180 200 220 240 160 180 200 220 240
*2 8M 10M
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- r Y r |
o000
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Figure 4.14. The visualizations were made in R Statistical Software using the ggplot and
the ggforce packages. The convex hulls surrounding the points were
generated with the following configuration 'geom mark hull(concavity = 5,
expand = unit(10, "mm"), radius = unit(10,"mm"))". The data points were
extracted from the Rietveld refinements performed over the XRD data of the

samples obtained under the total hydroxide concentration of (a) 4 M; (b) 6
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M; (¢) 8 M; and (d) 10 M, with varied alkaline ratio (K*/Na*) and reaction
temperature. The color scale bar shows the codes for the observed phases; I:
Hexaniobate, II: single-phase NaNbO; (NN), III: Consolidated biphasic
compositions (NN + KxNaj.xNbOs3, KNN (x > 0.5), and IV: Single phase
KNN (x> 0.7).

4.3 KNN via Sol-gel Processing

Sol-gel synthesis of KNN was carried out at varied calcination temperatures
including, 400, 500, 600, and 700°C. According to the XRD patterns given in Figure
4.14(a), the powder is primarily amorphous at 400°C, despite visible KNN structure peaks
with low intensities. Hence, a complete crystal structure could not be obtained at such a
temperature. When the temperature was adjusted to 500°C and above, the peaks were
resolved for the perovskite potassium-rich KNN structure. On the other hand, an impurity
phase was identified as potassium bicarbonate (Kalicinite, KHCOs3; (ICDD # 01-070-
1167). It has been proposed in the previous works that KNN powders have a hygroscopic

107. 108 and a high tendency to react with CO, in ambient air upon storage!®- 119, Tt

nature
may originate from the potassium and/or sodium species that remained within the system
after the synthesis!'?’. Consequently, carbonate impurities were observed, such as in the
current work. Although the synthesized powders were stored at 100°C to avoid moisture
and decelerate carbonate formation, complete elimination was not possible, which was
expected considering the period when the samples stand in ambient air before and during
the XRD analysis. Accordingly, it is best to store KNN powders under an inert
atmosphere. Also, as the calcination temperature was increased, the particle size increased

(see DLS analysis in Figure 4.14(b)) from 145.5 £ 17 nm to first 314.7 + 40 nm (from
500°C to 600°C) and then 482.5 + 84 nm at 700°C.
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Figure 4.15. Analysis of powders obtained via sol-gel method at varied calcination

temperatures (a) XRD; (b) DLS.

SEM images of the KNN powders calcined at altered temperatures are
demonstrated in Figure 4.15. At 400°C, the powder was constituted by mostly ellipse-like
particles having about 1 um in size. Note that the morphology was inhomogeneous and
also contained smaller spherical particles. As the calcination temperature was increased,
first, the cube-like KNN morphology with ~ 150 nm particle size was observed at 500°C,
which is consistent with the XRD patterns in Figure 4.14(a). Further increase to 700°C
resulted in larger grains (482.5 = 84 nm, see Figure 4.14(b)) with more homogeneous

particle size distribution, in agreement with the resembling works?3: 2% 111, 112,

Figure 4.16. SEM images of powders obtained via sol-gel method at varied calcination

temperatures (a) 500°C; (b) 600°C; (c) 700°C.
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CHAPTER S

CONCLUSIONS

In this thesis, for the first time, a comprehensive comparative study was employed
to obtain KiNaixNbOs powders using three distinct methods: solid-state reaction,
hydrothermal synthesis, and sol-gel processing. The samples were characterized in depth,
both morphologically and structurally.

In the conventional solid-state synthesis, according to the XRD analysis, the phase
pure Ko sNaosNbOs3 powder having 382 + 68 nm particle size was obtained by calcination
conducted at 850°C. The main problem with the method was that the relatively high
volatility of the alkaline components (Na;O and K,O) led to uneven volatilization of the
species at those temperatures, and, eventually, non-perovskite impurity phases
(KoNbgO21, NaxNb4O11, etc.) formed. Although excess precursors were used to avoiding
such problems, it was quite challenging to balance the stoichiometry and obtain the
Ko.5Naog.sNbO3 phase without any impurities.

In the hydrothermal reaction, the studied parameters consisted of total alkaline
concentration, cation (K'/Na") ratio, reaction time, and temperature. The results
demonstrated that for perovskite structure formation, at least 6 M total alkaline
concentration was needed during 24 h reaction at 200°C. Below those conditions, the
mixed hexaniobate (K«NagxNbsO19.nH2O) phase, which is the intermediate product of
the KNN formation mechanism, was obtained. Such phase was constituted by the
dodecahedra-shaped particles which were, then replaced with cubic KNN crystals via the
dissolution-precipitation mechanism. According to the morphological changes, those
crystals probably grew via the oriented attachment. In this mechanism, the primary
particles randomly collided upon, Brownian motion and the particle-particle interfaces
were eliminated by the aggregation to reduce the surface energy. In the end, relatively
larger crystals were formed by coalescing smaller ones. The increased alkalinity level
accelerated the reaction according to the kinetic study. Finally, the temperature increase
(from 200°C to 240°C) yielded the particle size increased from 368 nm + 45 nm to 525 +

97 nm.
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An important point regarding hydrothermally KNN synthesis is that since sodium
atoms react faster with niobium atoms than potassium atoms, the formation of solid
solution KNN could not be accomplished for the cation ratios below 6. Instead, the
formation of single-phase NaNbO; was observed according to the quantitative results.
Unfortunately, it was challenging to control the stoichiometry and to obtain single-phase
Ko.sNaosNbO3; powder by hydrothermal reaction. However, when the hydrothermally
obtained K-rich KNN powder having the secondary NaNbOs phase was post-treated at
800°C, not only NaNbO3 was consumed, but also the sodium ions were incorporated
within the crystal lattice and generate a single-phase KNN approaching the MPB
composition.

In the sol-gel processing method, the crystalline KNN structure was obtained at
500°C with 145.5 + 17 nm particle size. The calcination temperature was increased up to
700°C with 100°C intervals. As a result, the particle size of the synthesized powders
increased first to  314.7 £ 40 nm at 600°C and then 482.5 + 84 nm at 700°C.
Nevertheless, the samples were contaminated by the reaction of KNN with CO: in
ambient air during storage. In that case, the necessity for KNN powders, obtained via the
sol-gel route, to be stored at inert conditions arises.

In conclusion, the main objective should be maintaining the stoichiometry at the
morphotropic phase boundary (MPB), i.e., x ~ 0.5, where the maximum piezoelectric
performance was obtained. Unfortunately, obtaining the exact MPB composition seems
challenging for all studied methods. For both conventional and sol-gel synthesis, the
precursors, alkali carbonates and acetates, respectively, have hygroscopic nature. Such an
issue may probably be the cause of stoichiometric deviations. Also, in the conventional
synthesis, alkali oxide volatilization is another problem. Although hydrothermal reaction
offered the least control over the stoichiometry, post-heat treatment of the hydrothermally
synthesized biphasic (KNN and NaNbO3) powder was appeared as the best alternative to
obtain single-phase Ko sNaosNbOs.
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