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Abstract

The hydrothermal synthesis conditions of potassium and sodium niobates were
investigated with the intention of understanding the effect of synthesis conditions
on the reaction kinetics, phase formation, morphology and lattice parameters.
Potassium sodium niobate, K 5NagsNbO3 (KNN), has become a contender for the
state of the art material lead zirconate-titanate as a piezoelectric material. To
understand and improve the properties of KNN it is important to understand
potassium niobate, KNbQOj, and sodium niobate, NaNbQOs, its precursors. This
work aims to investigate the hydrothermal synthesis of the (K, Na)NbO3 and other
alkali niobate phases made using NbyO; and (K,Na)OH as precursors and by
changing synthesis conditions such as temperature, alkalinity, K:Nb molar ratio,
niobium concentration and choice of alkali metal. The samples were analyzed using
X-ray diffraction, Raman spectroscopy and scanning electron microscopy to
determine the crystallographic structure, local structure and morphology. The
results show that the choice of alkali metal as well as higher temperatures and
alkalinity are the main factors increasing the reaction kinetics of the (K,Na)-Nb-O
system. K:Nb molar ratio affected reaction kinetics as well, as higher K:Nb molar
ratio lead to KNbOj3 being synthesized at lower pH. Higher K:Nb molar ratio also
made the synthesis of monoclinic KNbOj3 at temperatures 200 °C and below
possible, which has not previously been demonstrated in literature when using
NbyO5 as the precursor. Regarding the differences between the alkali metals and
their respective niobates, it was found that sodium niobates had faster reaction
kinetics and uniform morphology compared to potassium niobates. Potassium
niobates showed high degree of agglomeration while sodium niobates did not.
Lattice parameters of all (K,Na)NbOjz samples showed that the a and c lattice
constants were similar at lower temperatures and deviated at higher temperatures.
The 8 angle of the monoclinic KNbO3 was between 89.9 and 90.1° and approached
90° at higher temperatures. Other niobate phases such as Kg_,H,NbgO1g - nH5O
(XZO—S, n:10, ]_3, ]_6)7 KQNbQOﬁ'HQO, K4Nb6017, and NaQNbQOﬁ'HQO were
synthesized and analyzed along with the (K,Na)NbOjs. Ky;NbyOg-HyO and
K4NbgO17 had fiber and nanoplate morphology respectively.  The improved
understanding of the potassium and sodium niobate systems is another step
towards environmentally friendly and cheap piezoelectric materials. The discovery
of synthesis conditions that can produce monoclinic KNbO3 using NbyO5 as the
precursor instead of metallic niobium powder is a key development towards
commercially viable functional potassium niobates.



Sammendrag

Reaksjonsforholdene under hydrotermal syntese av kalium- og natriumniobater har
blitt undersgkt med hensikt a forsta effekten av reaksjonsforholdene pa kinetikken,
faseformasjonen, morfologien og gitteparametrene.  Kalium natrium niobat,
Ko.5NagsNbO3 (KNN), har blitt en mulig erstatning for bly zirkonat-titanat (PZT)
som et piezoelektrisk material, spesielt for biomedisinske bruksomrader. Kunnskap
om reaktantene til KNN, kaliumniobat (KNbOs3) og natriumniobat (NaNbOj), vil
fgre til bedre kontroll over dens egenskaper. Dette prosjektet har undersgkt den
hydrotermale syntesen av (K, Na)NbOj3 og andre alkaliniobater laget med NbyOj
og (K,Na)OH som reaktanter ved & variere synteseparametrene temperatur,
alkalinitet, K:Nb molforhold, niobkonsentrasjon og valg av alkalimetall.
Produktene fra den hydrotermale syntesen ble analysert med rgntgendiffraksjon,
Ramanspektroskopi og elektronmikroskop for & wundersgke krystallografien,
lokalstrukturen og morfologien til alkaliniobatene. Resultatene viser at valg av
alkalimetall i tillegg til temperatur og alkalinitet er parametrene med stgrst
pavirkning péa reaksjonskinetikken til (K,Na)-Nb-O systemet. K:Nb molforholdet
pavirket ogsa reaksjonskinetikken, stgrre K:Nb molforhold fgrte til syntese av
KNbOj3 ved lavere KOH konsentrasjoner. Stgrre K:Nb molforhold forte ogsa til
syntese av monoklinisk KNbOj3 ved temperaturer pa 200 °C og lavere, som ikke er
demonstrert i litteraturen nar NbyO5 er brukt som reaktant. Forskjellen med bruk
av kalium og natrium pa deres respektive alkaliniobater er at natriumniobatene
hadde raskere reaksjonkinetikk og mer uniform morfologi i forhold til
kaliumniobatene.  Kaliumniobatene viste stgrre grad av agglomerasjon, noe
natriumniobatene ikke viste. Gitterparametrene til (K, Na)NbOs viste at
gitterkonstantene a og ¢ var tilneermet like ved lavere temperatur og divergerte
ettersom temperaturen gkte. [ vinkelen i de monokliniske KNbO3; materialene
varierte mellom 89.9 og 90.1° og tilnsermet seg 90° ved hgyere temperaturer. Andre
alkaliniobater enn (K,Na)NbOs, som Kg ,H,NbgOqg:nHsO (x=0-3, n=10, 13,
]_6)7 KQNbQOG : HQO, K4Nb6017, og NangQO(; : HQO, ble OgSEOl syntetisert.
K5NbyOg - HoO hadde fiber morfologi, mens K4NbgO;7 hadde nanoplate morfologi.
Bedre forstaelse av kalium- og natriumniobat systemene er nok et steg mot
miljovennlige og billige piezoelektriske materialer. Oppdagelsen  av
synteseforholdene som fgrer til dannelse av monoklinisk KNbO3 som bruker NbyOs
som reaktant istedenfor metallisk niob pulver er et viktig steg mot kommersielt
tilgjengelige funksjonelle kaliumniobater.
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1 Background

Materials are becoming more complex to deal with increasingly advanced
technological demands in today’s society. Materials today employ more complex
synthesis methods and use more dopants, rare earth elements and critical materials
than they did less than 40 years ago [1|. The list of elements required to produce a
personal phone have doubled since the 1980’s where a Motorola DynaTAC 8000X
needed around 35 elements. A 2018 smartphone doubles that, needing between 65
and 70 elements which is almost every stable element in the periodic table.
Despite new technologies improving the lives of billions of people, the trend is
worrying as this increased complexity comes with several challenges: all elements
need to be mined somewhere, supply-chain risks are multiplied with more elements
added, recycling and disposal becomes more difficult as dopants are added and
high energy synthesis increases the overall carbon footprint.

Nature however has shown that something as complex as life itself can be created
using less than 30 elements [1]. Complex functions do not necessarily require more
dopants, critical materials, rare earth elements and complex synthesis methods,
nature manages without. Bones and wood are examples of piezoelectric materials [2]
that have been known for more than half a century and chlorophyll converts solar
power to chemical energy, all at basically room temperature. In nature there is
no permanent waste; everything is part of natural cycles that take waste from one
process and use it as feed for another. If material scientists could emulate nature
and create recyclable materials using less dopants and less energy, a whole new era
of sustainability in the material science world would begin. This paradigm has been
dubbed ’green chemistry’.

Now what if you were told there is an element in the periodic table with all
kinds of amazing physical and chemical properties with a wide range of applications.
This element works well in paint and solder, protects machinery from wear and
tear, is great in rechargeable batteries, used in efficient thin film solar cell material
and makes state of the art piezoelectric ceramics. This element is abundant and
inexpensive. It may appear that this element is the "potato" of inorganic chemistry,
useful in many different forms and used everywhere. While most people have heard
of this element, it is certainly not widely celebrated. This element is number 82 in
the periodic table, lead. The many benefits of lead and its compounds have long
been known but in recent human history the long term cost on human health and the
environment from the use of these compounds has been discovered [3,4]. Throughout
the 1990’s and onward, lead has been removed from many facets of society. A few
notable exceptions are lead acid batteries, lead-containing piezoelectric components
and some types of solder which still contain lead today. Otherwise the use of lead
based materials are heavily restricted or outright banned for many applications.

Lead is very hard to eliminate from certain functional materials such as lead
zirconate titanate (PZT). PZT is a state of the art material with excellent
piezoelectric properties over a broad temperature range, meaning it is still in use
today despite the environmental and health concerns. The properties that make
PZT such a useful material are the superior piezoelectric coefficient, dielectric



constant and electromechanical coupling coefficient [5]. One important reason
properties are superior is because of the systems ease of polarizability brought on
by the composition being at a morphotropic phase boundary (MPB). Piezoelectric
materials are important to many technologies such as bioactive materials [6],
energy harvesters |7], sensors, actuators [8] and transducers [9]. Since piezoelectric
materials are used in more and more applications as new uses are researched and
scaled up developing lead-free alternatives is very important.

How can PZT be replaced by a lead free piezoelectric alternative without
compromising on quality? The material qualifications required for advanced
modern technology are extensive. The key properties for a piezoelectric material
are high piezoelectric coefficient, good electromechanical coupling, low permitivity,
good stability and high enough Curie temperature in the desired temperature
range [5]. The exact material properties necessary depend on the specific
application, but these are some of the important benchmarks to consider. A
lead-free contender to PZT would need to function well in these categories because
a major downside means the material simply does not function well enough for
most applications.  Another important factor to consider is that a lead-free
replacement needs to be environmentally friendly and non-toxic. With this list of
qualifications in mind, the list of viable replacement materials becomes narrow,
and a few categories stand out. Potassium sodium niobates (K;_,Na,NbOsj,
x=0-1), barium titanates and sodium bismuth titanates are three general material
categories that can fit the criteria for a lead-free piezoelectric material. To
optimize properties of these materials several variations such as doping and
stoichiometry make the materials in these broader categories better suited for
specific applications.

Niobium is a group V element that has great potential in replacing
lead-containing piezoelectric materials. Niobium is non-toxic and environmentally
friendly, abundant and possesses a lot of interesting chemical properties as will be
further examined in a later section. Niobium oxides hava a pH dependence in
structural composition, in alkaline conditions it assembles into NbOg octahedral
structures spontaneously [10, 11].  The octahedra form a cluster called the
Lindqvist anion ([NbgO19|®~) with six of these octahedra as building blocks. These
hexaniobates can then act as a starting point for many new niobium-based
compounds such as alkali perovskites. Alkali perovskites (ANbO3, A=Li,Na,K,Rb)
have long been known to have functional properties such as piezo- and
ferroelectricity. A more sustainable method of production, non toxicity, abundance
and low price are some of the reasons potassium sodium niobates, specifically
Ko5NagsNbO3 (KNN), has become one of the most promising replacements for
PZT for certain uses, and has been researched extensively the past two
decades [12]. A problem with niobium is that the mining mainly happens in
Brazil.  Mining in Brazil comes with issues such as deforestation, lack of
environmental regulation and workers conditions. Although large ore deposits are
found in Brazil, these problems can be addressed and mining can be done other
places such as Australia.

Hydrothermal synthesis is the sustainable method that adds to the



competitive edge of KNN. Hydrothermal synthesis is a versatile wet-chemical
method that uses water at temperatures between 100 and 400 °C to create highly
crystalline functional materials. Solvothermal synthesis use the same principles as
hydrothermal synthesis but with a solvent different from pure water. To achieve
temperatures of the solvent above the atmospheric boiling point the liquid and the
precursors are put into an autoclave which is sealed to withstand high pressure. At
high pressure, the boiling point of water is elevated and the system can be in the
liquid phase at high temperatures. The properties of water, such as the dielectric
constant, changes under high pressure and temperature. The changes to the
properties of water changes the solubility, which also causes higher reactivity. All
these factors combined make hydrothermal synthesis a great method of producing
functional materials, and using low temperatures and water as the solvent makes it
environmentally favorable.

1.1 Aim of the Work

The aim of the thesis is the exploration of hydrothermal synthesis of potassium and
sodium niobates. The points of interest that were investigated are:

e The effect of alkalinity and temperature on the type of alkali niobate product
e The effect of the type of alkali metal cation on reaction kinetics

e The effect of niobium concentration and K:Nb molar ratio on the hydrothermal
synthesis of potassium niobates

e How crystallite size and lattice parameters are affected by the different
parameters varied

The theory section delves into the chemistry of niobium and niobate phases.
Knowledge of the chemistry behind niobium and hydrothermal synthesis is vital.
With a solid understanding of the theory, the results from the research can be
interpreted and correlations can be explained. Understanding the alkali niobate
system is vital for controlling the properties of the materials, ultimately leading to
an expansion of the functional material engineering toolbox.
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2 Introduction to Niobium Chemistry

Polyoxometalates (POMs) are anionic metal-oxo clusters, the metals being transition
metals from group V and VI. The most common metals studied are Mo, W and V as
well as Nb and Ta more recently. Alkali niobium oxides have been known for decades
but have seen more research since the early 2000’s [13]. Up until the 21st century the
known PONbs were the hexaniobate anion [NbgO19]®~, some related coordination
complexes such as Mn|[NbgO19]5*~ and one report of a larger decaniobate structure
(INb19O95]®7) [13]. In the past two decades the research has continued to discover
new polyoxoniobate (POM) structures and found answers to questions about their
chemistry. PONbs, as well as other POMs, have the ability to form a large variety
of structures in solution and in solid state. The versatility of niobium chemistry
and the broad spectrum of niobium based materials have made the understanding
of the system more and more important. Understanding leads to control of the
synthesis, enabling the synthesis of a wide array of new materials to scientists and
engineers the world over. One of the most interesting alkali niobates is potassium
sodium niobate (Kq5NagsNbO3), due to its dielectric and piezoelectric properties
along with biocompatibility. Better understanding the K-Na-Nb-O system and its
precursors will have important implications, especially for biomedical materials [12].

2.1 Solution Behavior of Niobium Oxides

One of the reasons PONbs have such rich diversity of structures is their behavior
in solution and their structural dependence on pH [14, 15]. pH is an easy
parameter to independently vary and has a large impact on the niobium oxide
cluster geometry. Varying the pH can also introduce vacancies in the clusters [16],
which is an important design tool for material chemists. These vacancies can be
filled with most other cationic metals which opens up possibilities for new
structures and complexes of PONbs as well as introducing new functionalities.
Filling these vacancies can introduce functional properties such as catalytic
behavior, rich redox activity and more.

PONDbs are often soluble in aqueous solutions but can be precipitated reversibly
and transferred into non-aqueous phases intact. Ethanol is an example of a non-
aqueous solvent that can be used to precipitate out crystalline alkali niobates with
a variety of interesting crystal structures and morphology [17]. With a rich solution
chemistry PONbs can be synthesized at low temperatures using hydrothermal or
solvothermal synthesis. Due to the fact that most PONbs are stabilized in solution
traditional ceramic synthesis methods cannot be used to the same effect [13].

Hydrothermal synthesis plays an important role in the richness and success
with PONb chemistry. The early reports of alkali niobate synthesis used an alkali
hydroxide melt with solid NbyOs; making it a solid state reaction where results
were hard to reproduce [18]. Hydrothermal synthesis leads to reproducible results
with better control over the synthesis parameters and results. This low energy
synthesis method has made new niobium discoveries possible due to the increased
control of stoichiometry, morphology and geometry [19,20]. This method functions
at low temperatures compared to traditional ceramic synthesis methods, such as

11



pellet sintering, because of the increased reactivity under hydrothermal conditions.
A problem with hydrothermal synthesis comes with the scalability of the method.
When increasing the size of the reactor in batch mode, heat transfer is significantly
hindered [21|. However, flow reactors are a possible solution to this problem.

a) b) 700 20%
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w/ bursting disc
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—
— 3
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200 i °
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g j E 300 400 500 600
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Figure 2.1: a) A schematic of the autoclave setup with the autoclave liner, steel shell
and lid, water or solvent and the solid reagents. The lid is equipped with a bursting disc
for safety. b) The figure shows pressure inside the autoclave as a function of temperature
for hydrothermal synthesis with a pure water solvent, T, being the critical temperature
of water. The red lines indicate the pressure range from approximately 10 bar at 150 °C
to about 100 bar at 240 °C. The graph, adopted from [22], is dependent on the filling
factor. Here the graph for a fill factor of 20 % is shown, higher filling factor leads to higher
pressure.

2.2 Synthesis Parameters and Their Effects on Alkali
Niobates

When considering the hydrothermal reaction between NbyO5 and (K, Na)OH to form
different alkali niobate phases, several synthesis parameters are important. Synthesis
parameters such as temperature, alkalinity, time and concentration of precursors
affect the reaction and the products. The different parameters can also change the
solution chemistry, and can increase or decrease solubility for the different alkali
niobates which changes stability.

Temperature is one of the most important factors in the hydrothermal
synthesis of alkali niobates, as well as affecting particle size. Higher temperature
means more energy added to the system, and with enough energy the system
surmounts the energy barrier and can react. Increased temperature also changes
the properties of the solvent as well, e.g. rapidly decreasing the dielectric constant
for water approaching that of a non-polar solvent. As the temperature increases
the solvent evaporates and the gas expands, increasing the pressure. The high
pressure allows the liquid solvent to be stable as a liquid above the regular boiling
point. This increases the energy in the system and leads to solvent conditions that
are favorable for reaction [19]. A study investigating the effect of 4 factors 23],
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temperature, stirring speed, molar ratio and time, reaction temperature had the
biggest impact on dissolution of NbyOs. Once dissolved, NbyOs5 rapidly forms
Ks_H,NbgO1g - nHyO (x=0-3) which goes on to further react into other alkali
niobates.

Alkalinity is a factor that plays a role in both the reaction kinetics and the
stability of phases after synthesis. With different pH and temperature the
predominant phase can be selected [17,24]. With increased alkalinity the stability
and reaction kinetics of ANbOj3 (A=Li,Na,K,Rb,Cs) are increased. Decreasing
alkalinity increases the stability of other phases such as the hexaniobate Lindqvist
anion phase Ag ,H,NbgO1- nHyO [25,26]. Alkalinity can also have an effect on
the morphology for certain phases [25].

Reaction time affects whether the reaction reaches completion or not, although
the reaction kinetics are far more important. Crystallite size, up until a certain point,
is also affected by the time [27]. Reaction kinetics are affected by other factors such
as which temperature, pH and alkali metal is used. In multi-step reactions with one
or more intermediate species, the reaction time needed to reach the final product of
the reaction (e.g. (K,Na)NbOj) varies depending on temperature and (K,Na)OH
concentration. Shorter time at the hydrothermal synthesis temperature can lead to
these intermediate phases (e.g. NagNbyOg - H2O) being present [25,28]. Most alkali
niobate reactions will reach completion in a short time, because the reaction kinetics
are fast. The reaction between NaOH and Nby;Oj5 to form NaNbOs was studied in
situ with a sapphire capillary the took between 8 seconds and 7 minutes depending
on the NaOH concentration and temperature [29].

The effect of the molar ratio between the different species plays a role for some
alkali niobates. Although the effect of (K,Na):Nb molar ratio is not specifically
reported on as much in the literature for the synthesis of simple A-Nb phases,
higher concentration of reactants increases the driving force during reaction. For the
synthesis of KNN (K;_,Na,NbOj, x=0-1) the K:Na ratio during synthesis is vitally
important for the structure and properties of the final product. For some larger
alkali niobate structures the (K,Na,Li):Nb ratio plays a role in the final geometry
and stoichiometry [13,30].

Solvothermal synthesis has a big effect on reaction kinetics, morphology and
phase composition [17,24|. Adding a different solvent, e.g. an ethanol and water
solution, to the autoclave changes the chemical properties of the solvent such as the
dielectric constant and vapor pressure. These changes are compounded when the
temperature and pressure increase during synthesis. The stability of intermediate
phases changes depending on the solvent. Stable intermediate phases means they
can more easily react into new phases before decomposing.

Concentrations of the precursors have an effect on the reaction rates and the
driving forces for chemical reaction. In the reaction between NbyO5 and (K,Na)OH
to form (K, Na)NbOs, higher niobium concentration and (K,Na)OH concentration
increases the driving force. When considering thermodynamics, the "driving force"
can be expressed as

A,G" = —RTIn(K) (1)

13



where A, G is the Gibbs free energy, R is the gas constant, T is temperature and K
is the equilibrium constant [31]. Equation 1 describes the Gibbs free energy for a
reaction at equilibrium, for reactions at non-equilibrium the reaction quotient Q is
used. Concentration is included in the equilibrium constant K and reaction quotient
Q, which are described as

activity of products  dproa

) (ai = Ci%‘) (2)

for both of these factors.  Activity of species ¢ can be described as the
concentration of the species multiplied by the activity coefficient v as equation 2
describes. Combining all the equations gives a relationship between the driving
force and the concentration of species. This relation can be simplified and
expressed as

activity of reactants — @peqer

AG o In( 2ot (3)

Creact

for a system in equilibrium. If AG is negative the reaction is spontaneous. Higher
concentration of reactants make the logarithmic term smaller, leading to a higher
driving force for reaction.  This is a simplification of the thermodynamic
considerations and does not take kinetics into account, but the general relation
between AG and the concentrations is important.

2.3 Alkali Niobate Phases And Their Precursor
2.3.1 NDbyOs5

While not an alkali niobate, the structure of the precursor in the reactions to all the
alkali niobates is important. Orthorhombic NbyO5 (T-NboOj5) consists of strongly
distorted NbOg octahedra and NbO; pentagonal dipyramids. The unit cell has
consists of 16.8 niobium atoms and 42 oxygen atoms, where the 0.8 niobium atoms
come from partially filled niobium sites [32]. With sufficiently high pH the NbyOs
dissolves when HyO and K /Na®™ moves into the structure [23]. Bonds break and
form [NbOg|"~ octahedra in solution which can further react to form alkali niobates.
Crystal water helps screen the charges of the niobium oxygen octahedra, allowing
edge shared structures to form [29].

2.3.2 (K, Na)g_xHbeﬁolg . nH20

The niobium oxygen octahedra ([NbOg]”™) in solution quickly react to form the
[NbgO19]®~ which is described by the chemical reaction

3Nb205+8(K, Na)OH+(x—|—n—4)HQO — (K, Na)g_meNbﬁolg anO—{—xOH_ (4)

where the first step is dissolution of NbyOs5. The dissolved NbyO5 forms [NbOg|"~
octahedra that assemble into [NbgOy9|®~ Lindqvist anion upon heating. The
[NbgO1]5~ Lindqvist anion in solution can precipitate into

14



b Nb,0,
Crystal system: Orthorhombic
Space group: Pbam

Figure 2.2: The unit cell of orthorhombic NbaO5 (T-NbgOs5). NbyOjs contains octahedra
(NbOg), tetrahedra (NbOy4) and pentagonal dipyramid decahedra (NbO7). The occupancy
of some sites are less than 1, which is shown as partially colored in spheres with 50 %, 8
% or 4 % green. Niobium is shown in green, oxygen in red.

(K,Na)g_,H,NbgO1g - nHyO (x=0-3, n=10-16) or break up into smaller fragments
of [NbOg]”~ [17,27]. The hexaniobate Lindqvist anion has the highest charge
density among the POMs [33]. The potassium and sodium hexaniobates are well
hydrated, with between 10 and 16 crystal water per unit cell to screen the charge.
Sodium and potassium hexaniobate are very similar materials, the main differences
being the amount of crystal water and the orientation and placement of the
Lindqvist anions in relation to each other and to the potassium or sodium. The
difference between two potassium hexaniobates, where the difference is the amount
of crystal water, are shown in figure 2.3.

K;HNbgO,4 - 13H,0 K;HNbgO,4 - 10H,0
Crystal system: Monoclinic Crystal system: Monoclinic
Space group: P21 Space group: C2/c

Figure 2.3: Unit cells of two hydrated potassium hexaniobate phases, a)
K7HNbgO19 - 13H20 and b) K7HNbgO1g - 10 HoO. The phases are viewed straight down
the b-axis to show the potassium layers among the hexaniobate clusters.
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2.3.3 K NbgOq7

K4NbgOy7 is a hexaniobate phase comprised of [NbOg"~] octahedra grouped in
clusters of 6. These 6 octahedra are edge shared, though not in the same
configuration as the Lindqvist anion where all the octahedra are centered around a
central oxygen atom. Each [NbgO;7|*~ unit is corner shared with its neighboring
units forming niobium oxide layers with potassium layers in between. K;NbgOq;
has different degrees of hydration, from dehydrated K4NbgO;7 to the more
hydrated forms such as K4NbgOi7-3Hy0O and K4NbgOq7-4.5Hs0O. Research has
shown KyNbgO;7 can been used for leaching of radioactive cations from
solution [34] and has photocatalytic water splitting capabilities [35].

Crystal system: Orthorhombic
Space group: Pna2l

‘ K,Nb.O,,

Figure 2.4: Unit cell of K4NbgO17 which consists of niobium and oxygen (green and red
respectively) octahedra with potassium (purple) layers in between.

2.3.4 (K,Na)QNbZOG . HzO

(K,Na)aNbyOg - H,O is a phase consisting of edge shared octahedra chains along
the b-axis as seen in figure 2.5. Along the a-axis are (K, Na)Og octahedra layers,
and between the NbOg chains are tunnels half filled with K*/Na*t. This structure is
called the sandia octahedral molecular sieve (SOMS) structure. For both sodium and
potassium this phase grows preferentially in the (020) direction which runs along the
chains and the b-axis. This creates crystals with a nano- to microfiber morphology
and half filled tunnel structure along the fibers [17,36]. Both NayNbyOg - HoO and
K5NbyOg - HoO are metastable phases, but with sodium this phase is more stable.
K5NbyOg has also recently been reported with a pyrochlore type cubic structure
with photocatalytic properties |37, 38].

2.3.5 (K,Na)NbO;

(K,Na)NbOj is a material with a perovskite ABOj structure with interesting non-
linear optical, photocatalytic, ferroelectric and piezoelectric properties [39,40]. The
orthorhombic structure is the most stable KNbOj3 phase at room temperature. Below
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K,Nb,05 - H,0 Na,Nb,0Oj - H,0
Crystal system: Monoclinic Crystal system: Monoclinic
Space group: C2/c Space group: C2/c

Figure 2.5: Unit cells of a) KaNboOg - H2O and b) NagNbyOg - HoO. The niobium (green)
and the oxygen (red) form octahedra that stack on top of each other in long chains, while
the potassium (purple) or sodium (yellow) fill the channels between. The half filled spheres
show which atoms have occupancy of 0.5.

NaNbO,
Crystal system: Orthorhombic
Space group: Pbma

.

Figure 2.6: Unit cell of orthorhombic NaNbOs3. The tilted octahedra consist of niobium
(green) surrounded by oxygen (red) with sodium (yellow) interlaced in the structure.

-10 °C (263 K) the most stable crystal structure is rhombohedral. Above -10 °C the
rhombohedral structure changes to orthorhombic, which is the most stable structure
up until 224 °C (497 K), above which the most stable structure is tetragonal. The
tetragonal structure is stable up to 437 °C (710 K) where the most stable crystal
structure becomes cubic KNbOj3 [27,41].

Monoclinic KNbQOj is a metastable phase. The monoclinic KNbO3 phase differs
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KNbO, KNbO, c
a Crystal system: Monoclinic Crystal system: Orthorhombic
c Space group: P1m1 Space group: Bmm2 a

Figure 2.7: Enlarged unit cells of a) Monoclinic KNbO3 and b) Orthorhombic KNbOs.
The monoclinic phase has a 3 angle (between the a and ¢ axis) close but not equal to 90
°. Niobium is shown in green, oxygen in red and potassium in purple.

from the orthorhombic phase by a slight deviations from 90°  angle of the unit
cell by around 0.10° [40]. This metastable monoclinic phase has been produced
using metallic niobium powder and KOH [40] with hydrothermal synthesis, by liquid
phase epitaxy from a K;CO3 and NbyOs melt on a SrTiO3 substrate [42] and other
methods. Synthesis of monoclinic KNbOj3 using hydrothermal methods with the
precursor NbyOj5 alone has not yet been demonstrated in literature.
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3 Experimental Methods

3.1 Chemicals

Table 3.1: Information on the chemicals used to make the precursors and the solutions
used in this project.

Chemical Molecular formula Purity [%] Supplier

Ammonium niobium (V)  NH4yNbO(C504), 99.99 Sigma-Aldrich

oxalate -xH,O
Ammonium solution NHs (4iss.) 28 Sigma-Aldrich
Potassium hydroxide KOH 90 Sigma-Aldrich
Sodium hydroxide NaOH 97 Sigma-Aldrich

Niobic acid was prepared as partly described by Mokkelbost et al. by mixing
ammonium niobium (V) oxalate (60.0 g) in 700 mL distilled water. The solution
was stirred for 24 hours on a hotplate at 60 °C until the solution became clear [43].
Ammonium solution (1%, 125 mL) was added precipitating niobic acid
(NbO5-xHy0).  After another 72 hours of stirring at room temperature the
solution was centrifuged and washed with three times with the 1 % ammonium
solution to get rid of the oxalate. T-NbyOs; was prepared from this niobic acid by
evaporation of the solution in an open crystallization beaker at 60 °C under
stirring. The dried product was calcined at 500 °C for 10 hours with a 2.5 hour
heating time and cooled in air. This gave orthorhombic NbyOs (T-NbyOs) as
confirmed by XRD analysis.

A 10.00(8) mTOl potassium hydroxide solution was prepared by mixing KOH
(155.874(12) g) with water (250.00(15) mL, distilled). KOH solutions of 7.50(8) M,
5.00(5) M, 2.50(3) M and 1.0(2) M were prepared by dilution of the 10 M stock
solution. All uncertainties were calculated using Gaussian error propagation and

are given in the parentheses.

3.2 Synthesizing Potassium and Sodium Niobates

The hydrothermal synthesis process, described in figure 3.1, used a steel shell
autoclave with a 23 mL Teflon autoclave liner as seen in figure 2.1. First, NbyOs5
and (K,Na)OH were mixed together in an autoclave, the autoclave was heated to
the desired temperature for 18 hours. After heating the autoclave was cooled in
RT and washed and filtered with 96 % ethanol using a Biichner funnel. This
removed water and KOH from the solid product and precipitated free niobate
species in solution, if any. Some samples contained only soluble alkali niobates
(such as for example Kg ,H,NbgOi9-nH;0) and contained no solid product.
These solutions, whether transparent or opaque, were crystallized in a beaker using
ethanol before filtering and ethanol washing.

To investigate the effects of different parameters three different experiment
series were planned, varying the K:Nb ratio, niobium concentration and choice of
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(K,Na)OH

f_ \ é N Ethanol

Nb,O L) 8 R
18h 8% T\
ﬁ — § ® — L\ —— Analysis
1. Mixing precursor 2. Heatto T 3. Ethanol
in autoclave for 18 hours wash and dry

Figure 3.1: Schematic representation of the synthesis method of alkali niobates. First,
NboO5 and (K,Na)OH were mixed together in an autoclave(1), the autoclave was heated
to the desired temperature for 18 hours(2). The crystalline product from the hydrothermal
synthesis was washed with ethanol and dried(3) before the final product was analyzed and
characterized.

alkali metal. The reaction time for all the experiments were 18 hours, and the
autoclaves were cooled in air at RT for about 2 hours before filtering. To control
the K:Nb ratio and niobium concentration, the volume of KOH varied between 1
and 5 mL. The nomenclature of the different samples follow the general format of
(Experiment series)-|[KOH]-Temperature, e.g. K:Nb-10-150 (K:Nb experiment, 10
M KOH, 150 °C).

3.2.1 Controlled K:Nb Ratio Experiment Details

The molar ratio between potassium and niobium (K:Nb molar ratio) was
controlled, not kept fully constant, at between 1.33 and 2.66. Compared to the
[Nb| experiment series, the molar ratios and excess potassium for the K:Nb
experiments are lower. Fxcess potassium means the limiting reactant is always
niobium. The volume varied between 1 and 5 mL to maintain 1.33 or more K:Nb
molar ratio. Niobium concentrations varied with the volume, between 0.752 and
3.76 M, as is detailed in table 3.2.

3.2.2 Constant Niobium Concentration Experiments

The volume and weight of added NbyO5 remained constant giving a constant [Nb]
in the solution. Each of the parameters for the constant niobium experiments are
detailed in table 3.3. In these experiments the niobium concentration was kept
constant at 0.752 M while the K:Nb molar ratio varied between 6.65 and 13.3
depending on the KOH concentration. The volume of solution was kept constant
at 5 mL for all the experiments. These experiments investigated more
temperatures between 150-200 °C compared to the K:Nb molar ratio and the
sodium experiments.
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Table 3.2: The parameters of the controlled K:Nb experiments. The temperature and
KOH concentration is shown in the "experiment name" column, where the name of the
experiment details this as follows: (experiment name)-[KOH]|-temperature. The weight
of niobium added to all the experiments was 0.5000(6) g. The shaded rows separate the
different KOH concentrations.

Experiment name Volume IND| [m_ol] K:Nb
"Exp-[KOH]-T" | KOH [mL] L molar ratio
K:Nb-10-150 1 3.76 2.66
K:Nb-10-200 1 3.76 2.66
K:Nb-10-240 1 3.76 2.66
K:Nb-7.5-150 1 3.76 1.99
K:Nb-7.5-200 1 3.76 1.99
K:Nb-7.5-240 1 3.76 1.99
K:Nb-5-150 1 3.76 1.33
K:Nb-5-200 1 3.76 1.33
K:Nb-5-240 1 3.76 1.33
K:Nb-2.5-150 2 1.88 1.33
K:Nb-2.5-200 2 1.88 1.33
K:Nb-2.5-240 2 1.88 1.33
K:Nb-1-150 5 0.752 1.33
K:Nb-1-200 5 0.752 1.33
K:Nb-1-240 5 0.752 1.33

3.2.3 Sodium Niobium Oxide Synthesis Details

The synthesis parameters for the experiments where sodium hydroxide was used are
detailed in table 3.4. The volume of NaOH was 1 mL for all the sodium experiments,
same as for the 7.5 M and 10 M controlled K:Nb molar ratio experiments. The
Niobium concentration was 3.76 and the Na:Nb molar ratio was between 1.99 and
2.66.

3.3 Characterization of the Alkali Niobium Oxides

The Raman spectra were acquired using a Witec Alpha 300r to get information on
the local structure in the samples, with a resolution of 4 cm!. The X-ray
diffractograms were recorded using a Bruker D8 ADVANCE DaVinci. The XRD
analysis was used to determine which phases were present and structural
information of these phases. The samples were scanned with a 2 angle from 5-75 °
for 1 hour with an X-ray source of Cu Ko radiation (wavelength = 1.5406 A). The
single-phase samples along with sample K:Nb-2.5-150 were imaged using scanning
electron microscopy (SEM). A Zeiss Ultra 55 Field emission electron gun (FEG)
SEM with a resolution of 100 nm was used to capture these SEM images. The
electrons were accelerated with a 2-5 kV acceleration voltage. Due to the
non-conducting nature of the samples they were coated with a layer of carbon via

21



Table 3.3: The parameters of the controlled [Nb| experiments. The temperature and
KOH concentration is shown in the "experiment name" column, where the name of the
experiment details this as follows: (experiment name)-[KOH]|-temperature. The weight
of niobium added to all the experiments was 0.5000(6) g. The shaded rows separate the
different KOH concentrations.

Experiment name Volume IND] [m_ol] K:Nb
"Exp-[KOH]-T" | KOH [mL] L molar ratio

[Nb]-10-150 5 0.752 13.3
[Nb]-10-165 5 0.752 13.3
[Nb]-10-180 5 0.752 13.3
[Nb]-10-200 5 0.752 13.3
[Nb]-10-240 5 0.752 13.3
[Nb]-7.5-150 5 0.752 9.97
[NDb]-7.5-165 5 0.752 9.97
[Nb]-7.5-180 5 0.752 9.97
[Nb]-7.5-200 5 0.752 9.97
[Nb]-7.5-240 5 0.752 9.97
[Nb]-5-150 5 0.752 6.65
[Nb]-5-165 5 0.752 6.65
[Nb]-5-180 5 0.752 6.65
[Nb]-5-200 5 0.752 6.65
[Nb]-5-240 5 0.752 6.65

Table 3.4: The parameters of the controlled Na experiments. The temperature and
NaOH concentration is shown in the "experiment name" column, where the name of the
experiment details this as follows: (experiment name)-[NaOH]-temperature. The weight
of niobium added to all the experiments was 0.5000(6) g. The shaded rows separate the
different NaOH concentrations.

Experiment name Volume N [2el] Na:Nb
"Exp-[NaOH]-T" | NaOH [mL] L+ | molar ratio
Na-10-150 1 3.76 2.66
Na-10-200 1 3.76 2.66
Na-10-240 1 3.76 2.66
Na-7.5-150 1 3.76 1.99
Na-7.5-200 1 3.76 1.99
Na-7.5-240 1 3.76 1.99

physical vapor deposition before imaging. Carbon graphite rods were heated in a
vacuum to high temperatures using a 5 kV volatage source, evaporating the
graphite depositing it on the samples.
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4 Results

After synthesis the products were analyzed using X-ray diffraction and TOPAS
[44,45] software to identify the phases and gather information about the phase purity,
lattice parameters, strain and other factors. The local structures of the single-phase
materials were investigated using Raman spectroscopy, and the morphology was
studied using SEM.

4.1 Potassium Niobium Oxides XRD Analysis

A selection of the XRD patterns of the single-phase potassium niobate materials
are shown in figure 4.1. The diffractogram patterns of the different potassium
niobates show the variety of potassium niobate phases and structures which can be
produced using hydrothermal synthesis.  Some diffractogram did not show
single-phase potassium niobates, although a dominant phase was present.
K;HNbgO19 - 10 H,O was the most common phase and many samples included 5-15
wt% K7;HNbgO1g - 13 HyO which was a common secondary phase.

KaNbgO17 - 4.5H;0

K7HNbgO19 - 10H20

Relative intensity

wl I K7HNbsO19-13H20
rl | ..L_AJ-MMWM«_HW

A
{
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Figure 4.1: X-ray diffractograms of the four main potassium niobate phases synthesized,
as well as the precursor T-NboOs. The diffractograms are of single-phase materials, all the
peaks in the diffractogram belong to the respective compound.

The diffractogram of the K;HNbgO19 - 10 HO and K4NbgO;7 phases have low
signal to noise ratio. K;HNbgO19-13H0O and 10 H,O are monoclinic phases with
several small diffraction lines across the diffractogram. K;HNbgO19 - 10 H,O has its
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main peak at 10.2 ° 26 while the K;HNbgO19 - 13 H5O has the main peak at 10.5 °
260. The K4NbgO17 phase has different degrees of hydration, between no hydration
and 4.5 crystal water. The diffractogram for K4NbgO;7 has some broad and weak
diffraction lines throughout, with some more intense diffraction lines at for example
26 and 46 ° 26. KNbOj is orthorhombic and has fewer diffraction lines with higher
intensity than the other phases. NbyOs has broader peaks than most other phases
due to the small crystallite size of ~18 nm as calculated using Rietveld refinement.

Table 4.1: Average lattice parameters of selected potassium niobate phases, along
with crystallite size and g angle. Rietveld refinement of the diffraction patterns of
KsNbsOg - H5O and K4NbgO17 was not done.

. Crystallite

Phase alA]  b[Al  c[A] B[] Sizye -
K, HNbsOo | 1720  10.12 3522  103.8 -
-10H,0 | (£0.03) (40.03) (£0.05) (=£0.1) i
K,HNbsO1o | 10.35  16.19  12.02  124.59 200
13H,O | (£0.02) (£0.01) (£0.02) (=£0.02)

K,NbyOg

5,0 16 5 16 114 ;
K,NbsOy» | 3312 648  7.816 90 naioiite

Table 4.1 shows the lattice parameters of the different potassium niobate
phases, along with the § angle and crystallite size. KNbQOj is not included in this
table, the lattice parameters and the crystallite size are presented in section4.3.1.
The lattice parameters for K;HNbgO19 - 13 HyO and K;HNbgO1g - 10 HyO varied as
a function of the temperature and KOH concentration and are shown as an
average with the range in parenthesis next to it. The diffractogram patterns of
KsNbyOg - HoO and K4NbgO;7 were not Rietveld refined. KsNbyOg - HO is not
well studied in literature due to it being metastable and hard to produce, therefore
the values given in this table are very approximate and are based on limited
literature studies [17,46]. K4;NbgO;7 has a morphology that makes the refinement
inaccurate, so the literature values are given without refinement.

4.1.1 Phase Analysis from the Controlled K:Nb Molar Ratio

The phase composition data gathered from the XRD patterns of the controlled
K:Nb molar ratio experiments are presented in figure 4.2. The stability diagram
shows different synthesis conditions, the main ones being pH and temperature, lead
to different phases being stable. At the lowest temperature and pH the NbyOs
did not dissolve. Increasing the temperature while keeping pH low lead to the
formation of K4NbgOq7. Increasing pH while keeping temperature low lead to the
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formation of K;HNbgO19 - 13 H,O at moderate pH and K;HNbgO19 - 10 H,O at high
pH. Increasing both pH and temperature caused the formation of orthorhombic
KNbOs3, the temperature needed to be above 7.5 M for all experiments.

An interesting observation is that the three samples produced at 5 M KOH
were totally dissolved, the product of the synthesis was a clear solution. The phases
were precipitated in ethanol before filtering and characterization. The rest of the
products were precipitated in the autoclave without ethanol. The KNbO3 samples
were not completely white powders, instead containing a lime-green hue. This lime
green hue was present for all the KNbO3 samples except K:Nb-10-200.

10.0F ¥ ® %1 v KHNDO - 10H;0
K7HNbgO19 - 13H,0
B Ki:NbgO:7-4.5H,0
75F W v %1 @ Nb0s
. % KNbOs
T * K:Nb,O¢-H,0
Q 50f \4 \
2.5F ok W
10f@ . u , W
160 180 200 220 240

Temperature [°C]

Figure 4.2: Stability diagram of potassium niobates as a function of temperature and
KOH concentration with controlled K:Nb ratio. Sample K:Nb-2.5-150 was identified using
the Raman spectra which has some uncertainties related to the identity of the phases. The
stability areas and borders are approximate because of limited data.

Note that the sample made at 150 °C and 2.5 M KOH is identified as
K;HNbgO19 - 13H2O by the Raman spectrum, shown in figure 4.9. This sample
came out of the autoclave with no liquid, only a wet crystallized product. All the
liquid was seemingly absorbed into one large and hard crystallized clump, no
evidence of an autoclave leak was found. The X-ray diffractogram was not
identifiable using the monoclinic K;HNbgO1g - 13 H,O with the P21 space group, as
will be discussed further in section 5.2.1.

4.1.2 Phase Analysis from the Constant Niobium Concentration
Experiments

Figure 4.3 shows the stability of phases at different temperature and pH for the
samples made with constant niobium concentration as described in table 3.3. The
stability diagram shows that K;HNbgOqg - 10 H,O is the most stable phase at low
temperature and pH below 7.5 M, K;HNbgOq9-13H50 only produced at the
highest temperature at 5 M KOH. At 165 °C and high pH KNbOj3 was the stable
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phase. The KNbOj3 had two different crystal structures, monoclinic and
orthorhombic. The monoclinic KNbOj3 is metastable and was only synthesized at
temperatures below 240 °C. The synthesis parameters for the constant niobium
concentration experiments are described in table 3.3.

10.0F ¥ ® % %1 w  KHNDsOs - 10H;0

(P1m1) P1mil P1m1 Bmm?2
(PIm1) (PIm1) (Bmmz2) K7HNbgO1s - 13H,0

% KNbOs
% KzNb;Og - H;0
T
O 75tV v 4 1
(Ve (P1m1) (Bmm2)
s0lY_ ¥y v . =
160 180 200 220 240

Temperature [°C]

Figure 4.3: Stability diagram of potassium niobates as a function of temperature and
KOH concentration with constant niobium concentration. The pink area represents an area
on the border between two phases (K7HNbgOjg-10 HoO and KNbO3) where the product
contained intermediate phases. The space group of the different crystal structures is noted,
P1lml for the monoclinic KNbO3 and Bmm?2 for the orthorhombic KNbO3. The stability
areas and borders are approximate because of limited data.

The pink area of figure 4.3 shows a border region that had several phases at the
same time. In addition to the four alkali niobate phases that were found, the XRD
pattern had diffraction lines that were not identified. There was some solid product
in the autoclave which had a lime green hue (KNbO3) and the hexaniobate phases
precipitated from the free niobates in solution when the products were washed in
ethanol. Two of the samples made with 5 M KOH contained little to no solids,
[NDb|-5-180 was a totally clear solution and [Nb]-5-240 was a milky white suspension
with little to no precipitate at the bottom. The rest of the samples contained solid
product and were washed and filtered in ethanol before drying and analysis. As
with the K:Nb molar ratio samples the KNbO3 samples were not white powders,
instead the product had a lime-green shine. This lime green hue was present for all
the KNbO3 samples, and seemed to be stronger and brighter for samples made with
high KOH concentration.

4.2 Sodium Niobium Oxides

The reaction kinetics for the reaction between niobium oxide and sodium
hydroxide is fast, even at low temperature and NaOH concentration the stable
sodium nioobates were NasNbyOg - HoO and NaNbOj3;. The XRD pattern shown in
figure 4.4 gives information about phase and structure of the sodium niobates. The

26



sample made at 150 °C using 10 M NaOH had very small crystallite size as seen in
figure 4.11. The synthesis conditions for the sodium niobate phases are presented

in table 3.3.
"? JL - ' NaNbOs
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Figure 4.4: X-ray diffractogram of the two main sodium niobate phases synthesized,
as well as the precursor NboOs. NagNbyoOg - HoO is a highly crystalline material with a
monoclinic crystal structure, which means the diffractogram has many diffraction lines.
NaNbOj has orthorhombic crystal structure and has fewer sharp and intense diffraction
lines.

Figure 4.5 shows the stability diagram of sodium niobium oxides and is based
on the XRD patterns of the sodium niobates. Using sodium hydroxide gives faster
reaction kinetics compared to potassium hydroxide. NaNbOj forms at even lower
temperatures, only at 150 °C and 7.5 M NaOH does NayNbyOg - HO form. This
phase is a precursor to NaNbOj [29], and reacts at sufficiently high temperatures
and NaOH concentration. This phase had lattice parameters almost identical to the
literature values of a=17.05, v=5.03, ¢=16.49 and $=114.0°. The crystallite size
was 89 nm according to the Rietveld refinement, but due to the fiber morphology
of this phase the average crystallite size is not well represented by this value.

4.3 Structure of Potassium Niobates
4.3.1 Lattice Parameters of KNbO3

For each sample the crystallite size and lattice parameters were calculated using
Rietveld analysis. Rietveld analysis can not calculate crystallite size higher than
~200 nm, above this crystallite size other methods such as SEM must be used to
determine particle and crystallite size accurately. The structural analysis was done
with a focus on lattice parameters, crystallite size, lattice strain, atomic positions,
thermal strain and occupancy. The KNbOj from sample [Nb]-7.5-180 was hard
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Figure 4.5: Stability diagram of sodium niobates as a function of temperature and
NaOH concentration. Only at the lowest temperature and pH did NasNboOg - HoO form,
showing fast reaction kinetics for the sodium niobates. The stability areas and borders are
approximate because of limited data.

to analyze due to the multi-phase nature of the sample and its XRD spectrum of
overlapping peaks.
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Figure 4.6: Lattice parameters of orthorhombic KNbOgs for 10 M (red) and 7.5 M
(blue) KOH. The dashed gray horizontal lines represent the literature values of the lattice
parameters (from PDF database, PDF:00-032-0822 [47]).

Lattice parameters of orthorhombic KNbOj are shown in figure 4.6.
Orthorhombic KNbOj3 was the stable phase between 180 degrees and 240 °C and
at high potassium concentration, 7.5 M (blue) and 10 M (red) KOH. At the lowest
temperatures the lattice parameters a and c¢ are similar and the b parameter is

28



higher than the literature value. At higher temperatures the b and c¢ lattice
constants approach the literature values, a increases while b decreases. The ¢
parameter does not change in a significant way with temperature, pH has no
apparent effect on lattice parameters.
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Figure 4.7: Lattice parameters of monoclinic KNbO3 for 10 M (red) and 7.5 M (blue)
KOH, as well as the g angle (green). The dashed gray horizontal lines represent the
literature values of the lattice parameters (from [40]).

The latttice parameters of monoclinic KNbOs, shown in figure 4.7, has low
variability of the lattice parameters with temperature, but alkalinity has an apparent
effect. For the 10 M KOH experiments the lattice parameters of the monoclinic
KNbOj3 remain close to the literature values across the entire temperature range,
but for 7.5 M KOH the b and ¢ parameter are closer to the a parameter. The
B angle varied between 90.10 and 89.90° with the angle approaching 90° at higher
temperatures.

The crystallite size was calculated for all the KNbOj3 samples, both monoclinic
and orthorhombic. The monoclinic samples reached crystallite size above 200 nm
at all temperatures, meaning exact value unknown as Rietveld refinement cannot
calculate crystallite size above ~200 nm. The orthorhombic sample at 180 °C and
7.5 M KOH had the smallest crystallite size which increased with temperature. At
240 °C the samples had a range of crystallite sizes between 67 and 155 nm. The two
lowest crystallite sizes at 240 °C were from the K:Nb experiments and the largest
were from the [Nb| experiments.

4.3.2 Local Structure of Potassium Niobates

The local structure of the potassium niobates were studied using Raman
spectroscopy. The single-phase potassium niobates were investigated to determine
chemical bonds and vibrational modes within the different compounds and the
Raman spectrum shown in figure 4.9 was used to identify sample K:Nb-2.5-150
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Figure 4.8: Crystallite size of KNbOgs, both monoclinic (within the circle) and
orthorhombic, as a function of temperature and KOH concentration. The crystallite size
was calculated using Rietveld refinement. Rietveld analysis can not accurately calculate
crystallite size above ~200 nm, meaning the monoclinic KNbOgs samples had above 200
nm sized crystallites. The orthorhombic samples at 240 °C are from both the [Nb| and
K:Nb experiments, the K:Nb experiments have the two smallest crystallite sizes while the
[NDb| experiments have the two largest.

which could not be identified by XRD.

The bands of the Raman spectra are marked in figure 4.9, the vibrational
modes represented by the bands are presented in table 4.2. When comparing the
Raman spectra of different potassium niobates the spectra can be divided into
three main areas. In general the bands below 300 cm™! represent internal
vibrational modes, libration modes, and the longest Nb-O bending modes. Bands
between 300 and 700 cm ™! belong to the medium length Nb-O bonds, such as the
edge shared octahedra Nb-O stretching mode.  The bands at the highest
wavenumbers above 700 cm™! belong to the shortest Nb-O stretching modes,
especially the Nb=0; double bonds. monoclinic and orthorhombic KNbO3 have
nearly identical Raman spectra, as is expected when the difference in local
structure is small as seen in figure 2.7.The three hexaniobate samples,
K7HNb6019'10H20, K7HNb6019'13H20 and K4Nb6017, have similar bands
because of some similarities in local structure of the hexaniobate anions. The
bands they share are at 225, 290, 530, 840 and 890 cm~!. K4;NbgO17 has a shift in
wavenumber for the band at 840 compared to the other potassium niobate
samples, up to about 860 cm ™.

Sample K:Nb-2.5-150 is identified as K;HNbgOq9-13HoO & KyNbyOg - HyO
based on the Raman spectrum, which is what this sample is marked as in figure
4.2, 4.9 and 4.13. The unit cell for KsNbyOg - HyO is similar to NasNboOg - HyO.
The local structure appears to be similar as well although this phase is not well
studied [17]. The Raman spectrum of NagNbyOg - HoO has high intensity bands at
220 and 880 cm ™!, which is very similar to KoNbyOg - HyO [48]. Because these bands
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Figure 4.9: Raman spectra of each single-phase potassium niobate material as well
as the precursor NbyOs. The wavenumbers of the different bands are marked in red.
The spectrum marked K7HNbgO19 - 13 HoO & KyNboOg - HoO is the Raman spectrum for
sample K:Nb-2.5-150 and has uncertainty related to phase composition.

overlap with the bands for K;HNbgO19 - 13 HoO they are not easy to distinguish.

In table 4.2 the different oxygen atoms are referred to by their position in
the octahedra. Oy refers to the terminal oxygen connected to the Nb by a double
bond, O, refers to the bridging oxygen, which connects two niobium atoms on the
outside of the octahedra and O, refers to the oxygen in the center of a cluster of six
octahedra. The KoNbyOg - HoO is not a single phase material. Therefore the bands
that might belong to pyrochlore KoNbyOg or KoNbyOg - HoO fibers are not included
in the table. The bands for KoNbyOg - HyO is similar to NagNbyOg - HyO.
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Table 4.2: Table of the vibrational modes representing the bands found in the potassium
samples, as reported by literature [17,48-60].

Compound | Wavenumber [cm™] | Vibrational Mode
KNbO;3 190 Nb-O-Nb A;(TO) & A;(LO)
280 Nb-O-Nb A;(TO) & A;(LO)
530 B1(TO)
590 A4(TO)
840 Nb=0; surface groups
K4NbgOq7 - xH,0O 80-120 K and Nb translations
190-480 Nb-O,-Nb bending mode

and octahedra libration

Long Nb-O bonds from

530-640 symmetric and asymmetric
NbOQOg stretching vibrations
860, 890 Nb=0; stretching modes

Other molecular vibrations,

K;HNbgOq9 - 10 H,O 80-120 external modes
225 Nb-O,-Nb bending modes
290 Nb-O, stretching mode
530 Nb-O edge shared
octahedra stretching mode
840, 890 Nb=0; stretching modes
K7HNbgO19 - 13 H,O 225 Nb-O,-Nb bending modes
290 Nb-O, stretching mode
530 Nb-O edge shared
octahedra stretching mode
840, 890 Nb=0; stretching mode

Librational modes of
NbyO5 115 the NbOg octahedra and
NbO7 pentagonal dipyramids

Wide band from variable

229 length Nb-O,-Nb bending modes

700 Low distortion niobium
oxide octahedra

900 Nb=0; surface groups
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4.4 Structure of Sodium Niobates
4.4.1 Lattice Parameters of NalNbQOj;

The lattice parameters and crystallite size of the sodium niobates were calculated
using Rietveld refinement. As with the orthorhombic KNbOj the lattice parameters
a and c are the same at low temperatures, but diverge at higher temperatures. All
lattice parameters approach the literature values at higher temperatures as expected.
NaOH concentration does not seem to affect the lattice parameters, temperature is
the parameter that affects the lattice constants in a significant way.
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Figure 4.10: Lattice parameters of NaNbOs for 10 M (red) and 7.5 M (blue). The dashed
gray horizontal lines represent the literature values of the lattice parameters (from PDF
database, PDF:00-032-0822 [47]).

The crystallite size is small for the sample made at 150 °C but with higher
temperature the crystallite size quickly reached above ~200 nm. The samples Na-
10-150 and Na-10-200 have crystallite sizes below 200nm, the other samples have
crystallite sizes at or above ~200 nm which means the values shown in figure 4.11
are not accurate. Other methods such as SEM are needed to accurately assess the
crystallite and particle size of these samples. It seems higher temperature and lower
NaOH concentration leads to higher crystallite size, though the samples with above
~200 nm are hard to compare because the exact size is unknown.

4.4.2 Local Structure of Sodium Niobates

The local sodium niobate structure was studied using Raman spectroscopy and is
shown in figure 4.12. The different Nb-O bond lengths and vibrational modes in
NaNbOj3 and NayNbyOg - HoO is represented by bands which are marked in figure
4.12 and assigned a vibrational mode in table 4.3. NaNbOj3 has several bands in
the 50-300 cm™! region, due to the tilted NbOg octahedra in the structure. These
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Figure 4.11: Crystallite size of NaNbOj3 as a function of temperature and NaOH

concentration. The crystallite size was calculated using Rietveld refinement.

bands are from the triply degenerate v6(F2,) and v5(F3,) modes which have split
due to the tilted octahedra, as well as tilted octahedra librational modes [48]. The
bands for NaNbO3 between 500 and 600 cm ™! belong to the Nb-O-Nb bond between
the corner shared octahedra. NasNbyOg-HyO has two main bands that are more
intense than the others at 220 and 880 cm~!. These bands represent the Nb-O-Nb
bending mode at 220 cm~* and the Nb=0, stretching mode at 880 cm™.
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Figure 4.12: Raman spectroscopy of both sodium niobate materials as well as the
precursor NboOs. The wavenumbers of the different bands are marked in red.

34



Table 4.3: Table of the vibrational modes representing the bands observed in the spectra
of sodium niobate samples and as reported by literature [48, 50-61]. O refers to the
terminal oxygen connected to the Nb by a double bond, Oy refers to the bridging oxygen,
which connects two niobium atoms on the outside of the octahedra and O, refers to the
oxygen in the center of a cluster of octahedra.

Compound | Wavenumber [cm™] | Vibrational Mode

Nb-O-Nb stretching mode
Belongs to triply
NaNbO; 150-275 degenerate v4(Fs,) and v5(Fy,) modes
Split due to tilted octahedra
560 B:(TO)
600 A4(TO)
Nb-O-Nb
Na;Nb>Os - H> O 220 Ty, bending mode
Long NbO bonds
270, 305 Ay, breathing vibration
460 Nb-Op-Nb bending mode
530-640 Nb-O-Nb stretching mode
850, 890 Nb=0; stretching mode
Librational modes of
NbyOs5 115 the NbOg octahedra and
NbO; pentagonal dipyramids
995 Wide band from variable
length Nb-O,-Nb bending mode
700 Low distortion niobium
oxide octahedra
900 Nb=0, surface groups
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4.5 Morphology of Alkali Niobates

SEM images of the single-phase alkali niobates, one for each single-phase material,
as well as a multi-phase material such as K:Nb-2.5-150 are presented in figure 4.13.
The potassium niobates show agglomeration in all the different materials. The
monoclinic KNbOj3, shown in figure 4.13f) has rectangular prism morphology
where the rectangular prisms are agglomerated together. The fibrous crystals in
figure 4.13c) are KsNbyOg-HsO which seem to stick out of agglomerated
K7;HNbgO19 - 13 H5O crystals, appearing to grow from them. K;NbgO;7, shown in
figure 4.13d), have thin nanoplate morphology where the plates look like rose
petals folded around each other. These three materials have a uniform
morphology, the other materials are agglomerated into irregularly shaped clumps.
The samples were not well dispersed before SEM imaging because some phases can
change structure or be dissolved if dispersed in a solvent such as ethanol or water.

Figure 4.13: SEM images of the potassium niobate compounds a) KyHNbgO19 - 10 H2O,
b) K7HNbgO1g-13H20, f) mixed phase comprised of K7HNbgO1g9-13Ho0O & fibers of
KoNbyOg - HoO, d) K4NbgO;7, €) orthorhombic KNbOs and f) monoclinic KNbOs.
The agglomerated phase in c¢) is not securely identified, but the evidence has suggested
K7HNbgO19 - 13 HoO or pyrochlore KoNbsOg.

The SEM images of the presented sodium niobates, shown in figure 4.14, show
uniform morphology; Rectangular prism morphology for NaNbOj3 shown in figure
4.14a) and fibrous morphology for the NagNbyOg - HoO fibers shown in figure 4.14c).
The NayNbyOg - HoO fibers in figure 4.14b) appear along with NaNbOj3 cubes, which
have formed from the fibers as NayNbyOg - HyO is a known precursor to NaNbOs.
A close up image of the NaNbOj, shown in figure 4.14d), show rectangular prisms
that have a size range between 100 nm and 1 pm.

36



Figure 4.14: SEM images of the sodium niobate compounds a) NasNboOg-H20, b)
KoNbeOg - HoO (fibers) NaNbOs (cubes), ¢) NaNbOs and d) NaNbOs imaged with an
in-lens detector as opposed to the back scattered electrons used to capture the other images.
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5 Discussion

5.1 Synthesis Conditions and Their Effects on Alkali
Niobates

5.1.1 K:Nb Molar Ratio Versus Constant Niobium Concentration

The differences between the synthesis parameters of K:Nb molar ratio and |[Nb]
experiments had noticeable effects. Three main factors differentiate the synthesis
conditions for controlled K:Nb molar ratio experiments compared to the constant
niobium concentration experiments: total volume of KOH, K:Nb molar ratio and
the niobium concentration. The constant niobium concentration experiments have
higher volume, higher K:Nb ratio and lower niobium concentration. Which of these
factors had the biggest effect is unknown, it is most likely a combination of all three.
The differences in the results produced from the two different experiment series are
summarized below.

e Monoclinic KNbO3 was only produced with the constant [Nb| experiment
synthesis conditions, K:Nb-10-200 gave orthorhombic KNbOj3 while
[Nb]-10-200 gave monoclinic KNbO;

e At 7.5 M and 200 °C, the constant [Nb| experiments produced KNbO3 while
controlled K:Nb ratio did not

e Crystallite sizes for KNbOg3 was higher for constant [Nb| experiments than for
controlled K:Nb molar ratio experiments at 240 °C

e Solids precipitated at 5 M KOH in some of the [Nb] experiments but no
precipitation for the K:Nb experiments at this concentration of KOH

These differences will be discussed one by one, how the synthesis conditions could
affect the differences seen between the two experiment series. To study the effects
of niobium concentration, K:Nb molar ratio and volume independently of pH and
temperature the samples that were compared were produced at the same
temperatures and pH. Samples that were compared were from the controlled K:Nb
ratio and constant niobium concentration experiments with the same pH and
temperature, which were samples produced at 5-10 M KOH and 150 °C, 200 °C
and 240 °C.

The effects of higher K:Nb molar ratio on alkali niobate phases are numerous.
Higher K:Nb molar ratio leads to increased driving force for reaction in equilibrium,
as described by equation 3, leading to KNbOj3 forming at lower temperature. High
K:Nb molar ratio changes solubility conditions which could help precipitate solids
at 5 M KOH. Increased alkalinity, which goes hand in hand with an increased K:Nb
molar ratio when moles of NbyOj5 is constant, increases kintics. With high pH the
Lindqvist anion breaks down into smaller NbOg octahedra clusters [17], which can
then assemble into new alkali niobate structures. The stability of other intermediate
phases could also change with changes in alkalinity. Some of these intermediate
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phases decrease the energy barrier to form KNbOj3 and are most likely important
steps in the formation mechanism of this phase, as will be discussed further. In the
experiments with high K:Nb molar ratio KNbO3 was synthesized at 7.5 M KOH
and 200 °C, which did not happen for the low K:Nb molar ratio sample at this
temperature. The samples with higher K:Nb molar ratio gave monoclinic KNbOj3
while the samples with low K:Nb ratio gave only orthorhombic KNbO3.

Niobium concentration had an effect on the reaction kinetics and driving forces,
as well as the crystal structure of KNbOj3. The K:Nb experiments had 3.76 M Nb
and the [Nb]| experiments at 0.75 M Nb. At 200 °C and 7.5 M KOH the products
from the two different experiment series were not the same. When the concentration
of niobium was high, 3.76 mTOZ, KNbOj3 did not form. When the concentration of
niobium was low, 0.75 mT"l, KNbOj formed. The experiments with lower niobium
concentration lead to synthesis of monoclinic KNbOg, higher niobium concentration
lead to the formation of orthorhombic KNbOj3 at all temperatures.

The volume of solution could have had an impact on precipitating samples at
5 M KOH. The autoclave from the controlled K:Nb molar ratio experiments which
were made with 1 mL KOH solution contained no precipitate while the samples made
with 5 mL solution had precipitated solids at 150 °C, 165 °C and 200 °C. Volume
and fill factor varies greatly in the literature, and is seemingly not as important a
factor as the K:Nb ratio and niobium concentration.

Considering these results, the factors that play an important role in formation
of KNbO3 is low niobium concentration and high K:Nb molar ratio. Which of these
factors is most important is not possible to determine with this study alone. These
synthesis parameters are not as important as temperature and alkalinity, but seem
to have a noticeable effect on the phase formation.

5.1.2 Sodium Compared to Potassium on Reaction Kinetics

Sodium hydroxide as the precursor means faster kinetics compared to potassium
hydroxide. At 150 °C and 7.5-10 M KOH the material that formed was
K;HNbgO19 - HoO. Using sodium hydroxide at the same temperature and alkalinity
resulted in NaNbOs; and NagNbyOg-HsO forming. No NayHNbgOqg-15H50
formed, the temperature and NaOH concentration were too high. The time spent
in the autoclave was kept at 18 hours, unchanged from the potassium niobates,
which is longer than needed for the sodium niobate synthesis.

The sodium niobate phases have more uniform morphology compared to the
potassium niobates. The sodium niobate phases had rectangular prism
morphology for NaNbOj; and fiber morphology for NasNbyOg-HoO with low
degree of agglomeration. Monoclinic KNbOj3 also had rectangular prism
morphology with some agglomeration while orthorhombic KNbO3 showed a high
degree of agglomeration and had no regular morphology.
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5.2 The Formation of Alkali Niobate Phases
5.2.1 Identifying a Low Temperature Low pH Potassium Niobate

To identify the potassium niobate made with low pH and temperature, the Raman
spectrum shown in figure B1 and SEM images shown in figure 4.13 were used to
identify the different phases. While most phases were identified using XRD, sample
K:Nb-2.5-150 was not easily identified by its diffractogram. The XRD pattern does
not fit well to any of the diffractograms of phases previously looked at and was not
found in the crystallography open database (COD). Through SEM and Raman
spectroscopy the three main potential phases found were K;HNbgO19-13 H50,
pyrochlore KoNbyOg and KoNbyOg - HO. The SEM images, shown in figure 4.13c
and 5.2, show large agglomerated crystals along with small fibers of less than 1 pm
diameter length. These fibers are the most common morphology of the SOMS
structure KsNbyOg - HoO. NagNbyOg - HoO has this fibrous morphology, and have
similar crystal structure and unit cell as KoNbyOg - HoO. The Raman spectrum
show that the K:Nb-2.5-150 sample has the same bands as the
K7HNbgO19 - 13 HyO phase at ~ 225, 290, 530, 840 and 890 cm~!. The Raman
spectra for KoNbyOg - HO has the same main bands as K;HNbgO19 - HyO at 225,
290, 840 and 890 so this is unhelpful in differentiating the two phases. In the full
Raman spectrum shown in Appendix B1l, K;HNbgOi9-13H;O has a noticeable
band at ~3000-3600 cm~' which represents the OH bond stretching from the
crystal water. The Raman spectrum for K:Nb-2.5-150 does not have a band at this
range of wavenumbers, which could indicate the sample has less crystal water.

The XRD pattern of K:Nb-2.5-150, shown in figure 5.1, remains unidentified.
If the sample contains K;HNbgO19 - 13 H,O, the XRD pattern does not match the
monoclinic structure with the space group P21. A potential reason the XRD pattern
is not the same as the monoclinic P21 K;HNbgO19 - 13 H,O patterns could be because
of a difference in crystal water amount or a different space group. Another possibility
would be that the agglomerated phase that does not have the fiber structure is
K5NbyOg but with the pyrochlore type structure instead of the SOMS structure of
the KyNbyOg - HoO fibers [?7, 7], If that is the case, the sample largely consists of
KoNboOg - xHoO (x=0-1). Without proper identification of the XRD pattern the
exact identity of the sample remains uncertain. There might be a small amount of
K4NbgO17 with plate morphology as well, perhaps visible in the XRD pattern and
in the SEM images, but this is not confirmed.

5.2.2 K yNbgO;7 Diffractogram and Degree of Hydration

From the X-ray diffractogram of the three K4NbgO17 samples it is clear that some
peaks are broad and weak while some are sharper and more intense. Generally when
the crystallite size is on the nanoscale the diffraction lines broaden and becomes less
intense. If a particle has one or more nanosized dimensions, such as the nanometer
sized thickness of the K4yNbgO;7; nano plates, seen in figure 4.13d), while other
dimensions are of micrometer scale, the diffractogram will have these selective peak
features. The K4;NbgO17 nano plates studied are ~1 pm wide and long, but only a
few nm thick. The crystallographic planes that run perpendicular to the plate will
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Figure 5.1: XRD pattern of the K:Nb-2.5-150 sample, which was identified using Raman
spectroscopy and SEM to contain K7HNbgO1g - 13 HoO & KoNboOg - HoO.

Figure 5.2: SEM images of sample K:Nb-2.5-150 with scale bars showing a) 40 pm, b)
4 ym and c) 2 pm. While zoomed out the fibers are visible throughout the structure,
and when zoomed in both the KoNbsOg-H2O fibers and some plates are visible on an
agglomerated phase similar to the K7HNbgO19-13HoO phase. The plates could be the
K4NbgO17 phase, which has a plate morphology, but this cannot be confirmed by the SEM
images alone.

give broad and less intense diffraction lines while the planes running parallel to the
plate direction will make the diffraction lines sharper and more intense. The peak
at 9.3 ° 20 of the K4;NbgO,7 diffractogram corresponds to the (040) plane and the
peak at 27.8 ° 26 to the (270) plane [34,62]. A large overlap of all the low intensity
broad diffraction lines makes Rietveld refinement less accurate.

The degree of hydration of Ky;NbgO;; can be assessed using Raman
spectroscopy by looking at the region of the Raman spectrum between 3000 and
3600 cm~! where the OH bands appear. The Raman spectrum for K;NbgO17 does
not show a significant OH band, meaning the compound is mostly dehydrated. A
thermogravimetric analysis would show more information on the hydration degree
but was not carried out in this project.
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5.2.3 Solution Behavior at 5 M KOH

The samples made at 5 M KOH had interesting solution behavior. K:Nb-5-200
was produced twice because the first attempted experiment yielded KNbO3 which
was unexpected because the sample made with the same temperature but 7.5 M
KOH produced K7;HNbgO19 - 10 H,O. On the second attempt, the products of both
K:Nb-5-200 and K:Nb-7.5-200 were K;HNbgO19 - 10 H,O. No other samples at 5 M
KOH resulted in KNbO3, not even at 240 °C, which prompted this experiment to be
redone. The reasons for the sample having enough energy to overcome the energy
barrier and producing KNbOj3 are unknown and hard to investigate since the results
were not reproducible.

Another observation is that all the controlled K:Nb experiments with 5 M KOH,
with a 1.33 K:Nb molar ratio and only 1 mLL KOH volume added, were clear solutions
with no precipitate. For the constant niobium concentration experiments, with K:Nb
molar ratio of 6.65 and 5 mL volume, two experiments gave clear solutions and three
precipitated solids. Higher volume and a larger excess KOH made the solution
conditions better for precipitation. Samples |[Nb|-5-180 and [Nb]-5-240 contained
no precipitate, the rest of the [Nb] experiments did. All the samples at higher and
lower pH, both for sodium and potassium, had solid precipitate.

5.3 Monoclinic KNbOj

To distinguish the two crystal structures of KNbOj3, monoclinic and orthorhombic, a
few special features in the XRD pattern shown in figure 5.3 and and Raman spectra
must be looked at. The two phases are almost identical except the S angle for the
monoclinic phase is not 90 °. The difference however, is small; Rietveld refinement
gave a [ angle between 89.9 and 90.1 °. In the diffractogram for monoclinic KNbO3
most of the diffraction lines are broader with slight differences in the intensity of
the diffraction lines as seen in figure 5.3a). This is especially apparent in the peaks
around 45 ° 260 as shown in figure 5.3b).

a) b)
2 & S8 . (2g2)
@l 0-KNbOs || .8 25 .8
© 52 S8 98 & 3
= = S e
E
E M — KNbO; M — KNbO;
)]
g )
20 40 60 440 445 450 455 46.0
26 (°) 26 (°)

Figure 5.3: a) XRD pattern of monoclinic and orthorhombic KNbOs3, b) zoomed in on
the area between 44 and 46 ° 26. here are differences despite the overall similarity of the
spectra.
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Figure 5.4: Raman spectra of orthorhombic (gray) and monoclinic (black) KNbOs. The
spectra are overlapped and zoomed in the 150-300 cm™! range to show the difference.
Monoclinic KNbOs3 has an extra tall band at 280 cm ™.

The Raman spectra of the monoclinic and orthorhombic KNbO3 samples are
shown in figure 5.4. The spectra are almost identical, the main difference being
the band at 280 cm™! where the monoclinic KNbO3 has a sharper "bump" to the
band compared to orthorhombic KNbO3. The local structure of orthorhombic and
monoclinic KNbOj are almost identical, the increase in intensity at 280 cm™! mean
the Nb-O-Nb A;(TO) and A;(LO) modes are changed. Raman intensity is a function
of bond polarizeability and symmetry [63]. The monoclinic KNbO3 has a difference
in symmetry, and perhaps polarizability, caused by the change in 8 angle compared

to orthorhombic KNbOs3.

Figure 5.5: SEM images of a) orthorhombic and b) monoclinic KNbOs. The
monoclinic phase was made at lower temperatures, between 165 and 200 degrees, while the
orthorhombic phase was made at higher temperatures. The crystals of the orthorhombic
phase does not have a regular morphology, while the crystals of the monoclinic phase have
right rectangular prism morphology.
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The SEM images of the monoclinic and the orthorhombic phases are shown in
figure 5.5. The phases imaged have not been produced at the same temperature;
the monoclinic phase was synthesized at 200 °C while the orthorhombic phase was
synthesized at 240 °C. Higher temperatures lead to higher degrees of
agglomeration, which is observed in the orthorhombic phase. The crystals in 5.5b)
also show some agglomeration but the crystals have still retained the right
rectangular prism morphology similar to NaNbOs.

The monoclinic phase was only produced at temperatures below 240 °C. A
reason for this might be that the KNbOj3 has a tetragonal crystal structure above
224 °C. During synthesis at 240 °C the KNbOj3 product that has formed in the
autoclave will have tetragonal crystal structure, when the autoclave is cooled down
a phase change occurs. The tetragonal KNbOj3 transforms into the orthorhombic
crystal structure, not monoclinic [64]. This phase transition at 224 °C does not seem
like a viable synthesis route to monoclinic KNbO3. When no such phase transition
occurs, the monoclinic KNbO3 can form in the temperature region below 224 °C.

The exact mechanism for the formation of monoclinic KNbOj is not certain
but some indications can be derived from this work. No monoclinic KNbO3; was
synthesized with the reaction conditions of the controlled K:Nb molar ratio
experiments, even below 224 °C. The main difference in synthesis conditions
between the controlled K:Nb experiments and the constant [Nb| experiments are
shown in Table 3.2 and 3.3. More solution in the autoclave, which lead to a lower
niobium concentration and increased K:Nb molar ratio, lead to the formation of
monoclinic KNbOj. The constant [Nb] experiments had higher excess K™ and a
higher filling factor of ~20 % as opposed to the K:Nb experiments which had ~5
% filling factor and formed orthorhombic KNbOj. Higher volume could mean a
somewhat increased pressure at these temperatures.

5.4 Formation Mechanisms of Alkali Niobates

The formation mechanism for alkali niobates, especially (K,Na)NbOs, has been
studied extensively to understand the (K,Na)-Nb-O system better. Knowledge on
the intermediate phases and the reaction kinetics leads to better control over the
synthesis and the properties of the final product. Figure 5.6 shows the proposed
formation mechanism which builds on the work of this project as well as literature
[17,27,29].

After  dissolution of NbyO; the first phase to form s
(K,Na)s_,H,NbgO19 - nH,O. This is well understood in the literature and is the
phase that forms at the lowest temperatures. It is also the phase that rapidly
precipitates when the free niobate species in solution are mixed with ethanol. The
phases that form after (K,Na)s_,H,NbgOjg-nHyO depends on the reaction
conditions. At higher temperature but low concentration of KOH, the hexaniobate
Lindqvist anion rearranges into edge shared units of [NbgO;7|, which are flatter
and connect with other such units via corner shared octahedra. This forms sheets
with potassium atoms in between, which grow preferentially along the sheet
direction and gaining nanosheet morphology. At higher temperature and high
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[NbOg]”- octahedra Lindqvist anions forming

Figure 5.6: Proposed formation mechanism of alkali niobates such as (K,Na)NbOgs
and K4NbgO17 based on the experimental evidence as well as literature [27, 29]. NboOs
dissolves, forming [NbOg|”~ units that assemble into the hexaniobate Lindqvist anion
phase (K, Na)g_,H;NbgO19-nHaO (x=0-3). The hexaniobate Lindqvist anion breaks up
forming clusters and chains, higher alkalinity forming smaller clusters. At high alkalinity
the smaller clusters link up into edge shared chains, which rearranges over time. First into
into edge shared and corner shared octahedra for the (K, Na)aNbaOg - HoO and finally all
corner shared octahedra in the (K, Na)NbOgs phase. At low alkalinity the clusters are not
as small, and form K4NbgO17 -z HyO.

(Na,K)OH concentration the hexaniobate Lindqvist anion break up even more,
into smaller units such as [NbOg]”™ and [NbyO14]'°~, which arrange themselves
into chains to form (K,Na)sNbyOg-HoO or directly into (K,Na)NbOj if the
temperature and pH are high enough. K;NbyOg-H50 is metastable, and quickly
reacts into KNbOg, while NayNbyOg - HoO is more stable over a broader range of
temperatures and NaOH concentrations.
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6 Conclusion

Understanding the synthesis conditions and their effects on alkali niobates is
important when looking to utilize the interesting properties of the different
materials. The aim of the project was investigating different parameters effect on
the synthesis of alkali niobates. The effect of temperature, alkalinity, K:Nb molar
ratio and niobium concentration on the type of phase made and the lattice
parameters were the main focus. The conclusions can be summarized with these
six points:

e Temperature is the most important factor for reaction kinetics and overcoming
energy barriers to form alkali niobates such as (K, Na)NbO3 and K4NbgO7

e Alkalinity is the factor that helps select the alkali niobate phase, it determines
which NbOg clusters are formed after the Lindqvist anion breaks down

e Higher K:Nb molar ratio and lower niobium concentration enables the
formation KNbO3 at lower KOH concentrations

e Monoclinic KNbOg3, a metastable phase not previously synthesized using
NbyOj5 as the precursor, forms at temperatures of 200 °C and below at 7.5-10
M KOH with high K:Nb molar ratio and low niobium concentration

e Sodium niobates have faster reaction kinetics and more uniform morphology
than potassium niobates

e Crystallite size increases with higher temperatures, monoclinic KNbO3 having
larger crystallite size than orthorhombic KNbOj3

The improved understanding of the potassium and sodium niobate systems is
another step towards biocompatible and environmentally friendly and cheap
piezoelectric materials. The discovery of synthesis conditions that can produce
monoclinic KNbOj3 using NbyO5 instead of metallic niobium powder is a key
development towards commercially viable functional potassium niobates.
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7 Future Research

Further research can attempt to identify the crystal structure and space group of
sample K:Nb-2.5-150. The XRD pattern was not identified, but was highly
crystalline.  The Raman spectrum was very similar to the spectra for the
K7;HNbgO19 - 13H,O samples, making it likely that this sample 1is either
K7;HNbgOq9 - 13H,O with a different crystal structure and space group or a
different material entirely, for example pyrochlore KoNbyOg. Sample [Nb]-7.5-180
was a multi-phase material with unidentified peaks in the XRD spectrum. Looking
at this sample in the SEM was not done in this project, but could reveal
interesting morphology and help identify phases.

Investigating the monoclinic KNbO3 might lead to interesting properties that
have technological uses. Monoclinic KNbOj3 synthesized using NbyO; as the
precursor could potentially have better functional properties as opposed to the
samples made from niobium metal powder. Functional properties such as optical
properties and intensity of second harmonic generation are of interest [64].

Sodium niobates were not investigated much in this study, the 6 samples made
were useful for comparison of the reaction kinetics. Further study of sodium niobates
made at low temperature and low NaOH concentration would reveal information on
the sodium niobate reaction kinetics and phases. Time is also a factor that can be
varied to study different sodium niobate phases produced before NaNbOj. With
slower kinetics, at lower temperatures, NaOH concentration and shorter reaction
time, different sodium niobate phases can be studied.

A 2014 study reported the preparation of KsNbyOg with cubic pyrochlore
structer made at 3 M KOH and 240 °C [37]. Pyrochlore KsNbyOg was not formed
at 2.5 or 5 M KOH and 240 °C in this work. Investigating the synthesis conditions
that produced this phase can be important for controlling properties of KNbOjs.
K5NbyOg is a known precursor phase to KNbOg, creating a structure that is
slightly different to KNbO3 produced directly by hydrothermal synthesis [17].
Understanding KsNbyOg, the crystal structure, XRD pattern and Raman
spectrum, will help identify the XRD pattern for sample K:Nb-2.5-150.
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Appendix

A X-Ray Diffraction Patterns
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Figure A1l: Example of the diffractogram pattern for the main potassium phases along
with the calculated fit (orange) and the difference between the calculated fit and the raw
data (gray).
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Figure A2: Example of the diffractogram pattern for the main sodium phases along with
the calculated fit (orange) and the difference between the calculated fit and the raw data

(gray).
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Figure A3: All the sodium niobate diffractogram patterns, shown in order of increasing
temperature and pH from the bottom up.
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Figure A4: An example of a multi-phase material analyzed using TOPAS. The calculated
fit, shown in orange, is not particularly accurate but the main diffraction lines of each phase
are represented. Due to large overlap of the diffractogram, information such as the lattice
parameters and exact phase composition is hard to acquire.
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B Raman Spectroscopy
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Figure B1: Full Raman spectrum for potassium niobates, showing the broad OH
stretching band at 3000-3500 cm ™! from the crystal water in some of the samples.
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Figure B2: Full Raman spectrum for sodium niobates, showing the small OH stretching
band at 3000-3500 cm ™! from the crystal water in NagNboOg - HyO.
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