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A B S T R A C T

This study is devoted to investigating hydrothermal synthesis of hexag-
onal rare-earth manganites, h-LnMnO3 (Ln denoting the rare-earth
element), which are a class of lead-free ferroelectric materials. Yttrium
and ytterbium are used as the rare-earth elements, and reaction con-
ditions such as temperature, hydroxide concentration, and reaction
time are varied. Syntheses from both oxide precursors and soluble salt
precursors are performed.

Both h-YMnO3 and h-YbMnO3 are successfully synthesized, the for-
mer at 240 ◦C and the latter in a wide range of temperatures, including
as low as 110 ◦C. A low-temperature, environmentally friendly route
for synthesis of h-LnMnO3 particles is thus presented. The particles
have platelet morphology with a typical diameter below 1 µm when
ytterbium is used as the rare-earth element. When yttrium is used,
hollow platelets with typical diameter around 10-50 µm form when
the reaction time is 48-72 h, whereas dense platelets are seen after
shorter reaction times. Differences caused by choice of rare-earth ele-
ment and other reaction parameters are observed and discussed, and
a mechanism for manganite formation during hydrothermal synthesis
is proposed. In the proposed mechanism, h-LnMnO3 forms via the in-
termediate phases Ln(OH)3 and LnOOH, and the h-YMnO3 eventually
turns hollow by mechanism of inside-out Ostwald ripening.
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S A M M E N D R A G

I denne studien utforskes hydrotermisk syntese av heksagonale man-
ganitter av sjeldne jordartsmetaller, h-LnMnO3 (der Ln er det sjeldne
jordartsmetallet), som er en klasse blyfrie ferroelektriske materialer.
De sjeldne jordartsmetallene som brukes er yttrium og ytterbium,
og reaksjonsbetingelser som temperatur, hydroksidkonsentrasjon og
reaksjonstid varieres. Synteser gjøres både fra oksidforløpere og fra
løselige saltforløpere.

Vellykket syntese av både h-YMnO3 og h-YbMnO3 gjennomføres,
førstnevnte ved 240 ◦C og sistnevnte i et bredt spektrum av tem-
peraturer, helt ned til 110 ◦C. Dermed presenteres en miljøvennlig
synteserute til h-LnMnO3-partikler som kan gjennomføres ved lave
temperaturer. Partiklene har platemorfologi med typisk diameter un-
der 1 µm når ytterbium anvendes som sjeldent jordartsmetall. Når
yttrium benyttes dannes hule plater med typisk diameter omkring
10-50 µm når reaksjonstiden er 48-72 t, mens platene ikke er hule etter
kortere reaksjonstid. Forskjeller som resulterer fra valg av sjeldent
jordartsmetall og andre reaksjonsparametre observeres og diskuteres,
og en mekanisme for manganittdannelse under hydrotermisk syntese
foreslås. I den foreslåtte mekanismen går dannelsen av h-LnMnO3 via
mellomproduktene Ln(OH)3 og LnOOH, og h-YMnO3-partiklene blir
etter hvert hule ved ostwaldmodning fra innsiden og ut.

vi
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1
B A C K G R O U N D

1.1 motivation

Piezoelectric materials find various applications including micro-
phones and loudspeakers, ultrasound devices, transducers, sensors
and actuators, and in energy harvesting [1–8]. Ferroelectric materials
are a subset of piezoelectric materials characterized by a spontaneous,
switchable polarization, and often display high piezoelectric coeffi-
cients [9]. Since the discovery of ferroelectricity by Valasek in 1920
[10], ferroelectric materials have gained increasing attention as more
applications have become apparent. In addition to those mentioned
above, capacitors, ferroelectric random access memory (FeRAM), and
various forms of catalysis are potential applications of ferroelectric
materials [11–18].

Lead zirconate titanate, PbZrxTi1–xO3 (PZT), is the state-of-the-art
commercial ferroelectric material today [19]. As PZT contains lead,
which is toxic to humans and the environment, efforts are being made
worldwide to find safer and more environmentally friendly alterna-
tives, especially after an EU directive was issued in 2003, stating that
lead is not to be used in electronics if a good substitute exists [20].
While several lead-free materials have been investigated, for instance
BaTiO3, BiFeO3, and KxNa1–xNbO3 (KNN), many of them display a
lower piezoelectric coefficient than PZT and/or are challenging to
process [21–24]. Hexagonal rare-earth manganites (h-LnMnO3, where
Ln denotes the rare-earth element) are a class of ferroelectric materials
and a lead-free alternative to PZT [25, 26]. They display very high
Curie temperatures (up to 1000 ◦C), making them a good choice for
high-temperature applications [27–29]. In addition, they have received
attention for being multiferroic with both ferroelectric and antifer-
romagnetic properties [30, 31], and might thus find applications for
instance in antiferromagnetic memory devices [32]. While sol-gel and
solid-state approaches to synthesize hexagonal manganites are well
established, these methods typically require high synthesis temper-
ature and/or several reaction steps [33]. However, several authors
have reported low-temperature hydrothermal synthesis of hexagonal
rare-earth manganites, using different precursors and reaction con-
ditions [34–37]. The prospect of synthesizing lead-free ferroelectric
materials like h-LnMnO3 at low temperature and with water as solvent
is very promising in terms of safety and environmental footprint, but
a fundamental understanding of how these materials form and grow
under hydrothermal conditions is lacking. As different applications

1



2 background

call for different product sizes and morphologies, such an understand-
ing would be highly desired. For example, nanoparticles could be
of interest for applications that benefit from large surface area, such
as catalysis, as well as for down-scaling electronic devices. Particle
morphologies may also influence the performance of ferroelectric ma-
terials. For instance, hollow nanocrystals of CaTiO3 have been reported
to exhibit good photocatalytic properties [38], and one-dimentional
nanostructures of ferroelectric materials may be of interest in appli-
cations ranging from energy harvesting to FeRAM [39, 40]. Hence,
further effort is required before hydrothermal synthesis of hexag-
onal rare-earth manganites with satisfying product control can be
achieved. A better understanding of how these materials form under
hydrothermal conditions would significantly improve our ability to
tailor reaction products, and possibly allow us to move away from the
trial and error approach that is common in development of lead-free
ferroelectric materials today.

1.2 aim of the work

This study aims to improve the understanding of the hydrothermal
synthesis of hexagonal rare-earth mangantites. Several reaction pa-
rameters including temperature, hydroxide concentration, reaction
time, and precursor type will be varied and their effect on the prod-
uct composition and microstructure studied. The exploration of the
temperature-pH parameter space in which h-LnMnO3 can be formed
is tied into this – knowledge of where the boundaries for h-LnMnO3
formation lie will help determining the range over which the param-
eters can be varied and thus our ability to tailor the products. Such
information also is of interest if an upscaling becomes relevant in
the future, as the temperature and hydroxide concentration should
not be higher than necessary from an economical and environmental
perspective.

Two rare-earth elements with different radius, yttrium and ytter-
bium, will be investigated. The goal is to find out how hydrothermal
synthesis of h-LnMnO3 is affected by the choice of rare-earth element
and other reaction parameters, and to explain possible differences
between syntheses with yttrium and ytterbium. Particles of h-LnMnO3
are aimed for, ideally with size and/or morphology depending on
conditions during syntheses, which would allow for product tailor-
ing. The products’ dependence on rare-earth element and reaction
conditions will be discussed, as will mechanisms of the h-LnMnO3
formation.



2
I N T R O D U C T I O N

2.1 ferroelectric materials and their applications

Unless otherwise stated, the content of the following section is based on
Whatmore’s [41] and Wang’s [42] work.

Ferroelectric materials are a subset of dielectric, piezoelectric, and
pyroelectric materials [43], as illustrated in Figure 2.1a. In addition
to lacking inversion symmetry (which is a prerequisite for crystal
structures to be piezoelectric) and possessing a unique symmetry axis
(which characterizes the pyroelectric crystal structures), ferroelectric
crystals exhibit a net polarization that can be switched upon the ap-
plication of an external electric field. However, ferroelectric materials
normally only adopt a crystal structure that allows for such a polariza-
tion at certain temperatures. Typically, such materials are paraelectric
with a centrosymmetrical crystal structure at high temperatures, and
undergo a symmetry-breaking transition to a ferroelectric structure
at a critical temperature known as the Curie temperature, TC. Such a
transition is illustrated for the perovskte structure PZT in Figure 2.1b
and 2.1c.

Because ferroelectric materials below their TC have the ability to have
their polarization switched by an external field, a characteristic curve
known as a hysteresis loop results when such materials are exposed to
an alternating electric field. An example is seen in Figure 2.1d. The
exact shape of the hysteresis loop varies from material to material, but
the qualitative behavior and general shape of the curve is common for
all ferroelectric materials. In Figure 2.1d, two important characteristics
of a ferroelectric material is marked: the coercive field EC, which is the
minimum field strength required to switch the polarization, and the
remanent polarization Pr, which is the polarization that remains in the
material when the external field is turned off.

The properties of ferroelectric materials lead to a wide range of
potential applications. For instance, they typically have very high rela-
tive permittivities, yielding high capacitance when used as medium
between the plates of a capacitor.

Furthermore, the hysteresis behavior of ferroelectric materials enable
them to be used in FeRAM, where different polarizations are used to
discriminate between 1 and 0 (as opposed to the presence or absence
of current in conventional transistor based RAM) [11–13]. As FeRAM
does not depend on electrical current, it has the advantage of being
unrestricted by electron tunneling, potentially enabling a down-scaling

3



4 introduction

(a) (b)

(c) (d)

Figure 2.1: Illustration of important principles regarding ferroelectric materi-
als.
(a) Schematic showing how ferroelectric materials are a subset of pyroelectric
materials, which again are a subset of piezoelectric and dielectric materials.
(b) Schematic showing the high temperature paraelectric crystal structure
of the common ferroelectric perovskite PZT. Above TC, it displays inversion
symmetry and is thus not piezoelectric or ferroelectric.
(c) The crystal structure of PZT below TC. The cubic symmetry is broken,
and the displacement of the central Ti4+ ion causes a net polarization across
the unit cell. The displacement is greatly exaggerated in the figure for illus-
tration.
(d) A hysteresis loop showing the induced polarization P in a typical ferro-
electric material plotted against the externally applied electric field E. The
coercive field EC and the remanent polarization Pr are indicated.
Subfigures (b), (c), and (d) are adapted with permission from [42].



2.1 ferroelectric materials and their applications 5

beyond what is predicted to be possible for conventional RAM and
increasing the likelihood for Moore’s law [44] to continue. For the
same reason, it will also consume less power and generate less heat
than current based RAM. Furthermore, FeRAM is non-volatile, and
thus does not require continuous power supply to be sustained. Hence,
FeRAM would even survive a power loss without loss of data.

More recently, ferroelectric materials have proven themselves very
interesting in the field of catalysis. Piezoelectric particles exhibit cat-
alytic properties on their own when subject to ultrasonic waves be-
cause the resulting strain improves transport of free charge carriers to
the particles’ surface [14, 15]. Because strain of piezoelectric particles
is accompanied by polarization, ultrasound induces a slope in the
conduction and valence bands, rendering the transport of charges to
active facets more efficient. These charges can then reduce or oxidize
species in the solution. In combination with illumination, however, the
combined piezoelectric and photocatalytic properties of many ferro-
electrics can be utilized because the number of electron/hole pairs is
greatly increased by the incoming photons. The principle is illustrated
in Figure 2.2a. Ferroelectric materials such as BiFeO3, BaTiO3, KNbO3,
and PZT have been successfully used in photocatalysis [16], and it has
even been demonstrated that coating the ferroelectric particles with
silver nanoparticles can enhance the effect further [17]. This enhance-
ment was ascribed to the localized surface plasmon resonance (LSPR)
effect the silver nanoparticles provide.

(a) (b)

Figure 2.2: Conceptual schematics that show examples of how ferroelectric
materials can be used for catalysis applications.
(a) Schematic on how the piezoelectric properties of a ferroelectric photocata-
lyst can be used to separate an electron/hole pair and transport the charges
to active surfaces. Adapted with permission from [14].
(b) Use of ferroelectric materials for switchable catalysts. Switching the polar-
ization alters the catalyst’s affinities for reactants and products, allowing for
adsorbtion and desorbtion in a cyclic manner. Reproduced with permission
from [18].

Use of ferroelectric materials in novel, switchable catalysts has also
been proposed [18]. The polarization of a ferroelectric material can
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readily be controlled, and does in turn dictate the surface chemistry.
Thus, Kakekhani et al. suggested that a heterogeneous catalyst with
switchable reactant and product affinities can be constructed from
these materials, as illustrated in Figure 2.2b [18]. Such a catalyst could
exhibit great efficacy in converting reactants without the problems of
catalyst poisoning and low product desorption rates that are often
observed in catalysts that interact strongly with the reactants. Hence,
by using ferroelectric materials it might one day be possible to avoid
compromising between strong reactant interactions and weak product
interactions, a compromise that is currently considered necessary
according to the Sabatier principle [45].

2.2 hexagonal rare-earth manganites

Unless otherwise stated, the content of this section is based on the work of
Gibbs [27] and van Aken [30].

Hexagonal rare-earth manganites, h-LnMnO3, are lead-free multifer-
roic materials with high Curie temperatures [25, 28] (for instance,
TC = 1258 ± 14K has been reported for h-YMnO3 [27]). An orthorhom-
bic polymorph of LnMnO3, o-LnMnO3, also exists, but the hexago-
nal form is favored for Ln = Sc, Y, In, and the late lanthanides Ho-
Lu. Hexagonal LnMnO3 has a layered structure consisting of corner-
sharing MnO5 bipyramids and 8-coordinated Ln3+ ions between the
MnO5 layers, as shown for h-YMnO3 in Figure 2.3. The room tempera-
ture structure belongs to the P63cm space group, and is characterized
by buckling of the MnO5 bipyramid layers, leading to displacement
of the Ln3+ ions and a net polarization from which the ferroelectricity
arises. At high temperature, however, the structure is paraelectric and
adopts the centrosymmetric P63/mmc space group.

At 300 K, the lattice parameters of h-YMnO3 are reported to be a =
6.1483 and c = 11.4432 [46], whereas the parameters of h-YbMnO3 are
reported to be a = 6.0629 Å and c = 11.353 Å [47, 48]. However, it
should be noted that there are some deviations in the reported values
- for instance, Lorentz reports the parameters of h-YbMnO3 to be a
= 6.062 Å and c = 11.36 Å [49], which is slightly different from the
values reported by Liu et al. [47] and Fabrèges et al. [48].

In the Ln-Mn-O system, LnMn2O5 is the thermodynamically most
stable phase at room temperature, and h-LnMnO3 is only favored
at high temperature (789 ◦C or above for Y [50] and about 850 ◦C or
above for Yb [51]). High reaction temperatures are thus necessary if a
solid state reaction approach is used. However, as will be discussed
in Section 2.4.3, hydrothermal synthesis can yield h-LnMnO3 at much
lower temperatures.
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Figure 2.3: Schematic of the h-LnMnO3 structure, here shown for h-YMnO3.
Reproduced with permission from [27].
(a) The ferroelectric room-temperature P63cm structure.
(b) The centrosymmetric high-temperature P63/mmc structure.

2.3 principles of nucleation and growth

Unless otherwise stated, the content of this section is based on de Yoreo and
Vekilov’s [52] and Cao and Wang’s [53] work.

2.3.1 Nucleation of crystals

In classical nucleation theory, the change in Gibbs free energy upon
nucleation is used to evaluate whether the process is spontaneous. The
free energy can be split into a bulk term and a surface term. In the
case of homogeneous nucleation of a spherical nucleus with radius r,
the total change in free energy upon nucleation is given by

∆Gnucl =
4
3

πr3∆Gv + 4πr2γ, (2.1)

where γ is the interfacial free energy per surface area on the formed
nucleus and accounts for missing or disrupted intermolecular bonds
for the surface molecules compared to bulk molecules. The interfacial
free energy is positive for all solids (if it were negative, surfaces would
be more energetically favorable than the bulk solid, meaning that
the bulk would decompose to maximize surface area, and the solid
would eventually completely vanish). ∆Gv is the change in Gibbs free
energy per volume that nucleates. For a pure precipitation reaction,
for instance, it is given by the difference in the free energy of a given
volume in a nucleus and the free energy of the same volume of
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solution, divided by that volume. In general, the change in free energy
from a reaction is given by

∆G = ∆G0 + RT ln Q, (2.2)

where ∆G0 is the standard state free energy change, T is the tem-
perature, R the universal gas constant, and Q the reaction quotient
[54]. Since Q in a nucleation reaction decreases when the reactant
concentration increases, ∆Gv will eventually become negative once the
reactant concentrations become large enough. According to 2.1, this
means negative ∆Gnucl for sufficiently large nuclei, so that nucleation
will lower the total free energy of the system if large enough nuclei
can form.

However, nucleation can be prohibitively slow even when it is
in principle spontaneous. Since the interfacial free energy is always
positive, the second term of Equation 2.1 is positive and will dominate
for small r. Thus, the free energy change will have a maximum, ∆G∗

nucl ,
which acts as an energy barrier that must be overcome, and a forming
nucleus must reach a critical radius r∗ before it is expected to keep
growing rather than dissolving. These critical values are found by
differentiating 2.1 with respect to r:

r∗ = − 2γ

∆Gv
, (2.3)

∆G∗
nucl = ∆Gnucl(r∗) =

16π

3
· γ3

∆Gv
2 . (2.4)

When ∆G∗
nucl is inserted as the activation energy in a simple Arrhenius

expression, an expression for the nucleation rate Jnucl is obtained:

Jnucl = A exp (−
∆G∗

nucl
RT

) = A exp (− 1
RT

· 16π

3
· γ3

∆Gv
2 ), (2.5)

where A is a system specific constant. If the assumption of spheri-
cal nuclei is relaxed, the geometrical factor 16π

3 can be replaced by
a different one, but the same principles still apply. Furthermore, if
the nucleation is heterogeneous, γ is replaced by 2γlc+γsc−γls

2 , where
γlc is the interfacial free energy at the liquid/crystal interface, γsc at
the substrate/crystal interface, and γls at the liquid/substrate inter-
face. Since this substitution typically results in a lower value than
in the homogeneous case, heterogeneous nucleation is expected to
be faster than homogeneous according to Equation 2.5, in agreement
with heterogeneous nucleation being observed more frequently than
homogeneous [55].

Modern experiments have indicated that the nucleation process
can proceed through intermediate stages before a thermodynamically
stable nucleus is formed [56]. Thus, nonclassical models based on
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primary nanoparticles forming, aligning, and aggregating into larger
particles [57] should also be briefly mentioned. It has been proposed
that primary nanoparticles may form by aggregation of pre-nucleation
clusters, amorphous or nano-crystalline assemblies of atoms [58]. Con-
trary to classical nucleation theory, it has also been proposed that
colloidal rather than thermodynamical stability sometimes determines
the smallest stable particle size [59].

2.3.2 Growth of crystals

When a nucleus has exceeded the critical formation radius, it will
keep growing to minimize the free energy of the system. Small growth
species (monomers) adsorb on the growing surface, migrate to sites of
high energy such as steps, kinks, and defects, and are incorporated
there. When the driving force1 for growth is weak, i.e. when the free
energy of the growing phase is only slightly lower than that of the
reactants, new growth layers depend on defects to form. Once a layer
has formed, it will propagate in a step-wise manner across the surface.
This is because sites in and adjacent to the step have higher energy
than sites outside the growing layer, such that it is more energetically
favorable for the monomers to be incorporated there.

At stronger driving force, however, 2D nucleation becomes more
prominent. It is a process where a monomer is incorporated on top of
an existing layer without the help of an existing kink, step, or defect,
and leads to rougher surfaces than the step-by-step growth that takes
place at lower driving force because several layers can form and grow
at the same time.

When the driving force is even stronger, the growth rate is restricted
by the mass transport of the monomers to the surfaces rather than
incorporation. Typically, the result is rapid growth in regions that are
easily accessible to the monomers, such as corners and edges of the
growing crystal. Dendrite formation often results.

The growth will continue as long as the reaction conditions in the
system such as temperature and reactant concentrations can sustain
it. Unless more reactants are continuously added to the system, the
reactant concentrations will decrease as the growth proceeds, gradu-
ally weakening the driving force until in practice no growth occurs.
However, the crystals will often be subject to changes in size even
after the primary growth has stopped. Ostwald ripening is a mecha-
nism by which this can occur. The mechanism involves large particles
growing at the expense of smaller ones, which will eventually dis-

1 In pure precipitation reactions, supersaturation is often used as a measure of the
driving force for nucleation and growth, but the term driving force is used here to
preserve generality for solid phase-transitions and reactions between solid(s) and
solute(s).
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solve completely. Lower total surface area and thus lower total energy
results.

It should further be mentioned that other chemical species than
the reactants may affect the growth. Examples include surfactants
adsorbing to the crystal/solution interface to lower the interfacial
energy and impurities inhibiting growth through mechanisms such as
step pinning, kink blocking, and impurity incorporation.

Non-classical growth models also exist. For instance, oriented at-
tachment of primary nanoparticles and of temporarily stabilized meso-
crystals have been mentioned as possible alternative growth routes to
classical growth [58].

2.3.3 Mechanisms for hollow crystallite formation

Hollow crystallites, i.e. crystallites that are not topologically equivalent
to spheres, sometimes form instead of dense ones, and this can occur
by various mechanisms. Techniques based on sacrificial templates
aside, Weng et al. [60] state three mechanisms in a 2018 review paper;
the Kirkendall effect, oriented attachment, and inside-out Ostwald
ripening.

The Kirkendall effect arises from a net vacancy flux due to different
diffusion rates between two interdiffusing species [61]. If a phase, say
A, is deposited on originally dense nanoparticles of another phase B,
and the diffusibility of B in A is greater than that of A in B, a net flux of
matter from the core and outwards and thus a hollow core can result
[62, 63]. The effect is sometimes seen in combination with galvanic
replacement, another mechanism by which hollow nanostructures can
form [61, 64]. When metal particles are exposed to dissolved precursors
of a more noble metal, the noble precursors are reduced and deposit
on the less noble metal particles, which are oxidized and evacuate
the structure, for instance through pinholes, with hollow structures as
the result [64]. The effect may be especially pronounced if the noble
precursors have a higher valency than the ions the less noble metal
is oxidized into, as more metal atoms from the core then dissolve for
each atom that is deposited.

Oriented attachment of primary (and dense) nanoparticles into
hollow structures is an entirely different mechanism by which such
crystallites can form. For instance, Wannapop et al. hydrothermally
synthesized hierachical donut-like structures composed of nanosheets
aggregating in a layered fashion [65].

It has also been reported that dense structures can turn hollow
after the primary growth by means of inside-out Ostwald ripening.
This has for instance been seen for various oxide materials such as
SnO2 [66], anatase TiO2 [67], and Cu2O [68]. The formation of hollow
structures through Ostwald ripening is perhaps a counterintuitive
result, as the driving force behind Ostwald ripening is lowering the
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surface energy and hollow particles are expected to have a larger total
surface area than dense particles of the same size. However, it has been
proposed that primary crystallites constituting the particle are smaller
or more loosely packed near the core [66, 69], and thus dissolve more
easily than the primary particles constituting the exterior. Another
hypothesis is that the degree of crystallinity may tend to decrease
towards the core, and that it costs less energy to dissolve the more
amorphous core than the crystalline exterior [66]. The process of
inside-out Ostwald ripening is illustrated in Figure 2.4a.

Yet another mechanism for formation of hollow particles has been
proposed by Budhysutanto et al. [70], and is schematically illustrated
in Figure 2.4b. Using a hydrothermal method with microwave heating,
they synthesized donut-like crystals of Al-Mg layered double hy-
droxides LDH. They proposed a growth mechanism where dissolved
Al(OH)3 reacts on the surface of insoluble MgO spheres to form Mg-Al
LDH. Since the supersaturation of Mg2+ is highest near the surface
of the MgO particles, the LDH will grow laterally around the MgO
particles, which gradually dissolves, rather than growing radially, and
a donut-like structure results once the MgO has completely dissolved.

(a) (b)

Figure 2.4: Two different mechanisms for how hollow particles can form.
(a) Inside-out Ostwald ripening. Starting from a dense particle, the interior
is gradually dissolved. It can start dissolving near the particle’s surface and
proceed inwards (i-iii), or start near the particle’s core and proceed to (iii)
directly. Adapted with permission from [66].
(b) Formation of a hollow LDH particle around a MgO core that later dis-
solves. Due to higher supersaturation of Mg2+ in the proximity of the MgO
particle, the LDH grows laterally around it. The MgO particle in turns
dissolves as the Mg2+ surrounding it is consumed, leaving a hollow LDH
particle. Adapted with permission from [70].
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2.4 hydrothermal synthesis

2.4.1 Principles of hydrothermal synthesis

Hydrothermal synthesis is a special case of the solvothermal synthesis,
characterized by water being the solvent. The method is simple and
scalable, and involves mixing precursors and water (and possibly
other additives such as mineralizer or surfactant) in a sealed pressure
vessel known as an autoclave, see Figure 2.5a. Typically, the autoclave
consists of a steel casing designed to withstand high pressures with
an inert Teflon liner inside to avoid contact between the steel casing
and the reactants. Reaction conditions at elevated temperature and
pressure can thus be achieved simply by heating the autoclave in an
oven. Under such conditions, many of the properties of water change,
including density, viscosity, ionic product, and dielectric constant
[71]. These changes can be favorable in several ways - for instance,
reduced viscosity allows for more efficient mass transport, and the
significant decrease in dielectric constant enhances the solubility of
non-polar species. Furthermore, salts that are insoluble in water at
room temperature may be soluble at higher temperatures.

While the critical point of water is at about 374 ◦C, Teflon lined
autoclaves typically cannot withstand higher temperatures than about
270 ◦C [72]. Thus, supercritical conditions are rarely seen for hydrother-
mal syntheses compared to solvothermal syntheses using a solvent
with a lower critical point than water. Nevertheless, the filling factor of
the autoclave and the temperature of the oven it is placed in can easily
be adjusted, allowing for good control of the reaction environment, as
illustrated in Figure 2.5b.

(a) (b)

Figure 2.5: (a) Schematic showing an autoclave with a typical content consist-
ing of solid precursors and solvent. Dissolved precursors can also be used.
(b) Pressure as a function of temperature for several different autoclave fill
factors. These pressures are for pure water.
Both subfigures reproduced with permission from [72].

Temperature and pressure are not the only parameters that can be
controlled and used to tailor the products. Some of the parameters
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reported to affect the products of hydrothermal synthesis are briefly
discussed in Section 2.4.2.

2.4.2 Parameters affecting hydrothermal reactions

In a review of hydrothermal reactions and growth of complex oxide
systems, mainly perovskites, Gersten [73] has summarized several
trends regarding how different parameters influence reaction products.

Temperature is reported to influence the crystallite size in a some-
what inconsistent manner depending on other reaction conditions [74],
which is perhaps not so surprising considering that the driving forces
for nucleation and growth have a complex temperature dependence.
For instance, the nucleation rate in Equation 2.5 exhibits an explicit
temperature dependence that applies for all material systems and
accounts for greater fluctuations at high temperature and thus higher
probability of forming a sufficiently large nucleus, but it also has a
more complicated and material-specific temperature dependence be-
cause ∆Gv and γ depend on temperature. The morphology, however,
seems to display a somewhat more consistent temperature depen-
dence in the material system Gersten [73] reviews, the tendency being
rounder crystallites at lower temperatures [75].

Precursor concentration is reported to influence the crystallite size.
Typically, a decrease in crystallite size results from an increase in pre-
cursor concentration [76]. An explanation could be high concentration
leading to high supersaturation and thus faster nucleation, yielding
many small crystallites rather than few large ones.

According to Gersten [73], increased pH is consistently reported to
result in increased particle size. However, smaller particles resulting
from higher pH has also been reported [74], as has inconsistency in
how the pH affects the particle size [77]. The pH is also found to
significantly affect product morphology [74, 78], but once again a
trend independent of other reaction conditions seems difficult to find.

Intuitively, it is found that longer reaction time leads to larger
crystallites [77]. Ostwald ripening and increased time for primary
growth are both possible explanations.

Precursor size and morphology is also found to affect the size
and morphology of the product in several studies; the tendency is
similar sizes and morphologies for product and precursor [79–81].
Such an effect is expected when the hydrothermal reaction is an in situ
transformation, i.e. when a reaction takes place on a solid precursor’s
surface and the product diffuses inwards, eventually transforming the
entire precursor into a new phase. For a pure dissolution-precipitation
mechanism, where the precursors release ions and are completely
dissolved while products precipitate from the solution, the size and
shape of the precursors will not necessarily affect the size and shape
of the products. However, a correlation cannot be excluded in this case
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either. For instance, larger precursors will lead to slower release of
ions, which can in turn lead to slower nucleation and larger products.
If the hydrothermal reaction in question is not a pure dissolution-
precipitation reaction, using anisometric precursors is one of the most
important methods to induce anisotropic growth of products [71].
Such control is particularly important when the target product does
not have an anisotropic crystal structure that will direct the growth in
the desired direction.

2.4.3 Hydrothermal synthesis of rare-earth manganites

Several authors have demonstrated that particles of hexagonal rare-
earth manganites can be successfully synthesized by means of low-
temperature hydrothermal synthesis. For instance, Stampler et al.
hydrothermally synthesized plate-like and needle-like crystallites of
h-LnMnO3 by mixing solid Ln2O3 and Mn2O3 with water or hydroxide
solution, and investigated how the products depended on Ln element,
pH, reaction temperature, and reaction time [34]. They suggested that
the formation of hexagonal manganites is due to a reaction between
rare-earth oxyhydroxide, LnOOH, and a soluble hydroxomanganite
complex, Mn(OH) –

4 . At a certain temperature that is determined for
several different Ln elements by Klevtsov and Sheina [82] , Ln(OH)3
(which is formed in a reaction between rare-earth oxide and water)
undergoes a transition to the more reactive LnOOH upon release of
water. The temperatures at which this transition occurs for different
lanthanides are shown in Figure 2.6.

The transition temperature is strongly correlated with the ionic
radius of the Ln element; the higher the radius, the higher the transi-
tion temperature. A possible explanation is small cations exhibiting
stronger Lewis acidity and pulling the anions’ electrons more strongly
than large cations do, thus destabilizing the Ln(OH)3 phase and favor-
ing release of water. The coordination numbers of the LnOOH phase
and the Ln(OH)3 phase, 7 and 9, respectively [83], may also contribute
to this trend. Because the repulsion between the negative hydroxide
ions in the Ln(OH)3 phase is stronger when the Ln ion is small, it is
to be expected that the transition to the lower-coordinated LnOOH
phase occurs more readily for small rare-earth elements.

Stampler et al. also found that neutral pH does not result in forma-
tion of h-LnMnO3, and only yields a mixture of Ln(OH)3 and LnOOH,
which probably can be attributed to Mn2O3 failing to dissolve in water
when the pH is too low for Mn(OH) –

4 to form.
In an in situ study of hydrothermal synthesis of h-YMnO3 from

the same oxide precursors used by Stampler et al., Marshall et al.
[33] investigated reaction rates and intermediate products at different
temperatures and pH. They found that the dehydration from Y(OH)3
to YOOH discussed by Stampler is faster not only at higher tempera-
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Figure 2.6: Dehydration temperature for several rare-earth hydroxides in 2.5 M
NaOH solution, determined by Klevtsov and Sheina [82] and represented
graphically by Stampler et al. [34]. Reproduced with permission from [34].

ture, but also at higher pH, indicating that hydroxide plays a role in
favoring the dehydration in addition to dissolving Mn2O3.

Harunsani et al. reported hydrothermal synthesis of h-YMnO3
platelets from Y(NO3)3, MnCl2, KMnO4, and KOH at 240 ◦C overnight
[35]. This temperature is lower than the transition temperature from
Y(OH)3 to YOOH that was reported by Stampler et al. (300 ◦C), indi-
cating that the h-YMnO3 is formed by a different mechanism when
synthesized from Harunsani’s soluble salt precursors than from Stam-
pler’s oxide precursors, although the different results could also be
owing to possible dissimilarities in other parameters such as pH,
concentration, or pressure inside the autoclave.

Zheng et al. [36] have also reported successful hydrothermal synthe-
sis of h-YMnO3 from the same soluble salt precursors as Harunsani et
al., although no measure taken to increase the pH is mentioned. They
reported formation of h-YMnO3 nanoparticles when an autoclave with
70 % fill factor was heated at 230 ◦C for 2 days.

Also using salt precursors (although Mn(CH3COO)2 was used in-
stead of MnCl2) and a pH of 9.2, Kumar et al. have reported synthesis
of h-YMnO3 nanorods during hydrothermal treatment at 200 ◦C for 2
days [37]. An autoclave fill factor of 80 % was used. They proposed a
one-step mechanism directly from dissolved ions:

5Y(NO3)3 + KMnO4 + 4Mn(CH3COO)2 + 22NaOH

5YMnO3 + 11H2O + 8NaCH3COO + KNO3 + 14NaNO3
(2.6)
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The hydrothermal synthesis of ytterbium manganites was also in-
vestigated in the author’s specialization project, where h-YbMnO3 was
successfully formed at temperatures down to 190 ◦C [84]. Emphasis
was put on chloride and nitrate precursors, but oxide precursors were
also used. The goal was to identify the impact of different reaction
parameters on the final product. High temperature and high hydrox-
ide concentration were found to favor manganite formation, as well as
to result in smaller particles. Oxide precursors were also observed to
result in larger particles than salt precursors.

As this review shows, low-temperature hydrothermal synthesis of
rare-earth manganites is indeed possible, and will be investigated
further in the following.
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E X P E R I M E N TA L

3.1 chemicals

The purity and manufacturer of all chemicals used in syntheses are
given in Table 3.1.

KOH and the oxides were used as received. Solutions were pre-
pared from the nitrate and chloride salts, and the concentration of
the solutions are given in Table 3.2. The concentration of the KMnO4
solutions were simply obtained by measuring the quantities of salt
and deionized water used to prepare the solutions. As the other salts
are hydrates and thus have a greater uncertainty in their molar masses,
the concentration of the Y(NO3)3, MnCl2, and Yb(NO3)3 solutions were
obtained by thermogravimetric standardization. A small amount of
solution was transferred to crucibles with kaolinite wool, dried, and
calcined at an appropriate temperature to convert all cations into a
single metal oxide (600 ◦C, 1000 ◦C, and 1150 ◦C for Mn2O3, Yb2O3,
and Y2O3, respectively).

Table 3.1: The purity and manufacturer of the chemicals used in the syntheses.

Chemical Manufacturer Purity [%]

Yb2O3 Sigma Aldrich 99.9

Mn2O3 Sigma Aldrich 99

Y2O3 Alfa Aesar 99.9

KOH Sigma Aldrich 90

MnCl2 · 4 H2O Sigma Aldrich 99

KMnO4 Sigma Aldrich 99

Yb(NO3)3 · xH2O Alfa Aesar 99.9

Yb(NO3)3 · 5 H2O Sigma Aldrich 99.9

Y(NO3)3 · 6 H2O Sigma Aldrich 99.8

Table 3.2: The concentration of the solutions used in the syntheses. The change
in manufacturer for Yb(NO3)3 was only done due to availability, and is not
expected to impact the products as the salts are completely dissolved in the
precursor solutions. SA = Sigma Aldrich, AA = Alfa Aesar.

Solution MnCl2 KMnO4 KMnO4 Y(NO3)3 Yb(NO3)3 Yb(NO3)3

Concentration [M] 0.48 0.12 0.28 0.38 0.40 1.3

Manufacturer SA SA SA SA AA SA

17
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3.2 hydrothermal synthesis

Two different experimental procedures were used for mixing the pre-
cursors, depending on precursor type. They are represented schemati-
cally in Figure 3.1.

In the syntheses from oxide precursors, equimolar amounts of
Mn2O3 and Ln2O3 were ground together using mortar and pestle,
then added to a 23 mL polytetrafluoroethylene (PTFE) liner. Deionized
water was then added to the liner, and the mixture was stirred for
about 10 min. Then, KOH was added, and the mixture was stirred for
another 30 min before the liner was placed in a stainless steel casing
and transferred to a preheated oven.

For the salt precursors, solutions of Ln(NO3)3 and KMnO4 were first
added to a 23 mL PTFE liner and stirred for about 10 min. KOH was

Figure 3.1: Illustration of the experimental procedures for synthesis from oxide
and salt precursors. In addition to the steps illustrated, the mixtures were
stirred after each chemical was added. The ratios indicated are stochiometric
ratios.
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then added and the mixture stirred for another 30 min. Finally, MnCl2
solution was added, the mixture stirred for 30 min, and the liner
placed in a stainless steel casing (Parr 4749 General Purpose Vessel
[85]) and transferred to a preheated oven. The stochiometric ratio of
Ln(NO3)3, MnCl2, and KMnO4 was 5:4:1 in each synthesis, ensuring
equal total amounts of Ln and Mn and also an initial average oxidation
state of +3 for Mn, which is the oxidation state of Mn in h-LnMnO3.
While the amount of KOH relative to the other precursors was varied,
OH– was always in excess according to Equation 2.6 proposed by
Kumar et al. [37].

Type of rare-earth element, precursor type, concentration1 of OH–

and of the rare-earth element (and thereby also of manganese due to
fixed stochiometric ratio), as well as the reaction temperature and time
for each reaction, are given in Table 3.3. The synthesis IDs consist of
the rare-earth element and the hydroxide concentration used, as well
as an enumeration to distinguish between different syntheses with
similar rare-earth element and hydroxide concentration. Syntheses
from salt precursors were conducted with 0.4 M Ln(NO3)3 and 0.12 M
KMnO4. The only exceptions are the syntheses with 0.31 M Ln3+, which
were prepared with 1.3 M Yb(NO3)3 and 0.28 M KMnO4 (see Table
3.2), as well the Yb5-21 synthesis, which is otherwise identical to
the Yb3-21 and the repeat Yb4-21 syntheses and was carried out to
reveal possible differences arising from change in solution batches.
In all syntheses except Y-11, the autoclave fill factor was about 50 %
(precursor solutions with a total volume of 9.7-10.5 mL as well as
0.5-11.5 g KOH depending on synthesis were added to a 23 mL liner).
The Y-11 synthesis was carried out at higher temperature than PTFE
lined autoclaves typically can withstand [72], and a high temperature
autoclave (Parr 4760 General Purpose Vessel [86], 100 mL, heated by a
Parr 4838 Reactor Controller [87] instead of in an oven) was thus used.
The autoclave was made of Monel 400, which is an alloy of copper
and nickel [88]. As a safety measure, the fill factor was lowered to
about 30 % for this synthesis because the autoclave had never been
used with nitrate precursors before. This was done to ensure that the
pressure would not exceed what the autoclave could withstand even
in the event of NOx formation due to nitrate decomposition.

For all syntheses, the autoclave was allowed to cool to room temper-
ature after the hydrothermal heat treatment before the product was
collected by suction filtration and washed several times with deionized
water. The products were then dried at 110 ◦C for 3-4 h before being
ground to a fine powder using mortar and pestle and stored for future

1 The concentrations were calculated by dividing the total amount of hydroxide or
rare-earth element by the total volume of liquid added to the liner. However, the
addition of solid hydroxide (and of Ln2O3 and Mn2O3 for the syntheses from oxides)
leads to a slight volume increase. Thus, the true concentrations will be somewhat
lower than those given in Table 3.3, especially in syntheses with a high amount of
KOH.
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characterization. Ovens of the Termaks TS9000 series were used both
for hydrothermal heat treatment and for drying.

Table 3.3: ID and description of the syntheses performed. Concentrations
of OH– and Ln3+ are calculated from the amount of precursors added and
the combined volume of the precursors solutions. For all reactions with salt
precursors, the initial stochiometric ratio in the autoclave was Ln3+: Mn2+:
Mn7+ = 5:4:1. For oxide precursors the ratio was Ln3+: Mn3+ = 1:1.

ID Ln Precursor [Ln3+] [OH–] Treaction Time

element type [M] [M] [◦C] [h]

Yb-0.9 Yb Salt 0.17 0.93 130 24

Yb1-11 Yb Salt 0.17 10.6 110 24

Yb2-11 Yb Salt 0.17 10.6 130 24

Yb3-11 Yb Salt 0.17 10.6 130 72

Yb4-11 Yb Salt 0.17 10.6 150 24

Yb5-11 Yb Oxide 0.17 10.6 150 24

Yb6-11 Yb Salt 0.31 10.6 240 24

Yb1-21 Yb Salt 0.17 21.2 110 24

Yb2-21 Yb Salt 0.17 21.2 130 24

Yb3-21 Yb Salt 0.17 21.2 150 24

Yb4-21* Yb Salt 0.17 21.2 150 24

Yb5-21* Yb Salt 0.17 21.2 150 24

Yb6-21 Yb Oxide 0.17 21.2 150 24

Yb7-21 Yb Salt 0.17 21.2 240 24

Yb8-21 Yb Salt 0.17 21.2 240 72

Yb9-21 Yb Salt 0.31 21.2 240 24

Y-11 Y Salt 0.17 10.6 300 24

Y-16 Y Salt 0.17 15.9 240 24

Y1-21 Y Salt 0.17 21.2 240 6

Y2-21 Y Salt 0.17 21.2 240 24

Y3-21 Y Salt 0.17 21.2 240 48

Y4-21 Y Salt 0.17 21.2 240 72

Y5-21 Y Oxide 0.17 21.2 240 72
*Repeats of Yb3-21
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3.3 characterization

3.3.1 X-ray diffraction

All samples were characterized by X-ray Diffraction (XRD) in a Bruker
D8 A25 DaVinci X-ray diffractometer with Cu K-α radiation. A 2θ

range from 10 to 80 degrees and a fixed divergence slit of 0.2 degrees
was used for all samples.

To obtain information about phase purity, lattice parameters, and
other phases present, Rietveld refinements were carried out on the
manganite products using the Bruker TOPAS software [89]. A fifth
order Chebychev polynomial was used initially for the background.
Then, after finding all phases, the order of the Chebychev polynomial
was increased until the background was properly fit (typically, a
polynomial of order 8-10 was necessary). The order was increased
after finding the phases to reduce the risk of small peaks being fit as
part of the background. Lattice parameters and Lorentzian volume
weighted mean crystallite size (L Vol IB, obtained from measured
integral breadth) were refined for each phase. In addition, preferred
orientation was refined for phases expected to have highly anisometric
particle morphology. For the hexagonal rare-earth manganite phases,
displacements from the high-temperature unit cell positions of the
atoms were refined as well to account for h-LnMnO3 being below TC
at room temperature. Furthermore, the Stephens hexagonal model
was used to be able to refine possible anisotropic peak broadening
from anisometric particles [90].

3.3.2 Scanning electron microscopy

Scanning electron microscopy (SEM) was performed on the products
confirmed by XRD to contain an appreciable amount (30 wt% or more)
of h-LnMnO3. The products were characterized in a field emission
scanning electron microscope (Zeiss Ultra 55 limited edition or Zeiss
Supra 55 VP). A small amount of product powder was dispersed in
ethanol in an ultrasonic bath for 2 min, and an aperture size of either
10 or 20 µm and a 10 kV acceleration voltage were used. The images
were generated from secondary electron detection.

Whereas the SEM images were only used to qualitatively assess the
morphology and approximate size of the particles for most products,
quantitative measurements of particle diameter (and hole diameter
where applicable) were carried out on several particles in the Y1-21,
Y2-21, Y3-21, and Y4-21 products. For hexagonal particles, the particle
diameter was measured along the long diagonal, corner to corner (see
Figure A.1 in Appendix A). For particles with interior clearly in the
process of dissolving, the diameter of the dissolving area was used as
the hole diameter (see Figure A.2).
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3.3.3 Energy-dispersive X-ray spectroscopy

In order to determine whether each particle consisted of one or several
phases, energy dispersive X-ray spectroscopy (EDXS) was carried out
on the Y1-21 sample. The powder was dispersed in ethanol in the
same manner as described in Section 3.3.2 and in addition coated
with carbon. Al-Mg sample holders were used. The Zeiss Ultra 55
limited edition microscope was run in high current mode with an
aperture size of 60 µm and 15 kV acceleration voltage. Spot analysis
was performed on multiple locations on several particles. The resulting
spectra were analyzed using Bruker ESPRIT 1.9 software, yielding
atom percentages of Y, Mn, and O at each spot (contributions from
Al and Mg from the sample holder and C from the coating were
disregarded and the percentages re-normalized).
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R E S U LT S

4.1 product composition

Both h-YMnO3 and h-YbMnO3 were successfully formed using sev-
eral different sets of reaction parameters. Key results from the XRD
analysis and Rietveld refinements of the products are presented in the
following, organized by the reaction parameters’ effect. Main phases
are given as well as their weight percentage obtained from Rietveld
refinements. Full product compositions with minor phases included
can be found in Appendix B. All X-ray diffractograms are given in
Appendix C.

The three parallels with reaction conditions as in the Yb3-21 syn-
thesis will be examined in Section 4.1.7. In the following, the average
h-YbMnO3 phase purity of 76% will be used as the value for those
reaction conditions (150 ◦C, 21.2 M KOH, 0.17 M Yb3+, 24 h, salt pre-
cursors).

4.1.1 The effect of temperature

Phase purity of h-YbMnO3 is plotted as a function of temperature
for two different hydroxide concentrations in Figure 4.1. Within each
series, all reaction parameters except temperature are kept constant.
An increase in h-LnMnO3 phase purity resulting from increased tem-
perature is seen for both hydroxide concentrations. For the products
synthesized with 21.2 M KOH, the phase purity strongly increases
from 110 ◦C to 130 ◦C, then slowly increases to 240 ◦C. With 10.6 M
KOH, the increase appears to be stronger than with 21.2 M KOH
at low temperatures. The phase purity seems to become similar for
both hydroxide concentrations around 150 ◦C, although experiments
to determine whether the purities remain similar for both hydrox-
ide concentrations at higher temperatures than 150 ◦C have not been
conducted in this study.

The major phases of each of the products included in Figure 4.1 are
given in Table 4.1 (the full compositions are given in Appendix B). As
the temperature is increased, a clear decline in the YbOOH content is
observed in addition to the increase in h-YbMnO3 content. The Mn3O4
phase, in which manganese has an average oxidation state of +2.67,
also seems to become less prominent as temperature increases. Further,
the Mn4+ containing phases YbMn2O5 and Yb2Mn2O7 are observed in
appreciable amounts only at 240 ◦C.

23
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Figure 4.1: Phase purities of h-YbMnO3 as a function of reaction temperature
for two different hydroxide concentrations. Syntheses with hydroxide con-
centration of 10.6 M (Yb1-11, Yb2-11 and Yb4-11) are in blue, syntheses with
21.6 M KOH (Yb1-21, Yb2-21, the average of Yb3-21 to Yb5-21, and Yb7-21)
in red. Apart from temperature and hydroxide concentration, all reaction
parameters are identical for all syntheses included in this figure.
*Some h-YbMnO3 may be present or in the process of forming, see below.

Table 4.1: Product composition (in wt%) as a function of temperature. Hy-
droxide concentration can be read out of the synthesis ID, and reaction
temperature is given in the table. Apart from those two parameters, all syn-
theses were performed under identical conditions. Full compositions are
given in tables B.1 and B.7.

ID T Main phases Rwp

[◦C]

Yb2-11 130 h-YbMnO3 (67%), YbOOH (20%), Mn3O4 (11%) 9.4

Yb4-11 150 h-YbMnO3 (75%), YbOOH (18%), Mn3O4 (5%) 8.0

Yb1-21 110 h-YbMnO3 (48%), YbOOH (36%), Mn3O4 (10%) 8.9

Yb2-21 130 h-YbMnO3 (75%), YbOOH (18%), Mn3O4 (5%) 7.5

Avg* 150 h-YbMnO3 (76%), YbOOH (18%), Mn3O4 (3%) 7.5-10.7

Yb7-21 240 h-YbMnO3 (86%), Yb2Mn2O7 (7%), YbMn2O5 (4%) 11.7
*Average percentages of the Yb3-21, Yb4-21, and Yb5-21 syntheses.
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Figure 4.2: X-ray diffractograms of a product with relatively high amount
of h-YbMnO3 ((a), Yb7-21, 86%) and the Yb1-11 product (b). Some peaks
belonging to h-YbMnO3 in (a) are highlighted in red and projected onto (b)
to illustrate the possibility that h-YbMnO3 is in the process of forming also
in (b). The full Rietveld refinement of the Yb7-21 product can be found in
Appendix C, as can the isolated plot of the diffractogram of Yb1-11.

The phase purities are determined from Rietveld refinements, the
only exception being the synthesis at 110 ◦C and with 10.6 M KOH
(Yb1-11). As can be seen in the diffractogram in Figure 4.2 (b) (also,
the diffractogram is plotted alone in Figure C.2), the product appears
to consist of a mix of amorphous and crystalline material, which
in combination with some unidentified peaks at low angles did not
allow for a reliable Rietveld refinement to be carried out. Whether
or not h-YbMnO3 is present in the product is thus not completely
clear. Some peaks belonging to h-YbMnO3 in the Yb7-21 product
seem to have broader, less intense, and slightly shifted counterparts
in the Yb1-11 product, and are indicated in red in Figure 4.2. Thus,
there is a possibility that h-YbMnO3 is in the process of forming from
more amorphous material in the Yb1-11 product. However, some
of the peaks belonging to h-YbMnO3 in Yb7-21 do not appear to
have counterparts in the Yb1-11 product, speaking against presence
of h-YbMnO3 in the latter. Further, the product from Yb1-11 is dark
brown, whereas all products confirmed by XRD to contain a substantial
amount of h-YbMnO3 are black, indicating that the phase purity of h-
YbMnO3 from the Yb1-11 synthesis is very low if at all above zero. For
simplicity, the value used for the h-YbMnO3 content in that synthesis
product will be zero, although it cannot be ruled out that a small
amount is present or would form from the amorphous material if the
synthesis were allowed to run longer.



26 results

4.1.2 The effect of hydroxide concentration

In addition to the temperature dependence discussed in Section 4.1.1,
it is evident from Figure 4.1 and Table 4.1 that syntheses with lower
hydroxide concentration yield products with lower h-LnMnO3 content,
especially when the temperature is low. This trend is substantiated by
a synthesis conducted at 130 ◦C with only 0.93 M KOH (Yb-0.9). De-
spite its product being synthesized under otherwise identical reaction
conditions to the manganite-yielding Yb2-11 and Yb2-21 products, it
does not seem to contain any manganite - its color is brown and its
diffractogram (which is plotted in Figure C.1, Appendix C) is more
similar to that of the Yb1-11 product (see Section 4.1.1) than to those
of products rich in h-YbMnO3.

High hydroxide concentration favoring h-LnMnO3 formation is a
trend that is also observed when yttrium is used as the rare-earth
element. As can be seen from the phase compositions of the Y-16
and Y2-21 products in Table 4.2, the phase purity of h-YMnO3 is
significantly lower when the hydroxide concentration is 15.9 M than
when it is 21.2 M. This is in line with what is seen for ytterbium in
Table 4.1, where higher hydroxide concentration also results in higher
content of h-LnMnO3.

In addition to favoring the formation of h-YMnO3, higher hydroxide
concentration seems to result in lower amounts of the Y(OH)3 and
YMn2O5 phases, whereas the content of o-YMnO3 is also higher when
the hydroxide concentration is high.

The Y-11 synthesis also indicates that high hydroxide concentra-
tion favors h-LnMnO3. XRD analysis shows that the Y-11 product
does not contain any h-YMnO3, even though the Y-11 product was
synthesized at higher temperature than the manganite-yielding Y-16
and Y2-21 syntheses (300 ◦C), which based on the observations in
Section 4.1.1 and in literature [33, 34] is expected to favor h-LnMnO3
formation. Instead, the product seems to consist mainly of YMn2O5
as well as one or more unidentified phases. The X-ray diffractogram
and the calculated intensities from the YMn2O5 phase are plotted in
Figure C.17. As can be seen, several diffraction lines have not been
accounted for, and a reliable phase composition can thus not be given.
The unidentified phases may be a result of the Y-11 synthesis being

Table 4.2: Product composition (in wt%) as a function of hydroxide concentra-
tion. Apart from hydroxide concentrations, both syntheses were performed
under identical conditions. Full compositions are given in Table B.2.

ID Main phases Rwp

Y-16 h-YMnO3 (81%), YMn2O5 (13%), Y(OH)3 (3%) 11.5

Y2-21 h-YMnO3 (90%), o-YMnO3 (4%), YMn2O5 (3%) 11.3
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performed in a different autoclave than the other syntheses. Since the
high-temperature autoclave consists of a Cu-Ni alloy and the solution
inside the autoclave was observed to be deep blue after heating (which
was not seen for any of the other syntheses), it can be assumed that
the permanganate oxidized copper (and possibly also nickel) from
the autoclave during heating. Thus, it is possible that the unidentified
phases contain Cu2+ and/or Ni2+. For the same reason, no further
syntheses were carried out using the high-temperature autoclave.

Regions in temperature-pH-space where h-LnMnO3 can be formed
are suggested in Figures 4.3 and 4.4, with Yb and Y as the rare-earth
element, respectively. All reaction conditions except temperature and
hydroxide concentration are similar in all syntheses within each figure.
It should be noted that the line between the regions where h-LnMnO3
can and cannot be formed is arbitrarily drawn - the boundary between
the regions may be a line with different slope or a curve instead of a
line.
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No  h-YbMnO
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Figure 4.3: Graphical representation of temperatures and hydroxide con-
centrations that yielded h-YbMnO3 (represented by "o"), as well as both
temperature-[OH–] combinations that did not (represented by "x"). The line
between the regions where h-YbMnO3 can and cannot be formed is arbitrarily
drawn.
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Figure 4.4: Graphical representation of temperatures and hydroxide concentra-
tions that yielded h-YMnO3 (represented by "o"), as well as the temperature-
[OH–] combinations that did not (represented by "x"). The line between the
regions where h-YMnO3 can and cannot be formed is arbitrarily drawn.
*Reaction at 300 ◦C performed in high temperature autoclave, see Section
3.2).

4.1.3 The effect of reaction time

With ytterbium as the rare-earth element, two sets of reaction condi-
tions were used to determine the effect of reaction time. One of the
sets was synthesized at 130 ◦C with 10.6 M KOH (Yb2-11 and Yb3-11),
the other at 240 ◦C with 21.2 M KOH (Yb7-21 and Yb8-21). Within
each set, one synthesis was allowed to run for 24 h and the other for
72 h. The phase compositions of those four synthesis products can be
found in Table 4.3.

While the phase purity of h-YbMnO3 is similar after 24 and 72 h
at 240 ◦C and 21.2 M KOH, it increases over time at 130 ◦C and 10.6
M KOH. Additionally, the YbOOH content declines significantly over
time at 130 ◦C, whereas that phase is not present in either product at
240 ◦C. At 130 ◦C, the amount of the Mn2+-containing Mn3O4 phase

Table 4.3: Product composition (in wt%) as a function of reaction time, yt-
terbium. Hydroxide concentration can be read out of the synthesis ID, and
reaction temperature and time are given in the table. Apart from those three
parameters, all syntheses were performed under identical conditions. Full
compositions are given in Table B.3.

ID T Time Main phases Rwp

[◦C] [h]

Yb2-11 130 24 h-YbMnO3 (67%), YbOOH (20%), Mn3O4 (11%) 9.4

Yb3-11 130 72 h-YbMnO3 (76%), YbOOH (13%), Mn3O4 (5%), YbMn2O5 (2%) 9.0

Yb7-21 240 24 h-YbMnO3 (86%), Yb2Mn2O7 (7%), YbMn2O5 (4%), Mn3O4 (3%) 11.7

Yb8-21 240 72 h-YbMnO3 (84%), Yb2Mn2O7 (12%), YbMn2O5 (2%), Mn3O4 (2%) 11.4



4.1 product composition 29

is also seen to decrease over time. For the syntheses at 240 ◦C, on the
other hand, the largest difference between the 24 and 72 h products
may be the increase in the total amount of the Mn4+-containing phases
YbMn2O5 and Yb2Mn2O7 after longer reaction time.

With yttrium as the rare-earth element, the effect of reaction time
was investigated through one set of reaction conditions with four
different reaction times: 6 h (Y1-21), 24 h (Y2-21), 48 h (Y3-21), and
72 h (Y4-21). The phases that display an interesting development as
the reaction time is varied are shown in Figure 4.5. In addition to the
three phases shown, all four products contain 4% o-YMnO3 as well as
small amounts of Mn3O4 (the content of the latter declines from 3% to
1% as the reaction time is increased).

While the phase purity of h-YMnO3 is similar after 6 and 72 h,
it is higher in the products of the 24 h and 48 h syntheses. At the
same time, the Y(OH)3 content is much higher for the product from
the 6 h synthesis than for all the other products. Additionally, the
amount of the Mn4+-containing YMn2O5 phase is seen to increase over
time, particularly from 48 to 72 h, whereas the tendency appears to
be that the amount of Mn2+-containing Mn3O4 decreases over time
(not included in Figure 4.5, see Table B.4). Both these observations
are in line with the observations of the Mn4+ and Mn2+ phases in the
ytterbium system in Table 4.3. In other words, the lower h-YMnO3
content after 6 h compared to the 24 and 48 h syntheses appears to be
primarily due to unreacted yttrium in the form of Y(OH)3, whereas
the content of YMn2O5 has increased at the expense of h-YMnO3 after
72 h. The phase purities of h-LnMnO3 from Table 4.3 and Figure 4.5
are plotted as a function of time in Figure 4.6.
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Figure 4.5: Product composition as a function of reaction time, yttrium. Apart
from reaction time, all syntheses were performed under identical conditions.
Only major phases with an interesting development as the reaction time is
varied are shown, the full composition of the products is given in Table B.4.



30 results

6 24 48 72

Reaction time [h]

60

65

70

75

80

85

90

95

100

P
h
a
s
e
 p

u
ri
ty

  
h
-L

n
M

n
O

3
 [
w

t%
]

Y, 21.2 M KOH, 240 
o
C

Yb, 10.6 M KOH, 130 
o
C

Yb, 21.2 M KOH, 240 
o
C

Figure 4.6: Phase purities of h-YbMnO3 as a function of reaction time for
three different sets of reaction conditions: Ln=Y, 240 ◦C, 21.2 M KOH (blue),
Ln=Yb, 130 ◦C, 10.6 M KOH (red), Ln=Yb, 240 ◦C, 21.2 M KOH (purple). The
purities were obtained from Rietveld refinements. Apart from the parameters
listed, all reaction parameters are identical for all syntheses.

4.1.4 The effect of cation concentration

The difference in phase composition between the Yb7-21 and Yb9-21
products, which were synthesized under identical conditions except
cation concentration, can be seen in Table 4.4. Additionally, Yb6-11,
which is identical to Yb9-21 except for hydroxide concentration, is
included to see if the effects of decreased hydroxide concentration
observed in Section 4.1.2 persist when the cation concentration is
higher. Only the concentration of Yb3+ is given in Table 4.4, as the
Yb3+: Mn2+: Mn7+ ratio is constant (5:4:1).

The phase purity of h-YbMnO3 is not observed to change much
when the ytterbium concentration is increased from 0.17 to 0.31 M.
However, the amount of YbOOH appears to be larger in the products
synthesized at higher cation concentration, whereas the YbMn2O5 and

Table 4.4: Product composition (in wt%) as a function of cation concentration.
Hydroxide concentration can be read out of the synthesis ID, and Yb3+

concentration is given in the table. Apart from those two parameters, all
syntheses were performed under identical conditions. Full composition is
given in Table B.5.

ID [Yb3+] Main phases Rwp

[M]

Yb7-21 0.17 h-YbMnO3 (86%), Yb2Mn2O7 (7%), YbMn2O5 (4%) 11.7

Yb9-21 0.31 h-YbMnO3 (86%), YbOOH (6%), Yb2Mn2O7 (4%) 12.0

Yb6-11 0.31 h-YbMnO3 (87%), YbOOH (9%), YbMn2O5 (2%) 10.3
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Yb2Mn2O7 phases are more prominent when lower cation concentra-
tion is used.

The trend of lower h-LnMnO3 phase purity resulting from lower
hydroxide concentration described in Section 4.1.2 is not seen at high
cation concentration, at least not at temperatures as high as 240 ◦C.
However, the Yb6-11 product has slightly more YbOOH than the Yb9-
21 product, which was synthesized under identical conditions apart
from hydroxide concentration.

4.1.5 The effect of precursor type

Syntheses from salt precursors are compared to otherwise similar
syntheses from oxide precursors for three different sets of reaction
conditions in Table 4.5. For the first two sets of reaction conditions
(Yb, 150 ◦C, 24 h), oxide precursors are seen to result in much lower
h-YbMnO3 content, especially with lower hydroxide concentration.
When oxide precursors are used, YbOOH is the most prominent phase
in the product for both hydroxide concentrations, with substantial
amounts of unreacted Mn2O3 also being present. In comparison, the
product compositions from salt and oxide precursors are closer for the
last set of reaction conditions (Y, 240 ◦C, 72 h).

For all three sets of reaction conditions, the Mn2+-containing Mn3O4
phase is more abundant in the products from salt precursors than
from oxide precursors, but small amounts of Mn2+-containing Mn3O4
and/or phases containing Mn4+ are present even in the products
from oxide precursors (see the full composition in Table B.6), where
manganese has only been added in the +3 oxidation state (in the form
of Mn2O3).

Table 4.5: The phase composition (in wt%) of products synthesized from
different precursor types. Precursor type, reaction temperature, and reaction
time are listed in the table, whereas Ln element and KOH concentration
can be read out of the synthesis ID. All other parameters are identical for
all syntheses listed. Full compositions are given in tables B.6 and B.7. See
Section 3.2 for a description of the experimental procedure used with each
precursor type.

ID Precursor T Time Main phases Rwp

type [◦C] [h]

Yb4-11 Salt 150 24 h-YbMnO3 (75%), YbOOH (18%), Mn3O4 (5%) 8.0

Yb5-11 Oxide 150 24 YbOOH (72%), Mn2O3 (25%), h-YbMnO3 (1%) 13.3

Avg* Salt 150 24 h-YbMnO3 (76%), YbOOH (18%), Mn3O4 (3%) 7.5-10.7

Yb6-21 Oxide 150 24 YbOOH (49%), h-YbMnO3 (32%), Mn2O3, (18%) 11.1

Y4-21 Salt 240 72 h-YMnO3 (84%), YMn2O5 (8%) 9.4

Y5-21 Oxide 240 72 h-YMnO3 (85%), YMn2O5 (12%) 8.2

*Average percentages of the Yb3-21, Yb4-21, and Yb5-21 syntheses.
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4.1.6 The effect of Ln element

As can be seen by comparing figures 4.3 and 4.4, it is possible to synthe-
size h-YbMnO3 at considerably lower temperature and hydroxide con-
centration than those required to obtain h-YMnO3. For instance, the Y-
11 product synthesized at 300 ◦C does not contain h-LnMnO3, whereas
the Yb2-11 product does despite being synthesized at only 130 ◦C,
other reaction conditions being similar. However, the h-LnMnO3 phase
purity does not appear to be lower when Ln=Y than when Ln=Yb
given that the reaction conditions are such that h-YMnO3 can form.
Instead, the h-LnMnO3 phase purity in Figure 4.6 is observed to be
slightly higher with yttrium than with ytterbium.

Further, there appears to be a significant difference in the content
of the LnOOH and Ln(OH)3 phases. As can be seen in the previous
sections, incompletely reacted yttrium (in the sense that it has not
formed a phase with manganese) seems to primarily be in the form
of Y(OH)3, whereas incompletely reacted ytterbium mainly appears
as YbOOH. Examples are given in Figure 4.7, where diffractogram
subranges of typical products are shown (the full diffractograms are
given in Appendix C). Y(OH)3 is clearly seen in (a), whereas YbOOH
(but no Yb(OH)3) is seen in (b). It should be noted that although this
trend is consistent among the synthesis products where incompletely
reacted yttrium or ytterbium is present, some products neither contain
appreciable amounts of Ln(OH)3 nor LnOOH.

Incompletely reacted Ln3+ is not only present as different phases
when yttrium and ytterbium are used, the peak broadening observed

Figure 4.7: Subrange of the X-ray diffractogram from the Y1-21 product (a) and
the Yb9-21 product (b), with major peaks indexed. The full diffractograms
are given in figures C.19 and C.16.
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in those phases also differs. For YbOOH, the Lorentzian volume
weighted mean crystallite size obtained from Rietveld refinement
typically is below 100 nm, whereas no broadening (beyond what
is caused by instrumental resolution) is observed for Y(OH)3. Peak
broadening is also observed for h-YbMnO3 but not for h-YMnO3, as
can be seen by examining the peak shapes of h-LnMnO3 in Figure 4.7.
However, SEM will be used as the primary tool to assess the size of
the h-LnMnO3 particles, see Section 4.3.

A final difference between the diffractograms in Figure 4.7 is the
presence of KMn2O5.44 in the Y1-21 product, but not in the Yb9-21
product. However, this is not a consistent trend across the other synthe-
ses, and the amount of KMn2O5.44 is very low (<1 wt%) even in Y1-21
(the peaks of KMn2O5.44 being intense due to preferred orientation
rather than high content).

4.1.7 A remark about uncertainty

In all refinements carried out except the refinement of the Y-11 syn-
thesis, which was discussed in Section 4.1.2, all major peaks have
been identified and refined. However, small shoulders, intensity mis-
matches, and/or minor unidentified peaks remain in some of the
diffractograms and warrant attention in the future. Hence, the true
phase compositions may differ slightly from those reported in the
previous sections, especially in the refinements with high Rwp values.

Two repeats of one of the syntheses (Yb3-21) were carried out to get
an idea of the reproducibility and uncertainty in the phase composi-
tions. The two repeats were made from different batches of precursor
solutions (see Section 3.2) to see if any differences from the batch
change could be observed, but all three syntheses are otherwise iden-
tical. Full phase composition and Rwp values of the three syntheses
as obtained from the Rietveld refinements are given in Table B.7.

While the phase composition does differ from synthesis to synthesis,
the Yb5-21 synthesis made from a different batch of precursor solutions
does not seem to differ more from the two other syntheses than Yb3-21
differs from Yb4-21. The phase purity of h-YbMnO3 is 72, 75, and
80 wt% for Yb3-21, Yb4-21, and Yb5-21, respectively, yielding an
average phase purity of 76 wt%. The sample standard deviation is
3.7 percentage points, serving as a measure of the uncertainty and
reproducibility of the phase purities that have been reported.
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4.2 lattice parameters

The lattice parameters of h-YbMnO3 as obtained from Rietveld refine-
ments are given in Table 4.6. Correspondingly, the lattice parameters
of h-YMnO3 are listed in Table 4.7. Literature values for h-LnMnO3
synthesized by high-temperature methods are also included for com-
parison. For h-YbMnO3, the values reported by Liu et al. [47], who
prepared h-YbMnO3 by a flux method at 1200 ◦C described by Choi et
al. [91], are used. For h-YMnO3, the values reported by Katsufuji et al.
[46] are used. They prepared their samples by sintering stochiometric
amounts of Y2O3 and MnO2 at 1200, 1270, and 1350 ◦C as described
by the same author in [92].

Table 4.6: Lattice parameters of h-YbMnO3 in all products confirmed by
XRD to contain that phase. The parameters were obtained from Rietveld
refinements. As a reminder, the reaction conditions are also given, except the
hydroxide concentration, which can be read from the synthesis ID. Literature
value from Liu et al. [47]. The phase purity of h-YbMnO3 is also given.

ID Precursor [Yb3+] Treaction Time h-YbMnO3 a c

type [M] [◦C] [hours] content [wt%] [Å] [Å]

Literature 6.0629 11.353

Yb2-11 Salt 0.17 130 24 67 6.100 11.35

Yb3-11 Salt 0.17 130 72 76 6.086 11.35

Yb4-11 Salt 0.17 150 24 75 6.075 11.35

Yb5-11 Oxide 0.17 150 24 1 6.020 11.37

Yb6-11 Salt 0.31 240 24 87 6.065 11.36

Yb1-21 Salt 0.17 110 24 48 6.080 11.36

Yb2-21 Salt 0.17 130 24 75 6.069 11.35

Yb3-21 Salt 0.17 150 24 72 6.068 11.36

Yb4-21* Salt 0.17 150 24 75 6.066 11.36

Yb5-21* Salt 0.17 150 24 80 6.071 11.36

Yb6-21 Oxide 0.17 150 24 32 6.107 11.35

Yb7-21 Salt 0.17 240 24 86 6.066 11.36

Yb8-21 Salt 0.17 240 72 84 6.066 11.36

Yb9-21 Salt 0.31 240 24 86 6.065 11.36
*Repeats of Yb3-21

With ytterbium as the rare-earth element, only small variations in
the c lattice parameter are observed (apart from the Yb5-11 product,
where the h-YbMnO3 content is only 1%). The values are also similar
to the literature value. For the a parameter, on the other hand, slightly
larger variations are observed. The most prominent trend may be that
the a parameters from the hydrothermal syntheses in this study are
considerably larger than the value reported by Liu et al. [47]. Also, the
products synthesized hydrothermally in this study seem to display
slightly larger a when synthesized at lower temperature, especially
in the series with 10.6 M KOH. The products synthesized from oxide
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Table 4.7: Lattice parameters of h-YMnO3 in all products confirmed by XRD to
contain that phase. The parameters were obtained from Rietveld refinements.
As a reminder, the reaction conditions are also given, except the hydroxide
concentration, which can be read from the synthesis ID. Literature value
from Katsufuji et al. [46]. The phase purity of h-YMnO3 is also given.

ID Precursor [Y3+] Treaction Time h-YMnO3 a c

type [M] [◦C] [hours] content [wt%] [Å] [Å]

Literature 6.1483 11.443

Y-16 Salt 0.17 240 24 81 6.154 11.39

Y1-21 Salt 0.17 240 6 84 6.164 11.38

Y2-21 Salt 0.17 240 24 90 6.157 11.38

Y3-21 Salt 0.17 240 48 89 6.156 11.38

Y4-21 Salt 0.17 240 72 84 6.156 11.38

Y5-21 Oxide 0.17 240 72 85 6.142 11.40

precursors both display very different a from those synthesized from
salt precursors, but the effect is inconsistent - oxide precursors seem
to result in smaller a at 10.6 M KOH and larger a at 21.2 M KOH. It
should also be noted that the phase purity of h-YbMnO3 is very low
for those two products (1 and 32 wt%), which may render the value
obtained from Rietveld refinements less reliable.

With yttrium as the rare-earth element, larger a parameter for the
hydrothermally synthesized h-YMnO3 in this study compared to the
value of h-YMnO3 synthesized by solid-state synthesis [46, 92] is also
observed. Further, the c parameter appears to be considerably smaller
for the products in this study than the value reported by Katsufuji et
al. [46]. Finally, the Y5-21 product from oxide precursors appears to
have smaller a and larger c than the products from salt precursors.

4.3 microstructure

SEM analysis shows that the h-LnMnO3 formed in this work displays
platelet morphology. However, the size and shape of the platelets vary
significantly depending on reaction conditions, and will be discussed
in the following. Since the microstructure of the h-YbMnO3 particles
is seen to differ considerably from that of the h-YMnO3 particles, they
will be discussed separately.

4.3.1 The microstructure of hexagonal YbMnO3

Small, dense platelets are the predominant morphology of h-YbMnO3
in all synthesis products. Examples can be seen in Figure 4.8, where
SEM images of particles synthesized at different temperature and
hydroxide concentration, but otherwise under identical conditions, are
shown.
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10.6 M KOH 21.2 M KOH

110 ◦C No data
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130 ◦C

(b) (c)

150 ◦C

(d) (e)

240 ◦C No data

(f)

Figure 4.8: Comparison of representative h-YbMnO3 particles from 24 h
syntheses with different temperature and hydroxide concentration. Those
two parameters are given in the figure, the reaction conditions are otherwise
identical.
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24 h 72 h

130 ◦C,
10.6 M KOH

(a) (b)

240 ◦C,
21.2 M KOH

(c) (d)

Figure 4.9: The effect of reaction time on h-YbMnO3 microstructure for two
different sets of reaction conditions. Reaction conditions which are not
specified in the figure are identical for all four syntheses.

With the exception of the Yb1-21 product depicted in Figure 4.8a,
the platelets have a diameter around 1 µm or below. Most particles also
have a rough, almost flower-like morphology. Further, the trend ap-
pears to be that the particle size decreases as the temperature increases,
although it is hard to be certain as the particles display a relatively
broad size distribution. The two different hydroxide concentrations
used do not appear to result in significantly different particle size.

Two sets of reaction conditions were used for both a 24 h synthesis
and a 72 h synthesis. The microstructure of the products are shown in
Figure 4.9. No significant difference is observed from different reaction
times within each set of reaction conditions.

The products from the Yb6-11 and Yb9-21 syntheses, which were
performed with higher cation concentration than the other synthe-
ses, are shown in Figure 4.10. The Yb7-21 product is also shown for
comparison, as it was synthesized under identical conditions as the
Yb9-21 product apart from cation concentration. Whereas the products
synthesized with 21.2 M KOH do not appear to differ much despite
different cation concentrations, the product synthesized with 0.31 M
Yb3+ and 10.6 M KOH (see Figure 4.10b) seems to consist of somewhat
larger particles than the product with similar cation concentration,
but higher hydroxide concentration (Figure 4.10c). Interestingly, this
effect is not seen at lower cation concentration; the different hydroxide
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10.6 M KOH 21.2 M KOH

0.17 M Yb3+ No data

(a)

0.31 M Yb3+

(b) (c)

Figure 4.10: SEM images of h-YbMnO3 from the products synthesized at
higher cation concentration, as well as from the Yb7-21 product for compari-
son. Reaction conditions which are not specified in the figure are identical
for all three syntheses. 240 ◦C, 24 h.

concentration does not seem to significantly affect the particle size in
Figure 4.8.

While the parameters discussed so far are seen to have either no
or only a slight effect on the product microstructure, considerable
difference is observed when the precursor type is varied. Particles
synthesized from different precursor types but otherwise under similar
conditions are seen in Figure 4.11. The particles from oxide precursors
(Figure 4.11a) are significantly larger than those from salt precursors
(Figure 4.11b), and also seem to have a smoother surface.
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Salt precursors Oxide precursors

(a) (b)

Figure 4.11: The effect of precursor type on h-YbMnO3 microstructure. Re-
action conditions are similar apart from the precursor type. 150 ◦C, 21.2 M
KOH, 24 h.

4.3.2 The microstructure of hexagonal YMnO3

Morphology of h-YMnO3 as a function of reaction time for the Y1-21 -
Y4-21 products is presented in Figure 4.12. Apart from the reaction
time, the four syntheses were performed under identical conditions.

After 6 h of heating, only dense particles are observed (figures
4.12a and 4.12b). Most particles are also dense after 24 h (Figure
4.12c), but some particles have a hole or at least an interior that
appears to have started dissolving. An example can be seen in Figure
4.12d. After 48 hours, however, several particles where the interior
has started dissolving (Figure 4.12e) as well as completely hollow
platelets with donut-like morphology (Figure 4.12f) are seen, although
some dense platelets also remain. In the Y4-21 product (from 72 h
heating), most particles have a completely formed hole and display the
donut morphology exemplified in Figure 4.12h. Figure 4.12g shows an
almost dense particle with only a very small hole, whereas the donut
morphology seen in 4.12h is the predominant one.

Particles with a clear hexagon shape appear to be hollow less fre-
quently (or have a smaller hole such as in Figure 4.12g) than the
possibly polycrystalline particles without distinct hexagon shape (seen
for instance in Figure 4.12e and 4.12h).
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(b)

24 h

(c) (d)

48 h

(e) (f)

72 h

(g) (h)

Figure 4.12: Comparison of representative particles from the Y1-21 - Y4-21
syntheses, all synthesized under identical reaction conditions (240 ◦C, 21.2
M KOH), but with varying reaction time. The reaction time is given in the
figure.
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The particle and hole diameter of 21-40 particles for each product
have been measured in an attempt to understand the growth of the
hollow structures. The measured particle sizes are presented in Figure
4.13, where each data point as well as the average size after each
reaction time are plotted. No clear trend in the reaction time’s impact
on the particle diameter is observed. The average particle diameters
after 6, 24, 48, and 72 hours are 19 µm, 34 µm, 17 µm, and 29 µm,
respectively. It should be noted that the uncertainty in the measured
sizes is considerable with a sample size that small and a broad size
distribution.

Figure 4.13: Size distribution of h-YMnO3 particles from the Y1-21 - Y4-21
syntheses. Data points are plotted as blue circles, the average diameter for
each product is plotted as a filled red circle. The syntheses were performed
under identical conditions except reaction time. Sample sizes of 21, 29, 40, and
31 particles were used for the 6 h, 24 h, 48 h, and 72 h reactions, respectively.

The average hole diameter, on the other hand, displays a clearer
trend, which can be seen in Figure 4.14. From being zero after 6
hours, the average hole diameter increases when the reaction time
is increased to 24 and especially 48 hours, before stabilizing slightly
above 3 µm. It should be noted that all particles measured, including
the completely dense ones, are included in the computation of the
average hole diameter. Thus, the average hole size for the particles that
are actually hollow will be larger than the values plotted in Figure
4.14. It should further be noted that that although the average hole
diameter does not change much from 48 h to 72 h when particles that
are becoming hollow are counted, the number of particles where a
hole has been completely formed substantially increases from 48 h to
72 h.
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Figure 4.14: Hole diameter as a function of reaction time for the Y1-21 - Y4-21
products. The particles used in the size measurement in Figure 4.13 were
also used to obtain data on hole diameter (i.e., the sample sizes are 21, 29,
40, and 31 for the 6 h, 24 h, 48 h, and 72 h reactions, respectively). Particles
without hole are spread along the time axis only for visibility. For the 6 h
synthesis, only the average is shown as the data points are all zero (i.e., all
particles are dense).

To further elucidate the formation mechanism of the donut mor-
phology, EDXS spot analysis was carried out on particles from the
Y1-21 product in order to determine if the stochiometric composition
changed throughout each particle. A particle from which five different
spectra was obtained, each at a different spot, is seen in Figure 4.15.
An example of the yttrium to manganese ratio obtained from the spot
analysis is plotted in Figure 4.16. It is close to 1 (which is the Y/Mn
ratio in h-YMnO3) across the entire particle, a trend that is consistent
for all particles on which EDXS was performed. For the particle shown
in Figure 4.15, the Y/Mn ratio is highest near the core and lowest near
the edges. However, higher yttrium content near the core does not
seem to be a consistent trend exhibited by all particles analyzed. The
main conclusion drawn from the EDXS analysis thus is that the dense
particles after 6 h heating consist of a single phase all the way through,
namely h-YMnO3.
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Figure 4.15: One of the h-YMnO3 particles on which EDXS was performed.
One spectrum was obtained from each of the spots marked with a green
number and a yellow cross, and each spectrum was used to calculate the
elemental composition (see Section 3.3.3 for details).
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Figure 4.16: Stochiometric yttrium to manganese ratio at different spots on
the particle depicted in Figure 4.15 (from the Y1-21 product). The entries on
the x-axis correspond to the spots indicated in Figure 4.15.

SEM images of the Y5-21 product are given in Figure 4.17. The
product was synthesized from oxide precursors, but otherwise under
conditions identical to the Y4-21 synthesis. Both dense ( Figure 4.17a)
and hollow (Figure 4.17b) particles are present in the product. In many
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(a) (b)

Figure 4.17: SEM images of h-YMnO3 from Y5-21, synthesized from oxide
precursors, but otherwise under the same conditions as the Y4-21 product
seen in subfigures 4.12g and 4.12h; 240 ◦C, 21.2 M KOH, 72 h.

of the dense particles, however, the interior appears to have started
dissolving, as can be seen in Figure 4.17a.

When compared to the Y4-21 product synthesized from salt pre-
cursors (see figures 4.12g and 4.12h), the Y5-21 product consists of
significantly smaller particles, with a typical diameter of about 3 µm.
Interestingly, this is the exact opposite of what was observed with
ytterbium as the rare-earth element, where oxide precursors resulted
in considerably larger particles (see Figure 4.11).

The product from the Y-16 synthesis mostly consists of fragments of
h-YMnO3 platelets. Since the particles are broken, presumably from the
grinding step between synthesis and characterization (see Section 3.2),
their size and exact morphology (including whether hollow particles
are present) could not be determined. An example of the broken
particles is given in Figure A.3 in Appendix A.

4.4 observations during synthesis

During mixing of the salt precursors, two interesting observations
were made by visual inspection. First, adding KOH to a mixture
of Ln(NO3)3 and KMnO4 resulted in the formation of a precipitate.
Second, brown color was observed upon adding pink MnCl2 solution
to a purple reaction mixture containing KMnO4, Ln(NO3)3, and KOH.

When oxide precursors were used, they did not dissolve prior to
autoclave heating.
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D I S C U S S I O N

In this chapter, interesting observations from Chapter 4 will be dis-
cussed, organized by the different reaction parameters’ effect. The key
observations will then be summarized and tied together in a proposed
reaction mechanism.

5.1 reaction parameters and their effect

5.1.1 The effect of temperature

The increase in h-YbMnO3 content when the temperature is increased
along with the decrease in YbOOH content suggests that the LnOOH
phase is an intermediate in the reaction towards h-LnMnO3 formation,
as has been suggested earlier [33, 34], including in the author’s spe-
cialzation project [84]. Higher temperature could favor the reaction
between LnOOH and manganese species towards h-LnMnO3 directly,
or possibly indirectly by favoring the formation of LnOOH, thus giving
the LnOOH phase more time to react with manganese. Since a pre-
cipitate is formed when KOH is added to Ln(NO3)3 (see Section 4.4),
Ln(OH)3 is likely present in the early stages of the reaction, and dehy-
dration of Ln(OH)3 into LnOOH is reported to be favored by increased
temperature [33, 34, 82]. However, since products from syntheses with
ytterbium at 150 ◦C or below contain significant amounts of YbOOH,
but no Yb(OH)3 (see Table 4.1), the transition from Yb(OH)3 to YbOOH
may be fast compared to the reaction between YbOOH and manganese
species to form h-YbMnO3. It is thus proposed that higher tempera-
ture primarily favors h-YbMnO3 formation by facilitating the reaction
between YbOOH and manganese species.

The decline in Mn3O4 content at higher temperature can be seen
in context with the increased amount of h-YbMnO3 and decreased
amount of YbOOH. If high temperature favors the reaction between
manganese and YbOOH, more manganese should be consumed when
h-YbMnO3 is formed from YbOOH, providing an explanation of the
lower amount of Mn3O4 at higher temperature which is also in line
with the explanation of higher h-YbMnO3 amount and lower YbOOH
amount.

The Mn4+-containing YbMn2O5 and Yb2Mn2O7 phases are only seen
in appreciable amounts at higher temperature, which could be due to
disproportion of Mn3+ (which is the initial average oxidation state of
manganese) into Mn2+ and Mn4+. However, since the Mn2+-containing
Mn3O4 phase is less abundant at higher temperature, an increase in the
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average oxidation number of manganese may be more likely. Since the
autoclaves are prepared under atmospheric conditions, air is present
during the reactions, and dissolved O2 might oxidize Mn3+ into Mn4+.
Nevertheless, disproportion of Mn3+ into Mn2+ and Mn4+ cannot be
ruled out, as Mn2+ could be present in the solution and thus lost in
the filtration step instead of reacting to Mn3O4, in which case it would
not be seen in the XRD diffractograms.

When salt precursors are used, higher temperature also seems to
result in smaller particle size (see Figure 4.8). Faster nucleation is a
possible explanation because it would lead to more nuclei forming
and thus faster consumption of growth species in the growth phase,
resulting in many small particles rather than fewer and larger particles.
This was proposed as an explanation of similar observations in the
author’s specialization project [84]. However, this hypothesis has a
weakness - since the reaction towards h-LnMnO3 presumably proceeds
via solid Ln(OH)3 and LnOOH, and Ln(OH)3 is seen as a precipitate
before heating, the nucleation should start already at room tempera-
ture and thus not depend strongly on the reaction temperature. Thus,
less time for growth might be a more feasible explanation for smaller
particle size than faster nucleation. Since the Ln(OH)3 phase can grow
simply by incorporating Ln3+ and OH– ions from the solution and the
LnOOH phase cannot (as that would require Ln(OH)3 to form and
then dehydrate), it is assumed that primary growth of the particles
that will eventually form h-LnMnO3 mostly occurs while they are in
the Ln(OH)3 phase. If so, smaller particle size at higher temperature
can be explained by higher temperature favoring the dehydration of
Ln(OH)3 into LnOOH, thus decreasing the time the Ln(OH)3 particles
have to grow before transitioning into the LnOOH phase that does not
grow as easily.

5.1.2 The effect of hydroxide concentration

High hydroxide concentration is also seen to favor h-LnMnO3 forma-
tion. Based on the observation that the Y-16 product contains more
Y(OH)3 than the Y2-21 product, which was synthesized under iden-
tical conditions apart from hydroxide concentration (see Table 4.2),
high hydroxide concentration could favor h-LnMnO3 formation by
facilitating dehydration from Ln(OH)3 to LnOOH. This is in line with
Marshall et al. [33], who also reported that the dehydration reaction
from Y(OH)3 to YOOH is favored by high hydroxide concentration. If,
for a given temperature, the hydroxide concentration is so low that
the dehydration is non-spontaneous, it may be impossible to form
h-LnMnO3. The syntheses shown in figures 4.3 and 4.4 that did not
yield any h-LnMnO3 may be examples of temperature and hydroxide
concentration both being too low for the dehydration to LnOOH to be
spontaneous.
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For the reactions with ytterbium, high hydroxide concentration is
also seen to favor h-LnMnO3 formation (see Figure 4.1), even though
no Yb(OH)3 is seen in any of the products. Hence, it is possible
that hydroxide does not only favor the dehydration from Ln(OH)3 to
LnOOH, but also the reaction from LnOOH to h-LnMnO3.

The different hydroxide concentrations used in this study do not
appear to result in significantly different microstructure of the prod-
ucts, neither with respect to particle size nor morphology (see Figure
4.8). In the author’s specialization project, on the other hand, higher
hydroxide concentration was seen to result in significantly smaller
particles [84]. However, lower hydroxide concentrations were used
than in this study, so it could be that higher hydroxide concentration
leads to smaller particles up to a certain point where it is so high that
it does not affect the particle size anymore. Interestingly, when the
Yb6-11 and Yb9-21 syntheses with 0.31 M Yb3+ are compared, the par-
ticles synthesized with 10.6 M KOH may be slightly larger than those
synthesized with 21.2 M KOH (see Figure 4.10). As the [OH–]/[Yb3+]
ratio is lower for these syntheses with higher cation concentration,
this observation substantiates the hypothesis that higher hydroxide
concentration leads to smaller particles only up to a certain point.

5.1.3 The effect of reaction time

At 130 ◦C and 10.6 M KOH, the increase in h-YbMnO3 content and
decrease in YbOOH and Mn3O4 content over time indicate that the
reaction between YbOOH and manganese species to form h-YbMnO3 is
slow compared to when the temperature and hydroxide concentration
are higher, as a similar increase in h-YbMnO3 content over time is not
observed at 240 ◦C and 21.2 M KOH (see Section 4.1.3). This is in line
with the discussion in sections 5.1.1 and 5.1.2.

At 240 ◦C and 21.2 M KOH, on the other hand, the phase purity
of h-LnMnO3 is not seen to change much as the reaction time is
changed for either rare-earth element. However, the change in the
other phases in the products is instructive for understanding how
the reaction proceeds. Notably, the content of incompletely reacted
rare-earth element (YbOOH in the case of ytterbium and Y(OH)3 in
the case of yttrium) is seen to decrease over time. The LnMn2O5 and
Ln2Mn2O7 phases, on the other hand, are more abundant after longer
reaction time. Since both changes are observed while the h-LnMnO3
content remains largely unchanged, it is possible that h-LnMnO3 is
converted to LnMn2O5 (or Ln2Mn2O7), and that more h-LnMnO3 is
parallelly formed from the LnOOH phase (or from Y(OH)3 via YOOH
when Ln=Y). LnMn2O5 is the thermodynamically most stable phase in
the low temperature range used in syntheses in this study [50, 51], but
it requires oxidation of Mn3+ (the initial average oxidation state) to
Mn4+. Thus, while increased reaction time may aid the incompletely
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reacted Ln(OH)3 and LnOOH phases in reacting towards h-LnMnO3, it
may also increase the extent to which the thermodynamically favored
LnMn2O5 is formed at the expense of h-LnMnO3 since more Mn3+ can
be oxidized to Mn4+ when the reaction time is long.

While reaction time is not seen to significantly impact the product
microstructure with ytterbium as the rare-earth element (see Figure
4.9), it certainly does when yttrium is used (see Figure 4.12). Hollow
particles are the predominant morphology after 48 and 72 h, whereas
all particles are dense after 6 h. As was discussed in Section 2.3.3,
hollow particles can form in several ways. However, the EDXS analysis
performed on the Y1-21 product provides insight that may rule out
some of the possibilities. For instance, the EDXS analysis would have
revealed it if the core of the particles from the 6 h synthesis consisted of
a different phase than the exterior. Since the particles have a constant
Y/Mn ratio all the way through, the mechanism with a different and
dissolving phase at the core that was proposed by Budhysutanto et
al. [70] is considered an unlikely explanation of the hollow particles
seen in this study. Similarly, the Kirkendall effect seems unlikely when
the particles consist of a single phase (as the diffusibility should then
be similar throughout the whole particle so that no net flux of mass
from the core is expected). Since the particles are initially dense and
then turn hollow, oriented attachment of primary nanoparticles into
hierarchical hollow structures as reported by Wannapop et al. [65] is
also considered unlikely. The inside-out Ostwald ripening mechanism,
which has been seen for several other oxide materials [66–68], on the
other hand, does not appear to contradict any of the observations
made, and is thus proposed as the mechanism for formation of hollow
particles in this study. This hypothesis is also in line with particles
with distinct hexagon shape appearing to be hollow less frequently
than possibly polycrystalline particles without distinct hexagon shape,
as polycrystalline particles may be more prone to dissolving than
single-crystals due to higher energy at grain boundaries and thus
lower energy cost of dissolution.

While Ostwald ripening normally involves the dissolved material
redepositing on a larger particle of the same phase, it cannot be ruled
out that the dissolved material from the particle cores is involved in
forming the YMn2O5 phase that becomes more abundant when the
reaction time is long.

As hollow particles have larger surface area per mass than dense
particles of the same size, the hollow particles formed in this study
may be well suited for catalysis, which is a possible application of
ferroelectric materials (see Section 2.1).
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5.1.4 The effect of precursor type

Precursor type does not appear to affect the product composition
much when yttrium is the rare-earth element, but considerable differ-
ences between products synthesized from salt and oxide precursors
with ytterbium as the rare-earth element (see Table 4.5). While h-
YbMnO3 is the main product from salt precursors, YbOOH is the most
abundant phase in the products from oxide precursors, indicating that
the reaction between YbOOH and manganese to form h-YbMnO3 is
to a large extent incomplete in those syntheses. Indeed, significant
amounts of the precursor Mn2O3 is seen in both products from oxide
precursors, especially in the product synthesized with lower hydrox-
ide concentration. The presence of Mn2O3 in the products suggests
that the lack of h-YbMnO3 is due to incomplete dissolution of Mn2O3,
and the greater amount of Mn2O3 when the hydroxide concentration
is low is in line with observations made by Stampler et al. [34], who
noticed that high pH promotes dissolution of Mn2O3, presumably
due to formation of the soluble Mn(OH) –

4 complex. Stampler et al.
also proposed that Ln2O3 precursors first react with water to form
Ln(OH)3 and then dehydrate to LnOOH. Since YbOOH is seen in large
amounts in the products from oxide precursors in this study, but very
little Yb2O3 and Yb(OH)3 is seen, the reactions the Yb2O3 precursor
undergoes appear to have completed, so that lacking dissolution of
the manganese precursor is the primary factor limiting h-YbMnO3
formation.

It should be noted that while the difference in phase composition
between products synthesized from salt and oxide precursors are
negligible in syntheses with yttrium, the reaction temperature was
considerably higher for the syntheses with yttrium (240 ◦C instead of
150 ◦C, see Table 4.5). Thus, the impact of precursor type on phase
composition in the syntheses with ytterbium, but not in those with
yttrium is not necessarily due to differences in the rare-earth metals’
properties, but could very well simply be due to Mn2O3 dissolving
more easily at higher temperature.

h-LnMnO3 products from salt precursors are seen to be much smaller
than products from oxide precursors when ytterbium is used as the
rare-earth element, whereas it is the other way around for yttrium (see
figures 4.11, 4.12, and 4.17). A possible reason for the precursor type’s
effect on particle size is the reaction from oxide precursors proceeding
only through solid phases towards h-LnMnO3 such as Stampler et al.
proposed [34]. If the reaction from Ln2O3 to h-LnMnO3 is a chain of in
situ transformations, the size of the Ln2O3 precursors is expected to
affect the size of the h-LnMnO3 products (see Section 2.4.2). While such
a mechanism may explain why precursor type affects the product size,
it does not explain why salt precursors result in smaller particles than
oxide precursors when ytterbium is used and larger particles when
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yttrium is used. This difference is one of the topics to be discussed in
Section 5.1.5.

5.1.5 The effect of Ln element

One of the most noticeable differences between the yttrium and yt-
terbium systems may be that incompletely reacted rare-earth element
occurs as different phases for the two elements – almost exclusively
as YbOOH for ytterbium and as Y(OH)3 for yttrium. A possible inter-
pretation is that the dehydration from Ln(OH)3 to LnOOH is the rate
limiting step when Ln=Y, whereas it is the reaction between LnOOH
and manganese species towards h-LnMnO3 when Ln=Yb. This is in
line with Y(OH)3 being reported to be more persistent than Yb(OH)3
[82], which is also expected based on the elements’ ionic radii (see
Section 2.4.3). Interestingly, the different phases incompletely reacted
rare-earth element occurs in can be seen in context with SEM imaging,
which reveals that the h-YMnO3 particles formed are much larger
than the h-YbMnO3 particles when salt precursors are used. Along the
lines of the discussion in section 5.1.1, faster dehydration may result
in less time for growth of the Ln(OH)3 particles and in turn smaller
h-LnMnO3 particles. This hypothesis is substantiated by XRD peak
broadening being observed in the YbOOH phase when ytterbium is
used, but not in the Y(OH)3 phase when yttrium is used, indicating
that the intermediate Yb(OH)3 phase dehydrates to YbOOH when the
Yb(OH)3 particles are smaller than the size the Y(OH)3 particles reach.
It should further be noted that while both Y(OH)3 and Yb(OH)3 have
low solubility in water, Yb(OH)3 is slightly more soluble than Y(OH)3
[93]. Hence, an alternative explanation of the smaller particle size of
when ytterbium is used could be that the driving force for growth of
Ln(OH)3 ceases earlier when Ln=Yb due to higher solubility and thus
lower supersaturation.

As a final major difference between the yttrium and ytterbium
systems, the hollow particles resulting when yttrium is used but not
when ytterbium is used should be discussed. Once again, it might be
instructive to consider the XRD and SEM results in context. Since no
product synthesized with yttrium contains any YOOH but unreacted
YbOOH is seen in several products from syntheses with ytterbium,
the reaction between LnOOH and manganese to form h-LnMnO3 may
be faster when Ln=Y than when Ln=Yb (not to be confused with the
dehydration from Ln(OH)3 to LnOOH, which is suggested to be faster
for Ln=Yb). If the reaction to form h-YMnO3 is faster when yttrium is
used, the manganese may have less time to diffuse to the energetically
most favorable sites before incorporating, resulting in a slightly less
crystalline interior of the h-YMnO3 particles than of the h-YbMnO3
particles. Since less crystalline particle core has been proposed as
a driving force for inside-out Ostwald ripening [66] (presumably
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because lower degree of crystallinity leads to higher energy, so that
the energy cost of the interior dissolving is small), the possibly faster
reaction from YOOH to h-YMnO3 indicated by XRD may explain why
the h-YMnO3 particles turn hollow, but the h-YbMnO3 particles do
not.

5.2 lattice parameters

While the reaction parameters’ effect on the lattice parameters of
h-LnMnO3 is somewhat inconsistent in this study, the a parameter
generally appears to be larger than the values reported from high-
temperature synthesis methods both when ytterbium and yttrium is
used (see tables 4.6 and 4.7). The reason for this may be ions diffusing
in and occupying interstitial positions in the lattice structure when a
hydrothermal approach is used. For h-YMnO3 it has been reported
that O2– interstitials occupy the AB-plane (which is perpendicular to
the c-axis) [94]. In analogy to this, interstitial OH– in the AB-plane is
a possible explanation of enlarged a compared to high-temperature
synthesis approaches, as high hydroxide concentration is used in this
study.

5.3 proposed reaction mechanism

Since a precipitate is formed when Ln(NO3)3 and KOH are mixed,
the first step in the reaction from salt precursors is proposed to be a
preciptitation of Ln(OH)3:

Ln3+(aq) + 3OH–(aq) Ln(OH)3(s). (5.1)

The presence of YbOOH in several products along with the phase
composition’s dependence on temperature and hydroxide concentra-
tion (see sections 5.1.1 and 5.1.2) suggest that dehydration of Ln(OH)3
to LnOOH also is a step in the reaction:

Ln(OH)3(s)
∆ LnOOH(s) + H2O. (5.2)

Exactly how the LnOOH phase reacts with manganese species to form
h-LnMnO3, and whether the reaction is a single step or consists of
several, can not be determined from the experiments conducted in
this study. An overall reaction equation between LnOOH and the
manganese precursors used and in alkaline environment would be

5LnOOH(s) + 4Mn2+(aq) + MnO –
4 (aq) + 7OH–(aq)

5LnMnO3(s) + 6H2O,
(5.3)



52 discussion

but Equation 5.3 may consist of several steps, and could for instance
involve reaction between Mn2+ and Mn7+ to form Mn3+ before the
manganese reacts with LnOOH. This would be in line with the brown
color observed when mixing purple KMnO4 with pink MnCl2 (see
Section 4.4).

The proposed total reaction when salt precursors are used becomes

5Ln(NO3)3(aq) + KMnO4(aq) + 4MnCl2(aq) + 22KOH(aq)

5LnMnO3(s) + 11H2O + 8KCl(aq) + 15KNO3(aq),
(5.4)

which is analogous to Equation 2.6 proposed by Kumar et al. [37],
although the latter was proposed to consist of just a single step from
dissolved ions.

The observations leading to these reactions to be proposed are in
line with those made in the author’s specialization project [84], and
similar reaction steps were proposed and discussed in detail there.
Since the reaction steps alone cannot explain the interesting differences
between the yttrium and ytterbium system, a more comprehensive
reaction mechanism is proposed in the following.

The proposed mechanism from salt precursors when yttrium is used
is illustrated in Figure 5.1. Starting from dissolved Y3+ and OH– ions,
Y(OH)3 particles nucleate and grow. They keep growing until they
dehydrate to YOOH in an in situ transformation. After this transfor-
mation, growth can no longer occur as easily because growth species
would have to first nucleate as Y(OH)3 on the YOOH phase and then
dehydrate. Hence, it is assumed that the size of the product h-YMnO3
particles is largely determined by the size of the Y(OH)3 particles
when they dehydrate to YOOH. After the dehydration, YOOH can
react with manganese species and hydroxide (possibly in the form
of Mn(OH) –

4 ) to form h-YMnO3. Exactly how this reaction proceeds
can not be determined with certainty from the experiments conducted
in this study. It is possible that manganese and hydroxide diffuse
into the YOOH phase and react directly towards h-YMnO3 (see step
(a) in Figure 5.1). However, nucleation of h-YMnO3 on the surface of
YOOH (step (b) in Figure 5.1) followed by growth on or into the YOOH
phase may be more likely. If so, the possibly polycrystalline h-YMnO3
particles without distinct hexagon shape could form when several
h-YMnO3 nuclei form on one YOOH particle and then grow together,
whereas particles with hexagon shape are single-crystals arising from
one nucleation site. Whether the reaction proceeds through step (a)
or (b), the size of the YOOH particles limits the size of the h-YMnO3
particles because the reaction towards h-YMnO3 proceeds via solid
YOOH. The concentration of Y3+ in the solution is assumed to be very
low because of the high hydroxide concentrations used in this study
and the low solubility of Y(OH)3 [93]. Most of the initial Y3+ will thus
have precipitated as Y(OH)3 and then dehydrated to YOOH, so that
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Figure 5.1: Proposed reaction mechanism for salt precursors when yttrium is
used as the rare-earth element. The Mn3+ and OH– reacting with YOOH to
form h-YMnO3 may be in the form of the Mn(OH) –

4 complex.

h-YMnO3 can only grow on or into the YOOH particles. The hypothe-
sis that the size of the h-YMnO3 particles is limited by the size of the
YOOH particles they react from is also consistent with the h-YMnO3
particle size displaying no clear dependence on reaction time (see
Section 4.3.2). After having formed, the h-YMnO3 particles eventually
turn hollow by mechanism of Ostwald ripening when heated long
enough (about 48-72 h).

When ytterbium is used instead of yttrium, several differences are
seen in the products, as was discussed in detail in Section 5.1.5. The
h-YbMnO3 particles are dense and much smaller than the h-YMnO3
particles, and incompletely reacted rare-earth element occurs in the
YbOOH phase when ytterbium is used and in Y(OH)3 when yttrium
is used. It is thus proposed that while the dehydration from Ln(OH)3
to LnOOH is the rate limiting step when Ln=Y, it is fast when Ln=Yb,
leaving less time for Yb(OH)3 to grow before dehydrating and thus
resulting in smaller particles of YbOOH and in turn h-YbMnO3 (see
Figure 5.2 for proposed mechanism). XRD peak broadening observed
for YbOOH, but not for Y(OH)3 also indicates that the intermediate
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Figure 5.2: Proposed reaction mechanism for salt precursors when ytterbium
is used as the rare-earth element. In the last step, manganese and hydroxide
may either diffuse into the YbOOH phase and form h-YbMnO3 directly
(analogous to step (a) in Figure 5.1), or h-YbMnO3 may nucleate on YbOOH
and grow on or into it (analogous to step (b) in Figure 5.1). The Mn3+ and
OH– reacting with YbOOH to form h-YbMnO3 may be in the form of the
Mn(OH) –

4 complex.

Yb(OH)3 particles dehydrate to YbOOH before reaching the size the
Y(OH)3 particles reach. While faster dehydration and thus shorter time
to grow could be the reason why the Yb(OH)3 are smaller when they
dehydrate than the Y(OH)3 particles are, it could also be due to higher
solubility of Yb(OH)3 [93], resulting in lower supersaturation and thus
slower growth. A combination of the two effects is also possible.

The reaction from LnOOH to h-LnMnO3, on the other hand (see
Equation 5.3), may be faster when Ln=Y, which could explain why
the inside-out Ostwald ripening is seen for h-YMnO3, but not for
h-YbMnO3. The hypothesis that Equation 5.2 is rate limiting when
Ln=Y and Equation 5.3 is rate limiting when Ln=Yb is substantiated by
incompletely reacted rare-earth element occurring almost exclusively
as YbOOH and Y(OH)3 when Ln=Yb and Ln=Y, respectively.

When oxide precursors are used instead of salt precursors, similar
difference in particle size from the two elements is not seen. The
reaction from oxide precursors is thus assumed to follow the steps
proposed by Stampler et al. [34]: First, Ln2O3 reacts with water to form
hydroxide,

Ln2O3(s) + 3H2O 2Ln(OH)3(s), (5.5)
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followed by dehydration (see Equation 5.2) and then by reaction
between LnOOH and manganese, possibly in the form of dissolved
Mn(OH) –

4 . The process is illustrated in Figure 5.3. If the reaction from
oxide precursors goes via solid intermediates in each step as proposed,
the size of the h-LnMnO3 particles will be largely predetermined by
the size of the precursors, explaining why the size of h-YMnO3 and
h-YbMnO3 is not nearly as different as when salt precursors are used.

Figure 5.3: Proposed reaction mechanism for oxide precursors. In the last
step, manganese species may either diffuse into the LnOOH phase and form
h-LnMnO3 directly (analogous to step (a) in Figure 5.1), or h-LnMnO3 may
nucleate on LnOOH and grow on or into it (analogous to step (b) in Figure
5.1). The Mn2O3 reacting with LnOOH to form h-LnMnO3 may be dissolved
as the Mn(OH) –

4 complex.





6
C O N C L U S I O N

An environmentally friendly, scalable, and low-temperature hydrother-
mal synthesis route of the lead-free ferroelectric material h-LnMnO3
has been investigated in this study. Both h-YMnO3 and h-YbMnO3 have
been successfully formed using this approach. For each rare-earth ele-
ment, syntheses with and without h-LnMnO3 yield have been carried
out to determine what combinations of temperature and hydroxide
concentration that allow for h-LnMnO3 formation. High temperature
and high hydroxide concentration are both seen to favor the formation
of h-LnMnO3. It is easier to form h-YbMnO3 than h-YMnO3 when
the temperature is low; h-YbMnO3 has been successfully formed at a
temperature as low as 110 ◦C.

The h-LnMnO3 formed has platelet morphology with platelet diam-
eter ranging from below 1 µm to about 50 µm depending on rare-earth
element and reaction conditions. When soluble salt precursors are
used, significantly larger particles are seen with yttrium as the rare-
earth element than with ytterbium. A similar effect is not seen when
oxide precursors are used.

When yttrium is used, most platelets turn hollow after 48-72 h at
elevated temperature, yielding a donut-like morphology that may be
of interest for instance for catalysis purposes. Donut morphology is
not seen for h-YbMnO3.

Based on observations of how choice of rare-earth element and other
reaction parameters affect the phase composition and microstructure
of the products, a reaction mechanism for h-LnMnO3 formation has
been suggested. In the proposed mechanism, Ln(OH)3 and LnOOH
are intermediate phases, and particle growth primarily occurs in the
Ln(OH)3 phase. It is further proposed that dehydration of Y(OH)3 to
YOOH is the rate limiting step when yttrium is used as rare-earth
element, whereas the reaction from YbOOH towards h-YbMnO3 is
rate limiting when ytterbium is used. Finally, it is suggested that the
h-YMnO3 platelets turn hollow by a mechanism of inside-out Ostwald
ripening.
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F U RT H E R W O R K

While several aspects of hydrothermal synthesis of hexagonal rare-
earth manganites have been investigated in this study, there is more
work that must be done before this exciting field can be completely
understood. For instance, in situ XRD data on the phases that form
during the hydrothermal treatment would be of great interest, as
such information would serve to strengthen or falsify the mechanism
proposed in this work.

Experimenting with other rare-earth elements than yttrium and
ytterbium could also be highly instructive. Several differences between
the products from syntheses with yttrium and ytterbium have been
observed, and further experiments with other elements could elucidate
whether the differences are only due to different ionic radii or if
other properties of the rare-earth element are important as well. For
instance, a rare-earth element with larger radius than yttrium could be
compared to one with smaller radius than ytterbium to see if similar
but more extreme differences are observed than when comparing
yttrium to ytterbium. This would be expected if manganites of other
rare-earth elements are formed by the same mechanism and ionic
radius of the rare-earth element is the primary factor governing the
differences observed.

Testing the ferroelectric response of the products that were synthe-
sized in this study would also be interesting, not only to confirm that
the particles are ferroelectric and thus can be used in applications, but
also to see if further differences caused by choice of rare-earth element
or other reaction conditions could be detected. Raman spectroscopy
was tried as a method for measuring the ferroelectric response, but
was unsuccessful because the samples were burned by lower laser
power than the power required to obtain a signal. A scanning probe
technique may thus be better suited, but could not be carried out in
this work because of the COVID-19 pandemic and the restrictions on
instrument training that followed.

Catalytic activity could also be tested to assess the products’ poten-
tial in applications. The small platelets observed when ytterbium is
used as the rare-earth element could be very interesting for catalysis
purposes due to large surface area, as could the donut morphology
that results when yttrium is used.

Finally, the products could be characterized using a technique that
allows for better quantitative data on size distribution than SEM does.
Nanoparticle tracking analysis is an example of such a technique.
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A P P E N D I C E S





A
A D D I T I O N A L S E M I M A G E S

Figures A.1 and A.2 illustrate how the quantitative measurement
of particle and hole diameter was carried out for the Y1-21 - Y4-21
products. In addition, an example of the broken particles the Y-16
product consists of is shown in Figure A.3, as SEM images of that
product were not included in the main text. As mentioned in Section
4.3.2, the size and exact morphology of the particles could not be
determined due to all particles being broken.
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74 additional sem images

Figure A.1: Example of measurement of particle diameter. This h-YMnO3
particle is from the Y2-21 product.

Figure A.2: Example of measurement of hole diameter, here of a hole that has
not yet completely formed. This h-YMnO3 particle is from the Y3-21 product.
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Figure A.3: Example of broken h-YMnO3 particles from the Y-16 product.





B
F U L L P R O D U C T C O M P O S I T I O N S

In this appendix, the full phase composition (in wt%) is given for all
products on which Rietveld refinements were successfully performed.
For the sake of completeness, even minor phases are included. "-"
is written when a phase is not present (or has a lower purity than
0.5 wt%).The products are structured in tables where each table puts
emphasis on one reaction parameter.
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Table B.1: Composition as a function of temperature. Full product composition
and Rwp values obtained from Rietveld refinements of the synthesis products
included in Figure 4.1, apart from the three syntheses at 150 ◦C and with 21.2
M KOH, whose product compositions can be found in Table B.7, and the
Yb1-11 syntheses, for which a Rietveld refinement has not been performed.
Hydroxide concentration can be read out of the synthesis ID, and reaction
temperature is given in the table. Apart from those two parameters, all
syntheses were performed under identical conditions.

ID T h-YbMnO3 YbOOH YbMn2O5 Mn3O4 Yb2Mn2O7 KMn2O5.44 Rwp

[◦C] [wt%] [wt%] [wt%] [wt%] [wt%] [wt%]

Yb2-11 130 67 20 2 11 1 - 9.4

Yb4-11 150 75 18 - 5 1 1 8.0

Yb1-21 110 48 36 3 10 1 2 8.9

Yb2-21 130 75 18 1 5 - - 7.5

Yb7-21 240 86 - 4 3 7 - 11.7

Table B.2: Composition as a function of hydroxide concentration. Full product
composition and Rwp values obtained from Rietveld refinements of the prod-
ucts from the Y-16 and Y2-21 syntheses. Apart from hydroxide concentrations,
all syntheses were performed under identical conditions.

ID h-YMnO3 Y(OH)3 YMn2O5 Mn3O4 Y2Mn2O7 KMn2O5.44 o-YMnO3 Rwp

[wt%] [wt%] [wt%] [wt%] [wt%] [wt%] [wt%]

Y-16 81 3 13 1 1 1 1 11.5

Y2-21 90 - 3 1 1 1 4 11.3

Table B.3: Composition as a function of reaction time, ytterbium. Full product
composition and Rwp values obtained from Rietveld refinements of the Yb2-
11, Yb3-11, Yb7-21, and Yb8-21 synthesis products. Hydroxide concentration
can be read out of the synthesis ID, and reaction temperature and time are
given in the table. Apart from those three parameters, all syntheses were
performed under identical conditions.

ID Yb2-11 Yb3-11 Yb7-21 Yb8-21

T [◦C] 130 130 240 240

Time [h] 24 72 24 72

h-YbMnO3 [wt%] 67 76 86 84

YbOOH [wt%] 20 13 - -

YbMn2O5 [wt%] 2 2 4 2

Mn3O4 [wt%] 11 5 3 2

Yb2Mn2O7 [wt%] 1 - 7 12

KMn2O5.44 [wt%] - 2 - -

o-YbMnO3 [wt%] - - - -

Rwp 9.4 9.0 11.7 11.4
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Table B.4: Composition as a function of reaction time, yttrium. Full product
composition and Rwp values obtained from Rietveld refinements of the Y1-21
- Y4-21 synthesis products. The syntheses were conducted at 240 ◦C. Apart
from reaction time, all syntheses were performed under identical conditions.

ID Y1-21 Y2-21 Y3-21 Y4-21

Time [h] 6 24 48 72

h-YMnO3 [wt%] 84 90 89 84

Y(OH)3 [wt%] 7 - 2 3

YMn2O5 [wt%] 3 3 4 8

Mn3O4 [wt%] 3 1 1 1

Y2Mn2O7 [wt%] - 1 - -

KMn2O5.44 [wt%] - 1 - -

o-YMnO3 [wt%] 4 4 4 4

Rwp 17.6 11.3 9.0 9.4

Table B.5: Composition as a function of cation concentration. Full product
composition and Rwp values obtained from Rietveld refinements of the prod-
ucts of the Yb6-11, Yb7-21, and Yb9-21 syntheses. Hydroxide concentration
can be read out of the synthesis ID, and Yb3+ concentration is given in the
table. Apart from those two parameters, all syntheses were performed under
identical conditions.

ID [Yb3+] h-YbMnO3 YbOOH YbMn2O5 Mn3O4 Yb2Mn2O7 o-YbMnO3 Rwp

[M] [wt%] [wt%] [wt%] [wt%] [wt%] [wt%]

Yb7-21 0.17 86 - 4 3 7 - 11.7

Yb9-21 0.31 86 6 3 2 4 - 12.0

Yb6-11 0.31 87 9 2 1 - 1 10.3
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Table B.6: The phase composition of products synthesized from different
precursor types, but under otherwise similar conditions. The phase purities
were obtained from Rietveld refinements. Salt precursors denote Ln(NO3)3,
MnCl2, and KMnO4 solutions in 5:4:1 stochiometry, oxide precursors mean
Ln2O3 and Mn2O3 powders in 1:1 stochiometry. Precursor type, reaction
temperature, and reaction time are listed in the table, whereas Ln element
and KOH concentration can be read out of the synthesis ID. All other
parameters are identical for all syntheses listed.

ID Yb4-11 Yb5-11 Avg* Yb6-21 Y4-21 Y5-21

Precursor type Salt Oxide Salt Oxide Salt Oxide

T [◦C] 150 150 150 150 240 240

Time [h] 24 24 24 24 72 72

h-LnMnO3 [wt%] 75 1 76 32 84 85

LnOOH [wt%] 18 72 18 49 - -

Ln(OH)3 [wt%] - - - - 3 1

LnMn2O5 [wt%] - 1 1 1 8 12

Mn3O4 [wt%] 5 - 3 - 1 1

Ln2Mn2O7 [wt%] 1 - 1 - - -

KMn2O5.44 [wt%] 1 - 1 - - -

o-LnMnO3 [wt%] - - - - 4 1

Mn2O3 [wt%] - 25 - 18 - 1

Ln2O3 [wt%] - 1 - - - -

Rwp 8.0 13.3 10.7 11.1 9.4 8.2
*Average percentages of the Yb3-21, Yb4-21, and Yb5-21 syntheses.

Table B.7: Full product composition and Rwp values of the Yb3-21, Yb4-21,
and Yb5-21 syntheses, all performed under similar conditions.

ID h-YbMnO3 YbOOH YbMn2O5 Mn3O4 Yb2Mn2O7 KMn2O5.44 Rwp

[wt%] [wt%] [wt%] [wt%] [wt%] [wt%]

Yb3-21 72 20 1 5 1 1 7.5

Yb4-21 75 20 1 2 2 - 8.1

Yb5-21 80 15 1 3 - 2 10.7



C
X R D D I F F R A C T O G R A M S

This appendix contains X-ray diffractograms of all synthesis products.
For the products where Rietveld refinements were carried out, the cal-
culated intensities are plotted in addition to the measured intensities,
as is the difference between measured and calculated intensity. In the
diffractogram from the Y-11 product, where several peaks could not be
identified, only the measured intensities and the calculated intensities
of the YMn2O5 phase are shown.
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Figure C.1: X-ray diffractogram from the Yb-0.9 product.
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Figure C.2: X-ray diffractogram from the Yb1-11 product.
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Figure C.3: Rietveld refinement of the Yb2-11 product.
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Figure C.4: Rietveld refinement of the Yb3-11 product.
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Figure C.5: Rietveld refinement of the Yb4-11 product.
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Figure C.6: Rietveld refinement of the Yb5-11 product.
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Figure C.7: Rietveld refinement of the Yb6-11 product.
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Figure C.8: Rietveld refinement of the Yb1-21 product.

10 20 30 40 50 60 70 80

2  [°]

0

In
te

n
s
it
y

1
/2

 [
a

.u
.]

Measured

Calculated

Deviation

Figure C.9: Rietveld refinement of the Yb2-21 product.
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Figure C.10: Rietveld refinement of the Yb3-21 product.
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Figure C.11: Rietveld refinement of the Yb4-21 product.
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Figure C.12: Rietveld refinement of the Yb5-21 product.
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Figure C.13: Rietveld refinement of the Yb6-21 product.
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Figure C.14: Rietveld refinement of the Yb7-21 product.
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Figure C.15: Rietveld refinement of the Yb8-21 product.
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Figure C.16: Rietveld refinement of the Yb9-21 product.
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Figure C.17: X-ray diffractogram of the Y-11 product. The calculated intensi-
ties of the YMn2O5 phase, which appears to constitute a major part of the
product, is also plotted. In addition, tiny amounts of Y(OH)3 and Y2Mn2O7
were identified in the product. Several unidentified peaks remain, see the
discussion in Section 4.1.2. The product does not contain h-YMnO3.
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Figure C.18: Rietveld refinement of the Y-16 product.
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Figure C.19: Rietveld refinement of the Y1-21 product.
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Figure C.20: Rietveld refinement of the Y2-21 product.
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Figure C.21: Rietveld refinement of the Y3-21 product.

10 20 30 40 50 60 70 80

2  [°]

0

In
te

n
s
it
y

1
/2

 [
a

.u
.]

Measured

Calculated

Deviation

Figure C.22: Rietveld refinement of the Y4-21 product.
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Figure C.23: Rietveld refinement of the Y5-21 product.
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