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Abstract

In this thesis, the effect of donor doping with Ti4+ on the oxygen absorption proper-
ties in the hexagonal rare-earth magnanite h−YMnO3 was studied and compared to
undoped compounds of the same material class.

Bulk-sized h−YMnO3 and h−YMn0.85Ti0.15O3 (2-17 µm), synthesized through solid
state synthesis from binary oxides, and nano-sized h−YMnO3, h−YMn0.85Ti0.15O3 and
h−DyMnO3 (18.7-25.5 nm), synthesized through a sol-gel synthesis with citric acid,
were analyzed in situ in oxidizing and reducing conditions investigating at the changes
in structural, gravimetric and electrochemical properties.

The structural changes were measured using HT-XRD, where the change in a and
c lattice parameters were analyzed both at varying and constant temperature. The
gravimetric changes were measured using TGA, where the change in mass was ana-
lyzed during heating and cooling in O2. The electrochemical changes were analyzed
using DC conductivity and Seebeck coefficient measurements during heating and cool-
ing in O2 and N2.

The results in the study show a thermal stabilization of interstitial/absorbed oxygen
with increasing a parameter and decreasing c parameter. Substitution of Y3+ with
Dy3+ expands both the a and c parameter, increasing the thermal stabilization of Oi
by around 100 ◦C. Donor doping of h−YMnO3 with 15% Ti4+ expands the a parameter
and contracts the c parameter, increasing the thermal stabilization of Oi by 300 ◦C for
the nano-sized compounds and around 500 ◦C for the bulk-sized compounds.

Donor doping with 15% Ti4+ did not increase the oxygen absorption capacity in h−YMnO3,
but the kinetic properties of h−YMnO3 were greatly increased with Ti-doping. The
electrochemical measurements showed that it was possible to tune the type of con-
ductivity (n, p) in h−YMn0.85Ti0.15O3 by the thermal and atmospheric history of the
material.

v





Sammendrag

I denne avhandlingen har effekten av donor-doping med Ti4+ på oksygenabsorpsjons-
egenskapene til den heksagonale sjelden jordart-manganitten h−YMnO3 blitt studert
og sammenlignet med udopede forbindelser i samme materialklasse.

Endringene i de strukturelle, gravimetriske og elektrokjemiske egenskapene til h−YMnO3

og h−YMn0.85Ti0.15O3 i bulkstørrelse (2-17 µm), syntetisert med faststoffsyntese fra
binære oksider, og h−YMnO3, h−YMn0.85Ti0.15O3 og h−DyMnO3 i nanostørrelse (18.7-
25.5 nm), syntetisert gjennom sol-gel-syntese med sitronsyre, ble analysert in situ un-
der oksiderende og reduserende forhold.

Endringen i enhetscelleparameterne a og c i materialene målt med høytemperatur-
røntgendiffraksjon (HT-XRD), både med varierende og konstant temperatur. Endring
i masse under oppvarming og avkjøling i O2 ble målt med TGA. Endring i likestrøm-
ledningsevne og endring i Seebeck koeffisient målt under oppvarmning og avkjøling i
O2 og N2.

Resultatene i avhandlingen viser en termisk stabilisering av interstitielt/absorbert
oksygen ved økende a-parameter og synkende c-parameter. Subtitusjon av Y3+ med
Dy3+ gir en ekspansjon av både a- og c-parameter, og fører til en termisk stabilisas-
jonsøkning for Oi på rundt 100 ◦C. Donor-doping av h−YMnO3 med 15% Ti4+ gir en
ekspansjon av a-parameteren og en kontraksjon av c-parameteren, og fører til en ter-
misk stabilisasjonsøkning for Oi på rundt 300 ◦C for forbindelene med nanostørrelse
og rundt 500 ◦C for forbindelsene med bulkstørrelse.

Donor-doping av med 15% Ti4+ ga ikke en økt kapasitet i oksygenabsorpsjon i h−YMnO3,
men kinetikkegenskapene til h−YMnO3 ble kraftig forbedret med Ti-doping. De elek-
trokjemiske målingene viste at typen ledningsevne (n, p) i h−YMn0.85Ti0.15O3 kan
endres med den termiske og atmosfæriske historien til materialet.
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Chapter 1

Introduction

Probably the biggest challenge our modern society face is the quickly escalating cli-
mate change. To meet tomorrow’s demand for more efficient, more energy saving and
less polluting processes, more advanced technology must be implemented in our daily
lives. This chapter will point out the main motivations for why a new class of materials
for oxygen storage and -conductivity is an important topic in today’s society.

1.1 The Big Picture

In their report "The Way Forward" [1] from 2014, the International Energy Agency
(IEA) states that 26% of the man-made CO2 emissions is generated in the industrial
sector, 20% in the transport sector and 39% in the power sector. These numbers should
not surprise anyone; the world’s growing population is demanding more energy and
more industrial products delivered at our door steps, and combined these sectors are
responsible for 85% of the total man made emission of CO2. The report also states
that the two biggest key actions to reduce the emission of CO2 are to rise the efficiency
in existing sectors (49%) and to reduce the emissions from ineffective coal-fired power
generation (21%).

Thus, the challenge today is how to meet the growing demand for energy and at the
same time reduce the emission of CO2. The key factor is increased efficiency by new
technology. If one looks at the coal-fired power generation sector, the average power
plant has an efficiency of just 33% [2]. This is due to the inefficient technology that
most coal-fired power plants utilizes, where the heat from the air-burnt coal is used
to produce steam, which in turn is converted to electrical power by a generator. A
much more efficient design is combustion of the coal in pure oxygen, the so-called oxy-
fuel combustion technology, which leads to less emission and a higher efficiency [3].
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2 Chapter 1. Introduction

The problem with todays oxy-fuel combustion technology, however, is that the oxygen
permeable materials used in the membranes for the separation of oxygen from air just
are not good enough. The oxygen permeable materials have a low oxygen flux and
need high operating temperatures, leading to energy waste and degradation of the
materials. This leads to higher costs than a regular coal-fired power plant, and thus
the oxy-fuel combustion technology is still not a real challenger to the established and
inefficient coal-firing technology [4].

The best motivation for companies’ will to change to a greener profile is to find solu-
tions that can economically compete with the alternatives [5]. If one can find technol-
ogy that is both economically and environmentally superior to the present alternatives,
the implementation in society and industry will go naturally. This basic principle is
confirmed throughout the last century, and includes for example pesticides in the agri-
cultural section and new refrigerator gases in the appliances industry [6, 7]. If such
a break-through can be made in the oxygen storing and -conducting area, the envi-
ronmentally footprint from coal-combustion, exhaust pollution and simply high-purity
oxygen production could revolutionize our every-day CO2 emissions.

1.2 The Little Stroke

Hexagnoal rare-earth manganites, h−RMnO3 (R = Er, Ho, Y, Dy), have a vast field of
functional properties that are interesting in modern technology. Since the late 1990s,
the interest for the multiferroic properties of h−YMnO3 has lead to a lot of research
on the material, both at Department of Materials Science and Engineering at NTNU
[8–15] and in the rest of the world [16–20]. Recently, the excellent oxygen conducting
and -storing properties in the hexagonal rare-earth manganites have been recognized,
placing them as a serious competitor to the existing materials on the marked [21–24].

Solid oxygen conducting materials are already utilized in membrane technology and
for solid oxygen storage, but high operating temperatures is preventing the materials
from reaching their enormous potential [4]. The state-of-the-art perovskite materi-
als used today rely on oxygen vacancies as the mobile point defect, which requires
operating temperatures around 600-800 ◦C [25, 26]. In addition to the high energy
requirement for a system running at such temperatures, the oxygen conducting mate-
rials suffer from various forms of degradation due to mobilization of cations at elevated
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temperatures. A new class of oxygen conducting materials that could operate at sig-
nificantly lower temperatures would form a small paradigm shift within the field, and
countless industrial sectors could utilize the benefits from cheap pure-oxygen supply.

The hexagonal rare-earth manganites have shown promising results in terms of chem-
ical absorption of oxygen at temperatures below 500 ◦C [21,22,27]. They are hence an
enormous challenger to the oxygen permeable materials on the marked. If the hexag-
onal rare-earth manganites are as good as the preliminary results show, they could
truly revolutionize the way the world produces and stores oxygen. And, they could
help mankind overcome the threatening global warming.

1.3 Research Objectives

The primary goal of this study is to investigate the effect of donor doping of hexag-
onal rare-earth manganites in terms of oxygen absorption. The study will look at
synthesis of bulk and nano sized h−RMnO3 powders with and without doping, and
characterize these materials’ properties at elevated temperatures in oxygen rich and
poor atmospheres. The in situ measurements performed in this study will investigate
the changes in (i) the crystal structure, (ii) the gravimetric properties and (iii) the
electrochemical properties as a function of oxygen absorption/desorption.

The observed changes in properties for each material will be compared with the change
in properties in the other materials. Based on the observed properties, the study will
try to understand what effect donor doping with Ti4+ has on the thermodynamical and
kinetic properties of hexagonal yttrium manganite during oxidation and reduction.
The study will also try to answer why donor doping with Ti4+ has the observed ef-
fects, and ultimately try to conclude which material requirements are most important
when optimizing the oxygen absorption/desorption performance in hexagonal rare-
earth manganites.
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Chapter 2

Literature Review on h−RMnO3

The rare-earth manganites are a well-studied class of materials in terms of structural
geometries, phase stabilities and multiferroic properties. Their two competing struc-
tures, the orthorhombic and the hexagonal crystal structure, are characterized with
their 6 folded and 5 folded coordinated Mn3+, respectively. Although both structures
exhibit mulitferroic properties in form of ferroelectricity and antiferromagnetism, the
hexagonal structures seem to possess no critical thin film thickness [28], making them
promising for making multiferroic devices in nano scale.

In recent years, however, the robustness of the hexagonal rare-earth manganites to
form stable non-stoichiometric compounds with excess of oxygen or R cation deficiency
has been a hot topic. Studies has shown that these structures are stable at δ values
of 0.35 [22] and x values of −0.28 [29] in h−R1+xMnO3+δ at temperatures well below
the average operation temperatures of state-of-the-art non-stoichiometric perovskite
materials. It is believed that the combination of the spacious crystal structure and the
multivalent properties of the manganese ion allow the non-stoichiometry to reach such
high values.

2.1 Crystal Structure of h−RMnO3

The ABO3 perovskite/orthorhombic structure is built up by corner sharing octahedra
of oxygen with the B cation centered in the middle, and the A cations located in the
cubic holes between the octahedra. The octahedra are corner sharing in all directions
of the structure, giving the perovskite structure an isotropic appearance, see Figure
2.1.

Hexagonal RMnO3, however, has a layered crystal structure, built up by alternating
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6 Chapter 2. Literature Review on h−RMnO3

planes of trivalent manganese ions in MnO5 trigonal bipyramids, and planes of rare-
earth trivalent R cations, see Figure 2.1. The trigonal bipyramids are corner sharing
in the ab-plane, but not in the c-direction as in the perovskite structure. The ordering
in these layers depend on temperature, and thus several symmetries with independent
space groups are possible for the h−RMnO3.

(a) (b) (c)

(d) (e)
(f)

Figure 2.1: Figure (a), (b) and (c) show the perovskite crystal structure with space group
Pnma, the symmetry found in o−RMnO3. Figure (d), (e) and (f) show the hexagonal crystal
structure with space group P63/mmc, found in h−RMnO3 at high temperatures. While the
perovskite structure is built up of all-corner sharing octahedra, the hexagonal structure is a
layered structure with 5 folded manganite polyhedra. Worth noting is the difference in spacing
in the two structures, where the hexagonal phase has a much open structure compared to the
closed perovskite structure. The structures are created with the VESTA software [30] using
atomic positions from Gibbs et al. [31].

At high temperatures, the trigonal bipyramids align in identical positions and with no
tilt in their planes, and the R cations align in perfect planes. This symmetry is found
in space group P63/mmc, and in this state the h−RMnO3 exhibit paraelectricity. Be-
low a certain temperature, the trimerisation temperature, the otherwise planar and
ordered layers of MnO5 trigonal bipyramids and R cations switch into a pattern with
lower symmetry. Here, the MnO5 trigonal bipyramids are ordered in a trimerization
tilting pattern, with a tilt ∼ 8◦ with respect to the ab-plane and a tilt ∼ 5◦ to the polar
c-axis [32]. The direction of the bipyramids are also consecutive rotated 180◦ along



2.1. Crystal Structure of h−RMnO3 7

the c-axis in each plane. The trivalent rare-earth cations, R3+, are located in two anti-
parallel sites along the polar c-axis, i.e. 2/3 in negative direction and 1/3 in positive
direction compared to the high temperature sites. This symmetry is found in space
group P63cm, and in this state the h−RMnO3 exhibit ferroelectricity. The trimeri-
sation temperature, which is also the Curie temperature, for h−YMnO3 is reported
to be around 1250 K [31], although some studies are suggesting the phase transition
to be more complex and to take place at lower or several temperatures [8, 33–35]. A
comparison of the high and low symmetry hexagonal phases is given in Figure 2.2.

(a) (b) (c)

(d) (e) (f)

Figure 2.2: Figure (a), (b) and (c) show the high symmetry hexagonal RMnO3 structure with
space group P63/mmc. Figure (d), (e) and (f) show the lower symmetry hexagonal RMnO3
structure with space group P63cm. Structure (a) and (d) visualize well the identical sites and
the two anti-parallel sites for the trivalent R cations, respectively. The trimerization tilting
pattern of the MnO5 trigonal bipyramids, characteristic for the P63cm polymorph, are easily
recognized in (d), (e) and (f). The red atoms displays O2–, green atoms Y3+ and the purple
trigonal bipyramids indicates MnO5 with dark purple Mn3+ in the middle. The structures are
created with the VESTA software [30] using atomic positions from Gibbs et al [31].

The perovskites have cubic unit cells, while the hexagonal manganites have hexagonal
unit cells, see Figure 2.3. This means that the hexagonal manganites can be described
by only two lattice parameters, i.e. a and c, unlike the perovskites which are described
by three, i.e. a, b and c. Thus, the unit cell volume of h−RMnO3 is only dependent on
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these two variables, see Equation 2.1.

V =
p

3
2

a2c (2.1)

The planar spacing, d, in the hexagonal rare-earth manganites between the different
crystallographic planes (hkl) is given by the d-spacing equation for hexagonal crystal
structures and Bragg’s law, see Equation 2.2 and 2.3, respectively.

d−2 = 4
3

(
h2 +hk+k2

a2

)
+ l2

c2 (2.2)

d = λ

2sinθ
(2.3)

λ represents the wavelength of the applied radiation (1.5406 Å in this study), θ the
peak positions measured, d the planar spacing in the crystals, h, k and l the Miller
indices of the planes the peaks represent and a and c the lattice parameters of the
crystal.

a
b

c

a

c

Figure 2.3: Simple illustrations of the cubic (left) and the hexagonal (right) unit cells. The
cubic unit cell is described by three lattice parameters, a, b and c. The hexagonal unit cell is
described by two lattice parameters, a and b.
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2.2 Phase Stability

Reactions that only involves solids are expected to have an entropy close to zero, mak-
ing the Gibbs energy for the reaction primarily dependent on the enthalpies of forma-
tion, see Equation 2.5.

∆G =∆H−T∆S (2.4)

∆G0K =∆H0K (2.5)

Yokokawa et al. [36] were the first to report the empirical relationship between the
enthalpy of formation and the Goldschmidt’s tolerance factor, t, for perovskites made
by their binary oxides. This relationship is also valid for manganites, and thus the
relative stability between the hexagonal structures and the perovskitic, orthorhombic
structures depends on the Goldschmidt’s tolerance factor [32]. The Goldschmidt’s tol-
erance factor indicates in which structure an ABX3-composed material will be stable.
The value of the tolerance factor is only dependent on the ionic radii of the two cations,
A and B, and the anion, here O (oxygen), in the material. The formula for the tolerance
factor is given below [37]:

t = rA + rXp
2(rB + rX)

(2.6)

In Equation 2.6, rA, rB and rX are the ionic radii of ion A, B and X, respectively.

If one uses radii for 4 coordinated anions, 7 coordinated A cations and 5 coordinated B
cations, t ≈ 0.855 serves as threshold limit between the hexagonal phase and the per-
ovskite structures. Values below this indicate that the material will favor the hexago-
nal phase, while values above indicate favoritism of the perovskites up to a new limit
of t = 1.

Structure prediction phase diagrams for the ABX3 structures can be composed by plot-
ting the size of the A-cation divided by the size of the anion, rA

rX
, with respect to the size
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on the B-cation divided by the size of the anion, rB
rX

. Such phase diagrams are helpful
to understand the phase stabilities of perovskite composed materials in terms of ionic
radii. Figure 2.4 shows the structural regions in the ABO3 phase diagram.

For the rare-earth manganites, RMnO3, the R cation is the only variable. In the struc-
ture prediction diagrams this translates to only have the A-cation as a changing vari-
able, giving only the option to move along a horizontal line across the diagram.

Figure 2.4: The structural regions in ABO3, illustrating the relationship between rA
rO

and
rB
rO

and the phases in which the ABO3 compound result. The hexagonal structures of ABO3
are located in the ilmenite region, and the vertical line between the ilmenite region and the
perovskite region concludes that the transition is only dependent on the radius of the A cation.
The figure is taken from Giaquint and zur Loye [38].

As Figure 2.4 shows, the tuning towards the hexagonal phase for the rare-earth man-
ganites is only dependent on the size of the A-cation, i.e. the rare-earth ions. If these
are sufficiently small, the tolerance factors, t, will become smaller than the limit of
t ≈ 0.855, and hence the hexagonal phases are favored. In Table 2.1 the tolerance
factors for a selection of rare-earth manganites are listed.

From the values of the tolerance factors in Table 2.1, manganites with gandolinium
(Gd) and lanthanum (La) are correctly expected to be stable in the perovskite structure
[39, 40], while erbium (Er) is correctly expected to form a hexagonal manganite [38].
RMnO3 materials with R = Ho, Y, Dy and Tb are expected to be stable as hexagonal
structures based on the tolerance factor criteria with t ≈ 0.855, but studies has shown
that Y and Dy are slightly metastable in the hexagonal phase and that Ho is slightly
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Table 2.1: Shannon radii, tolerance factors and stable polymorphs of R cations in RMnO3. The
Shannon radius of Ho3+ marked with * is an interpolation between the values with coordina-
tion number 6 and 8. Note that an enlargement in size of the A cation (R) corresponds to an
enlargement of the tolerance factor.

R3+ Shannon radius [Å] RMnO3 Tolerance factor, t [-] Stable polymorph
Er3+ 0.945 ErMnO3 0.839 Hexagonal
Ho3+ 0.958* HoMnO3 0.843 Hex./meta.orthorh.
Y3+ 0.960 YMnO3 0.844 Orthorh./meta.hex.

Dy3+ 0.970 DyMnO3 0.848 Orthorh./meta.hex.
Tb3+ 0.98 TbMnO3 0.851 Orthorhombic
Gd3+ 1.00 GdMnO3 0.859 Orthorhombic
La3+ 1.10 LaMnO3 0.894 Orthorhombic

metastable in the perovskite phase [41, 42]. Tb has been shown to be stable in the
orthorhombic perovskite phase [40].

The trivalent manganite ions are further stabilized by the crystal-field splitting in the
hexagonal phase, see Figure 2.5. Mn3+ is a d4 transition metal, meaning it has 4
valence electrons to fill in the d-orbitals. By placing all the 4 electrons in low-energy
orbitals, such as in the hexagonal splitting, the manganite ions are stabilized in a low-
energy coordination. In an octahedral crystal splitting, one of the 4 electrons will have
to occupy a higher energy state, or pair up with another electron in one of the low-
energy orbitals. For manganese ions octahedral complexed by oxygen ions, the crystal
field splitting is weak, resulting in a high-spin electron configuration seen in Figure
2.5. This high-spin configuration acquires more energy to sustain than the hexagonal
configuration, resulting in a crystal field stabilization for the hexagonal phase.
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Figure 2.5: (a) The crystal-field splitting for the hexagonal manganite structure, with trigonal
bipyramidal coordination of the manganese ions. The dz2 orbital of the manganese ions point
directly at the oxygen ligands in the trigonal bipyramids, resulting in a much higher energy
than the other orbitals. For the d4 ion Mn3+, the dxy, dx2−y2 , dxz and dyz orbitals are occupied
by 1 electron each, whereas the dz2 orbital is empty. (b) The crystal-field splitting for the
perovskite structure, with octahedral coordination of the manganese ions in a weak field, giving
a high-spin configuration of the electrons. Mn3+ is energetically more stable in the hexagonal
crystal splitting due to electrons being in lower energy states.

2.3 Defect Chemistry and Non-Stoichiometry

As mentioned, the hexagonal rare-earth manganites are extremely robust in terms of
R-cation deficiency and excess of oxygen. The large non-stoichiometries is obtained by
high concentrations of point defects in the materials, and the manganese ions play a
crucial role as charge stabilizers in the materials as they can change oxidation state,
see Equation 2.7 and 2.8.

Mnx
Mn +e− →Mn

′
Mn (2.7)

Mnx
Mn +h• →Mn•

Mn (2.8)



2.3. Defect Chemistry and Non-Stoichiometry 13

2.3.1 Point Defects and Non-stoichiometry

In crystal chemistry, point defects are the simplest form of defects present in a crystal
structure of a material. In pure crystals there are two types of point defects; (i) va-
cant atom sites, vacancies, or (ii) interstitial atoms occupying lattice sites which are
normally not occupied in the crystal, interstitials. A visualization of the two types of
point defects are given in Figure 2.6. Such defects in pure materials are called intrinsic
defects, and they always appear in couples.

(a) Vacant oxygen. (b) Interstitial oxygen.

Figure 2.6: (a) Crystal structure of h−RMnO3 with a vacant oxygen site in the bottom left
corner. (b) Crystal structure of h−RMnO3 with an interstitial oxygen marked in yellow. The
structures are created with the VESTA software [30].

In Kröger-Vink notations, vacancies are noted as a "V", followed by the chemical sym-
bol of the atom that used to be present in the site in subscript. Bullets or primes are
used in superscript to represent a positive or negative formal charge of the vacancy
compared to the charge of the ion that used to be present on the site, respectively. For
interstitials, the off-placed ions are noted with their chemical symbol followed by an
"i" in subscript and the same charge notations as the vacancies. Thus, V••

O represents
a vacancy on an oxygen site with formal charge +2, and O

′′
i represents an interstitial

oxygen ion in the crystal structure with formal charge -2. [43]

The two most basic types of intrinsic defects are the Schottky defects and the Frenkel
defects. A Schottky defect is characterized as a vacancy of anions and cations in a crys-
tal, equivalent to removing a stoichiometric couple of anions and cations from their
sites. A Frenkel/anti-Frenkel defect is characterized as an cation/anion on an intersti-
tial site plus an cation/anion vacancy. This is equivalent to removing a cation or anion
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from its site and putting it on an interstitial site. Both types of defects preserves the
overall stoichiometry in the material. [44]

A third type of intrinsic defects is non-stoichiometry. Non-stoichiometry in a material
must be charge compensated either by electronic or ionic defects. In pure hexagonal
manganites one can obtain oxygen or R-cation non-stoichiometry by oxidizing or reduc-
ing the manganese ions, respectively. An example of oxygen excess non-stoichiometry,
i.e. an ionic defect, is given in Equation 2.9 and 2.10.

RMnO3 +
δ

2
O2 →RMnO3+δ (2.9)

2δMnx
Mn +

δ

2
O2 → 2δMn•

Mn +δO
′′
i (2.10)

In oxidizing conditions, where the partial pressure of oxygen is high, the hexagonal
manganites can chemically absorb oxygen ions as interstitial point defects as described
above. In reducing conditions, where the partial pressure of oxygen is low, the hexag-
onal manganites can reverse this effect and thus release oxygen gas and produce va-
cancies, see Equation 2.11 and 2.12.

RMnO3 →RMnO3−δ+
δ

2
O2 (2.11)

2δMnx
Mn +δOx

O → 2δMn
′
Mn +V••

O + δ

2
O2 (2.12)

Both the forward and reverse effect are reversible and rely on temperature, meaning
that by heating and cooling the material in an oxygen rich atmosphere, the material
can "breathe". In contrast to most oxygen absorbing solids, the formation of oxygen
point defects in h−RMnO3 is entropy controlled, not enthalpy controlled. At elevated
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temperatures the oxygen vacancies or interstitials have sufficient energy to escape the
structure, but at lower temperatures the oxygen point defects are locked in the mate-
rial, unable to leave. An illustration of this is given in Figure 2.7. Compared to the
enthalpy controlled materials, which need a sufficient temperature to overcome the
enthalpy barrier of the point defect formation, the entropy controlled h−RMnO3 func-
tion at drastically lower temperatures outside of the enthalpy regime. In this way the
hexagonal manganites can operate at much lower temperatures than the perovskite
oxygen permeable membranes on the marked today.

Figure 2.7: Oxygen content in different hexagonal rare-earth manganites of Dy1-xYxMnO3+δ
as a function of temperature. The figure illustrates both heating and cooling in O2, measured
with a temperature rate of 0.1 ◦C min−1. The figure is reprinted from Abughayada et. al [23].

2.3.2 Kinetics of Point Defect Implementation

The implementation of point defects from gaseous species is a complex process in-
cluding multiple steps. Incorporation of interstitial oxygen, as in Equation 2.9, or
incorporation of oxygen vacancies, as in Equation 2.11, into the hexagonal rare-earth
manganites both involves a reaction where a solid interacts with the surrounding at-
mosphere. In this case, oxygen needs to enter or leave the structure, respectively.
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If one looks at the incorporation of oxygen interstitials, following Equation 2.9, the
oxygen molecules need to diffuse to the material surface, undergo a surface exchange,
and then react with the material and diffuse into the particle. For generation of vacant
oxygen sites, the mechanism is more or less reversed, relaying on the same steps.

Preliminary results from studies done at the department suggests that the adsorp-
tion and dissociation of oxygen is the rate determining step, scaling linearly with the
crystallite size of the materials, see Equation 2.13 [9].

t = ρcR2
0φc

6DeC0,O2

(2.13)

In Equation 2.13, t represents the time needed for oxygen to react with a spherical
particle of size R0. ρc is the molar density of non-porous h−RMnO3, φc is the volume
fraction of h−RMnO3, C0,O2

is the initial oxygen concentration and De is the effective
diffusion. The equation is based on the shrinking core model, assuming equal sized
particles of size R0.

In general, the diffusion coefficient’s dependence of temperature can be described by
the Arrhenius equation, see Equation 2.14.

De = D0 exp
−Ea

kBT
(2.14)

Here, D0 is a constant term referred to as the pre-exponential factor, Ea is the activa-
tion energy for diffusion, kB is the Boltzmann constant and T is the temperature. By
taking the logarithms of both sides of this equation, one obtains Equation 2.15:

lnDe = lnD0 − Ea

kBT
(2.15)

This equation can further be rewritten to refer time, t, by subtracting lnD0 on both
sides, obtaining Equation 2.16:
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ln
1
t
= C− Ea

kBT
(2.16)

Here, C is a constant. Based on Equation 2.16, the activation energy, Ea, for diffusion
can be determined from the gradient of a plot of ln 1

t versus 1/T, a so-called Arrhenius
plot. [45]

2.3.3 Heterovalent Doping

For h−RMnO3, heterovalent doping on both A and B site is possible [46]. Which of the
sites the dopants occupies is simply determined by their ionic radii, since the size of
the dopant and the replaced ion needs to be fairly similar. In the hexagonal rare-earth
manganites the R-cation has usually a Shannon radius of 0.94 Å to 0.96 Å, while the
trivalent manganese ions have a Shannon radius of 0.58 Å.

Doping could help elevate the point defect concentration limit in the hexagonal rare-
earth manganites. Although the materials are quite robust towards non-stoichiometry,
the structures can only tolerate so-much before a oxidation/reduction concentration
limit for the manganese ions is reached. For excess of oxygen in h−DyMnO3+δ and
h−YMnO3+δ, values of δ= 0.35 and δ= 0.24, respectively, have been reported [21–23].
However, preliminary calculations at the department suggests δ= 0.333 to be a theo-
retical limit of the structures [47]. A theory is that doping can elevate the structural
tolerance to higher degrees of non-stoichiometry towards the theoretical limit, espe-
cially for h−YMnO3.

To promote charge stabilization for energy stabilization and higher point defect con-
centrations, the dopants need to act as sources of electron donors or acceptors. Since
both the R-cation and the manganese ions in the hexagonal manganites initially are
trivalent ions, the acceptor dopants will have to be divalent to be able to stabilize the
introduction of positive charges to the structure, such as oxygen vacancies. In the same
way the donor dopants need to be tetravalent to be able to stabilize the introduction
of negative charges to the structure. Acceptor dopants will favor stabilization of oxy-
gen vacancies in reducing conditions, while donor dopants will favor stabilization of
interstitial oxygen in oxidizing conditions.
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Examples of donor and acceptor dopant on A and B sites in h−RMnO3 are given in
the Kröger-Vink equations below, see Equation 2.17-2.24. Note that doping can either
promote point defects, i.e. interstitial oxygen or oxygen vacancies, or promote reduc-
tion/oxidization of manganese ions, depending on the partial pressure of oxygen, pO2

.

Donor doping in low pO2
:

ZrO2 +
1
2

Mn2O3
h−RMnO3−−−−−−−→ Zr•R +Mn

′
Mn +3Ox

O + 1
4

O2(g) (2.17)

TiO2 +
1
2

Mn2O3
h−RMnO3−−−−−−−→Ti•Mn +Mn

′
Mn +3Ox

O + 1
4

O2(g) (2.18)

Donor doping in high pO2
:

ZrO2 +
1
2

Mn2O3
h−RMnO3−−−−−−−→ Zr•R +Mnx

Mn +3Ox
O + 1

2
O

′′
i (2.19)

TiO2 +
1
2

R2O3
h−RMnO3−−−−−−−→Rx

R +Ti•Mn +3Ox
O + 1

2
O

′′
i (2.20)

Acceptor doping in high pO2
:

CaO+ 1
2

Mn2O3 +
1
4

O2(g)
h−RMnO3−−−−−−−→Ca

′
R +Mn•

Mn +3Ox
O (2.21)

ZnO+ 1
2

Mn2O3 +
1
4

O2(g)
h−RMnO3−−−−−−−→ Zn

′
Mn +Mn•

Mn +3Ox
O (2.22)

Acceptor doping in low pO2
:
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CaO+ 1
2

Mn2O3
h−RMnO3−−−−−−−→Ca

′
R +Mnx

Mn +
5
2

Ox
O + 1

2
V••

O (2.23)

ZnO+ 1
2

R2O3
h−RMnO3−−−−−−−→Rx

R +Zn
′
Mn +

5
2

Ox
O + 1

2
V••

O (2.24)

According to Equation 2.17-2.24, donor doping will favor interstitial oxygen, O
′′
i , in

oxidizing conditions and acceptor doping will favor oxygen vacancies, V••
O , in reduc-

ing conditions. Note that [O
′′
i ] > 1

2 [Zr/Ti•R/Mn] and [V••
O ] > 1

2 [Ca/Zn
′
R/Mn] due to further

oxidization and reduction of Mn3+, respectively, forming more O
′′
i and V••

O .

2.4 Thermal and Chemical Expansion/Contraction of
Solids

Upon heating, a solid usually expands in volume. The effect is due to increased move-
ment of the atoms in the crystal lattice, causing a greater average atom separation.
This is called thermal expansion, and is linear in terms of temperature. As the volume
increases, the lattice parameters change proportionally, i.e. isotropic, or dispropor-
tionately, i.e. anisotropic. For crystals with high symmetry, one usually observe an
isotropic expansion of the lattice parameters, while for less symmetric structures the
change is anisotropic [45]. The latter is the case for the hexagonal rare-earth man-
ganites [8, 48], where the a and c parameters change at different rates upon heating
of the material, see Figure 2.8. The linear thermal expansion coefficient, αl , can be
calculated from Equation 2.25 [43].

αl =
1
l0

· l− l0

T −T0
(2.25)

Here, l0 is the initial length at the initial temperature, T0, and l is the new length at
the new temperature, T.
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Figure 2.8: Changes in the unit cell parameters and unit cell volume in different atmospheres
for h−YMnO3 and h−HoMnO3. (a) shows the changes for unit cell parameter c, (b) shows for
lattice parameter a, and (c) shows the changes in unit cell volume. The figure is reprinted from
Selbach et al. [8].

In addition to thermal expansion, a solid can increase or decrease in volume due to
incorporation of other elements or chemical reactions in the material. This is called
chemical expansion/contraction, and unlike thermal expansion the effect is no-linear.
Chemical expansion or contraction also only appears after a given temperature, due to
dependence on a certain activation energy to initiate the chemical reaction. Figure 2.9
illustrates thermal expansion and chemical expansion and contraction as a function of
temperature.

Chemical contraction can be observed in h−RMnO3 and is due to oxidization of man-
ganese ions caused by absorption of oxygen ions in the structures. The chemical con-
traction is dependent on a surrounding partial pressure of oxygen [22]. Thus, chemical
expansion is not possible in h−RMnO3 during heat treatment in inert atmosphere.
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Figure 2.9: (a) Thermal expansion and chemical expansion of a solid. (b) Thermal expan-
sion and chemical contraction of a solid. T0 marks the onset temperature for chemical expan-
sion/contraction.

During the reaction with oxygen, the c parameter decreases and the a parameter in-
creases in the structure. This is due to a contraction of the MnO5 bipyramids along
the c-axis to compensate the size reduction of the oxidized manganese ions [21]. This
is believed to result in an overall decrease in unit cell volume [21, 23], V, despite the
squared dependence on the a parameter, see Equation 2.1.

Measuring chemical expansion in h−RMnO3 can be done with HT-XRD. By choosing
two peaks where at least one of them only represents one of the lattice parameters, the
lattice parameters can be calculated from the change in peak position. The position of
a peak is expected to increase if the lattice parameter decreases, and vice versa. This
can be seen from Equation 2.2 and 2.3.

Rapid changes in unit cell volume due to anisotropic expansion can lead to microc-
racking on the grain boundaries, and thus destroy the mechanical and physical prop-
erties of a hexagonal manganite material. Microcracking is observed on h−YMnO3 in
the temperature region 600-1000 ◦C. This temperature range is beyond the tempera-
ture interval of chemical expansion in most hexagonal manganites, and originates in
the phase transition from the low temperature P63cm phase to the high temperature
P63/mmc phase. Lowering the crystallite size below a critical value or use dopants to
stabilize the structure, e.g. Ti4+, has proved to reduce the risk of microcracking [49].



22 Chapter 2. Literature Review on h−RMnO3

2.5 Electrical Conductivity in h−RMnO3

The last 20 years, a lot of studies have investigated the electrical conductivity in hexag-
onal RMnO3 [8, 50–58]. The mechanisms are complex, since both thermal and atmo-
spheric history affect the conductivity, and explanations for the observed values during
in situ measurements vary.

Electrical conductivity, σ, in a solid is dependent on the number of current carriers, n
or p, their charge, e, and their mobility, µ, see Equation 2.26 [43]. For semiconductors,
both the number of current carriers and their mobility is dependent on temperature
[45]. In short, both the number of charge carriers and their mobility will increase upon
increasing temperature.

σ= neµe + peµh (2.26)

In Equation 2.26, n and p represent the number of electrons and holes, respectively.
µe and µh are the mobility of the electrons and the holes, respectively. The relationship
between the concentration of n- and p-type carriers and the oxygen partial pressure
can be illustrated with Brouwer diagrams, see Figure 2.10, based on the principle
of net charge neutrality, see Equation 2.27. Since the net charge in a material is
always neutral, the majority charge carrier will be the charged specie with the highest
mobility, µ.

2[V••
O ]+ [D•]+ p• = 2[O

′′
i ]+ [A

′
]+n

′
(2.27)

The pure hexagonal rare-earth manganites in this study are intrinsic semiconductors
with band gaps around 1.6 eV [59, 60]. Thus, the electrical conductivity is expected
to increase with temperature due to excitation of electrons from the valence band to
the conduction band, increasing the number of charge carriers in the materials. In
addition to the effect of excitation of electrons in the hexagonal manganites, the im-
plementation of point defects will also affect the conductivity. As the manganites are
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oxidized, Mn•
Mn will contribute to the number of charge carriers, and hence increase

the conductivity in form of p charge carriers.

The Seebeck coefficient, Σ, of a material is a measure of the magnitude of an induced
thermoelectric voltage in response to a temperature difference across that material.
The Seebeck coefficient usually has a value of 10 µV K−1 for metals and 200 µV K−1 for
semiconductors [45], inversely depending on the conductivity. The sign of the Seebeck
coefficient in semiconductors reveal what are the major charge carriers in the mate-
rial: with positive holes as the majority charge carriers, the Seebeck coefficient will be
positive. If the negative charge carriers’ mobility exceed the mobility of the positive
charge carriers, e.g. by having a larger concentration of e− than h+, the Seebeck co-
efficient in the material will go from a positive to a negative value [45]. The first is
the case for undoped semiconductors, e.g. h−YMnO3 with Mn•

Mn as the major charge
carrier. The latter is the case for donor doped semiconductors, e.g. YMn0.85Ti0.15O3

without interstitial oxygen where electrons (from Mn
′
Mn = Mn3+ + e–) is the major

charge carrier.

Since the oxidation is limited to a certain temperature, this effect will only contribute
in that temperature region. At isothermal conditions in the oxidation regime it is
expected that the conductivity is largely affected by oxygen absorption and desorption
in the manganites as one switches between oxidizing and reducing atmospheres [54,
56].

On top of this, donor doping with Ti4+ might affect the conductivity as the mangan-
ites go from intrinsic to extrinsic semiconductors. However, it is not reported if the
electronic states of the 3d orbitals in Ti4+ are close enough to the Fermi levels of the
manganites to affect the conductivity.
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Figure 2.10: A typical Brouwer diagram where electronic defects, n and p, are dominating the
ionic defects, O”

i and V ••
O . At low partial pressures of oxygen the material is an n-type conductor,

while at high partial pressures it is a p-type conductor. When reduced, the h−RMnO3 are
expected to be n-type semiconductors. When oxidized, the h−RMnO3 are expected to be p-type
semiconductors.

2.6 Synthesis Methods

There are numerous ways to synthesize ceramic oxides, all with different benefits and
degrees of complexity. The hexagonal rare-earth manganites are fairly easy to prepare
by controlling the crystallization temperature of their precursor powders. Besides pre-
cise stoichiometry and phase purity, size control is the most important factor when
investigating the hexagonal manganites during this work. Thus, the two synthesis
methods used in this work were chosen based on size control of the final product and
to keep the syntheses as simple as possible.

The preparation of bulk-sized powder, i.e. crystallites larger than 1 µm, of h−RMnO3

was conducted using solid state synthesis. This includes mixing and mortaring of sto-
ichiometric amounts of binary oxides, pressing the blended powders into dense pellets
and then firing these at temperatures high enough to obtain cation diffusivity.
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The preparation of nano crystalline powder was conducted using a sol-gel synthesis
with citric acid. This includes dissolving of cations in a solution with gelling agents,
boiling down the solution to a gel, drying the gel, calcining the gel to a raw powder,
and then annealing the raw powder to promote nucleation of nano-sized crystals.

Above a certain firing temperature, the crystallite growth becomes kinetically depen-
dent for both of the synthesis routes. Thus, by varying the firing time or by intro-
ducing an additional heat treatment segment in the synthesis, the crystallite size can
be tuned. This is especially important for the nano crystalline powders, as the bulk
powders are ground to a certain size after preparation anyways. [61]
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Chapter 3

Experimental Work

The experimental work conducted in this thesis includes synthesis of hexagonal rare-
earth manganites with different crystallite sizes and with different dopants, and struc-
tural, electric and gravimetric analyses of aforementioned substances at elevated tem-
peratures and in various atmospheres.

3.1 Synthesis of h−RMnO3

The hexagonal rare-earth manganites studied in this thesis were prepared by solid
state synthesis and sol-gel synthesis. A complete list of all the chemicals used in the
study is given in Table 3.1.

Table 3.1: List with information of all the chemicals used to prepare the materials in this
study.

Chemical Molecular formula Purity Manufactory
Citric acid C6H8O7 Sigma-Aldrich
Dysprosium(III) acetate Dy(CH3COO)3 ·xH2O ≥99.9 wt% Sigma-Aldrich
Ethylene glycol C4H6O2 99 vol% Merck
Manganese(II) carbonate MnCO3 ·xH2O ≥99.9 wt% Sigma-Aldrich
Manganese(III) oxide Mn2O3 99 wt% Aldrich
Titanium(IV) isopropoxide Ti(OCH(CH3)2)4 97 wt% Sigma-Aldrich
Titanium(IV) oxide TiO2 (anatase) 99.8 wt% Aldrich
Yttrium(III) acetate Y(CH3COO)3 ·xH2O 99.9 wt% Sigma-Aldrich
Yttrium(III) oxide Y2O3 99.99 wt% Aldrich

27
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3.1.1 Solid State Synthesis

Bulk powder of hexagonal yttrium manganites and 15% Ti-doped yttrium manganite
were prepared by solid state synthesis. A list of all the samples and their precursors
is given in Table 3.2.

Table 3.2: List of bulk powders prepared in this study with their precursors.

Materials Precursors Doping
h−YMnO3 Y2O3, Mn2O3 -
h−YMn0.85Ti0.15O3 Y2O3, Mn2O3, TiO2 Donor, B site

In the solid state synthesis, binary oxides of the cations in the two manganites were
mortared together and pressed into pellets with diameter 15 mm and height 20 mm.
The pellets were then sintered in air at 1300 ◦C for 12 hours, crushed and mortared
into a fine powder. Figure 3.1 shows the temperature program used during the solid
state synthesis.

Air

200 ◦C h−1

1300 ◦C, 12 h

200 ◦C h−1

Figure 3.1: The heat treatment program used in the solid state synthesis of h−RMnO3. The
samples were heat treated at 1300 ◦C for 12 hours.

3.1.2 Sol-gel Synthesis

Nano-sized powder of three hexagonal rare-earth manganites with Y and Dy as R-
cations were prepared by a sol-gel synthesis with citric acid and ethylene glycol. A
complete list of the samples and their precursors is given in Table 3.3. Three of the
nano powders were prepared by other master students at the department, i.e. Østmoe
[9] and Hoggen [15]. The 150 nm h−YMnO3 was prepared by Bergum [32] with a
maleic acid sol-gel synthesis, see Appendix A.

The cation precursors were individually dissolved in distilled water with citric acid,
except the Ti-precursor which was added after the blending of the Y3+ and Mn2+ solu-
tions. The ratio between cation concentration and citric acid is given in Table 3.4.
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Table 3.3: List of all nano powders used in this study with their cation precursors. Data for
h−YMnO3 and h−DyMnO3 are taken from Østmoe [9], and data for h−YMn0.85Ti0.15O3 are
taken from Hoggen [15].

h−RMnx-1TixO3 Precursors Doping
h−YMnO3 Y(CH3COO)3,

MnCO3 ·xH2O
-

h−YMn0.85Ti0.15O3 Y(CH3COO)3 ·xH2O,
MnCO3 ·4 H2O,
Ti(OCH(CH3)2)4

Donor, B site

h−DyMnO3 Dy(CH3COO)3 ·xH2O,
MnCO3 ·xH2O

-

Table 3.4: List of ratios of cation precursors versus citric acid in sol-gel synthesis done by other
students at the department. Data for h−YMnO3 and h−DyMnO3 are taken from Østmoe [9],
and data for h−YMn0.85Ti0.15O3 are taken from Hoggen [15].

h−RMn1-xTixO3 Ratio R:citric acid Ratio Mn:citric acid
h−YMnO3 1:15 1:22

h−YMn0.85Ti0.15O3 1:15 1:22
h−DyMnO3 1:35 1:22

The solutions with all the cation precursors were then added ethylene glycol in a 1:1
ratio with the citric acid, and heated on a hotplate under vigorous stirring until a
viscous gel formed. The gel was then dried in a furnace at 115 ◦C-150 ◦C, and finally
calcined at 400 ◦C-500 ◦C into a amorphous raw powder. Table 3.5 gives exact heat
treatment data for each compound, and a schematic overview of the sol-gel synthesis
is given in Figure 3.2.

Table 3.5: Heat treatment of wet gel, dry gel and calcined raw powder to crystalline nano
powder. The h−YMn0.85Ti0.15O3 gel was dried at room temperature for 3 days before drying
in a furnace. Data for h−YMnO3 and h−DyMnO3 are taken from Østmoe [9], and data for
h−YMn0.85Ti0.15O3 are taken from Hoggen [15].

h−RMn1-xTixO3 Drying of gel Calcination of gel Annealing
h−YMnO3 150 ◦C, 4 days 500 ◦C, 12 hours 850 ◦C, 2 hours

h−YMn0.85Ti0.15O3 115 ◦C, 3 days 400 ◦C, 6 hours 800 ◦C, 1 hour
h−DyMnO3 150 ◦C, 4 days 500 ◦C, 12 hours 850 ◦C, 2 hours
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Ethylene glycol, 130 ◦C (hotplate)

115 ◦C-150 ◦C (furnace)

400 ◦C-500 ◦C (furnace)

Amorphous raw powder

Dry gel

Wet gel

R3+precursor, citric acid Mn2+ precursor, citric acid

Figure 3.2: Schematic overview of the sol-gel synthesis route. Stoichiometric amounts of metal
ion precursors dissolved with citric acid in distilled water were mixed with ethylene glycol, and
then heated on a hotplate at 130 ◦C until gelling. The gel was then dried at 115 ◦C or 150 ◦C,
and further calcined at 400 ◦C-500 ◦C to form an amorphous raw powder.
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3.2 Characterization and Analysis

The phase purity of the prepared powders was determined by XRD. The crystallite
sizes for the nano-sized powders were found by Rietveld refinement based on the XRD
scans, and the crystallite sizes for the bulk-sized powders were determined by SEM
imaging.

The oxygen absorption in the prepared powders was analyzed in terms of structural
change, using HT-XRD, gravimetric change, using TGA, and electrochemical change,
using Seebeck measurements and measuring DC conductivity.

3.2.1 Structural Measurements

The powders were studied with HT-XRD in O2 and N2 atmosphere to analyze the struc-
tural changes during oxygen absorption and desorption at various temperatures. Both
measurements of changing temperature with constant atmosphere and isotherm mea-
surements with switching atmospheres were conducted, investigating thermodynam-
ical behavior and system kinetics, respectively. Figure 3.3 illustrates the measure-
ments.
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Figure 3.3: (a) HT-XRD measurement with varying temperature and constant atmosphere.
After two heating-cooling cycles, the atmosphere was changed from O2 to N2. (b) HT-XRD mea-
surement with constant temperature and switching atmosphere. Between each temperature
segment, the materials were heated to an elevated temperature in N2 to remove interstitial
oxygen.

In the measurements with varying temperature, intervals of 20 ◦C and 40 ◦C were
used, scanning a 2θ interval of 26.000°-72.012°. Table 3.6 gives the parameters used
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in the measurement.

Table 3.6: Measurement parameters used in the HT-XRD structural characterization with
varying temperature. The 2θ area scanned was 26.000°-72.012°, and the measurements were
conducted in both O2 and N2.

h−RMnO3 Time per step [s] 2θ step size [°] Temp. range [◦C]
Bulk h−YMn0.85Ti0.15O3 1.0 0.03263236 50-600
Nano h−YMn0.85Ti0.15O3 1.5 0.03263236 50-500

Nano h−YMnO3 1.5 0.03263236 50-400
Nano h−DyMnO3 1.25 0.03263236 50-450

In the isothermal measurements with switching atmospheres a narrower 2θ inter-
val was examined. The interval scanned were chosen to only include the (004) peak
and the (112) peak, since it is possible to can calculate the c and a parameters of the
manganites based on these two peaks. Table 3.7 gives the parameters used in the
measurement.

Table 3.7: Measurement parameters used in the isotherm HT-XRD structural characterization
with switching atmospheres. The measurements were conducted by switching from N2 to O2
after "emptying" the materials at elevated temperatures in N2. Time used per step was varied
for different temperatures to ensure a sufficient amount of data. As a reference to the nano-
sized powders and the Ti-doped bulk-sized powder, bulk- and 150 nm-sized h−YMnO3 powder
was scanned at 205 ◦C and 245 ◦C, respectively.

h−RMnO3 2θ interval [°] 2θ resolution [°] Temp. range [◦C]
Bulk h−YMn0.85Ti0.15O3 31.300-33.307 0.04894854 165-405
Nano h−YMn0.85Ti0.15O3 30.750-33.491 0.04894854 165-245

Bulk h−YMnO3 31.050-33.889 0.04894854 205
150 nm h−YMnO3 31.050-33.889 0.04894854 245
Nano h−YMnO3 31.050-33.889 0.04894854 145-245

Nano h−DyMnO3 31.050-33.497 0.04894854 225-305

3.2.2 Thermogravimetric Measurements

TGA was used to quantitatively determining the oxygen absorption and desorption
for bulk- and nano-sized YMn0.85Ti0.15O3 in O2. The measurements were conducted
during both heating and cooling of the powders. The measurement were performed at
a slow heating and cooling rate of 1 ◦C min−1 to ensure that the materials could reach



3.2. Characterization and Analysis 33

equilibrium at every measuring point. A gas flow of 30 mL min−1 was used to ensure
an atmosphere with excess of O2. Table 3.8 gives an overview of temperature intervals
used for the different materials.

Table 3.8: Temperature rate, temperature range and O2 gas flow for the TGA measurements.

h−RMnO3 Temp. rate [◦C s−1] Temp. range [◦C] Gas flow [mL min−1]
Bulk YMn0.85Ti0.15O3 1.0/−1.0 30-900 30
Nano YMn0.85Ti0.15O3 1.0/−1.0 30-600 30

Although a heating and cooling rate of 1 ◦C min−1 is slow, the maximal potential of the
powders in terms of oxygen absorption is not reached with this value. To find the true
peak in oxygen absorption, a heating rate around 0.1 ◦C min−1 should be used, as seen
in Remsen et. al [21]. Such measurements takes weeks to perform, and for the sake
of relative comparisons between the hexagonal rare-earth manganites a temperature
rate of 1 ◦C min−1 is sufficient.

3.2.3 Electrochemical Measurements

The electrochemical measurements were performed on solid bodies in form of prisms.
Porous, square prisms with length 20 mm, width 5 mm and height 3 mm were prepared
by uniaxial pressing of bulk-sized h−YMnO3 and bulk-sized h−YMn0.85Ti0.15O3 pow-
der. The prisms were sintered in air at 1300 ◦C for 6 hours. Only bulk powder was
used due to coarsening of nano powder at the sintering temperatures used.

DC Conductivity Measurements

DC conductivity measurements was performed one the aforementioned prisms in two
manners: First the samples were heated and cooled in N2 and O2 to measure the
conductivity as a function of temperature. The cycling measurement in N2 serves
as a reference for the conductivity measured when cycling in O2. Two cycles in O2

were performed, see Figure 3.5a. Then, conductivity relaxations were measured at
different temperatures, switching gas from O2 to N2 and than back to O2, see Figure
3.5b. Cycling temperature range and conductivity relaxation temperatures are given
in Table 3.9.
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Figure 3.4: (a) DC measurement during heating and cooling in N2 and O2. The cycle in
N2 serves as a reference for the conductivity measured in O2. The heating and cooling rate
was 60 ◦C h−1, and the holding time at maximum temperature was 30 min. (b) Conductivity
relaxation measurements at constant temperature and switching atmosphere. The materials
were heat treated at elevated temperatures in O2 before each relaxation measurement.

Table 3.9: Cycling temperature range, conductivity relaxation temperatures and heat-
ing/cooling rate for the DC measurements.

h−RMnO3 Temp. range [◦C] Temp. rate [◦C h−1] Relaxation temp. [◦C]
h−YMn0.85Ti0.15O3 100-800 60 315, 365

h−YMnO3 100-500 60 275

Seebeck Coefficient Measurements

The same prisms as in the DC conductivity measurement were used in the measure-
ments of the Seebeck coefficient. The Seebeck coefficient was determined at various
temperatures, first during heating and cooling in N2 and then during heating and
cooling in O2, see Figure 3.5. The temperatures at which each measurement was per-
formed were the same during heating and cooling and the same in both N2 and O2.
For h−YMn0.85Ti0.15O3, measurements were done at every 50 ◦C between 200 ◦C and
400 ◦C, and then every 100 ◦C from 400 ◦C to 800 ◦C. For h−YMnO3, measurements
were done at every 25 ◦C between 200 ◦C and 300 ◦C, and then every 100 ◦C from 300 ◦C
to 800 ◦C. Table 3.10 summarizes the measurement parameters.
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Table 3.10: Temperature steps, holding time per step and measuring frequency used in the
Seebeck measurements. The temperature steps were the same upon heating and cooling, both
in N2 and O2.

h−RMnO3 Temp. [◦C] Hold time [h] Freq. [min−1]
h−YMn0.85Ti0.15O3 200, 250, 300, 350, 400,

500, 600, 700, 800
3 1

h−YMnO3 200, 225, 250, 275, 300,
400, 500, 600, 700, 800

3 1
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Figure 3.5: Temperature program for measuring Seebeck coefficient at various temperatures,
first (a) in N2, then (b) in O2. The temperature program is identical for both atmospheres.
The temperature steps, however, are different between h−YMn0.85Ti0.15O3 and h−YMnO3, see
Table 3.10.
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Chapter 4

Results

Except from the bulk-sized Ti-doped h−YMnO3, all of the results presented are mea-
sured on materials from a single synthesis batch. The bulk-sized h−YMn0.85Ti0.15O3

first prepared was used up during the analysis, and thus a second batch was synthe-
sized to measure the electrochemical properties.

The following abbreviations are used for the materials on the figures in this chapter:
Bulk Y (bulk-sized h−YMnO3), 150 nm Y (150 nm-sized h−YMnO3), Nano Y (nano-
sized h−YMnO3), Bulk YTi-dop. (bulk-sized h−YMn0.85Ti0.15O3), Nano YTi-dop. (nano-
sized h−YMn0.85Ti0.15O3), Nano Dy (nano-sized h−DyMnO3).

4.1 Structure Characterization

The synthesized hexagonal manganite powders were characterized with XRD to con-
firm phase purity, see Figure 4.1. Based on mentioned X-ray diffraction data, the crys-
tallite sizes of the nano-sized powders were determined by Rietveld refinement. The
crystallite size of the bulk powders were determined by SEM imaging, see Appendix
B. The crystallite sizes are given in Table 4.1.

Table 4.1: List of crystallite sizes of hexagonal manganite powders analyzed in this study.

h−RMnO3 Crystallite size Measuring method
Bulk h−YMnO3 2-14 µm SEM

Bulk h−YMn0.85Ti0.15O3 2-17 µm SEM
Nano h−YMn0.85Ti0.15O3 18.7 nm Rietveld, XRD

Nano h−DyMnO3 22.6 nm Rietveld, XRD
Nano h−YMnO3 25.5 nm Riedveld, XRD

37
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Figure 4.1: X-ray diffractogram of bulk-sized h−YMnO3 and h−YMn0.85Ti0.15O3 (top) and
nano-sized h−YMnO3, h−DyMnO3 and h−YMn0.85Ti0.15O3 (bottom). The relative differences
in intensity between the nano-sized powders are due to the difference in crystallite size.
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4.1.1 HT-XRD Characterization

Lattice Parameters During Heating and Cooling
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Based on the HT-XRD scans during heating and cooling in O2 and N2, the a and c
parameter of the materials were determined by the Pawley Method [62] in TOPAS.
Space group 185, i.e. P63cm, was used as hkl phase, and a background order of 1
was used for all refinements. Two corrections were used; sample displacement and
LP-Factor, both fixed to 0. The nano-sized powders were refined on Lorentzian crystal-
lite size, while the bulk powders were refined on both Lorentzian crystallite size and
Lorentzian crystallite strain. Table 4.2 shows all refinement settings for the Pawley
Method refinement.

Table 4.2: Refinement settings for Pawley Method refinement of HT-XRD measurements.

Settings Bulk powder Nano powder
Background order 1 1
Corrections:
2th, sample displacement 0 (fixed) 0 (fixed)
Intensity, LP-Factor [°] 0 (fixed) 0 (fixed)
Refining L size, L strain L size

The results from the Pawley Method refinement are plotted as a function of tempera-
ture, see Figure 4.3 and 4.4, and Figure C.1 and C.2 in Appendix C. Figure 4.3 and 4.4
show the a and c parameter as a function of temperature during heating/cooling in O2

and N2, respectively. The y-axes are kept equal in these two figures for comparison.
Figure C.1 shows c/a as a function of temperature in both O2 and N2. Figure C.2 show
the unit cell volume, V , as a function of temperature in both O2 and N2.
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Figure 4.3: HT-XRD measurements of the a and c parameter from heating and cooling in O2.
The top row represents heating 1 (H1), the middle row cooling 1 (C1), and the bottom row
is from heating 2 (H2). The left column includes graphs of the a parameter, while the right
column includes graphs of the c parameter.
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Figure 4.4: HT-XRD measurements of the a and c parameter from heating and cooling in N2.
The top row represents heating 1 (H1), the middle row cooling 1 (C1), and the bottom row
is from heating 2 (H2). The left column includes graphs of the a parameter, while the right
column includes graphs of the c parameter.
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Lattice Parameters During Switching Atmosphere
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Based on the isothermal HT-XRD scans with switching atmospheres, the (004) and
(112) peak positions, see Figure 4.1, of the materials were determined by Single Peak
Fitting refinement in TOPAS. Initial peak positions were manually placed on each
scan on the (004) peak and the (112) peak. The peak fitting was then refined on
Lorentzian crystallite size for the nano-sized powders, and Lorentzian crystallite size
and Lorentzian crystallite strain for the bulk-sized powders. The other refinement
parameters were identical to the Pawley Method refinement, see Table 4.2.

From the peak positions found by the Single Peak Fitting refinement the a and c
parameter were calculated. This was obtained by using the d-spacing equation for
hexagonal crystal structures and Bragg’s Law, see Equation 2.2 and 2.3. The a and c
parameters calculated from the Single Peak Fitting refinement are plotted as a func-
tion of time, see Figure 4.6-4.8. The y-axes are kept equal in Figure 4.6 and 4.7 for
comparison.
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Figure 4.6: Change in lattice parameter a (left) and c (right) in bulk-sized h−YMn0.85Ti0.15O3
when switching from N2 to O2 at different temperatures. The two upper plots show all temper-
atures, while the four lower show narrower temperature regions.
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Figure 4.7: Change in lattice parameter a (left) and c (right) for nano-sized h−YMn0.85Ti0.15O3
(top), nano-sized h−DyMnO3 (center) and nano-sized h−YMnO3 (bottom) when switching from
N2 to O2 at different temperatures.
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Figure 4.8: Change in lattice parameter a (left) and c (right) when switching from N2 to O2
at different temperatures. The top plots show bulk- and 150 nm-sized h−YMnO3. The center
plots show all materials at 225 ◦C. The bottom plots show all materials at the temperature
where their lattice parameter change is highest. Note that the time at which the atmosphere
was switched can vary from material to material.
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4.2 Thermogravimetric Analysis

The out-put measurements from the TGA are given in weight percent of initial sam-
ple weight. From this, δ-values (h−RMnO3+δ) were calculated, assuming the lowest
measured weight percent values for each material corresponded to a stoichiometric
compound with δ= 0.

The changes in mass, plotted as 3+δ, during heating and cooling in O2 found by TGA
are given in Figure 4.9 and 4.10. Figure 4.9 also includes smaller plots where the
change in weight percent is given.

In addition to the measurements performed on bulk- and nano-sized h−YMn0.85Ti0.15O3,
data for nano-sized h−YMnO3 and nano-sized h−DyMnO3 measured by Østmoe [9] are
included. The latter data was obtained by using the exact same measuring parameters
as in this study, i.e. a temperature rate of 1 ◦C min−1 and an O2 flow of 30 mL min−1.
The powders used for these measurements are also from the same batch as the pow-
ders used in this study.

The highest observed oxygen absorption from the TGA measurements for the different
compounds are given in Table 4.3. The oxygen uptake is both given as change in weight
percent and as δ-values.

Table 4.3: Highest observed wt% change and δ-values of excess oxygen in h−RMnO3+δ. The δ-
values were calculated assuming the lowest measured weight percent values for each material
corresponded to a stoichiometric compound with δ= 0.

h−RMnO3 Change, mass [wt%] Change, 3+δ [-]
Bulk-sized h−YMn0.85Ti0.15O3 1.4726 3.177
Nano-sized h−YMn0.85Ti0.15O3 1.2675 3.150
Nano-sized h−DyMnO3 1.6155 3.264
Nano-sized h−YMnO3 1.4918 3.180
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Figure 4.9: Calculated change of oxygen content in h−RMnO3+δ from the TGA measurement
data as a function of temperature. The top plot compares values upon heating, and the bottom
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The data used to calculate the oxygen change in h−DyMnO3 and h−YMnO3 were measured by
Østmoe [9].
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Figure 4.10: Calculated change of oxygen content in h−RMnO3+δ from the TGA measurement
data as a function of temperature. The arrows point in the direction of heating and cooling.
The data used to calculate the oxygen change in h−DyMnO3 and h−YMnO3 were measured by
Østmoe [9].
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4.3 Electrochemical Analysis

4.3.1 DC Conductivity

For the DC conductivity measurements, platinum wire was carefully wrapped around
the prepared prisms, forming electrodes. Platinum paste was cured on the contact
points between the wires and the prisms to optimize the contact area. The curing was
carried out at 850 ◦C for 1 h.
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Conductivity measurements during heating and cooling were carried out once in N2

and twice in O2. The conductivity measurements from the two materials are plotted
together as a function of temperature, see Figure 4.12. The y-axis is scaled logarithmic
to better visualize the conductivity effect of oxygen absorption/desorption. In Appendix
D these measurements are also plotted in a semi logarithmic plot as a function of time,
see Figure D.1, and with y-axes linearly scaled, see Figure D.2 and D.3. Table 4.4 gives
the conductivity for each sample at 500 ◦C.

Table 4.4: DC conductivity at 500 ◦C for the two samples through the measurements in N2
and O2. Conductivity values for both heating (H) and cooling (C) are given for the Ti4+ doped
sample.

h−RMnO3 N2 [µS cm−1] O2, 1 [µS cm−1] O2, 2 [µS cm−1]
Bulk h−YMn0.85Ti0.15O3 291.13 (H),

718.81 (C)
135.95 (H),
162.15 (C)

144.57 (H),
161.73 (C)

Bulk h−YMnO3 81.00 199.30 200.33
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The conductivity relaxation measurements obtained at 275 ◦C for h−YMnO3 and at
315 ◦C and 365 ◦C for h−YMn0.85Ti0.15O3 are plotted in Figure 4.14. In addition to the
aforementioned, measurements done by Nesdal [11] at 250 ◦C and 300 ◦C for h−YMnO3

are included. In Figure 4.14 the y-axes are linear and kept equal for comparison. The
x-axes are given in minutes, and the point when switching from O2 to N2 is given as
point zero.

As seen from Figure 4.14, Nesdal’s measurements do not fit the conductivity values of
the measurement at 275 ◦C performed in this study, and may originate from sample
differences in terms of dimension, density and crystallite size. The kinetic aspect and
the relative conductivity changes, however, are comparable.
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Figure 4.14: Conductivity relaxation measurements of bulk-sized h−YMnO3 (top) and bulk-
sized h−YMn0.85Ti0.15O3 (bottom). The samples used were the same as in the conductivity
measurements with varying temperature. The y-axes are linear and equal in range, and the
x-axes have t = 0 min as the time where the atmosphere is switched from O2 to N2. The
measurements for h−YMnO3 at 250 ◦C and 300 ◦C were performed by Nesdal [11].
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4.3.2 Seebeck Coefficient
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For each isotherm step in the Seebeck measurements, an average value of the Seebeck
coefficient was calculated. At low temperatures for h−YMnO3 it was difficult to obtain
stable values during the 3 hours holding time. Thus, some values upon heating in N2

and cooling in O2 have been neglected.

The Seebeck coefficients measured as a function of temperature upon heating and cool-
ing in N2 and O2 are given in Figure 4.16 and 4.17. Figure 4.16 shows the Seebeck coef-
ficient for h−YMnO3 and Figure 4.17 shows the Seebeck coefficient for h−YMn0.85Ti0.15O3.
The y-axes for each material are kept equal. Although few values were obtained from
each measuring, plot lines are included in the figures to show the trends. In both fig-
ures the measurements during heating are plotted in red, while the measurements
during cooling are plotted in blue. In addition to this, a dotted line representing the
limit between positive and negative Seebeck values is included in both plots.

Note that the samples had been heated in O2 during the DC measurements before the
Seebeck measurements in N2. Thus, h−YMnO3 and h−YMn0.85Ti0.15O3 were oxidized
as the measurements in N2 started, leading to a reduction as the samples were heated
in N2.
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Figure 4.16: Seebeck coefficient as a function of temperature in N2 (left) and O2 (right) for
h−YMnO3. The red values are measured during heating, and the blue values are measured
during cooling. All values are positive, indicating that h−YMnO3 is a p-type conductor for all
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Figure 4.17: Seebeck coefficient as a function of temperature in N2 (left) and O2 (right) for
h−YMn0.85Ti0.15O3. The red values are measured during heating, and the blue values are
measured during cooling. When oxidized at low temperatures, h−YMn0.85Ti0.15O3 is a p-type
conductor with positive Seebeck coefficients. When reduced at elevated temperatures, the ma-
terial becomes an n-type conductor with negative Seebeck coefficients.
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Discussion

Based on the results in this study and work done in similar studies, the effect of donor
doping with Ti4+ in hexagonal rare-earth manganites will now be evaluated and tried
explained. As seen from the results presented in Chapter 4, doping with Ti4+ affect
several dimensions in the oxygen absorption process in h−RMnO3. However, crystal-
lite size and type of R-cation in h−RMnO3 also seem to have a strong effect on the
oxygen absorption properties of the hexagonal manganites. To ultimately determine
which properties donor doping with Ti4+ introduce in h−RMnO3, the effects of the
microstructure and the R-cation must first be isolated and understood.

Since there are so many parameters affecting the performance of oxygen absorption/
desorption in the hexagonal manganites, the risk of falsely ascribing certain properties
to e.g. doping is high when evaluating the results. Most of the measurements in this
study were only performed once, and with marginal support from the literature, the
chance of making wrong conclusions is high. However, the three measuring methods
used in this study, i.e. HT-XRD, TGA and DC-conductivity, give a broad view of the
same phenomenon.

5.1 General Observations

The two most important aspects of oxygen absorption/desorption performance in the
hexagonal rare-earth manganites analyzed in this study are the thermodynamics and
kinetics. When evaluating the thermodynamics, oxygen absorption capacity and how
temperature affect the capacity are the two most important factors. When evaluation
the kinetics, the absorption and desorption rates are the most important factor.

The highest observed oxygen absorption from the TGA measurements for the different

55
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compounds are previously given in Table 4.3. Figure 5.1 summarizes observed oxygen
absorption/desorption temperature regions from the different measurements in the
study. Table 5.1 summarize the observed temperatures at which the peaks in oxygen
absorption are found from the different measuring techniques. Figure 5.2 contains
plots from the results that support the temperature regions and peak temperatures
given in Figure 5.1 and Table 5.1.

Temperature

HT-XRD

TGA

DC Bulk YTi-dop.

Bulk Y

Nano YTi-dop.

Nano Y

Nano Dy
175-375 ◦C
150-250 ◦C
175-275 ◦C
200-500 ◦C

150-400 ◦C
150-300 ◦C
200-600 ◦C
200-800 ◦C

150-275 ◦C

200-400 ◦C

Figure 5.1: A visual representation of the observed temperature regions of oxygen absorption
and desorption in various hexagonal manganites. The temperature regions are based on the
values in Figure 5.1. The TGA values are most reliable as the change in mass is only due to
absorption of oxygen. The DC conductivity and the lattice parameter expansions are affected
by temperature, and accurate temperature regions of oxygen absorption/desorption is hence
difficult to isolate from the thermal effects.

Table 5.1: Observed temperatures at which the oxygen absorption peaks in various hexagonal
manganites by HT-XRD, TGA and DC measurements. HT-XRD,1 indicates the HT-XRD mea-
surements with varying temperature, while HT-XRD,2 indicates the HT-XRD measurements
with switching atmosphere.

h−RMnO3 THT−XRD,1 [◦C] THT−XRD,2 [◦C] TTGA [◦C] TDC [◦C]
Bulk h−YMn0.85Ti15O3 300 285 340 310

Bulk h−YMnO3 - - - 270
Nano h−YMn0.85Ti15O3 195 205 195 -

Nano h−YMnO3 205 185 225 -
Nano h−DyMnO3 235 225 180 -
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Figure 5.2: Oxygen absorption temperature regions and temperature peaks observed with (a)
HT-XRD measurements with varying temperature, (b) HT-XRD measurements with constant
temeprature, (c) TGA measurements and (d) DC conductivity measurements.

The kinetic observations in this study were found from the HT-XRD measurements
with switching atmosphere and the DC conductivity relaxation measurements. The
time to reach equilibrium as a function of temperature for the materials measured
with HT-XRD is given in Figure 5.3. The data is based on the measurements given
in Figure 4.6-4.8. The smaller plot in Figure 5.3 is an Arrhenius plot, and from the
gradients of the regression lines the activation energy for diffusion, Ea, was calculated,
see Table 5.2.

In addition to evaluating the thermodynamic and kinetic aspects, the structural change
in the rare-earth manganites upon oxygen absorption and desorption is interesting.
Relative chemical expansion values for the materials measured with HT-XRD are
given in Table 5.3. These values are calculated from the data shown in Figure 4.6
and 4.7. The isothermal data was used to exclude all thermal expansion contributions.
Only the largest expansion values for each material are given in Table 5.3.
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Figure 5.3: The time for various h−RMnO3 powders to reach oxygen absorption equilibrium
at different temperatures. The smaller plot is an Arrhenius plot, showing trend lines with
gradients equal to −Ea/kB.

Table 5.2: Calculated activation energies, Ea, for diffusion in h−RMnO3. The values are
determined from linear regression of the values in the Arrhenius plot in Figure 5.3. The error
values for the regressions is included.

h−RMnO3 Activation energy, Ea [eV] Error, [%]
Bulk h−YMn0.85Ti0.15O3 0.40±0.02 4.89
Nano h−YMn0.85Ti0.15O3 0.33±0.05 15.94

Nano h−DyMnO3 0.30±0.06 19.08
Nano h−YMnO3 0.50±0.08 16.80

Table 5.3: Maximal change in lattice parameter a and c, unit cell volume V, and c/a, when
oxidizing the materials. The values are calculated from the isothermal measurements with
switching atmosphere from N2 to O2. The same values with opposite sign should be obtained
if one changed the atmosphere from O2 to N2.

h−RMnO3 a c c/a V
Bulk Ti 0.36% -1.10% -1.45% -0.39%
Nano Ti 0.10% -0.58% -0.68% -0.38%
Nano Dy 0.46% -1.74% -2.19% -0.83%
Nano Y 0.34% -0.87% -1.20% -0.19%
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Appendix E includes figure showing two and two properties plotted together, better
visualizing the dependence of the measured data.

Based on the general trends presented here, the observed differences will be assigned
to the three different variables of the compounds tested: The microstructure, the R-
cation and donor doping with Ti4+. Based on the evaluation of these variables, the
use of h−YMn0.85Ti0.15O3 in oxygen permeable membranes will be shortly discussed.
Finally, suggestions to further work will be presented.

5.2 Effect of Microstructure in h−RMnO3

Two types of microstructures were analyzed in this study; nano-sized powder and bulk-
sized powder of h−RMnO3. The nano-sized powders ranged from 18.7 nm to 25.5 nm,
while the bulk-sized powders had crystallite sizes between 2 µm to 17 µm, see Table
4.1.

From the TGA measurements summarized in Figure 4.9 and 4.10, a larger absorption
of excess oxygen is observed in the bulk-sized h−YMn0.85Ti0.15O3 powder (δ = 0.177)
compared with the nano-sized h−YMn0.85Ti0.15O3 powder (δ = 0.150). The hysteresis
plot of the nano-sized powder shows an almost linear trend with no distinct region of
absorption/desorption of oxygen, questioning the validity of these results. However,
the measured absorption of oxygen in nano-sized h−DyMnO3 (δ= 0.264) in this study
is below reported values of bulk-sized h−DyMnO3, with results well above δ= 0.3 [22].
A comparison of these δ-values are given in Figure 5.4.

Although the value for the bulk-sized h−DyMnO3 was measured using a lower cool-
ing rate, i.e. 0.1 ◦C min−1 compared with 1.0 ◦C min−1 in this study, it is plausible that
larger crystallite grains have more tolerance towards non-stoichiometry. Incorporation
of oxygen interstitials give a tensile strain in the ab-plane and a compressive strain
along the c-axis, see Figure 4.3. As nano-sized crystallites have quite high surface en-
ergies and high surface induced strain, the sizes could explain why bulk-sized particles
are more susceptible for defects causing additional strain in the crystal structure.

In his work, Østmoe [9] reported a linear relationship between the crystallite sizes
of the nano-powders and oxygen absorption, where smaller crystallites gave a larger
oxygen absorption capacity. This conclusion is in conflict with the findings in this
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Figure 5.4: Maximal amount of excess oxygen, δ, for bulk- and nano-sized h−DyMnO3 and
h−YMn0.85Ti0.15O3. The value for bulk-sized DyMnO3 is taken from Remsen et al. [22].

study, where bulk-sized powders have larger oxygen absorption capacities than the
nano-sized powders. However, only one crystallite size of each nano-sized powder were
tested in this study, suggesting that at nano-scale his reported trend is somehow cor-
rect, while at bulk-scale the absorption capacity increases again.

In addition to oxygen absorption capacity differences observed between bulk- and
nano-sized powders, the kinetics regarding absorption and desorption are quite dif-
ferent. From the HT-XRD measurements with switching atmosphere, nano-sized pow-
ders have proven to be superior to the bulk-sized powders in terms of absorption and
desorption rates. The only exception here is the bulk-sized Ti-doped h−YMnO3, which
will be discussed later.

Both the bulk-sized and 150 nm powder of h−YMnO3 had so slow absorption rates
that they were unable to fully oxidize during HT-XRD measurements of 50 and 20
minutes, respectively. The nano-sized powder of h−YMnO3, however, exhibited fast
kinetic behavior, reaching equilibrium at all temperatures within 25 minutes. Figure
5.5 illustrates the size dependence of the kinetics, based on the measurements showed
in Figure 4.7 and 4.8. The DC conductivity relaxation measurements in Figure 4.14
show a somewhat faster absorption rate of bulk-sized h−YMnO3, suggesting that the
change in lattice parameters during oxidation is too small to detect, see Figure 5.6.
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Figure 5.6: DC conductivity in bulk-sized h−YMnO3 when switching atmosphere between O2
and N2. The measurements for h−YMnO3 at 250 ◦C and 300 ◦C are performed by Nesdal [11].

Independent on the HT-XRD measurements of bulk-sized and 150 nm-sized powders,
faster kinetics are observed for the nano-sized powder of h−YMnO3. These results
suggests surface exchange to be the rate determining step when oxidizing h−RMnO3,
as the nano-sized powders have a much larger surface area.
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5.3 Effect of R-cation in h−RMnO3

Two different R-cations were analyzed in this study; yttrium (Y) and dysprosium (Dy).
Dy3+ has a slightly larger ionic radius than Y3+ when 7 coordinated, i.e. 0.97 Å for
Dy3+ compared with 0.96 Å for Y3+, see Figure 5.7. Their electronegativity, χ, is equal,
namely 1.22 by the Pauling scale. Dy3+ is a 5d element with empty 5d orbitals, while
Y3+ is a 4d element with empty 4d orbitals. Despite the similarities between Y3+ and
Dy3+, the results in this study and other studies [21, 22] indicate a clear difference in
oxygen absorption capacities and absorption rate between the manganites of the two.

Y3+ Dy3+0.96 Å 0.97 Å

Figure 5.7: Ionic sizes of h−YMnO3 (blue) and h−DyMnO3 (red) relative to each other. Al-
though the size difference appears to be small, it might have a big effect on the properties in
the material.

The difference in oxygen absorption capacities for h−YMnO3 and h−DyMnO3 is illus-
trated in Figure 5.4. The temperature region of oxygen absorption and desorption is
found to be slightly shifted to higher values for h−DyMnO3 compared to h−YMnO3 in
the TGA and HT-XRD measurements, see Figure 5.1.

Both the TGA measurements and the HT-XRD measurements prove h−DyMnO3 to
have a faster absorption/desorption rate than h−YMnO3. The difference in oxygen
absorption/desorption rate can be seen in Figure 5.3, resulting in a large difference in
calculated activation energy of diffusion, Ea, see Table 5.2.

The differences in absorption capacities for h−YMnO3 and h−DyMnO3 is supported
by other studies [22, 27], although Østmoe [9] reported no difference between the
nano-sized powders of the compounds. A comparison of absorption rate for nano-sized
h−YMnO3 and h−DyMnO3 is not reported in literature.

A plausible explanation for the observed kinetic and thermal stabilization differences
between h−YMnO3 and h−DyMnO3 is the size of the Dy3+-cation. Since 7 coordinated
Dy3+ has a larger ionic radius than 7 coordinated Y3+, Dy3+ is expected to expand the
crystal structure. This is confirmed in the XT-XRD measurements in inert atmosphere
(N2) in Figure 4.4, where both the a and c parameter of h−DyMnO3 are larger than
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the lattice parameters in h−YMnO3, despite the h−YMnO3 powder having smaller
crystallite sizes. An expansion in the Dy3+ layer in the structure would also expand
the MnO5 layer, thus giving more room for the interstitial oxygen in the structure, see
Figure 5.8. This could induce a faster diffusion rate within the crystals.

The structural HT-XRD measurements do not explain the observed increase in oxy-
gen absorption capacity in h−DyMnO3. A plausible explanation is the 5d orbitals of
Dy3+. The 5d orbitals of Dy3+ have a larger extent than the 4d orbitals of Y3+, and
could somehow help stabilizing higher amounts of interstitial oxygen and help charge
stabilizing the interstitial oxygen during diffusion. However, studies have shown that
mixed compounds of both Y and Dy, Dy1-xYxMnO3, improve the absorption capacity
compared to the pure materials [22,23], suggesting that the explanation is more com-
plex than just orbital extension.

Dy3+

(a) (b)

Figure 5.8: The crystal structure h−DyMnO3 with proposed expansion (a) along the c-axis
and (b) in the ab-plane compared to h−YMnO3. The expansion of the crystal structure could
explain the higher oxygen absorption capacity and the faster kinetics of h−DyMnO3 relative to
h−YMnO3. The structures are created with the VESTA software [30].

5.4 Effect of Ti4+ Doping in h−RMnO3

As seen from the results in this study, donor doping with Ti4+ in h−YMnO3 affect sev-
eral properties in the parent compound. Here, the evaluation of the effects of Ti-doping
is divided into three subsections, i.e. the structural effects, the thermodynamic effects
and the kinetic effects. Although the effects are different, the proposed explanations
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overlap somehow. In short, the effects of Ti-doping is either due to simple charge dop-
ing or due to the Ti4+-ions themselves. Separation of the two can be difficult, as no
measurements with other donor dopants was performed. Suggestions to isolate which
effects can be ascribed to the charge doping and the Ti4+ ions will be discussed in
Section 5.7 Further Work.

As mentioned in the Literature Review, donor doping with Ti4+ can be charge compen-
sated in two ways; reduction of Mn3+ to Mn2+ in low pO2, or absorption of interstitial
oxygen in high pO2, see Equation 5.1 and 5.2, respectively.

TiO2 +
1
2

Mn2O3
h−RMnO3−−−−−−−→Ti•Mn +Mn

′
Mn +3Ox

O + 1
4

O2(g) (5.1)

TiO2 +
1
2

R2O3
h−RMnO3−−−−−−−→Rx

R +Ti•Mn +3Ox
O + 1

2
O

′′
i (5.2)

The mechanisms presented in Equation 5.1 and 5.2 directly or indirectly affect all of
the effects from doping with Ti4+. The mechanisms are confirmed through the Seebeck
coefficient measurements, see Section 5.5 Conductivity Considerations.

5.4.1 Structural Effect

The Ti4+ ion is considerable smaller than the Mn3+ ion, with an ionic radius of 0.51 Å
compared to 0.58 Å of Mn3+ when 5 coordinated, see Figure 5.9. Figure 5.10 summarize
the lattice parameter changes in O2 and N2 from the HT-XRD measurements.

When Ti4+ is charge compensated with reduction of Mn3+ to Mn2+, see Equation 5.1,
the structural effect by the smaller size of the Ti4+ ion on the Mn3+ site can be con-
sidered canceled by the larger size of the accompanied Mn2+ ion. Since the Mn2+ ion
has a larger deviation from the size of the Mn3+ ion than the Ti4+ ion, the structural
parameters might even expand when Ti4+ is introduced. The HT-XRD measurements
in N2 confirms this, as the a and c paramter of the Ti-doped bulk- and nano-sized pow-
ders are not particularly different from the undoped compounds, see Figure 4.4 and
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Ti4+ Mn4+ Mn3+ Mn2+

0.51 Å 0.46 Å 0.58 Å 0.75 Å

Figure 5.9: Relative sizes of Ti4+, Mn4+, Mn3+ and Mn2+. The size of Mn4+ is an interpolation
between coordination number 4 and 6.
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Figure 5.10: c/a parameter from the HT-XRD measurements in O2 (left) and N2 (right). Both
plots show the lattice parameter from heating cycle 2.

5.10. The differences between the nano- and bulk-sized h−YMn0.85Ti0.15O3 powders
can be explained by lattice expansions when decreasing the crystallite size of an ionic
compound [63].

When Ti4+ is charge compensated by interstitial oxygen, see Equation 5.2, there are
no species to compensate the small Ti4+ ion on the Mn3+ site. Thus, the structure
contracts along the c-axis, and expands in the ab-plane. This is seen for bulk-sized
h−YMn0.85Ti0.15O3 in Figure 4.3 and 5.10. The nano-sized h−YMn0.85Ti0.15O3 powder
deviates from this theory by having both the a and the c parameter larger than the
undoped h−YMnO3 powder. This can be explained by the smaller crystallites in the
Ti-doped nano-powder compared with the nano-sized h−YMnO3 powder, or that the
Ti-doped nano-powder is not fully crystalline.

The HT-XRD measurements show that the thermal expansion rates are equal for
all the materials tested, see N2-plots in Figure 4.4 and 5.10. The linear thermal
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expansion coefficients along the a parameter for the compounds is calculated to be
∼2.3×10−5 K−1, using Equation 2.25. These thermal expansion coefficients are some-
what larger than reported values of ∼5×10−6 K−1 for h−YMnO3 [22]. The difference in
lattice parameter size for these materials is due to two factors: A decrease in crystal-
lite size gives an increase in lattice parameter size, and Ti-doping elongates the lattice
parameters.

The HT-XRD measurements in Table 5.3 reveal that the structural changes in the a
and c lattice parameter during reduction and oxidation is much lower in nano-sized
h−YMn0.85Ti0.15O3 than for undoped nano-sized YMnO3. This difference is very clear
in Figure 5.10 and C.1; at elevated temperatures, in the region with no interstitial
oxygen, the values of c/a are the same. But when oxidized at lower temperatures the
lattice parameters for YMnO3 undergo a much larger change than the lattice parame-
ters of h−YMn0.85Ti0.15O3. Somehow Ti4+ stabilizes the structure to tolerate a shorter
c parameter, since TGA measurements show that the Ti-doped nano-sized powder ab-
sorbs nearly equal the amount of oxygen than the undoped powder.

Bulk-sized h−YMn0.85Ti0.15O3 has a relative large lattice parameter change during
chemical expansion compared to nano-sized h−YMn0.85Ti0.15O3. This is interesting,
and may be due to the fact that the lattice parameters in the nano-sized crystals are
under so much strain that they simply can not be pushed any further. No data on
chemical expansion of undoped bulk-sized YMnO3 was obtained due to the slow ki-
netics of these powders, but based on the aforementioned theory one would expect an
enormous change in lattice parameter size for bulk-sized YMnO3.

Annealing of the nano-sized h−YMn0.85Ti0.15O3 was tried during the study, and at first
it was believed that the coarsening was slowed down by the Ti-doping. After reference
measurements on nano-sized YMnO3, see Appendix F, this theory was ruled out.

5.4.2 Thermodynamic Effect

Based on Equation 5.1 and 5.2, donor doping with Ti4+ should increase the absorption
capacity of the hexagonal rare-earth manganites, as charge compensation of O

′′
i can

happen in two steps (Mn2+ - Mn3+ - Mn4+), see Equation 5.3. In theory, donor doping
should increase the oxygen absorption capacity by half of the doping concentration, see
Equation 5.4, as long as the crystal structure can tolerate it.
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xTiO2(s) +h−YMnO3(s) =Y(Mn3+
1−xMn2+

x )(Ti4+x )O3(s) + xO2(g) (5.3)

CO′′
i
= CO′′

i eq.YMnO3
+ 1

2
CTi+4

(5.4)

The TGA measurements in this study show no increase in oxygen absorption capacity
for the Ti-doped bulk- and nano-sized powder compared to the undoped powders, see
Table 4.3. There are several explanations for this. The unexpected behavior can be
explained by the measuring technique, where a too fast temperature rate in the TGA
measurements for the bulk-sized h−YMn0.85Ti0.15O3 powder was used, hindering the
powder to be saturated with oxygen. It might also be a problem with the nano-sized
h−YMn0.85Ti0.15O3 powder being somewhat amorphous. It might also be that donor
doping with Ti4+ lower the structural tolerance for large amounts of excess oxygen.

The HT-XRD measurements show that Ti-doping in the bulk-sized powder stabilize an
excess oxygen content to higher temperatures, see Figure 5.1, with an oxygen absorp-
tion peak around 100 ◦C higher for the bulk-sized h−YMn0.85Ti0.15O3 powder compared
to the nano-sized h−YMnO3 powder, see Table 5.1. The temperature region of oxy-
gen absorption and desorption also broadens with Ti-doping in the bulk-sized powder,
suggesting that the interstitial oxygen is both entropy stabilized and to some degree
entropy stabilized towards elevated temperatures. The temperature region was mea-
sured to shift 500 ◦C up in temperature for the bulk-sized Ti-doped powder compared
to the undoped nano-sized h−YMnO3 powder.

This temperature region for the Ti-doped nano-sized h−YMnO3, however, seems to be
more similar to that of pure nano-sized h−YMnO3, although the trend of temperature
region broadening is seen in both the HT-XRD and the TGA measurements. The oxy-
gen absorption peak is fairly similar for nano-sized h−YMn0.85Ti0.15O3 and h−YMnO3,
but the temperature region was measured to shift 300 ◦C up in temperature compared
to the undoped nano-sized h−YMnO3 powder.

The higher degree of entropy stabilization of interstitial oxygen in the Ti-doped pow-
ders can be explained by the larger a parameter in these compounds, see Figure 5.11.
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Both the bulk- and nano-sized h−YMn0.85Ti0.15O3 powder have larger a parameters
than nano-sized YMnO3, resulting in an expanded ab-plane where the oxygen intersti-
tials are located. This seems to be favorable for the interstitial oxygen, as the distance
to the other oxygen ions in the structure increases, causing less electrostatic repulsion.
Since Ti4+ seems to affect the lattice parameters in the bulk-sized h−YMn0.85Ti0.15O3

powder more than the lattice parameters in the nano-sized powder, the stabilization
effect is thus stronger in the bulk-sized powder.
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Figure 5.11: HT-XRD measurements of the a (left) and c () parameter from heating cycle 2 in
O2.

As seen in Figure 5.11, nano-sized DyMnO3 and the bulk-sized h−YMn0.85Ti0.15O3

have a parameters of equal length. However, the bulk-sized h−YMn0.85Ti0.15O3 powder
have shorter c parameters, suggesting extra stabilization of the negatively charged
oxygen interstitials by the positively charged Y3+-ions along the c-axis. The expansion
in the ab-plane and the contraction along the c-axis for h−YMn0.85Ti0.15O3 is visualized
in Figure 5.12.

The higher degree of entropy stabilization of interstitial oxygen in the Ti-doped pow-
ders can also be explained by the general strong bonds between Ti4+ and O2–. Since the
interstitial oxygen in stabilized by one Ti4+ ion and one Mn4+ in the Ti-doped powders,
see Figure 5.13, the oxygen ion can be stabilized by forming a strong ionic bond.

The observed stabilization of excess oxygen by Ti4+ is confirmed in unpublished DFT-
calculations on the department [64].
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Ti4+

(a) (b)

Figure 5.12: The crystal structure h−YMn0.85Ti0.15O3 with proposed contraction (a) along the
c-axis and expansion (b) in the ab-plane when oxidized compared to h−YMnO3. The expansion
of the crystal structure could explain the stabilization of interstitial oxygen and the faster ki-
netics in h−YMn0.85Ti0.15O3 relative to h−YMnO3. The structures are created with the VESTA
software [30].

Ti4+

Oi

Figure 5.13: h−YMn0.85Ti0.15O3 with interstitial oxygen (yellow) viewed along the c-axis. The
TiO5 polyhedron is marked with blue. The stabilizing bond between Ti4+ and O2–

i is marked
with a red arrow.

5.4.3 Kinetic Effect

The HT-XRD measurements with switching atmosphere show excellent kinetics for
the Ti-doped bulk-powder compared to the undoped bulk-powder of h−YMnO3, see
Figure 5.14. Also compared with the nano-sized powders analyzed, the bulk-sized
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h−YMn0.85Ti0.15O3 powder perform well, as seen in Figure 5.3.
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Figure 5.14: c/a parameter of bulk-sized h−YMn0.85Ti0.15O3 (left) and bulk- and 150 nm-sized
h−YMnO3 (right) at various temperatures when switching from N2 to O2.

The calculated activation energy for diffusion for the Ti-doped powders are relatively
low, and lies between the values of the nano-sized undoped powders, see Table 5.2. The
calculated activation energies in Table 5.2 probably underestimate the real values, as
equilibrium was not reached for all temperatures during the HT-XRD measurements
with switching atmosphere, but the values give a relative indication between the pow-
ders analyzed. Thus, Ti-doping seems to lower the activation energy for diffusion in the
h−YMnO3 system, resulting in enhanced kinetics for the h−YMn0.85Ti0.15O3 powders.

The explanation for the enhanced kinetics in the Ti-doped bulk-powder is similar to
that of the thermodynamic behavior described earlier. Since Ti-doping expands the
ab-plane in the crystal structure, there is more space for the oxygen interstitials to
diffuse to new interstitial sites. The additional contraction along the c-axis enables the
Y3+ ions to stabilize the interstitial oxygen as it moves to a new site in the structure.

In the DC conductivity relaxation measurements, however, the h−YMn0.85Ti0.15O3

sample seems to have a slower oxidation rate than the bulk-sized h−YMnO3 sample,
see Figure 4.14. Although it seems like the DC conductivity relaxation measurements
contradict the HT-XRD measurements, there is a simple explanation for the seemingly
slow kinetics regarding the conductivity measurements of h−YMn0.85Ti0.15O3: The DC
conductivity relaxation measurements only show conductivity, not oxygen absorption.
Since the absorption of oxygen in h−YMn0.85Ti0.15O3 affect the conductivity in two
steps, namely by first reducing Mn2+ to Mn3+ and then Mn3+ to Mn4+, the kinetics
seem slow.
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5.5 Conductivity Considerations

As mentioned in the Literature Review, both a change in the temperature and oxida-
tion of the manganese ions will affect the conductivity in the hexagonal rare-earth
manganites. In addition to this, donor doping with Ti4+ will affect the conductiv-
ity. Some studies have looked at the conductivity in the h−RMnO3 material class
[8,50–58], but none directly as both a function of oxygen absorption and donor doping.

As seen from the DC conductivity measurements in Figure D.1 and 4.12, the absorp-
tion and desorption of oxygen has an effect, but the impact is small compared to the
thermal effect at elevated temperatures. In both YMnO3 and h−YMn0.85Ti0.15O3 an in-
crease in conductivity is observed when the materials are oxidized, but as the Seebeck
measurements show, the origin for the conductivities are not completely similar.

YMnO3 is initially a semiconductor with low concentrations of Mn4+ due to impuri-
ties. As oxygen is absorbed, the manganese ions are oxidized from Mn3+ to Mn4+, see
Equation 2.10. The Mn4+ ions, or Mn•

Mn, then serve as positive charge carriers (Mn•
Mn

= Mn3+ + h•). This increases the number of mobile charge carriers, and thus increases
the conductivity. For the temperature regions above the red-ox gap and small partial
pressures of O2 one would expect oxygen vacancies to form in YMnO3, following Equa-
tion 2.12, thus giving Mn

′
Mn (Mn

′
Mn = Mn3+ + e

′
) and electrons as the major charge

carrier. However, the measured Seebeck coefficients, given in Figure 4.16, are always
positive, suggesting these measurements to be inaccurate. Other measurements at the
department have shown the transition from p- to n-type conductivity in YMnO3 due to
formation of oxygen vacancies [47], supporting that the measurements in this study is
inaccurate.

h−YMn0.85Ti0.15O3 is initially donor doped with Ti4+, giving the material a high con-
centration of Mn2+ (Mn

′
Mn), see Equation 2.18. Before oxidized, h−YMn0.85Ti0.15O3

is thus an n-type conductor with a negative Seebeck coefficient. When oxidizing this
material, Mn2+ is gradually reduced back to Mn3+. At a certain point, i.e. when the
concentration of O”

i exceeds the doping concentration, Mn3+ will be oxidized further to
Mn4+. Here, the h−YMn0.85Ti0.15O3 will go from a negative to a positive Seebeck coef-
ficient and be a p-type conductor. This shift from n- to p-type semiconductor is clearly
seen in Figure 4.17. Thus, it is shown that h−YMn0.85Ti0.15O3 can both be a p-type and
an n-type conductor, depending on the thermal and atmospheric history. A combined
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plot of the DC conductivity and the Seebeck coefficient as a function of temperature is
given in Figure 5.15. A Brouwer diagram illustrating the shift into the p-type region
is given in Figure 5.16.
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Figure 5.15: DC and Seebeck coefficient as a function of temperature in bulk-sized
h−YMn0.85Ti0.15O3. The top plots are measurements conducted in N2, and the bottom plots
are measurements conducted in O2. The left plots are measurements during heating, and the
right plots are measurements during cooling.

The correlation between the DC conductivity and the Seebeck coefficient in Figure 5.15
match perfectly; the Seebeck coefficient is inversely proportional to the DC conductiv-
ity, and the switch from positive to negative values of the Seebeck coefficient match
exactly with the measured DC conductivity changes at oxygen absorption and desorp-
tion.

Unpublished DOS calculations on pure h−YMnO3 and h−Y1-xAxMn1-yByO3 with var-
ious dopants (A, B) have been conducted at the department [64]. The calculations in-
clude donor doping with Ti4+, and the calculated densities of states for h−YMnO3 and
4.167% Ti-doped h−YMnO3 are given in Figure G.1-G.3 in Appendix G. The DOS cal-
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Figure 5.16: A schematic Brouwer diagram illustrating the effect of donor doping with Ti4+,
following the brown line. At low partial pressures of oxygen the doped material is an n-type
conductor, while at high partial pressures it is a p-type conductor. The region of mixed n- and
p-type conductivity (n=p) is elongated into the p-type region due to the doping.

culations in Figure G.1 confirms the relatively large band gap in stoichiometric YMnO3

of 1.6 eV. In addition to this, the calculations reveal that the 3d orbitals of Ti4+ are
too high in energy to contribute to the pure electric conductivity in the material, see
Figure G.2 and G.3.

The conductivities observed at 500 ◦C, given in Table 4.4, can be explained by the
doping with Ti4+. In N2, h−YMn0.85Ti0.15O3 will have a much higher conductivity
than YMnO3 due to the high concentration of Mn2+ from the donor doping compared
with the low concentration of Mn4+ from impurities in YMnO3.

In O2 at the given temperature, h−YMn0.85Ti0.15O3 is partly oxidized by Oi, giving
a net concentration of Mn2+ or Mn4+ around 0. This is confirmed from the Seebeck
measurements, as the Seebeck coefficient has a turning point from positive to negative
value around this temperature. YMnO3, however, has a small concentration of Mn4+

from impurities and some oxidation, resulting in a slightly higher conductivity than
h−YMn0.85Ti0.15O3.

5.6 h−RMnO3 in Oxygen Permeable Membranes

The main motivation for this study is to evaluate the performance of Ti-doped hexago-
nal rare-earth manganites for use in oxygen permeable membranes. From the findings
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in this study, h−YMn0.85Ti0.15O3 is in many ways better suited as a membrane mate-
rial for oxygen separation than stoichiometric h−YMnO3.

The broad temperature region of oxygen absorption and desorption enables a mem-
brane of h−YMn0.85Ti0.15O3 to work at a wide interval, rather than just a narrow
temperature gap. The excellent kinetics of the bulk-sized h−YMn0.85Ti0.15O3 powder
also suggest that the need for nano-sized crystals in the membrane is less relevant, as
the bulk-sized crystals can yield a high O2 flux at rates close to the nano-sized crystals.

The shift in oxygen absorption peak to a higher temperature, however, means that
a higher operating temperature for the membrane is required compared to the nano-
sized, stoichiometric alternatives. It might as well be a problem with oxygen inter-
stitials being too stable in the h−YMn0.85Ti0.15O3 membrane structure, requiring a
higher pressure difference across the membrane to move oxygen through. This will
have to be investigated by preparing and testing of membranes with and without Ti-
doping.

5.7 Further Work

Although the findings in this study is interesting, further work is required on the
hexagonal rare-earth manganites to be able to explain their behavior during oxidation
and reduction by O2, and to pin point which effects of Ti-doping are due to charge
doping and which effects are due to the titanium ions themselves.

The measurements used in this study should be revisited with a nano-sized Ti-doped
powder with larger crystallite sizes. New results here could answer if the findings in
this study are due to somewhat amorphous powder or if the observed trends are cor-
rect. It is suspected that the performance of the nano-crystalline h−YMn0.85Ti0.15O3

in this study is not representative to the behavior to the completely crystalline pow-
ders of the compound. This suspicion is supported by the steeper growth rate at the
first annealing of the powder compared to annealing of stoichiometric h−YMnO3, see
Appendix F. If one can successfully combine the kinetic properties of the nano-sized
powders with the thermodynamic properties of Ti-doping, the result would truly stand
out as a remarkable substitute to the perovskite membranes on the marked.

To isolate which effects of Ti-doping are due to charge doping and which effects are
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due to the titanium ions themselves can be determined by donor doping with another
element, e.g. Zr4+ on the Y-site (A-site) in the structure. By doing so, one can isolate
which effects are contributed to the titanium ions and which are just a result of charge
doping. In so manner, acceptor doping with divalent ions is also interesting, potentially
answering if the predicted doping mechanisms presented in Equation 2.17-2.24 are
valid.

In addition to this, simultaneous doping on both the A and B site could be an interest-
ing topic of exploration. This could answer if "double doping" will have a antagonistic,
additive or even synergistic effect on the oxygen absorption properties in the hexagonal
manganites. The effect of doping concentration should also be studied, to see how the
thermodynamic and kinetic behavior of Ti-doping depend on the doping concentration.

In this study, nano-sized h−DyMnO3 exhibited the best oxygen absorption properties,
both in terms of oxygen absorption capacity and absorption rate. The oxygen absorp-
tion properties in a solid solution of h−YMnO3 and h−DyMnO3, h−Dy1-xYxMnO3, has
been reported in literature [22, 23], showing promising results on oxygen capacity en-
hancement. However, donor doping in h−DyMnO3 is not reported. Doping h−DyMnO3

with Ti4+ could enhance the already superb properties in the compound.

A somewhat off-topic property of the h−RMnO3 observed in this study, the conductiv-
ity, is also an area that should be looked further into. In this study, Ti-doping has
proved to change the p-type conductivity in h−YMnO3 to a multi type conductor of
both n and p depending on the thermal and atmospheric history. Again, donor doping
on the A-site and acceptor doping is highly relevant when exploring these properties.
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Chapter 6

Conclusion

The effect of donor doping with 15% Ti4+ in h−YMnO3 on the oxygen absorption and
desorption properties in the material was studied by HT-XRD, TGA, DC conductivity
and Seebeck coefficient measurements. Nano- and bulk sized powders of h−YMn0.85Ti0.15O3

were compared to nano-sized powders of undoped h−YMnO3 and h−DyMnO3 in the
HT-XRD and TGA measurements. Bulk-sized h−YMn0.85Ti0.15O3 was compared with
bulk-sized h−YMnO3 in the DC conductivity and Seebeck coefficient measurements.

Ti-doping proved to enhance the oxygen absorption rate in h−YMnO3, and to stabilize
the absorbed oxygen towards higher temperatures. The oxygen absorption capacities
in the Ti-doped powders did not exceed the capacities in the undoped powders.

Although Ti-doping enhanced some of the oxygen absorption properties in h−YMnO3,
nano-sized h−DyMnO3 was measured to have both a higher oxygen absorption capac-
ity and a higher absorption rate than the Ti-doped powders.

In the DC conductivity and Seebeck coefficient measurements, transitions between n-
and p-type conductivity was proven to depend on the thermal and atmospheric history
of h−YMn0.85Ti0.15O3.
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Appendix A

Synthesis of 150 nm h−YMnO3

The synthesis route for 150 nm-sized h−YMnO3 by Bergum [32] is based on maleic acid
as gelling agent instead of citric acid. The synthesis route also uses metal nitrates as
cation precursors, forming an oxidizing environment upon heat treatment. The 150 nm
h−YMnO3 is only used once in this study, and the powder might as well be synthesized
from the citric acid sol-gel route described in Experimental Work. This synthesis route
is not emphasized in this study as it is not very important, hence the placement in the
appendices.

The precursor solution was prepared by mixing stoichiometric amounts of Mn(NO3)2

in distilled water with Y2O3 (Hermann C. Starck) in 1 M nitric acid. The solution was
then mixed with maleic acid (MA) and ethylene glycol (EG) in a molar ratio cations :
MA : EG of 1 : 1.1 : 1.1. The solution was heated on a hotplate at 150 ◦C until gelling.
The formed gel was dried at 250 ◦C for 3 hours, slowly heated to 400 ◦C and held for 6
hours until a raw powder was formed. The raw powders was finally annealed in air at
1100 ◦C for 12 hours, forming a crystalline powder with crystallite size around 150 nm.

A list of all the chemicals used is given in Table A.1, and the heat treatment is sum-
marized in Table A.2. A schematic overview of the sol-gel synthesis is given in Figure
A.1.

Table A.1: List with information of all the chemicals used to prepare 150 nm-sized h−YMnO3
by the maleic acid sol-gel synthesis.

Chemical Molecular formula Purity Manufactory
Ethylene glycol C4H6O2 99 vol% Merck
Maleic acid C4H4O4 >99 wt% Merck
Manganese(II) nitrate Mn(NO3)2 >98.5 wt% Merck
Nitric acid HNO3 1 M Merck
Yttrium(III) oxide Y2O3 - Hermann C. Starck
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Table A.2: Heat treatment of wet gel, dry gel and calcined raw powder to form 150 nm-sized
h−YMnO3.

h−RMnO3 Drying of gel Calcination of gel Annealing
150 nm h−YMnO3 250 ◦C, 3 h 400 ◦C, 6 h 1100 ◦C, 12 h

EG, MA, 150 ◦C (hotplate)

250 ◦C (furnace)

400 ◦C (furnace)

Raw powder

Dry gel

Wet gel

Y2O3, nitric acid Mn(NO3)2, dist.water

Figure A.1: Schematic overview of the maleic acid sol-gel synthesis route. Stoichiometric
amounts of metal ion precursors dissolved with maleic acid in distilled water were mixed with
ethylene glycol, and then heated on a hotplate at 150 ◦C until gelling. The gel was then dried
at 250 ◦C, and further calcined at 400 ◦C to form an amorphous raw powder.



Appendix B

SEM Imaging of Bulk Powders

The crystallite sizes in bulk-sized h−YMnO3 powder and bulk-sized h−YMn0.85Ti0.15O3

powder was determined by SE-SEM imaging. Figure B.1 and B.2 show SEM images
of h−YMnO3 and h−YMn0.85Ti0.15O3, respectively. Many images of each powder were
evaluated, and the images in Figure B.1 and B.2 are chosen based on best possible
representation of the powders. Table B.1 shows the parameters used in the imaging.

Table B.1: Parameters used in the SEM imaging.

Setting h−YMnO3 h−YMn0.85Ti0.15O3
SEM type Hitachi S-3400 Hitachi S-3400
Signal carrier Secondary electrons (SE) Secondary electrons (SE)
Sample base Carbon tape Carbon tape
Sputtering material Carbon Carbon
Acceleration voltage 15 kV 15 kV
Probe current 40 nA 40 nA
Magnification x2.10k x2.30k

Other than stating the crystallite sizes and crystallite size distribution for repro-
ducibility, the information from the SEM imaging was used to determine sintering
program for the square prisms prepared for the electrochemical measurements.
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Figure B.1: SEM image of bulk-sized h−YMnO3 powder. The crystallite size ranges from 2 µm
to 14 µm. The image is captured using an acceleration voltage of 15 kV and a probe current of
40 µA.

Figure B.2: SEM image of bulk-sized h−YMn0.85Ti0.15O3 powder. The crystallite size ranges
from 2 µm to 17 µm. The image is captured using an acceleration voltage of 15 kV and a probe
current of 40 µA.



Appendix C

HT-XRD Plots

The calculated lattice parameters from the HT-XRD measurements are plotted as a
function of temperature as c/a in Figure C.1 and as the unit cell volume in Figure
C.2. Equation 2.1 was used to calculate the unit cell volume from the lattice param-
eters. Both figures includes values from measurements in O2 and N2. In the figures,
H1 indicates the first heating, C1 the first cooling and H2 the second heating of the
powders.
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Figure C.1: HT-XRD measurements of c/a from heating and cooling in O2 and N2. The top row
represents heating 1 (H1), the middle row cooling 1 (C1), and the bottom row is from heating 2
(H2). The left column includes values measured in O2, while the right column includes values
measured in N2.
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Figure C.2: HT-XRD measurements of unit cell volume, V, from heating and cooling in O2 and
N2. The top row represents heating 1 (H1), the middle row cooling 1 (C1), and the bottom row
is from heating 2 (H2). The left column includes values measured in O2, while the right column
includes values measured in N2.
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Appendix D

DC Conductivity Plots

Figure D.1-D.3 show the measured DC conductivity as a function of time and temper-
ature, slightly different presented than in Figure 4.12.

In Figure D.1, the DC conductivity is plotted as a function of time. Since the heating
and cooling rate were equal, this plot is an "unfolded" version of Figure 4.12, better
differentiating the oxidation/reduction areas upon heating and cooling.

Figure D.2 and D.3 are the same plots as Figure 4.12 and D.1, respectively, with linear
instead of logarithmic y-axes. From these figures it is clear the the effect of O2 ex-
change on the conductivity is weak compared to the thermal effect. The data in these
figures are also plotted with two y-axes, where the conductivity for h−YMnO3 is scaled
by the left y-axes, and the conductivity for h−YMn0.85Ti0.15O3 is scaled by the right
y-axes.
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Figure D.1: Conductivity during heating and cooling in N2 (top) and O2 (center and bottom)
as a function of time.
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Figure D.2: Conductivity during heating and cooling in N2 (top) and O2 (center and bottom)
as a function of temperature. The axes are linearly scaled. The measurements for Bulk Y scale
with the left y-axes, while the measurements for Bulk Ti scale with the right y-axes.
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Figure D.3: Conductivity during heating and cooling in N2 (top) and O2 (center and bottom)
as a function of time. The axes are linearly scaled. The measurements for Bulk Y scale with
the left y-axes, while the measurements for Bulk Ti scale with the right y-axes.



Appendix E

Combinational Plots

The measuring techniques used in this study look at the change in different material
properties, all caused by the same phenomenon, i.e. oxygen absorption/desorption.
Thus, combining the measurements can reveal if the properties are changed simulta-
neously or not, and if any of the measurements have a broader temperature region of
affection that can be seen from just one of the changing properties.

E.1 DC Conductivity and TGA

Both the DC-conductivity and the mass change during heating and cooling in O2 were
measured on bulk-sized h−YMn0.85Ti0.15O3. Figure E.1 gives combinational plots for
these properties during heating and cooling.
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Figure E.1: Change in DC conductivity and mass during heating (left) and cooling (right)
in O2 for bulk-sized h−YMn0.85Ti0.15O3. The TGA measurements (mass change) is plotted in
orange and scale with the right y-axes, while the DC conductivity is plotted in dark blue.

The change in mass correspond well to the changes in DC conductivity, and both mea-
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surements suggest an oxygen absorption peak at around 325 ◦C in O2. The broad tem-
perature region of absorption/desorption is much clearer in the TGA measurements
than the DC conductivity measurements.

E.2 DC Conductivity and HT-XRD

DC conductivity measurements and HT-XRD measurements of the lattice parameters
a and c were both conducted during heating and cooling in O2 and N2 of bulk-sized
h−YMn0.85Ti0.15O3. Figure E.2 gives combinational plots for these properties. An
important thing to note is that the HT-XRD measurements were first conducted in O2,
then in N2, while the order was opposite in the DC conductivity measurements.
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Figure E.2: Change in DC conductivity and lattice parameter ratio c/a during heating (left)
and cooling (right) in O2 (top) and N2 (bottom) for bulk-sized h−YMn0.85Ti0.15O3. The HT-XRD
measurements (c/a ratio) is plotted in orange and scale with the right y-axes, while the DC
conductivity is plotted in dark blue.
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E.3 HT-XRD and TGA

HT-XRD measurements and TGA measurements for bulk- and nano-sized Ti-doped
h−YMnO3 (h−YMn0.85Ti0.15O3), nano-sized DyMnO3 and nano-sized YMnO3 during
heating and cooling in O2 are given in Figure E.3 and E.4. Figure E.3 shows plots of
these measurements during heating, and Figure E.4 shows plots of the measurements
during cooling. The change in the two properties does not match very well in terms
of temperature, suggesting that either one of the measurements are not temperature
corrected properly, or that there is a delay for one of these properties in terms of onset
temperature.
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Figure E.3: Change in mass and lattice parameter ratio c/a during heating in O2 for (a) bulk-
sized h−YMn0.85Ti0.15O3, (b) nano-sized h−YMn0.85Ti0.15O3, (c) nano-sized DyMnO3 and (d)
nano-sized YMnO3. The HT-XRD data (c/a ratio) scale with the right y-axes.
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Figure E.4: Change in mass and lattice parameter ratio c/a during cooling in O2 for (a) bulk-
sized h−YMn0.85Ti0.15O3, (b) nano-sized h−YMn0.85Ti0.15O3, (c) nano-sized DyMnO3 and (d)
nano-sized YMnO3. The HT-XRD data (c/a ratio) scale with the right y-axes.



Appendix F

Annealing of Nano-sized h−RMnO3

The nano-sized h−YMn0.85Ti0.15O3 and h−YMnO3 powders used in the study was an-
nealed in two sequences to coarsen the crystallites. In the first treatment, 1 hour at
900 ◦C was tried. For the second treatment, 3 hours at 900 ◦C was used to initiate fur-
ther growth. Both annealing programs were carried out in air. Figure F.1 shows the
two temperature programs.

Air

200 ◦C h−1

900 ◦C, 1 h

200 ◦C h−1

(a) First annealing.

Air

200 ◦C h−1

900 ◦C, 3 h

200 ◦C h−1

(b) Second annealing.

Figure F.1: (a) The first temperature program for annealing nano-sized h−YMn0.85Ti0.15O3
and h−YMnO3. (b) The second temperature program for annealing nano-sized
h−YMn0.85Ti0.15O3 and h−YMnO3. The programs were subsequently used on the same pow-
der, i.e. the same powders were annealed twice.

The coarsening of the heat treated powders were studied using XRD, see Figure F.2.
Rietveld refinement were then used to find the crystallite sizes of the powders, see Ta-
ble F.1. Plots showing the crystallite size development in nanometers for each material
are also included in Figure F.2.

Table F.1: Crystallite sizes of nano-sized h−YMn0.85Ti0.15O3 and nano-sized h−YMnO3.

Treatment Cryst.size nano Ti [nm] Cryst.size nano Y [nm]
Initially 18.7 25.5

First annealing 30.4 32.7
Second annealing 33.8 35.9
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Figure F.2: X-ray diffractogram of nano-sized h−YMn0.85Ti0.15O3 (top) and h−YMnO3 (bot-
tom) after consecutive annealing programs. The plots in the upper, right corners show a nar-
rower 2θ region. The plots in the upper, left corners show the crystallite size development in
nanometers.



Appendix G

DFT Calculations

Unpublished DFT calculations on h−YMnO3 and 4.167% Ti-doped h−YMnO3 were
conducted at the department by Småbråten et. al [64], using the PAW method imple-
mented with VASP. In the calculations a 2x2x1 supercell was used with 120 atoms.
In the case of Ti-doped h−YMnO3, 1/24 (4.167%) of Mn ions were substituted with Ti.
Among the calculations, the DOS of the aforementioned materials were calculated, see
Figure G.1-G.3.

In Figure G.1 the DOS of stoichiometric h−YMnO3 are given. No states overlap with
the Fermi level, EF , giving pure h−YMnO3 the semiconducting properties with a band
gap of 1.6 eV.
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Figure G.1: Density of states (DOS) of stoichiometric h−YMnO3. The dotted line marks the
Fermi level. The calculations are done with VASP, using the implemented PAW method, and
are conducted by Småbråten et. al [64].
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In Figure G.2 the DOS of pure h−YMnO3 with 4.167% Ti-doping are given. In addition
to a lowering of the states relative to the Fermi level, EF , compared with stoichiometric
h−YMnO3, some contributions from the 3d orbitals of Ti4+ is observed. However, the
states of the 3d orbitals from Ti4+ are too high in energy to affect the Fermi level and
thus the conductivity.
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Figure G.2: Density of states (DOS) of pure h−YMnO3 with 4.167% Ti-doping. The dotted
line marks the Fermi level. The calculations are done with VASP, using the implemented PAW
method, and are conducted by Småbråten et. al [64].

In Figure G.3 the DOS of h−YMnO73/24 with 4.167% Ti-doping and one interstitial oxy-
gen are given. Compared with the pure Ti-doped h−YMnO3, the states have increased
relative to the Fermi level, EF . The grey states at the Fermi level are contributions
from the interstitial oxygen.
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oxygen. The dotted line marks the Fermi level. The calculations are done with VASP, using the
implemented PAW method, and are conducted by Småbråten et. al [64].
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