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Abstract

Proton conducting oxides have been extensively studied in the past decade due to their potential
application in a number of energy related devices such as solid oxide fuel cells, hydrogen sensors,
and steam electrolyzers. However, the final industrialisation of these materials depends on unlock-
ing fundamental questions about the relationship between their atomic structure, localized proton
dynamics and proton conductivity. The aim of this thesis is to gather insights into these properties
in proton conducting oxides based on the perovskite and perovskite-like brownmillerite structures,
i.e., BaZr1−xScxO3−x/2 with x = 0.10–0.65, and Ba2In1.85M0.15O5 with M = In, Ga, Sc and Y,
as both powder samples and films. The investigations are experimental in nature and the main
techniques used are quasielastic neutron scattering and infrared spectroscopy.

The studies of powder samples of BaZr1−xScxO3−x/2 (x = 0.10 and 0.50) focused on exploring
the nature of localised proton dynamics and how it depends on Sc dopant level via quasielastic
neutron scattering. The results confirm earlier studies in which the localised proton dynamics can
be described as proton transfers between neighboring oxygens and –OH reorientation motions. Both
processes are found to exhibit a relaxation time and activation energy of the order of 1–10 picosec-
onds and some tens of meV, respectively, and it is found that these values depend insignificantly on
the Sc dopant levels as investigated here. Films of BaZr1−xScxO3−x/2, (x = 0.45, 0.54, and 0.65)
were investigated with the aim to reveal possible differences in local structure to the corresponding
powder samples. These investigations were performed using infrared spectroscopy. Analysis of the
infrared spectra focused on the O–H stretch region (2000–3700 cm−1) and revealed the presence of
several distinct O–H stretch bands with unsystematic intensity and frequency in terms of Sc dopant
level. For x = 0.45, the O–H stretch region was characterized by a broad, weak band between 2500
and 3700 cm−1, suggesting the presence of a wide range of local surroundings of the protons in the
material. The O–H stretch regions for x = 0.54 and 0.65 were characterised with a distinct, highly
intense band centered at around 3400–3500 cm−1, pointing towards relatively symmetric, weakly
hydrogen-bonding, proton configurations. A comparison to the infrared spectra of powder samples
of similar compositions suggests a more homogeneous distribution of proton sites in the powder
samples compared to the films.

The studies on Ba2In1.85M0.15O5 with M = In, Ga, Sc and Y, focused on the relationship between
localised proton dynamics and the type of dopant atom in powder samples, using quasielastic neutron
scattering. Since before, it was known that the crystal structure of Ba2In2O6H2 is built up of cubic
and “pseudo-cubic” layers of InO6 octahedra, with two main types of proton sites, H(1) and H(2),
present. Analysis of the quasielastic neutron scattering data reveals the presence of dynamics on
the picosecond timescale, associated with proton transfer and/or –OH rotational motions of H(1)
and H(2) protons, respectively, for temperatures above 400 K, quite independent on M. For dopants
with significantly different ionic radii compared to In, i.e., M = Ga and Y, the combined analysis of
the infrared spectra and quasielastic neutron scattering data suggests a larger fraction of protons
on the H(2) site, as opposed to M = Sc and In, where there is a larger fraction of protons on the
H(1) site. Analysis of the quasielastic neutron scattering data also revealed that doping with M =
Ga, Sc and Y resulted in the presence of an additional proton site H(3) at temperatures above 450
K, which feature more complex dynamics, in accordance with a previous study on Ba2In2O6H2.

Keywords: Perovskites, quasielastic neutron scattering, proton dynamics, proton- conducting ox-
ides, infrared spectroscopy.
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CHAPTER 1 Towards a green energy transition

I believe that water will one day be
employed as fuel,..., that will furnish an
inexhaustible source of heat and light.

Jules Verne

The ongoing climate crisis, the demand for lowering gas emissions (e.g. CO2) and the COVID-19
pandemic have served as catalysts for developing technologies which can promote the green energy
transition to a more environmental and sustainable society. "Green energy devices" produce close
to zero greenhouse gas emissions during generation of electricity, compared to fossil fuels, which
are the biggest source of CO2 emissions that are ultimately responsible for trapping heat at the
Earth’s atmosphere that leads to climate change and global warming [1]; examples of such devices
are solar panels, which are able to produce electricity from sunlight with no emissions, and wind
turbines, which manage to generate power from wind without fossil burning, and water turbines
which generate electricity from water, and fuel cells which manage to produce electricity with (clean)
water as side product [2, 3]. Losing fossil fuels dependence and achieving a transition to "green
energy" can likewise tremendously contribute to preserving natural resources, the biodiversity and
ecosystem, all of which are threatened when extracting and transporting fossil fuels [1]. This is
especially important as recent report pointed out that six out of the nine planetary boundaries
that are crucial for maintaining the stability and resilience of the Earth system are transgressed by
human activities [4]. In order to implement this transition, however, it is important to design and
optimise materials for their final applications in "green energy devices". These materials should
be functional, i.e., they should generate maximal energy while at the same time being cheap to
produce and be non-toxic to the environment and finally be able to impact the energy generation
and contribute to bigger energy savings [5].

If we see from a material point of view, perhaps one of the most studied and explored materials
for renewable energy devices are the perovskite class of materials with ABO3 and perovskite-like
brownmillerite A2B2O5 type structures, where A and B are two cations, usually with significantly
different sizes and O is oxygen. A particularly important perovskite material is BaZrO3, due to its
wide range of unique properties (often when doped with acceptor dopants e.g. Y, In, Sc, Eu, etc.
to the Zr site), such as proton conductivity, photoluminescence, as well as electronic and magnetic
properties; similarly, the brownmillerite Ba2In2O5 is particularly important due to its anionic and
proton conductivity [6–11]. These ion-conducting properties make them of interest for application
in devices such as hydrogen sensors, fuel cells, hydrogen separation membranes, steam electrolyzers,
and membrane reactors to name a few [12–17]. Among these, fuel cells are considered a particularly
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Figure 1.1: Illustration of a smart city with fuel cells being used for primary and backup
power of residential and industrial buildings, and power of vehicles and gadgets. Designed
by Freepik, slidesgo/Freepik, and macrovector/Freepik.

promising green alternative for electricity generation in a non-polluting way, with a number of
applications based on fuel cells developed so far (Figure 1.1).

Currently, a specific challenge in the fuel cell field is to design proton conducting fuel cells
operating in the intermediate temperature range of 200–400 ◦C; for an overview of different fuel
cell technologies see Appendix A. Nowadays, apart from the classical experimental and theoretical
research, scientists apply various artificial intelligence models for more precise predictions and sim-
ulations, enhancing the practicality of the potential material candidates [12]. Despite the challenges
in the design and optimisation of these materials (e.g. synthesis suitable for industrial purposes,
cheap materials, and significantly high performance like high proton conductivity) the research in
the field of perovskite proton conductors is still progressing for almost half a century now [12, 18, 19].
And while there is an enormous progress that has led to the industrialisation of some materials,
the journey of finding the ideal material which will revolutionise the field (in terms of fabrication,
stability and efficiency of devices) of fuel cells continues [12]. Ongoing studies, however, aim to ex-
pand the research on materials beyond perovskite-based proton conductors with hopes to include a
broader range of materials that can improve the working conditions of the fuel cell while at the same
time also broaden the applicability to other devices such as hydrogen sensors, separation membranes
or electorlyzers as well [12, 18, 20–22].

Motivated by the current need for developing new, better performing proton conducting per-
ovskites for application in intermediate temperature fuel cells, this thesis focuses on investigations
of structure and dynamics in some particularly important proton conducting perovskite materials,
specifically Sc doped BaZrO3 and perovskite-like brownmillerite type Ba2In1.85M0.15O5 (M = In,
Ga, Sc and Y). The research has been experimental in nature and the primary tools to this end
have been quasielastic neutron scattering and infrared spectroscopy. The current results presented
further in this thesis, provide new insights into the fundamental properties related to both local
structure and dynamics of Sc doped BaZrO3 systems which may contribute to the development
of these materials for their ultimate application in intermediate temperature solid oxide fuel cells.
Similarly, the results on Ba2In1.85M0.15O5 (M = In, Ga, Sc and Y) give new insights regarding the
relationship between the type of dopant atom and local proton dynamics. A more detailed descrip-
tion about the studied materials and of the wider field of proton conducting oxides is presented in
Chapter 2.
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CHAPTER 2 Proton conducting Oxides

To comprehend hydrogen is to see all
material science.

Victor Frederick Weisskopf

2.1 Proton conducting oxides – retrospective over the
last decades

Proton conductivity in solids has been an attractive topic of interest in material science ever since
the discovery of proton conductivity in ice in Japan more than one century ago [23]. From a
historical point of view, the first appearance of proton conductivity in the literature is even older,
from 1806, when de Grotthus reported on the existence of protons in aqueous solutions [24]. In the
1960s already, the proton conducting perfluorosulfonic acid polymer, nowadays known as Nafion,
was applied as a proton conducting membrane for the very first time and was used for the Gemini
and Apollo space programs as fuel cell electrolyte operating at temperatures below 100 ◦C [23].
This significant moment in the field of proton conducting solids was followed by several reports on
different inorganic proton conductors with high conductivity for temperatures below 200 ◦C [23, 25–
27]. The first report on high temperature proton conducting oxides operating between 800 to 1000
◦C, on the other hand, was published by Iwahara and coworkers in the 1980s marking yet another
important moment in this field [28].

Even now, almost half a century later, the field of proton conducting oxides continues to be an
intriguing research topic mostly due to the demand of "green energy devices" which would eventually
serve as a catalyst for the world’s green energy transition. As can be seen in Figure 2.1, the annual
number of publications related to proton conducting oxides remains high and quite constant over the
past decade, which proves that proton conducting oxides remain a thriving topic of research. The
research on proton conducting oxides in particular focuses on structural and mechanistic features
of material candidates primarily for applications in solid oxide fuel cell technology which is believed
to be one of the key players for the energy transition. These efforts are motivated by not only
discoveries of novel materials, but also curiosity to develop a fundamental understanding for how
these materials work, advances in experimental approaches and application of artificial intelligence
and machine learning [12].

In the past decade the field of solid proton conductors has been governed by progress in the
discovery of new materials, as well as developing a better understanding of the mechanism of proton
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Figure 2.1: Number of publications related to proton conducting oxides over the last decade
as per Scopus. Key words searched: proton conducting oxides.

conductivity and its connection to the structural and dynamical properties of materials [11, 22, 29,
30]. To be used in a fuel cell, the conductivity needs to be at least 10−2 S/cm [31].

In more detail, the studies on perovskite and perovskite-like proton conducting oxides have pri-
marily focused on elucidating the relationship between the macroscopic proton conductivity and
how it is affected by the type and concentration of dopant atoms. Importantly, it has been es-
tablished that the type of dopant atom and doping concentration have significant influence on the
proton conductivity [10, 23, 32–44, 44, 45, 45–48]. For example, for BaCeO3 based materials, doping
10–15% with Y on the Ce site was shown to give a maximal proton conductivity in the range of
0.01 and 0.12 S/cm at temperatures between 500 ◦C and 600 ◦C [36–39]. For BaZrO3, doping with
10–20% of Y on the Zr site corresponds to highest proton conductivity in the range between 10−3

and 3.3·10−2 S/cm [49–51]. In comparison, the brownmillerite Ba2In2O5 exhibits a proton conduc-
tivity between 10−6 and 10−5 S/cm at temperatures between 400 ◦C and 500 ◦C [52, 53]. Doping
Ba2In2O5 with 20% Yb on the In site results in an increased proton conductivity to 1.7·10−3 S/cm
[54].

Figure 2.2 shows the conductivity of the best performing proton conducting perovskite along
with some of the best materials used in low and high temperature fuel cells respectively. It can
be seen that there is a "gap" or a lack of materials with conductivity larger than 10−2 S/cm at
the targeted intermediate temperature range between 150 ◦C and 450 ◦C [31]. The most promising
materials that can potentially fill in this gap are based on BaZrO3, BaCeO3 and Ba2In2O5 [55].
However, before they can do so, their proton conductivity needs to be, rationally, increased to at
least 10−2 S/cm in the temperature range of interest. Such a rational increase in proton conductivity
depends on a better understanding of structure-conductivity relationships in the most promising
materials, since by understanding how the nature of the structure affects proton conduction one
should be able to propose materials with specific structures to achieve higher proton conductivity.
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Figure 2.2: Ionic conductivity of some of the best ionic conductors together with the op-
eration ranges of low temperature proton-exchange membrane fuel cells (PEMs) and high
temperature solid oxide fuel cells (SOFCs) (pink), respectively. The figure is modified as per
data from [56].

2.2 Perovskite ABO3-based materials

Acceptor-doped perovskite type oxides based on BaZrO3 and BaCeO3,1 of the general formula
BaM′

1−xM′′
xO3−x/2 (M′ = Zr4+ or Ce4+; M′′ = trivalent cation such as Sc, In, Y; 0 < x < 1),

are highly attractive as proton conducting electrolytes for various electrochemical devices due to
their high proton conductivity (see Figure 2.2) and chemical stability at intermediate temperatures
between 150 ◦C and 450 ◦C, which is why they are perhaps one of the most studied classes of proton
conducting oxides [13–16, 57–62].

Synthesis of polycrystalline powder samples of these materials may be achieved by solid state
synthesis. In this synthesis route precursos are first mixed and ground to obtain a homogenous
powder mixture. Thereafter, this powder mixture is compressed into a pellet which is exposed to
high temperatures between 1200 ◦C and 2000 ◦C at which the prescursors react to obtain the desired
end product. The high temperature required for synthesis is an important issue that complicates
further industrialisation of these systems as the high temperature is not suitable for industrial
purposes, mostly from an economical point of view [33, 63, 64]. Furthermore, the high temperature
synthesis may lead to other problems, such as Ba deficiency, which can result in the formation
of grain boundaries with low proton conductivity [65]. Other synthesis methods such as sol-gel
(obtaining solids from small molecules that undergo irreversible chemical reactions) or the wet
approach (obtaining solids from chemical reactions in solutions) have been designed to lower the
synthesis temperature below 100 ◦C and/or to obtain a high amount of samples with less grain
boundaries [66]. However, organic traces present in the proton conducting oxide materials as a
result of these synthesis methods, can cause problems when using neutron scattering techniques, as

1Doping with trivalent atoms on the Zr/Ce site is required for formation of oxygen vacancies that are
needed for proton incorporation.
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this technique is highly sensitive to such species.
The synthesis of polycrystalline or epitaxial/single crystal films of proton conducting oxides with

thickness in the nm range is normally done with physical vapour deposition (PVD).2 Sputtering is
a PVD-based technique which can yield films with a thickness up to several µm [67, 68].

While the synthesis methods described above result in products essentially free from protons,
protons can be introduced into the materials following a hydration procedure. Hydration of the
samples is usually performed by heating the samples to 500–700 ◦C in a furnace subjected by a water
vapour flow, and followed by slow cooling to ambient temperatures. For the purpose of this study,
the hydrated samples of Sc-doped BaZrO3 powder and film samples were prepared by annealing
as-prepared powders and films in a tube furnace subjected to a nitrogen flow with water vapor,
while cooling from 600 to 200 °C at a rate of 0.2 °C/min. A schematic drawing of acceptor doping
and proton incorporation is presented in Figure 2.3. For further details related to incorporation of
protons, see Appendix B.

Ba

Doping

BaZr1-xMxO3-x/2

VO

Doping

BaZr1-xMxO3-x/2

VO

Doping

Zr+4 à M3+

(M = Sc, Y, etc.)

Hydratio
n

BaZrO3

O

Zr vacancy

BaZr1-xMxO3-x/2 BaZr1-xMxO3Hx

Figure 2.3: Schematic drawing of acceptor doping and proton incorporation in BaZrO3.
Doping with trivalent atoms creates oxygen vacancies; upon hydration the water dissociates
into hydroxyl groups which fill the oxygen vacancies and protons are incorporated in the
structure.

2.2.1 Proton mobility
The nature of proton conduction in proton conducting oxides has been extensively studied from both
theoretical and experimental point of views, however, fundamentals regarding the proton motion
and how it is affected by structural properties such as the type and concentration of dopant atoms
are not yet fully understood [10, 29, 69, 70].

Theoretically, molecular dynamics (MD) simulations of a proton in BaCeO3 showed that the
proton conduction mechanism may be divided into two elementary, short-range (localized), dynamic
processes, namely proton transfer between two adjacent oxygens, and rotational diffusion of the
proton around a specific oxygen (see Figure 2.4), whereas the long-range translation of protons
occurs as a series of such processes [71].

Experimentally, proton motion in acceptor doped perovskites have been mostly studied using
neutron scattering techniques [72], which are generally in agreement with theoretical results [73–79].
Because of the bond breaking needed for the proton to transfer (jump) from one oxygen and attach
to another, the proton transfer is usually considered to be the rate-limiting process [74, 80–82].
However, since it has been difficult to separate the contributions from proton transfer and O-H

2PVD is a deposition method where the atoms of a target material are vaporised from a solid source and
condensed on a substrate.

6



Figure 2.4: Schematic drawing of proton transfer and proton reorientation for an acceptor
doped perovskite (ab plane). Note that O(1) and O(2) are examples of two neighbouring
oxygens.

rotational diffusion in the analysis of experimental data, no mutual understanding has been reached
so far [76, 77]. In more detail, it has been found that the proton mobility is strongly influenced
by structural and chemical distortions introduced with dopant atoms, although the actual reason
for this is still unclear [83–86]. Hempelmann introduced the idea that the dopants change the
coordination environment of the oxygens, which results in protons spending longer time at each
oxygen before migrating away [73]. Furthermore, a recent study on BaZr0.5In0.5O2.75 showed that
additional proton sites that contribute to a decreased number of immobile protons when increasing
the doping concentration of In to 50% [83]. Interestingly, no additional proton sites were observed
for 50% doping with Sc as per the same study [83].

2.3 Brownmillerite A2B2O5-based materials

The brownmillerite structure, such as of Ba2In2O5, is composed of InO6 octahedral layers and
InO4 tetrahedral layers, and Ba atoms in between and oxygen vacancies arranged along the [0 1 0]
direction as shown in Figure 2.5. The brownmillerite Ba2In2O5 transforms into Ba2In2O5(H2O)x
upon hydration. Here x can be between 0 (dehydrated) and 1 (fully hydrated phase), depending
on the hydration conditions. During hydration the water dissociates into hydroxyl groups which
fill the tetrahedral layers and distort them thus creating pesudo-cubic phases, see Figure 2.5. The
protons migrate into the not significantly distorted, cubic layers [87–89].

Various doping strategies have been proposed for stabilisation of the tetrahedral and cubic
structures of Ba2In2O5. For example, some studies showed that doping with P and S on the In
site of Ba2In2O5 results in stabilisation of the cubic layer [91, 92]. Several computational and
experimental studies in the last decade concluded that there are (at least) two proton sites for
Ba2In2O5(H2O)x, as seen in Figure 2.6 [87, 88, 93–95]. In the first proton site [H(1)] the protons
are covalently bonded to oxygen atoms which connect the two layers and have hydrogen bonds
with either an oxygen from the cubic or pseudo-cubic layers. Recent studies concluded that in
the fully-hydrated Ba2In2O5, H(1) is in fact divided in a way that the majority of protons form
strong hydrogen bonds with oxygens from the cubic layer, whereas the rest of the protons form
weak hydrogen bonds with oxygens from the pseudo-cubic layer [90]. The second proton site, [H(2)]
in turn, is characterised with protons covalently bonding to oxygens from the pseudo-cubic layer of
a neighbouring octahedra, with a bond angle of almost 180◦, see Figure 2.6.
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Figure 2.5: Schematic drawing of the (a) dry and (b) hydrated Ba2In2O5. Note that the
oxygens are blue and hydrogen is pink. Adapted from [90].

2.3.1 Proton mobility
Similar as for the acceptor doped perovskites, the proton conducting mechanism of brownmillerites
such as Ba2In2O6H2 may be divided into two localized motions, i.e., proton transfers from one to
another neighbouring oxygen and reorientational motion around one oxygen [88].

In more detail, recent studies based on neutron spectroscopy techniques distinguished four dy-
namical processes (based on proton transfers and/or reorientation motions) present in Ba2In2O6H2

[90]. In the picosecond timescale (0.4–77 ps) Perrichon et al. observed three localized dynamical
processes (cf Figure 2.6), one cosisted of reorientational motion of H(1) protons with low activation
energy Ea = 19.3 meV in the range of 2.8–4.6 ps, other consisted of proton transfers of H(2) protons
between neighbouring oxygens with Ea = 13.4 meV, in the range of 0.4–0.5 ps, and a third process
consisted of a mixture of transfers and reorientational motions with (significantly higher) Ea = 35
meV, in the range of 45–77 ps. An additional, much slower process, in the nanosecond timescale,
in the range of 1.2–6.6 ns, with higher activation energy (Ea = 184.9 meV), was interpreted as long
range diffusion of protons [90].

Motivated by these studies and with the hope to unravel the mechanistic details of proton
diffusivity especially, in regard to the nature of localised H(1) and H(2) dynamics and how it
depends on the type of dopant atom, this thesis reports on a study of the proton dynamics in
hydrated Ba2In1.85M0.15O5 with M = In, Ga, Sc and Y.

Figure 2.6: Schematic drawing of proton sites in hydrated Ba2In2O5.
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2.3.2 Concluding remarks and scope of thesis
As shown above, there has been a significant effort to design solid proton conductors beyond the per-
ovskites, however, perovskite and brownmillerite structured materials still remain the most promis-
ing types of proton conducting oxides for eventual applications in energy related devices mostly
because of their high conductivity and simple manufacturing process [1, 29, 33, 96]. This thesis
aims to elucidate key questions related to local structure and proton dynamics in these materi-
als, which can to some extent contribute to the development that leads to the fabrication of high
performing intermediate temperature fuel cells. The studies have been focused on polycrystalline
powder samples of BaZr1−xScxO3−x/2 (x = 0.10 and 0.50) and Ba2In1.85M0.15O5 (M = In, Ga, Sc
and Y), as well as of films of BaZr1−xScxO3−x/2 (x = 0.45, 0.54, and 0.64). Sc has been chosen
as a system model dopant atom because its ionic radius is close to the one of Zr, which results in
a cubic structure with high doping concentration and high proton conductivity (as opposed to e.g.
Y which is much larger than Zr and does not remain cubic for large doping concentrations). This
implies that it is possible to study the local structure and dynamics over a large range of dopant
concentrations with the overall crystal structure essentially being unaffected. The primary methods
used for these investigations have been neutron scattering and infrared spectroscopy. A concise
description of these and other methods used in this thesis is presented in the next chapter.
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CHAPTER 3 Methodology

It is a wild dance floor there at the
molecular level.

Roald Hoffmann

The beauty of experimental research lies in the combination of diverse techniques for studying
the atomic structure and dynamics of materials. This thesis is primarily built on investigations using
quasielastic neutron scattering (QENS) and infrared (IR) spectroscopy. In addition, thermogravi-
metric analysis (TGA) and nuclear reaction analysis (NRA) have been used. A brief description of
the methods needed to understand their main features is presented below.

3.1 Neutron scattering

3.1.1 Foundation and mathematical background
Understanding the position and motion of atoms as well as their relationship to the overall structure
of a material is an important topic in material science. While X-rays are employed as a routine
"tool" for the measurement of crystal structure their disadvantage is their inability to detect light
elements such as hydrogen, see Figure 3.1. On the other hand, neutrons can detect hydrogen.

Considering that the neutron is in fact a wave that has a sinusoidal oscillation in space and
time, the square of that amplitude would give the probability of the neutron to be found at a
certain location [97, 98]. In the event of neutron scattering, the neutron’s amplitude is related to

Figure 3.1: Schematic drawing of the X-ray and neutron cross-sections of some elements.
Figure adapted from [97].
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the strength of the interaction between the nucleus and the neutron itself, whereas the scattered
neutron wave is isotropic1 and can be written as (−b/r⃗)eikr⃗, considering the nucleus is at the center
of the coordination system [97, 98]. In this context, k⃗ is the wave vector of magnitude k⃗ = 2π/λ,
r⃗ is the position vector, b is the scattering length of the nucleus which gives us the strength of the
neutron-nucleus interaction, (1/r⃗) is the factor used for the inverse square law which points out
that the intensity of the neutron beam, defined by the square of the amplitude, is decreasing as the
inverse square of the distance from the source. This type of collision occurs without any energy
change of the neutron and is called elastic. However, when penetrating matter, the neutron can
also change momentum and energy given that the scattering is occurring for atoms moving around
(to some extent) and this type of scattering resulting in energy gain or loss is called inelastic. The
amount of momentum transferred by the neutron during this type of collision is called momentum
transfer and is described as h/2πQ⃗ = h/2π(k⃗ − k⃗′), where k⃗ is the incident wave vector at the
neutron, and k⃗′ is the scattered wave vector. Accordingly, Q⃗ = k⃗ − k⃗′ is the scattering vector and
can be geometrically represented by the scattering triangle shown in Fig 3.2. As can be seen, the
direction and magnitude of Q is dependent on the incident and scattered neutrons (in terms of
vector addition), as well as the 2θ angle named the scattering angle [97, 98]. The scattering length
b, which is different for different atoms and different isotopes of atoms is connected to the cross
section σ through σ = 4πb̄2 [97, 98].

Experimentally, the quantity that is measured in a neutron scattering experiment is given by
the double differential cross-section according to:

d2σ

dΩdEf
=

k
′

k

1

4π

{
σcohScoh(Q,E) + σincSinc(Q,E)

}
(3.1)

where
σcoh = 4π⟨b⟩2 = 4πb2 (3.2)

σinc = 4π(⟨b⟩2 − ⟨b⟩2) (3.3)

Figure 3.2: Schematic drawing of a scattering experiment along with the relations of incident
and scattered wave vectors.

1The scattering event of the neutron can be described by the cross section σ quod est the effective area
of the nucleus to the passing neutron. When the neutron hits this area, it scatters isotropically (it has an
equal probability in any direction) because the nuclear potential range is much smaller than the neutron’s
wavelength.
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Here, Scoh(Q,E) and Sinc(Q,E) are the coherent and incoherent dynamic structure factors,
respectively, which contain information about correlations in both space and time, and σcoh and
σinc are the coherent and incoherent cross sections, respectively. Incoherent scattering arises when
there is a random variability in the scattering lengths of the atoms in the sample, such as from
different isotopes of the same element or isotopes with non-zero nuclear spin (such as hydrogen)
and it gives information on the behaviour of single particles, as opposed to coherent scattering which
provides information on spatial correlation or collective motion and thus answers questions related
to atom positions [97, 98]. For hydrogen the coherent cross section σcoh = 1.76 barn is rather small,
whereas the incoherent cross section σinc = 80.26 barn is extraordinary large [98].2 Furthermore, the
scattering of the neutrons can be either elastic or inelastic. Elastic scattering provides information
about atoms positions and their rearrangements. Inelastic scattering occurs when the neutrons
undergo a change in energy at the scattering event, and it can give information about both diffusional
and vibrational dynamics in a material. A subcategory of inelastic scattering is QENS, which occurs
due to stochastic (non-periodic) motions of atoms, such as diffusion or molecular re-orientation (in a
material). Such motions lead to small energy transfers of the neutrons which results in a continuous
broadening of the elastic peak of the overall spectrum [97, 98]. A schematic drawing of the three
scattering components, i.e. elastic, inelastic and quasielastic scattering, which may be measured in
a neutron scattering experiment are presented in Figure 3.3.

3.1.2 Experimental considerations

The measured scattering intensity, S(Q,E), in a QENS experiment, can be expressed as

S(Q,E)meas ∝ S(Q,E)⊗R(Q,E), (3.4)

where S(Q,E) is the dynamic structure factor that contains information about the dynamical
properties of the investigated material, and R(Q,E) is the instrumental resolution function.

Figure 3.3: Schematic drawing of the elastic, inelastic and quasielastic scattering, which are
measured in a neutron scattering experiment. The figure is taken from [99].

2Note that a metric unit of area equal to 10−28 m2 = 1 barn.
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While, usually, S(Q,E) is comprised of one coherent and one incoherent part, previous QENS
studies of proton conducting oxides showed that only incoherent scattering from the protons con-
tributes to the quasielastic signal [72], which points out that the signal can be generally attributed
to proton self-dynamics. For the QENS experiments in this thesis, S(Q,E) was fitted with a func-
tion composed of one elastic component, described as the intensity ID(Q) multiplied with a Dirac
delta function, a quasielastic component which represents the broadening of the elastic peak, as
the intensity IL(Q) multiplied with a Lorentzian function L(Q,E), and a background, bkg, see Eq.
(3.5).

S(Q,E) = ID(Q)δ(E) + IL(Q)L(Q,E) + bkg. (3.5)

The background comes from scattering of species that move to fast to be detected and thus cause
broadening of the QENS signal to the baseline, or inelastic scattering that forms peaks in the QENS
signal. From the full width at half maximum (FWHM) of the Lorentzian function one can obtain
information about the timescale (τ) of these processes as τ = 2ℏ/FWHM , which are important
for accessing more information about the nature of the localized motion and rate-limiting steps
for long range diffusion, in our case. The activation energy can be obtained from the temperature
dependence of FWHM assuming it follows an Arrhenius law. Figure 3.4, as an example, shows the
S(Q,E) for hydrated BaZr0.50Sc0.50O2.75 together with fits featuring one Lorentzian function.

3.1.3 Analysis of the spatial geometry of the localised dynamics
Information regarding the spatial geometry of localised dynamics observed as quasielastic scattering
can be obtained from analysis of the elastic incoherent structure factor (EISF), defined as the ratio
of the elastic intensity over the sum of the elastic and quasielastic intensity (see Eq. 3.5), i.e. EISF
= ID/(ID+IL). Figure 3.5, as an example, shows the EISF for BaZr0.50Sc0.50O2.75 together with
jump-diffusion models over two and four sites, respectively, which represent proton transfers (jump
from one to another neighbouring oxygen atom) or rotational diffusion of the proton around one
oxygen atom, accordingly [76, 77, 100, 101].

m
ea

s
Q

Figure 3.4: Examples of fitting results with one Lorentzian function to describe the quasielas-
tic component on hydrated BaZr0.50Sc0.50O2.75 measured on the IN6 instrument at Institut
Laue-Langevin (Paper I).
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a) b)

Figure 3.5: Extracted EISF for different temperatures of BaZr0.50Sc0.50O2.75 as measured on
the TOFTOF instrument at FRM II a). The data are compared to jump diffusion models
over two (2N) and four (4N) sites. Schematic drawing of the perovskite structure along with
the variables representing half of the jump distance (r2N) and the rotations of the O–H band
(r4N) b). Note that the Zr atoms are green, whereas the Sc atom is blue, the oxygen atoms
are turquoise and the protons are pink.

The jump diffusion models regarding jumps between two sites (2N) and jumps between 4 sites
(4N) were fitted as per the following equations:

EISF2N = c+ (1− c)
1

2

(
1 +

sin(Q2r2N )

Q2r2N

)
(3.6)

EISF4N = c+ (1− c)
1

4

(
1 +

2 sin(
√
2Qr4N )√

2Qr4N
+

sin(2Qr4N )

2Qr4N

)
(3.7)

where c can be interpreted here as extra elastic scattering due to "immobile" protons, i.e., protons
that move too slowly to give QENS. In our QENS experiments on BaZrO3 and Ba2In2O5 powders,
c was found to decrease with increasing temperature, which can be interpreted as a larger fraction
of protons entering the time window of the instrument as their mobility increases with T , r2N is
half of the jump distance between neighbouring oxygen atoms and r4N is the length corresponding
to the O–H bond.

3.2 Infrared spectroscopy

IR spectroscopy is based on excitation of vibrational motions of atoms by electromagnetic radiation
in the IR range and gives information about the specific vibrational frequencies and bond strengths
present in the material undergoing a study. Explained with simple words, IR spectroscopy concerns
balls (atoms) connected with springs (bonds), and the vibrations as a function of both the masses
of the balls and the strength of the springs. Accordingly, the larger the mass of the atoms, the
lower the frequency, and the stronger the bond, the higher the frequency. Essentially, this points
towards that IR spectroscopy is in fact connected to the vibrations of corresponding frequencies
with certain modes associated to a certain bond type [102]. For a certain material to have an IR
spectral fingerprint, it must fulfil a selection rule which states that the dipole moment of the atoms
consisting it, must change during vibration. Hence not all vibrations are IR active. For instance,
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for homonuclear diatomics like O2 or N2 stretch modes are not IR active, whereas stretch modes
of heteroatomic diatomics such as CO, HF, and OH are IR active [102]. As the primary concern
of this study is the O–H stretch mode, further in this section we will discuss the O–H stretch
mode characteristics in hydrated BaZr1−xScxO3−x/2 (x = 0.10–0.65) powders and films, as well as
hydrated Ba2In1.85M0.15O5 powders with M = In, Ga, Sc and Y.

When analysing IR spectroscopic data, vibrational modes are often assigned based on the pres-
ence of specific bonds which have a specific IR fingerprint. Some of the strongest (and shortest)
bonds are formed with hydrogen and elements from the second row of the periodic table, such as
oxygen. Hydrogen bonding is crucial in identification of structures of inorganic materials [102]. The
O–H stretch modes are wildly affected by hydrogen bonds. For instance, sharp intense bands for
free or isolated O–H groups are observed in the range of 3590–3690 cm−1, however, in presence of
hydrogen bonding, the O–H stretch band typically shifts to lower frequency.

3.3 Thermogravimetric analysis

TGA is a method that monitors mass changes as a function of temperature. TGA is, therefore,
especially convenient for observing various chemical phenomena including, but not limited to, oxi-
dation, desorption, vaporisation, dehydration, and solid-state reactions, which is why its application
in material science as a characterisation tool is very diverse [103]. In this work, TGA has been used
primarily for determining the hydration degree in hydrated powder samples of BaZr1−xScxO3−x/2

(x = 0.10 and 0.50) and Ba2In1.85M0.15O5 (M = In, Ga, Sc and Y). These materials possess distinc-
tive thermograms which are characterised with a broad slope typically in the interval between 300
◦C and 500 ◦C upon increasing temperature, manifesting a gradual dehydration of the materials,
followed by a final plateau as the TG curve for Ba2In1.85Ga0.15O6H2 in Figure 3.6. However, for
some proton conducting oxides the curves do not reach such a plateau even at temperatures be-
yond 900 ◦C. The reason for this behaviour is not fully clear, but may be associated with a release
of strongly physisorbed water molecules and/or bulk protons, as seen in other studies on similar
materials [104–106].

Figure 3.6: TG curve for a hydrated powder sample of Ba2In1.85Ga0.15O6H2.
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3.4 Nuclear Reaction Analysis

NRA is a convenient method for hydrogen depth profiling in film samples. In this thesis, BaZr1−xScx
O3−x/2 (x = 0.45, 0.54, and 0.64) films were subjected to NRA measurements. The fundamental
principle behind NRA is that the film under investigation is exposed to accelerated and energy-
monochromatized 15N ions with energies in the range of ENRA = 6.36-7 MeV which upon contact
with hydrogen (protons) in the film undergo the following reaction:

15N+ 1H → 16O → 12C+ α+ γ. (3.8)

At the resonance energy ER = 6.385 MeV, excited 16O nucleus is formed as an intermediate
compound, which then undergoes α-decay into the first nuclear excited state of 12C, followed by
release of γ-radiation with energy equal to 4.4389 MeV. The intensity of the γ-radiation signal is
measured by a γ-detector and the intensity is related to the hydrogen density.

It is important to point out that 15N ions with incident energy Ei equal to the resonant energy
can only induce a nuclear reaction with the hydrogen atoms on the surface [107]. However, in the
case of higher Ei, the 15N ions penetrate further into the film sample, and they lose energy due to
electronic stopping amid traveling through the film, ∆ENRA = ENRA−ER. Essentially, the energy
loss ∆ENRA is proportional to a certain depth, equivalent to the trajectory length of the penetrated
ions, z, which is equal to zero at the surface [107], and can be calculated as z = ∆ENRA/S, where S
is the stopping power which, in our case, is related to the total film thickness d and the energy Ed for
which ions with energies larger than Ed can penetrate through the whole film without interaction
with hydrogen, or, S = (Ed − ER)/d. A schematic drawing of the fundamental process of NRA
measurements on film samples is shown in Figure 3.7.

In our study, the energy resolution of the 15N beam was taken to be around 13 keV, which corre-
sponds to a depth resolution of the film of 50 Å, as previously determined by NRA measurements on
a BaZr0.53In0.47O2.765 500 nm thick film [108]. The obtained results from the NRA measurements
provide information of the total hydrogen content and hydration degree of the film samples which
will be elaborated on further in this thesis.

Figure 3.7: Schematic drawing of the basic principle of NRA for detection of the hydrogen
as a function of distribution depth. Here, Ei represents the incident energy of the 15N ions,
and ER the resonance energy equal to 6.385 MeV.
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CHAPTER 4 Instruments

Every brilliant experiment, like every
great work of art, starts with an act of
imagination.

Jonah Lehrer

4.1 Instruments for quasielastic neutron scattering

There are a number of different types of instruments for performing QENS measurements. In this
thesis, neutron time-of-flight (TOF) and backscattering instruments were used. The most notable
difference between the two types of instruments lays in the determination of the neutron energy
transfer ∆E = Ei−Ef , where Ei is the incident neutron energy and Ef is the final neutron energy.
The TOF instruments used in this thesis rely on a, so called, direct geometry, which means that
we have neutrons with fixed Ei which hit the sample and scatter to the detector. The final neutron
energy is then determined by measuring the time the neutron needs to reach the well defined distance
between the sample and the detector. Backscattering scattering instruments, on the other hand,
have an indirect geometry which means that the final neutron energy is selected by Bragg reflection
from an analyzer crystal (in our case a Si crystal), whereas the incident neutron energy is allowed
to vary. While traditionally backscattering instruments have a Doppler-moving monochromator for
changing the incident energy, the instrument used in this thesis is a spallation source-based, which
means that the built-in neutron pulsed structure is used as an Ei wavelength. The neutrons hit
the sample and backscatter from an analyser and scatter on the detector positioned at Bragg angle
2Θ close to 180◦ to achieve highest energy resolution1 (thus fixing the final neutron energy) before
finally reaching the detector.

The main difference when using these two techniques lies in the energy resolution, which due to
the Bragg angle close to 90◦, is much higher (µeV range) for the backscattering technique.

4.1.1 The neutron TOF instruments IN6 and TOFTOF
As part of this thesis, two TOF instruments, IN6 and TOFTOF were used for analysis of the
localised proton motion in Sc doped BaZrO3. IN6 is a TOF instrument at ILL, in Grenoble, France.

1In terms of differentiated Bragg’s law, δEf = 2Ef (
δd
d + cotΘδΘ), where Θ is the Bragg angle and δd

d is
the spread of the analyzer’s lattice constants, the cotΘδΘ is minimized as Θ approaches 90◦. This implies
that the only the analyzer will influence the convergence of the beam [109].
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Monochromatization of the polychromatic neutron beam is achieved by graphite monochromators
which is then chopped by a Fermi chopper. The scattered neutrons are then detected by 337
He detectors covering scattering angles between 10◦and 115◦ [99, 110]. In our experiments, the
spectrometer operated with 5.1 Å incident wavelength neutrons, yielding an energy resolution of
0.07 meV at full width at half maximum (FWHM) at the elastic line, and an accessible Q-range of
0.21–2.08 Å−1. Schematic drawing of IN6’s configuration is shown in Figure 4.1 (a).

TOFTOF is an instrument at the FRM II Neutron Source in Garching, Germany. The beam
is monochromatized and pulsed by seven fast rotating disc choppers and is then focused onto the
sample by a converging supermirror. The scattered neutrons are detected by 1000 He detectors
covering scattering angles between 7◦and 140◦ [111]. For our experiments, TOFTOF operated
with 2.5 Å incident wavelength neutrons, yielding an energy resolution of 0.45 meV at FWHM at
the elastic line, and an accessible Q-range of 0.35–4.72 Å−1. Schematic drawing of TOFTOF’s
configuration is shown in Figure 4.1 (b).

Figure 4.1: Schematic drawing of a) the IN6 and b) the TOFTOF instrument. The figure is
taken from [111–113].

4.1.2 The neutron backscattering instrument BASIS
As part of this thesis, the instrument BASIS was used for analysis of the localised proton motion in
hydrated Ba2In1.85M0.15O5 with M = In, Ga, Sc and Y. BASIS is a backscattering, crystal-analyzer
spectrometer situated at the Spallation Neutron Source at Oak Ridge Laboratory in the US. It is
characterised with an energy resolution up to 3.5 µeV for Si(111) analyzer (or 15µeV for Si(311)
analyzer), and accessible timescales from 2 ps to 0.1 ns. It can likewise access an extended Q range
up to 3.8 Å−1 with Si(311) analyser, compared with the upper 2.0 Å−1 limit for Si(111) analyser. For
our experiments, the spectrometer operated with Si(111) analyser, yielding an energy resolution of
3.5 µeV at FWHM at the elastic line, and an accessible Q-range of 0.2–2.0 Å−1. Schematic drawing
of a traditional backscattering instrument configuration is shown in Figure 4.2. A comparison of
some important characteristics of the instruments used in this thesis are presented in Table 4.1.
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Figure 4.2: Schematic drawing of a traditional backscattering instrument. Note that BASIS
does not have a Doppler monochromator. The figure is taken from ref [114].

Table 4.1: Some characteristics of the IN6, TOFTOF and BASIS instruments used for QENS
measurements in this thesis.

IN6, ILL TOFTOF, FRMII BASIS, SNS
Neutron source:
Neutron flux:

Reactor source
1.5 1015 neutrons/s cm2

Reactor source
1014 neutrons/s cm2

Spaliation source
60 pulses/second

Instrument type: Time-of-flight (direct geometry)
Ei is fixed by graphite crystal

Time-of-flight (direct geometry)
Ei is fixed by choppers

Backscattering (indirect geometry)
Ef is fixed by analyzer

Wavelength: 5.1 Å 2.5 Å 6.267 Å
Probed timescale: Picosecond (100 ps) Picosecod to ns (up to 50 ns) Picosecond to nanosecond
Probed Q range: 0.21–2.08 Å−1 0.35–4.72 Å−1 0.2–2.0 Å−1

4.2 The IR spectrometer Thermo Scientific Nicolet Nexus

In the past, IR spectrometers were equipped with various prisms, thermal detectors and diffraction
gratings connected to a recorder. Nowadays, almost every IR spectrometer uses interferometers and
Fourier transform data processors, known as Fourier transform IR spectrometers (FTIRs) [102, 115].

The basic working principle of a FTIR spectrometer is as follows: a IR light source (usually
a ceramic material that is heated to high temperatures which results in IR radiation) is defined
by an aperute and is partially transmitted and partially reflected to a moving mirror by a beam
splitter. The moving mirror creates an interferogram quod est Fourier transformed into a spectrum
[116]. FTIR spectrometers are single-beam instruments so both background and sample spectra
need to be recorded as separate measurements. The final spectrum is then obtained by the ratio of
the two spectra. The FTIR spectrometer used for this thesis is a Thermo Scientific Nicolet Nexus
instrument (Figure 4.4) and the two sampling techniques used in this thesis are the transmittance
mode for the film samples and diffuse reflectance mode for the powder samples. The first is based on
the principle that the incident light passes through the whole sample, whereas the second is based
on the diffuse reflection of the incident light by the powder’s surface reflection in all directions.
For the film samples, a background spectrum was taken on the Al2O3 substrate which is almost
transparent in the IR range, whereas for the powder samples, the diffuce reflectance background
accessory (mimicking perfect diffuse scattering) was used. It is important to point out that for the
films, due to the large thickness of the substrate there was a strong interference which was smoothed
using the Savitzky-Golay algorithm in the Thermo Scientific OMNIC FTIR software.
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Figure 4.3: Schematic drawing of a FTIR spectrometer configuration. The light from the IR
source is impinged on a beam splitter which is then partially transmitted and reflected to
the fixed and moving mirrors. Due to the moving mirror’s alternation, an interferogram is
generated. The interferogram is then converted to a spectrum by a Fourier transformation.

4.3 The TGA instrument STA 409 PC Luxx thermal and
calorimetric analyser

The instrument used for this work is the STA 409 PC Luxx thermal and calorimetric analyser which
operates from room temperature into the high temperature range of 2000 °C. The measurements
were performed using a thermobalance which includes an electronic balance (with microgram preci-
sion), a temperature–programmable furnace and computer–driven controller which enables simulta-
neous heating and weighing of a sample. Figure 4.4 shows a schematic drawing of the components
consisting the instrument. The working principle is as follows; initially, the sample is placed and
weighed in a crucible (for our experiments an alumina crucible was used due to its resistance to
high temperature and non-reactivity with the BaZrO3 and Ba2In2O5 powders). Then, the sample
is heated to higher temperatures with a constant heating rate, or in our case between 800–1000 ◦C
with 5–10 ◦C/min. The sample is situated within an enclosed system ensuring a gaseous atmosphere
of the measurement. In our case the instrument was connected to nitrogen gas to prevent possible
oxidation.

Figure 4.4: Schematic drawing of the STA 409 PC Luxx thermal and calorimetric analyser’s
configuration. The sample is put on the balance within the furnace and mass change is
detected as a function of temperature.
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CHAPTER 5 Overview of Findings

I never see what has been done; I only
see what remains to be done.

Marie Curie

5.1 Paper I

This paper reports on the nature of localized proton dynamics in hydrated powder samples of
Sc doped BaZrO3 with two significantly different Sc dopant concentrations, BaZr0.90Sc0.10O2.95

(10Sc/BZO) and BaZr0.50Sc0.50O2.75 (50Sc/BZO) using QENS. The aim of the study is to see
how the Sc doping concentration influences the localised proton diffusion. The two samples were
first measured on IN6, followed by another measurement on TOFTOF. The complementary in the
two measurements for this study lays in the fact that they probe different timescales which give
information about different types of motions present in the materials, or in our case slightly faster
motions up in the ps for TOFTOF. Likewise, the measurement on TOFTOF allowed to get extended
Q range up to 4.72 Å−1 which gives physically more reasonable results due to the increased statistics
(more Q points), compared to the 2.08 Å−1 Q range accessed with IN6. The extended Q range was
used to also try to get more precise results regarding the preferred EISF model as the bifurcation
point that separates the 2N and 4N models occurs at Q points higher than the one obtained from
IN6 [117]. Figure 5.1 shows, as an example, S(Q,E)meas for both materials and as measured on both
instruments for highest measured temperatures (T = 510 K for IN6 and T = 485 K for TOFTOF)
and high Q (Q= 1.3 Å−1 for IN6 and Q= 4.0 Å−1 for TOFTOF).

From the IN6 measurements, analysis of the FWHM (Γ) of the Lorentzian function showed that
it is (within error) Q-independent, for each sample and measuring temperature, indicating localised
dynamics. The FWHMs were found to be between 0.2 and 0.5 meV, depending on Sc dopant
concentration and temperature for the IN6 data, which results in relaxation timescales in the range
of 4 and 8 ps and activation energies between 25 and 40 meV. The values are in agreement with
previous studies on the same materials where the activation energy was in the interval in the range
of 10 meV and 30 meV [118]. As for the geometry of the localised motion, only the EISF-extracted
jump distances and rotational motions from TOFTOF were used.

From the TOFTOF measurements, analysis of the FWHM (Γ) of the Lorentzian function showed
that it is (within error) Q-independent, for each sample and measuring temperature, indicating
localised dynamics yet again. The timescale of the proton dynamics was then found to be in the
range of 1.8 and 2.5 ps for 10Sc/BZO and 1.5 and 1.8 ps for 50Sc/BZO, whereas the activation
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Figure 5.1: S(Q,E)meas together with fits of (a) 10Sc/BZO and (b) 50Sc/BZO at T = 510 K
and Q = 1.315 Å−1 and Q = 1.325 Å−1, respectively, as measured on IN6, and (c) 10Sc/BZO
and (d) 50Sc/BZO, as measured on TOFTOF at T = 485 K and Q = 4.0 Å−1.

energies were found to be between 8 and 25 meV. The EISF showed that the proton transfers
were in the interval between 0.75 and 0.79 Å and 0.94 and 1.03 Å for –OH rotational motions
for 10Sc/BZO, and 0.76 and 0.82 Å for proton transfer and 0.95 and 1.06 Å for –OH rotational
motions for 50Sc/BZO. From the fit itself it was not possible to clearly distinguish the preferred
motion (transfer or rotational), as seen in Figure 5.2. However, the low values of the activation
energy1 in combination with ab initio calculations showed that the rotational motion has been
predominant. This is further supported by the low activation energies below 100 meV attributed to
the reorientation motion [119].

The slightly faster timescales, lower activation energy and a slightly larger fraction of mobile
protons freed at higher temperatures observed for 50Sc/BZO could be ascribed to the increase in
the proportion of asymmetric units Sc–O–Zr. As a consequence, a relatively higher population of
proton transfers with shorter jump distances are expected in 50/ScBZO, compared to 10Sc/BZO.
Since the activation energy for the proton transfer is related to the jump length, a shorter proton
transfer jump length, averaged over all proton transfer contributing in the QENS signal, as well as
a predominant –OH rotation motion could possibly explain the lower activation energies found in
50Sc/BZO than in 10Sc/BZO.

It can be concluded that the QENS signal of 50Sc/BZO can be ascribed to contributions from
different proton transfer and –OH rotation motions, over a large range of timescales, with no sig-

1Proton transfer requires breaking of the O–H bond which is a more energetically costly process.
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Figure 5.2: EISFs for (a) 10Sc/BZO and (b) 50Sc/BZO, as derived from the TOFTOF data.
The lines are fits to the jump-diffusion model over two (2N) and four (4N) sites.

nificant differences in activation energies or in the geometrical representation of the dynamics, as
compared to 10Sc/BZO. It is also shown that access to momentum transfers of at least 4 Å−1 in
the QENS data is a necessary for extracting physically meaningful jump distances for the proton
transfer and –OH rotational process.

5.2 Paper II

This paper reports on the nature of localized proton dynamics in hydrated powder samples of
undoped and acceptor doped Ba2In2O5, i.e., Ba2In1.85M0.15O5 with M = Ga, Sc and Y using QENS.
The aim of the study is to see if the introduction of different dopants in the Ba2In2O5 structure
changes the localised proton diffusion. The paper is a continuance of a recent QENS study which
revealed that there are three localised processes present in hydrated Ba2In2O5 [90]. In more detail,
it showed two types of proton sites H(1) and H(2) associated with proton reorientations with low
activation energy Ea = 19.3 meV in the range of 2.8–4.6 ps, and proton transfers of H(2) protons
between neighbouring oxygens with Ea = 13.4 meV, in the range of 0.4–0.5 ps, respectively. It
was also pointed out that a mixture of proton transfers and reorientations with Ea = 35 meV, in
the range of 45–77 ps is attributed to a third proton site H(3). The hydrated powder samples of
Ba2In1.85M0.15O5 with M = In, Ga, Sc and Y were measured on BASIS. The spectrometer operated
with Si(111) analyser, yielding to an accessible Q-range of 0.2–2.0 Å−1.

Figure 5.3 (a) shows S(Q,E)meas for Ba2In2O5 for highest measured temperature T = 600 K
and Q = 1.5 Å−1 along with a fit composed of one Lorentzian function. Analysis of the FWHM of
the Lorentzian function showed that it is Q-independent, indicating localised dynamics in the range
of 7–10 ps and activation energy Ea = 35 meV. Analysis of the O–H stretch region of the IR spectra
(2000–3500 cm−1), as seen in Figure 5.4, revealed a broad band peaking at around 3400 cm−1 shifted
to higher frequencies attributed to a presence of a larger fraction of protons on the H(1) site.

Figure 5.3 (b) shows S(Q,E)meas for Ba2In1.85Ga0.15O5 for highest measured temperature
T = 490 K and Q = 1.5 Å−1 along with a fit composed of two Lorentzian functions. Analysis
of the FWHM of the first Lorentzian function confirmed localised dynamics in the range of 7–20
ps and activation energy Ea = 179 meV. Analysis of the FWHM of the second Lorentzian function
revealed a second localised motion of 36 ps emerging for temperatures above T = 490 K. Analysis
of the O–H stretch region of the IR spectra (2000–3500 cm−1), as seen in Figure 5.4, revealed a
broad band peaking around 3450 cm−1 shifted to lower frequencies, and additional band at around
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Figure 5.3: S(Q,E)meas of (a) Ba2In2O5, (b) Ba2In1.85Ga0.15O5 at T = 490 K, (c)
Ba2In1.85Y0.15O5 at T = 600 K and (b) Ba2In1.85Sc0.15O5 at T = 600 K for Q = 1.50 Å−1

together with fits.

2000 cm−1 indicating a presence of a larger fraction of protons on the H(2) site.
Figure 5.3 (c) shows S(Q,E)meas for Ba2In1.85Y0.15O5 for highest measured temperature T = 600

K and Q = 1.5 Å−1 along with a fit composed of two Lorentzian functions. Analysis of the FWHM
of the first Lorentzian function confirmed localised dynamics in the range of 6–20 ps and activation
energy Ea = 101 meV. Analysis of the FWHM of the second Lorentzian function revealed a second
localised motion in the range of 44–50 ps emerging for temperatures above T = 490 K. Analysis
of the O–H stretch region of the IR spectra (2000–3500 cm−1), as seen in Figure 5.4, revealed a
broad band peaking around 3450 cm−1 and shifted to lower frequencies, as well as an additional
band at around 2000 cm−1 attributed to a presence of a larger fraction of protons on the H(2) site.
Figure 5.3 (d) shows S(Q,E)meas for Ba2In1.85Sc0.15O5 for highest measured temperature T = 600
K and Q = 1.5 Å−1 along with a fit composed of two Lorentzian functions. Analysis of the FWHM
of the first Lorentzian function confirmed localised dynamics in the range of 6–8 ps and activation
energy Ea = 32 meV. Analysis of the FWHM of the second Lorentzian function revealed a second
localised motion in the range of 127 ps emerging for temperatures above T = 600 K. Analysis of
the O–H stretch region of the IR spectra (2000–3500 cm−1), as seen in Figure 5.4, revealed a broad
band peaking at around 3500 cm−1 and shifted to higher frequencies which has been assigned to a
presence of a larger fraction of protons on the H(1) site.

Because of the QENS signal’s high uncertainty, the proton motion was ascribed as a mixture
of proton transfers with various jump lengths and –OH rotation motions, rather than to a specific
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Figure 5.4: IR spectra for the hydrated powder samples of Ba2In1.85M0.15O5 with M = In,
Ga, Sc and Y. Note that the broadness of the O-H stretch band is due to a range of different
local proton environments in the samples.

proton transfer or –OH rotation motion. Accordingly, the obtained activation energies and residence
times would then represent an average of contributions from both proton transfers and rotation
motions. The assigned bands at ca. 2000–2100 cm−1 and 2800–3000 cm−1 to protons on the H(2)
site are more pronounced for the Ga/BIO and Y/BIO systems, indicating that the dominating
localized motion is the proton transfer [90, 120]. On the other hand, the other systems with more
pronounced band peaking at ca. 3300 cm−1 could be ascribed to a larger fraction of protons
populating the H(1) site and a dominating proton transfer motion. Furthermore, the slower motion
obtained for the samples doped with Sc, Ga, and Y, at temperatures higher than 450 K is likely
related to a site H(3), where the hydrogen is covalently bonded to oxygen in the pseudo-cubic layer
and hydrogen bonded to oxygen connecting the two layers [90]. The different proton configuration
depending on the dopant atom may be due to the different size of the ionic radii of the dopant atoms,
as more pronounced H(2) sites are observed for the systems with dopant that vary significantly in
size in respect to In, i.e. Ga (much smaller) and Y (much larger).

To conclude, doping the Ba2In2O5 structure has a significant effect on the local structure and
dynamics of protons. In particular, doping with M = Ga or Y, both with significantly different radii
than In, results in larger contribution of protons on the H(2) site, corresponding to a presence of
predominant proton transfers, as opposed to doping with M = Sc or In where a larger contribution
of protons on the H(1) site corresponding to a presence of predominant proton reorientation motion.
It can also be concluded that doping the Ba2In2O5 structure results in a presence of an additional
slower motion which is attributed to a mixture of transfer and rotational motions.

5.3 Paper III

This paper reports on the nature of the local structure and coordination of protons and its depen-
dency on the morphology on nanocrystalline BaZr1−xScxO3−x/2 films with x = 0.45, 0.54, 0.65. The
specific aim of the study was to investigate and compare the local structure, especially regarding
the concentration and local coordination environments of the protons, between the microcrystalline
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powder samples of similar doping concentration and nanocrystalline film samples, and their link to
the proton concentration.

As can be seen in Figure 5.5, hydrogen concentration of the films for all concentrations was
found to be below 33% (of 100% which corresponds to full hydration) with large concentration of
protons, i.e., between 0.15–0.16 hydrogen atoms per unit cell, located in the surface pointing out
of a proton rich layer present in the films, [108] as well as indicating that either the films were not
fully hydrated or that there are less oxygen vacancies present in the system.

As can be seen in Figure 5.6, the spectra show considerable differences amongst the samples.
For the powder samples, a large O-H stretching band between 2500 and 3700 cm−1 is dominating,
and O-H stretching + wagging combination band at around 4350 cm−1 is visible; in general there
is a trend of increasing band intensity with increasing doping concentration, which is in agreement
with previous studies on the same and similar compositions [69, 76, 77, 121]. The broadness of the
O-H stretch band is due to a range of different local proton environments in the samples, where the
lower-frequency part (2500–3000 cm−1) is assigned to protons in non-symmetrical environments,
such as Zr–O–Sc, whereas the higher-frequency part (3000–3700 cm−1) is assigned to protons in
symmetrical environments, such as Zr–O–Zr and Sc–O–Sc [82]. It can be seen that the change in
band profile with increasing Sc dopant level is a result of differences in the distribution of protons
in various types of proton sites. On the other hand, the film samples are characterized by much
weaker and narrow bands, which suggests that the proton site distribution is less homogenous in
the films with a larger fraction of protons in symmetric, weakly hydrogen-bonding configurations.

Based on the findings, a threshold for formation of a preferred proton site for the film samples is
possibly between x = 0.45 and x = 0.54. Because the average particle distribution is not significantly
affected by the increase of Sc dopant concentration, the threshold has been likely associated with
a change in the local structural details of the films. These structural disortions may be induced by
tilts of the octahedral moieties due to the increased Sc dopant concentration and mechanical stress
from the film’s substrate. Therefore, above a certain threshold composition between x = 0.45 and
x = 0.54, the local structural distortions probably reached a certain level to form a unique local
proton configuration, featured by weak hydrogen-bonding interactions in the films.

It can be concluded that for the film samples there is possibly a preferred and highly symmetrical
local proton environment, as well as an inhomogeneous distribution of protons with high concentra-
tion located on the near-surface region, which suggests that there may be a proton rich top layer.
The presence of a near-surface proton rich layer was likewise recently reported on hydrated, epitax-
ial, thin (≈ 50 nm) film samples of the similar material BaZr0.53In0.47O2.77, [108] which suggests
that this could be a generic feature of proton conducting perovskite films.
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Figure 5.5: Hydrogen concentration of the hydrated film samples of BaZr1−xScxO3−x/2 with
x = 0.45, 0.54, and 0.65, as derived from NRA. The top axis shows the estimated penetration
depth. The error bars were calculated as a standard deviation with 95% certainty and are
within the data points. (Paper III).

Figure 5.6: Comparison between the O–H region of the bulk powder samples from ref. [83]
(a) and the film samples (b).
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CHAPTER 6 Conclusions

What is research but a blind date with
knowledge?

Will Harvey

The research results presented in this thesis have contributed to the field of proton conducting
oxides as they provided a more thorough understanding of the localised proton motion and structure
in proton conducting perovskite and perovskite-like structures. Essentially, the results dived more
deeply in understanding the relationship of the dopant atom and dopant concentration with the
localised preferred motion of the proton as well as the preferred site of the protons. This thesis has
reported on investigations related to the structure and dynamics in some particularly important
proton conducting perovskite materials relevant for several energy applications, such as fuel cells.

In more detail, the studies of powder samples of BaZr1−xScxO3−x/2 (x = 0.10 and 0.50) con-
firmed localised proton dynamics ascribed as reorientation motions around one oxygen and transfer
of protons from one to another neighbouring oxygen. The processes for both doping concentrations
were shown to be in the range of 1–10 ps with activation energies between 8–40 meV. Likewise, it was
found that these values depend insignificantly on the Sc dopant levels investigated in this study. The
study of films of BaZr1−xScxO3−x/2, (x = 0.45, 0.54, 0.65) pointed towards the presence of a wide
range of local surroundings of the protons for x = 0.45, as opposed to the compositions with x =
0.54 and 0.65, which suggested a presence of relatively symmetric, weakly hydrogen-bonding, proton
configurations. It was also shown that the films investigated here exhibit significantly different local
structure than powder samples of similar compositions. The study on hydrated powders samples
of brownmillerites Ba2In1.85M0.15O5 with M = In, Ga, Sc and Y showed the presence of localised
proton transfer and –OH rotational motions of H(1) and H(2) protons on the picoseconds timescale,
respectively, for temperatures above 400 K, independent on the dopant atom. For dopants with
significantly different ionic radii compared to In, i.e., M = Ga and Y, it was found that a larger
fraction of protons are present on the H(2) site, as opposed to M = Sc and In, where there is a
larger fraction of protons on the H(1) site. It was likewise discovered that doping with with M =
Ga, Sc and Y give rise to an additional proton site H(3) at temperatures above 450 K, which is a
mixture of both proton transfer and reorientation motions.

A better understanding in the proton dynamics and how it varies with the structure and dopant
atom and doping concentration is still needed for developing strategy for tuning current synthesis
routes for obtaining materials with high proton conductivity that can be used in various electro-
chemical devices. And although the perovskites are indeed the most promising candidate, one still
needs to question whether there are next generation materials pending to be discovered and if so
quo vadis?
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CHAPTER 7 Outlook: Quo Vadis?

The important thing is to never stop
questioning.

Albert Einstein

7.1 Research related to perovskite proton conductors

With a view towards the future, this thesis has opened up several new questions well worth investi-
gating. As one example, the results for Sc doped BaZrO3 powder and film samples pointed towards
a different structure between the two types of samples. This, in turn, suggests that further studies of
the local structure of these films would be important. Raman scattering is a convenient technique for
investigation of local structure and vibration properties of proton conducting oxides. However, Ra-
man spectroscopy is inconvenient for investigations of film samples, as the weak Raman signal from
the sample is overwhelmed by the background signal from the substrate; furthermore the penetra-
tion of the incident light is limited by its wavelength typically between 400–700 nm. In comparison,
UV Raman spectroscopy which utilises an excitation energy in the ultraviolet region, is convenient
for investigations of thin film samples as its penetration depth is reduced compared to conventional
Raman scattering which minimizes the substrate signal while at the same time enhances the signal
from the sample. Therefore, UV Raman spectra were measured on the BaZr1−xScxO3−x/2 films
with x = 0.45, 0.54, 0.65 by collaborators in Uppsala University. The measurements were recorded
over the frequency range 200-2400 cm−1 in backscattering geometry. Excitation was performed
using 355 nm (3.49 eV) and 405 nm (3.06 eV) wavelengths.

Figure 7.1 shows (preliminary) UV Raman spectra of BaZr1−xScxO3−x/2 films with x = 0.45,
0.54, 0.65 films excited with 355 nm wavelength, from 200 cm−1 up to 1200 cm−1 and with 405 nm
from 200–2400 cm−1. Different excitation wavelengths were used to see differences in the excited
vibrations. Because the films were fairly inhomogeneous, additional measurements at different parts
of the samples were performed, denoted spot 2 or spot 3 in Figure 7.1. One can observe five different
peaks present for all samples at around 380 cm−1, 420 cm−1, 450 cm−1, 575 cm−1, and 750 cm−1.
The lowest doped system with x = 0.45 shows significantly lower peak intensity than the other
two compositions. Clear increase in intensity is observed between the x = 0.54 and the x = 0.65
spectra. Figure 7.1 shows the UV Raman spectra excited at 405 nm. A total of 11 different peaks
are observed. A small peak at around 375 cm−1, followed by a strong sharp peak at 415 cm−1

and its shoulder peak at around 430 cm−1, a small peak at 450 cm−1, followed by a peak at 575
cm−1. Broad small peaks are likewise observed at 640cm−1 and 750cm−1. Rather broader peaks are
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Figure 7.1: UV Raman spectra as recorded for the thin film samples for excitation at 355
nm a) and 405 nm b). The spectra are vertically shifted for clarity.

observed at around 990 cm−1, 1345 cm−1 and 1505 cm−1. Small peak is likewise observed at around
2330 cm−1. The peaks at 575 cm−1 and 750 cm−1 are increasing with intensity with increasing the
doping concentration. One can also see that the influence of doping on the peak intensity is strong.

Previous results on bulk materials with the same or similar composition, suggest that the bands
positioned in the interval between 400 and 800 cm−1 are related to different oxygen motions sug-
gesting displacement of the cations and the oxygens from their initial symmetric sites [122, 123].

The analysis of the data is ongoing and aims to contribute to a better understanding of the local
structure of the (thin) film samples of Sc doped BaZrO3.

Also, based on the results from the study of Sc doped BaZrO3 films, new BaZr1−xScxO3−x/2

films with x = 0.15, 0.45, 0.65 based on PLD technique will be prepared in order to see if there
is any difference in terms of structure of the films when using another deposition technique. The
newly developed films will be investigated with vibrational spectroscopy techniques (IR, and UV
Raman). The deposition will be performed by collaborators from Paul Scherrer Institute.
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7.2 Research related to perovskite oxyhydrides

Building further on my research pertaining to investigations of structure and dynamics in proton
conducting perovskites, I have recently started some research on perovskite type oxyhydrides. Sim-
ilarly to proton conducting oxides, these materials contain hydrogen, but now the hydrogen is in
the form of hydride ions (H−) rather than protons (H+).

Oxyhydrides as a class of mixed anion compounds has attracted significant interest due to their
possible contribution in energy devices, catalysis or electronics [124]. Scientists aim to develop novice
synthesis methods beyond the classical solid state route, including but not limited to topochemical
synthesis, mechanochemical synthesis reduction-based synthesis and etc [124].

My main focus so far has been to design new synthesis methods and also design new classes of
oxyhydrides. Accordingly, several synthesis methods based on topochemical reaction (hydrogen gas
reduction and metal hydride reduction) and mechanochemical reactions have been tried.

For the topochemical synthesis using metal hydrides, performed at Stockholm University, the
aim was to use reduction agents beyond the traditionally used CaH2, or in my case LiH for the
synthesis of BaTiO3 oxyhydride powder samples. Synthesis method based on mechanochemical
synthesis was likewise tested at Stockholm University. Mechanochemical synthesis is especially
useful for the industry as it shortens the synthesis time from few days to few hours while at the
same time providing much larger quantities than the traditional synthesis route. Just briefly, the
mechanochemical synthesis method is based on the chemical reactions and structural changes in-
duced by mechanical energy between metal balls and the precursors. The main challenge, however,
is the rotation speed of the mill, which should be high enough so it can cause larger friction forces.
Other requirements include the material and size of the metal balls, and the size of the precursors
(usually nanopowders are preferred due to shorter diffusion paths). Furthermore, I have worked in-
house with yet another synthesis method, i.e., the reduction based synthesis which requires heating
the precurssors for a certain time under pure hydrogen atmosphere. Based on the abovementioned
synthesis routes, I have already synthesised and characterised several compositions based on the
cubic ABO3 structure, among them BaTiO3, SrTiO3, BaZr1−xMxO3−x/2 M = Sc, In, Y; 0.1 < x <
0.5), with hydrogen gas reduction based technique (exposing the materials to hydrogen gas at high
temperatures) and topochemical synthesis using metal hydrides (solid state route in a controlled at-
mosphere due to hydride precursor being used as a reducing agent). Unfortunately, synthesis based
on mechanochemical reactions was unsuccessful so far due to incompatible speed of the available
mills.

Figure 7.2: Schematic drawing of the structure and diffusion in ATiO3, A= Ba, Sr, Ca etc.
oxyhydrides. Note that blue circle is oxygen, pink is hydrogen, dark blue is titanium.
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Figure 7.3: Different colors for SrTiO3 (A) and BaTiO3 oxyhydrides (B) (a), inelastic neutron
scattering data for BaTiO3, nuclear magnetic resonance data for ATiO3 oxyhydrides A= Ba,
Sr, and Ca, and TGA data for several newly designed oxyhydrides (d).

To this end, QENS and INS experiments as well as characterisation with NMR and TGA on a
series of BaTiO3, SrTiO3, BaZr1−xInxO3−x/2, x = 0.10 and 0.20 have been performed. For example,
Figure 7.3 shows results for some of the synthesised oxyhydride such as color change upon reduction
(a), vibrational modes of the hydride ions measured at IN1 at ILL (b), NMR data confirming
the presence of hydride ions (c) and and TGA results confirming oxidation of the materials. The
overall aim has been to test new synthesis methods and develop new class of perovskite-based
and brownmillerite-based oxyhydrides which could be then further used for studies of the localised
dynamics of the hydride ion by neutron scattering techniques.

Another idea was to transform the superconductor yttrium barium copper oxide, one the most
studied material from a superconductivity point of view, into an oxyhydride [125, 126]. And while
superconductivity per se is one of the hottest field nowadays, [127–129] and in particular now when
we were perhaps on the verge of having superconductivity at room temperature, [130] we want to
impose yet another interesting question, that is, can we introduce hydrogen in this structure?

For the remaining years of my PhD journey, I will shift my focus to oxyhydride perovskites
and similar structures with focus on developing new materials, elucidating the hydride diffusion
and optimizing the synthesis routs in hope to contribute to discovering and optimizing the newest
class of materials for future energy applications. Hopefully, this can also result with collaborations
between our group and leading synthesis groups in the field of oxyhydrides and other next-generation
materials.
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Appendix A

Fuel cells– brief considerations

A fuel cell is composed of two electrodes (cathode and anode) at each side of an eletrolyte, i.e. an
ion-conducting material, in the middle that transports ions from one electrode to the other, as seen
in Figure 7.4. The anode is fed with fuel (for instance hydrogen), whereas the cathode is supplied
with oxidant, most commonly air. The primarily chemical reaction which undergoes within is the
following: 2H2 +O2 = 2H2O.

Figure 7.4: Schematic drawing of a fuel cell.

Typically, the electrolyte material is used for defining the type of the fuel cell such as fuel cells
based on proton conducting electrolytes, fuel cells based on a solid acid electrolyte, and fuel cells
based on proton conducting oxides. The main requirements for each component in fuel cells are
given in Table 7.1.

For SOFC, the electrolyte is typically oxide-ion conducting oxide. The main advantage for
SOFCs is that they can operate with different fuels, are resistant to CO and H2S poisoning and
do not require expensive materials for their electrodes (for instance noble metals), however, their
disadvantage is their high operational temperature between 600–1000 ◦C, which is associated with
higher costs and durability problems. Nowadays research in the field of SOFC, is therefore focused
on development of materials manifesting high proton conductivity (ca. 10−2 S/cm) [31] at the low
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Table 7.1: Requirements of each component. Adapted from [131].

Component Properties Description
Anode • Electronic conductivity

• Thermal expansion coeffi-
cient
• Chemical compatibility
• Electrochemical activity
• Structural

• Conduct electrons from oxidation of
fuel
• Compatible with the other components
• No reaction with electrolyte
• High electrocatalytic activity with fuel
gas oxidation
• Porous structure to increase catalytic
activity of fuel and reactant gases

Cathode • Roles in cells
• Electronic conductivity and
stability

• Distribution of current related to oxy-
gen reduction reaction which produces ox-
ide ions
• High catalytic activity for oxygen re-
duction and compatibility with other
components

Electrolyte • High conductivity (oxide or
proton ion)
• Electronic conductivity
• Chemical stability

• Low electronic conductivity results in
oxygen leakage and low voltage loss
• Stability in air, fuel and redox reaction
• Low material and fabrication cost

temperature range up to 700 ◦C, but despite all efforts, a suitable candidate matching this criteria
has not been observed so far.
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Appendix B

Incorporation of protons and mechanism of proton mobil-
ity in proton conducting oxides

Protons do not exist ipso facto in the oxide materials, but rather are incorporated into the structure
[23]. The crucial requirement for proton incorporation, however, is the presence of oxygen vacancies
in the structure. Oxygen vacancies can be part of the structure of these oxides (or structural
defects) or can be created by acceptor doping (or impurity defects) due to the difference in valency
between the transition metal and dopant atom. The procedure used for incorporation of protons in
the oxygen-deficient structures is called hydration and is performed by exposing the oxide to water
vapour for certain amount of time. Upon hydration, the oxygen vacancies are filled due to water
dissociation, or in terms of Kröger-Vink nomenclature:

H2O + V¨
O +Ox

o = 2OH˙ (7.1)

Where V̈O is the oxygen vacancy present within the structure or created by acceptor doping,
Ox

o is the oxygen ion on the lattice site and OH˙ is the proton localized on the oxygen ion.
For the acceptor doped perovskite oxides, the number of proton concentration is roughly esti-

mated to be equal to the dopant concentration, and once hydrated remains stable at room tem-
perature. However, increasing the temperature above certain point results in dehydration (protons
leaving the structure) due to the exothermic nature of the hydration process.

For the oxides with structural oxygen vacancies, on the other hand, the oxygen vacancies are in
fact ionised defects, and therefore it can be considered that the proton concentration is proportional
to the water pressure pH2O, whereas in the case of dominating oxygen vacancies concentration, [OH˙

o]
∼pH2O can be used for estimation of proton concentration. It should be likewise noted that when
the oxide is fully hydrated, or all oxygen vacancies are filled, the proton-determined properties no
longer depend on pH2O [33].

Mechanism of proton mobility in proton conducting oxides
The proton, perse, can be considered as infinitely small point charge which has a strong effect
on the polarization of the environment, and is ultimately attracted to the electron cloud of the
oxide ion; [23] however, since it interacts and associates with the neighbouring oxide ion, it can be
considered a hydroxyl ion on a oxide site which moves between nearest neighbouring oxide ions.
It is important to note that the hydroxyl ion OH− is much stronger than the covalent O–H bond
that is formed, and that the oxygen interaction with the oxide lattice is much stronger than the

39



one of the proton which results in diffusion of the proton as a single particle. The proton follows
the Grotthuss-type mechanism, schematically presented in Fig 7.5 when migrating between oxide
ions, with two fundamental steps taking place, i.e., proton transfers (jumps) between neighbouring
oxygens and/or reorientational motion of the hydroxide group along one oxygen. Series of these
localised steps result in long-range diffusion.

Figure 7.5: Schematic drawing of the Grotthuss mechanism.

The reorientation step is faster and more energetically favourable process characterised with low
activation energies usually up to 0.1 eV, since it doesn’t require breaking of the O–H bond [132].
Proton jumps, on the other hand, require breaking of the O–H bond, which requires additional
energy which increases the activation energy of the process to up to 0.5 eV [132]. Nevertheless,
proton mobility is significantly influenced and dependent on the bond between the proton and the
oxygen ion. As proton jumps are influenced by the oxygen-ion fluctation, and therefore the oxygen
sublattice, the transfer rate is dependent on the vibrations of oxygen ions in the structure [33, 133–
135].The fluctuation of the O–O bond length (oxygen ions vibration) is decreasing the energy barrier
and therefore is crucial for proton mobility. Accordingly, the growing of the O–O bond contributes
to greater probability for the reorientation process [33, 133–135].

Experimental and theoretical studies encompassing proton dynamics in proton conducting oxides
has been extensively studied primarily for undoped and doped perovskite type oxides [12, 70, 71, 73–
77, 83, 121, 136–143]. However, despite extensive studies on the proton mobility, which is a preferred
process for proton motion and which is rate-limiting for long range diffusion is still debatable topic
and not fully understood question in the field.
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