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Introduction

The main objective of the work presented in this report is to determine the crystal structures of
the selected chemical compounds which show characteristic, significant disorder. Also, the
aim is to describe the impact of this disorder on the chemical and physical properties of these
materials. The term “a significant degree of disorder’, should be understood in this work as a
persistent deviation from the three-dimensional, periodic structure of the material that makes
it impossible to describe its structure and properties without explicitly considering the inherent

disorder of the structure.

The crystal structure of a material determines a number of its physical and chemical properties.
This means that some physical phenomena occur more frequently in the case of structures
with a specific crystal structure. In order to analyse and model material properties, it is crucial

to parameterize the atomistic model of a given material in very fine detail.
According to the current definition by International Union of Crystallography (IUCr) [1]

A material is a CRYSTAL ifit has essentially a sharp diffraction pattern. The
word essentially means that most of the intensity of the diffraction is
concentrated in relatively sharp Bragg peaks, besides the always present
diffuse scattering. In all cases, the positions of the diffraction peaks can be

expressed by

n
H=Zhia§‘ (n=3)
i=1
Here a; and h; are the basis vectors of the reciprocal lattice and integer
coefficients respectively and the number n is the minimum for which the
positions of the peaks can be described with integer coefficient h;. The

conventional crystals are a special class, though very large, for whichn = 3.”

In the classical definition of a crystal, the number of vectors n necessary to describe the
diffraction pattern was equal to 3. This meant that a material was considered to be a crystal
when it had a periodic ordering of atoms in three dimensions. As progress was made in
material science, the classic definition had been extended to additionally cover materials where
the number of dimensions was n > 3, i.e. modulated crystal structures, quasicrystals or
composite crystals. It should also be mentioned that low-dimensional materials (2D and 1D)
with a periodic arrangement of atoms in one or two dimensions can also be understood as

crystals.



The classical definition mentioned above, defines a crystal as a material that gives a discrete
diffraction pattern, even in the presence of diffuse scattering. In the case of partially disordered
materials, a significant part of the scattered intensity is observed in between the discrete Bragg
peaks. In such cases this part of the scattered radiation is indeed an important contribution to
the full diffraction pattern and should be considered during the analysis of experimental
diffraction data. A characteristic feature of the diffraction patterns of partially disordered
materials is that they consist of two, equally important, contributions: narrow diffraction maxima
and diffuse intensity away from the maxima, which, indeed cannot be omitted in analysis of the
diffraction data. The analysis of this second contribution allows one to discover unknown
structural features of the material. It is therefore difficult to say whether the definition of a crystal
includes materials that are the subject of this work, or perhaps this definition should be
extended.

What are than partially disordered materials? These are materials whose structure can be
described in terms of two-dimensional layers. These layers are fully periodic sets of atoms, of
a thickness much smaller in its third dimension than the other two. The diffraction pattern of
such two-dimensional layer would be a collection of discrete points. The three-dimensional
space of the material can therefore be filled with two-dimensional layers in many ways. The
distance between the two consecutive layers, the relative translation between the layers, as
well as the sequence in which these layers occur are all crucial details that determine the
resulting diffraction images. It is of course possible to fill the three-dimensional space with two-
dimensional layers such that they will be arranged in a periodic manner (in 3D). In such a case,
the diffraction image will mainly consist of discrete diffraction maxima, /.e. the material will have

a crystalline, periodic structure (according to the definition given above).

However, there are also many possible arrangements (sequences) of two-dimensional layers
in which the translational symmetry will not be conserved in a direction perpendicular to the
layers. In these cases, the diffraction pattern will be the sum of many discrete diffraction
maxima derived from the fully periodic two-dimensional layers and also include contributions
from broad, diffuse scattering maxima. It is also worth mentioning, one more possibility. When
two-dimensional layers are arranged in a periodic manner there exist the probability of defects
(mistakes) in the arrangement of the layers. This means that the area within the crystal (in a

direction perpendicular to the layers) that scatters coherently is significantly decreased. This
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Figure 1 Unit cells of cubic closed pacjed ccp (left) and hexagonal closed packed /cp (right)
crystal structures. The ccp unit cell is rotated to make [111] direction parallel to [001] direction
in the /Acp unit cell. The connected atoms show the hexagonal close-packed planes, which are
here considered as the key building units (layers). (Figure taken from paper H1).

results in a significant broadening of the diffraction maxima in one direction. This broadening
of these diffraction peaks is closely related to the probability of faults in the arrangement of
two-dimensional layers.

The description of the structure of partially disordered materials (as presented above) will be
illustrated by an example from the paper H1 - nanoparticles of metallic cobalt. This material
can crystallize in two related structures (it has also other crystalline forms). The first one is the
cubic closed packed (ccp) structure, the second is the hexagonal closed packed (hcp)
structure. The ccp structure is described in cubic, face-cantered lattice in the space group
Fm3m, while the Acpin the hexagonal lattice, in the space group P6;/mmc. Figure 1 shows
these two structures. The unit cells have been rotated in such a way as to show that both

structures can be described in terms of identical layers.

Both structures are shown in Figure 1. The hexagonal crystalline layers are arranged in a fully
periodic manner. Letters A, B and C denote the position of the respective layers. In the case
of the ccp structure, the layers are arranged in such a way that they create a sequence of
ABCABC ..., while in the case of the /cp structure, the sequence is ABABAB ... In both cases

the layers are arranged in a periodic manner so the diffraction pattern in both cases was

10



intergrowth

i
[

OO TWOI>O>®O P>
O >O>TOO@®mOOO®
W r>r m®>P> wW>P> WP m> WP

>
@]
>

Figure 2 Three examples of cubic closed packed ccp, stacking faulted (intergrowth), and
hexagonal closed packed /icp crystal structures represented in terms of stacked layers. The
ccp and hcp structures are built with sequences of ABC... and AB..., respectively. The stacking
faulted intergrowth structure is built with a fully random sequence. (Figure taken from paper
H1).

composed by a set of sharp Bragg maxima. Diffuse scattering would have a small effect, and

it would mainly be caused by the thermal vibrations of atoms.

Any fault in the periodic sequence of layers will break the translational symmetry in the direction
perpendicular to the layer. In the case of a small probability of faults in the stacking, we can
consider faults as defects in the crystal. Due to these defects one can observe broadening of

the Bragg maxima. The probability of defects occurring will define the width of this broadening.

In cases where the periodic sequence of layers is disturbed significantly, for example when the
probability that after layers AB the layers A or C will occur with equal probability (50% for A
and 50% for C), it is no longer possible to describe the structure in terms of structural defects.

In this situation, the material’'s characteristic structural feature is its random nature. And only

11



by taking into account this random character is it possible to precisely characterize the

material.

Figure 2 shows three crystalline structures which have different arrangements of two-
dimensional layers: the ccp structure (left), the structure of randomly stacked layers (middle)
and the Aicp structure (right). The structure presented in the middle of Figure 2 is only one of
many possible representations in which the layers are stacked one after the other in a random
sequence. In the example in Figure 2, the crystal is comprised of the sequence of
BCBCBCBCACABC... One can see that there are regions corresponding to two periodic
structures ccp and hcp. However, these fully periodic regions are just a few layers thick.
Therefore, the regions of coherent scattering in such crystals are not too large. In these cases,
the diffraction pattern is the sum of discrete Bragg reflections coming from periodic, two-
dimensional, crystalline layers and wide diffuse maxima originating from smaller areas

characteristic for the ccp and Acp structure.

As mentioned above, the structure of materials can be studied, with great success, using
diffraction techniques as was discovered by M. von Laue [2], and described in detail by W.H
and W.L Bragg in 1913 [3]. Bragg's law forms the basis of all diffraction experiments, carried
out using X-rays, synchrotron radiation and neutrons. The following formula by W.L. Bragg

describes the required condition for the diffraction on the crystal to occur

Zdhkl sin@ = nA

where dy; is the distance between the atomic planes, 0 is the half the angle between the
incident and scattered beam, nis the natural number and A is the wavelength of the radiation
used. The fulfilment of Bragg's law is a compulsory condition but is not sufficient to observe

the scattered intensity at an angle of 20 in relation to the incident beam.

In principle, there are two main diffraction methods. Diffraction on single crystals, where the
sample has the form of a single crystal, and powder diffraction, where the sample is in the form
of a powder consisting of many crystallites. In this work, all studies were carried out using the
second method. The basic assumption in the case of powder diffraction method is that the
crystallites in the sample are randomly oriented in space. This means that the Bragg condition
is met not for a single direction in space, but for the entire cone with a vertical angle of 46. The
powder diffraction method describes the average structure out of many crystallites present in
the sample. Thus, the obtained result gives an average crystal structure, including, potentially,

the distribution of crystal parameters as compared to single crystal diffraction).

The intensity of the scattered intensity of Bragg diffraction is proportional to the square of the

structure factor Fu. The structure factor Fuyis calculated as

12



n
Fp = Z fi(Q)ezm(riQ)
i=1

where Q is a scattering vector which, according to Bragg's law, is equal to Q = ha* + kb* +
Ic*, where a*,b* and c¢* are the unit vectors in the reciprocal space, and A, k& and /are the
Miller indices of atomic planes in the crystal. f;(Q) is the atomic scattering form factor or, in
the case of neutron scattering, is replaced by the scattering length 6. r;is the position of the
atom /in the unit cell. The summation runs over all 7atoms in the unit cell. It is worth mentioning
here that because a perfect crystal is a periodic structure, summation over atoms in the single
unit cell is sufficient. An important difficulty for partially disordered materials is that in this case,
the unit cell cannot be determined, because the translational symmetry is broken in the
direction perpendicular to the crystalline layers. In such a case, it would be necessary to run

the summation over all the atoms in the crystal, which is impossible for obvious reasons.

For small crystals (so-called nanocrystals) less than 20 nm in size, the Debye equation can be

used to calculate the powder diffraction pattern:

3 non sin Qr,-]-
@=) ) i@[@—5 -~

i=1j=1
where r;; is the distance between the atoms /and /. By using the Debye equation, it is possible
to model any shape of crystallites and any distribution of atoms in the crystal (any, here also
non-periodic). It allows modelling of various effects and defects in the structure, including
stress, crystallite shapes and disorder. An important limitation for the use of the Debye
equation is that it is required to sum over all the atoms in the crystal twice. This means that

calculations for crystallites containing a large number of atoms are impossible, due to the large
time needed for calculations. But this calculation method is ideal for nanomaterials.

In the case of large crystallites, the basic method of analysing data obtained from X-ray,
synchrotron radiation or neutron powder diffraction is the Rietveld method [4]. First described
in 1969 by Hugo Rietveld, it allows one to simulate a powder diffraction pattern by calculating
the structure factor Fu for all atomic planes in a crystal, and then multiplying these intensities
by a function which describes the shape of the Bragg peak. Once several other corrections
and apparatus factors are considered, it is possible to compare the calculated diffraction
pattern with experimental data. Then, by using the least square method, it is possible to find a
global minimum for parameters describing the structure of the material and other instrumental
parameters. The main limitation for the use of the Rietveld method is that it can only be applied
to periodic structures, where it is sufficient to sum over all the atoms in the unit cell when

calculating the structure factor Fp.
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In the case of materials when it is important to take into account faults in the arrangement of
crystalline layers or their random arrangement, it is necessary to modify the procedure for the
calculation of powder diffraction patterns. Instead of calculating the structure factor Fuy as a
sum over all the atoms in the crystal, the property of Fourier transform can be used. Which is
that the Fourier transform of the convolution of the two functions is the product of the Fourier
transforms of these functions. This means that it is possible to separate the Fourier transform
for atoms in a single layer, and then multiply this function by a Fourier transform of a function
which describes the relative translations of these layers. Moreover, it is not necessary to
consider the infinite number of two-dimensional layers until the periodicity within the layer is
conserved. It is than possible to limit the calculation to a single unit cell which one can use to
build an infinite layer. The Fourier transform calculated for the unit cell of the layer is equal to
zero everywhere except for the points (ha* kb* zc*) in the reciprocal space. The /#and k are
integer Miller indices, and z is a real number. The Fourier transform of the function which
describes the relative positions of the layers is a continuous function. As a result of multiplying
these two Fourier transforms, we obtain the calculated intensity only at points (ha* kb* z*) in
the reciprocal space. In order to obtain a powder diffraction pattern, it is only required to project
the calculated intensities into a two-dimensional space: the intensity as a function of the

scattering vector length Q, or the scattering angle 26.

The method described above, allows a significant reduction of the time needed to perform
calculations for powder diffraction patterns. The summation runs over all atoms in the unit cell
of the layer. On the other hand, it is not possible, as in the case of the Rietveld method, to use
the least squares method to find the global minimum for parameters describing the material’s
structure and instrumental parameters. It is necessary to use a different algorithm, the so-
called evolutionary algorithm. The evolutionary algorithm generates many sets of parameters
which are later used to calculate the powder diffraction patterns. Then all the calculated
patterns are compared with experimental datasets. In the next iteration, new sets of
parameters are generated by modifying the ones that gave the best fits in the previous step.
After carrying out many iterations of this procedure, it is possible to reach a minimum. With a
proper selection of the parameters for the entire procedure, it can be assumed that this
minimum is a global minimum. This method allows calculations and modelling of powder
diffraction patterns for partially disordered structures. However, it is necessary to use high-
performance computing clusters, in principle allowing one to perform calculations on many

threads at the same time.

The calculation method described above has been implemented in the Discus program [4]. It
allows, among other capabilities, calculations and refinements of powder and single crystal
diffraction patterns, for structures with a significant level of disorder. An evolutionary algorithm

14



is also available in the program. This allows one to search for the best parameters describing
the crystal, its disordered structure, and other instrumental parameters. Although Discus is a
freely available program, is not commonly used for partially disordered materials. Most
probably this is due to the complexity of the calculations themselves, or difficulties in using the
program. The knowledge of the method used to analyse partially disordered structures is one
of my unique skills. This enabled me to establish collaborations with several research groups

including:
e the group of prof. H. Fjellvag, Department of Chemistry, Oslo University, Norway;

o the group of prof. A. Beale, Research Complex at Harwell, Rutherford Appleton

Laboratories in Harwell, Didcot, Great Britian;

o the group of prof. R. Morris, EaStCHEM School of Chemistry, University of St Andrews,
Great Britian;

o prof. R. Neder, Department of Condensed Matter Physics, Friedrich-Alexander

University of Erlangen, Germany.

In order to illustrate the characteristic features of diffraction patterns of partially disordered
materials, | calculated the powder diffraction patterns for the three structures shown in Figure
2: two structures that were periodic in three dimensions ccp and /cp, and one structure which
was comprised of randomly stacked layers. Figure 3 shows powder diffraction patterns
calculated using radiation of wavelength A = 0.50486 A. In the case of the structure with a
random order of layers, one could observe the characteristic features of such diffraction
patterns: asymmetric peak shape of the diffraction maxima, anisotropic, hktdependent
broadening of the diffraction peaks and also the disappearance of selected reflections. A
significant part of the scattered intensity is observed in between the Bragg peaks. It can be
clearly seen that it is necessary to analyse the intensity in the whole range of scattering angles,
and not only those derived from the Bragg peaks.
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Figure 4 Series of simulated X-ray powder diffraction patterns for cubic closed
packed ccp structures with 0 to 10 % of stacking fault probability for Co
nanoparticles by means of the large particle approach. (Figure is bases on the
data from paper H1).

disorder in the crystal structure, makes it possible to better understand the physical and

chemical properties of these materials.

Results and discussion

Below | present a summary of my results obtained while using the method of calculation
powder diffraction patterns (as presented above), published within the papers H1-H7. These
results concern various seemingly unrelated materials. A key element connecting them is that
in order to describe their structure and properties accurately, it is essential to include the partly

disordered nature of those materials.

The first sub-group of materials described in the current summery are the crystalline materials
in the form of nanoparticles. Due to the small size of crystallites, their properties may
significantly differ from the properties of bulk materials. | have described the results on
nanomaterials in the papers H1 and H2 for cobalt nanoparticles and in the paper H5 for MoOs

nanobelts.
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Figure 5 Different Co nanoparticle shapes used for calculations: spherical
(top left) and various ellipsoidal anisotropic shapes. Projection along the b-
direction visualizes the stacking faults along the c-direction. (Figure taken
from paper H1).

Nanoparticles of cobalt (nCo) are an interesting material with potential technological
application in catalysis [5] or information storage [6]. An important application of these
nanopatrticles is their use in the Fisher-Tropsch process [7, 8] which is a hydrocarbon formation
reaction that uses a mixture of carbon monoxide and hydrogen as starting materials while
products are liquid fuels free of sulphur and nitrogen. There are many factors affecting the
effectiveness of the Fisher-Tropsch process such as the starting and catalyst material used.
The efficiency of the catalyst depends on its crystal structure, order/disorder and substrate
type or properties [9]. In order to optimize the catalysis process, it is necessary to understand
and describe, in more details, the structure of the material used as a catalyst [10]. There are
many research groups working on the theoretical [11, 12] and experimental aspects of this
subject [13, 14].

The structure of cobalt nanoparticles has already been described in the introduction to this
summary as an example of a possible stacking order of hexagonal layers (Figure 2), including
the structure of randomly stacked crystalline layers (Figure 2, middle). In the manuscript H1 |
presented a detailed analysis of the various aspects of deviation from the three-dimensional
periodic crystal structure for two possible cases: small nanoparticles (smaller than 20 nm) and
large nanoparticles (above 20 nm). This differentiation was required due to the fact that two
different calculation methods have been used: the Debye equation (for small nanoparticles)
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particles are fully intergrowth ccp-hcp (pasc = 0.5). A = 0.50486 A. (Figure
taken from paper H1).

and the method used in the Discus program (for large nanopatrticles). The limited use of the
Debye equation comes from the long times required for calculations (proportional to n?, where
n is the total number of atoms in the model used). In  H1, , | presented the results of
calculations for a number of parameters modifying the structure, such as disorder in the
arrangement of crystalline layers, size of spherical crystallites, crystal size distribution,
anisotropic shape of particles and strain (by strain one should understood the shortening or
elongating interatomic distances in the nanoparticle in one direction), focusing on small
nanoparticles. One of the analysed cases concerned the influence of the anisotropic shapes
of crystallites on their diffraction patterns. Figure 5 shows examples of the nanoparticles used

for these calculations.

It is usually assumed that there are two main factors that cause the broadening of Bragg
diffraction peaks: stress and the sizes of crystallites (Williamson-Hall method) [15]. In the case
of partially disordered materials, an additional factor which should be considered is the
presence of disorder. Only when taking into account this component the structure can the
material be described in detail. Figure 6 presents a series of diffraction patterns, calculated
using crystal structure models which explicitly consider both the anisotropic, elliptical
nanoparticle shape as well as the stacking faults in the structure. It is plainly visible how
important it is to include both effects in order to describe the diffraction pattern give rise to a

significant systematic error.
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Figure 7 Whole pattern refinement of nano Co samples
exposed to He at room temperature. In addition to the
observed (points) and calculated patterns (solid, black line),
the difference curve is shown below. The inset shows an
enlarged view of the low angle part of the measured and
calculated patterns, deconvoluted into the contributions from
the three constituents, ccp-enriched, intergrowth, and Acp-
enriched. A = 0.50486 A (Figure taken from paper H1).

In the case of large crystallites, it is not possible to take into account the size nor shape of the
crystallites in direct way. Use of the Debye equation is also not possible, due to the significant
computing time required. In order to include the structural disorder of crystalline layers, | used
the calculation method available in the Discus program. Several examples of simulated
diffraction patterns are shown in Figures 3 and 4 of the /ntroduction for this calculation method.
Incorporating the disorder in the structure allows one to describe the intensity of scattered
radiation observed in between the Bragg peaks. It is also worth noting that the diffraction
pattern calculated for the structures of material with stacking faults is not a simple linear

combination of two diffraction patterns for periodic ccp and ficp structures.

An important part of the results presented in the work H1 is the application of the modelling
method for large crystallites to be experimentally measured /n-situ to generate powder
diffraction data, /e. in experimental conditions similar to those in the Fisher-Tropsch process.
For the purposes of this experiment, measurements were performed for two samples of cobalt
nanoparticles, with different initial phase compositions, as a function of temperature for three
different gas atmospheres: CO, in comparison to He and H,. Based on the measured diffraction

patterns, | observed that in order to describe those materials in details, it is necessary to think
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Figure 8 Evolution of ccp-enriched, intergrowth, and /Acp-enriched fractions with temperature

and atmosphere (He, H2, CO) for Sample 1 (left panel) and Sample 2 (right panel) (Figure

taken from paper H1).
about them as being composed of three crystalline phases: one close to the ccp and Acp
portions of the structure (with a slight probability of defects), and a structure with a random
sequence of layers (an intergrowth structure). Figure 7 shows the observed diffraction patterns
along with simulated diffractograms for the three crystalline phases. As a result of the model
evaluation, | obtained a phase diagram of the studied cobalt nanoparticles as a function of
temperature, for three gas atmospheres (CO, He and H;). The dependencies for the two
materials vary a lot for each of the atmospheres, in particular for the case of a CO, the
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Figure 9 Exemplar fit of the X-Ray powder diffraction pattern generated from
cluster analysis of inverse catalyst after reduction using Discus program. Black
points, experimental pattern; red, fitted pattern; blue, fit to cubic phase; green, fit
to intergrown phase; gray, difference curve (figure taken from paper H2).

intergrowth phase fraction decreases less prominently. Figure 8 shows phase diagrams as a

function of temperature for the two materials investigated.

The methodology of modelling for cobalt nanoparticles in the case of large crystallites
presented in detail in the work H1 was then used to analyse the diffraction data obtained /-
situunder Fisher-Tropsch process conditions, as presented in paper H2. The key achievement
of the diffraction experiment as described in H2 is to use tomographic reconstruction for a real
catalyst sample during the catalytic process. This means a series of powder diffraction patterns
have been collected as a function of their position in the sample (including the rotation of the
sample). Thanks to the use of the tomography method, after reconstruction (processing) of the
measured diffractograms, it was possible to obtain diffraction patterns for the individual regions
of the sample. This allowed us to separate the areas of interest with different crystal structures:
substrate (two phases) along with two separate phases of cobalt nanoparticles. This gave a
three-dimensional model of the sample under consideration. | have analysed powder

diffraction patterns characteristic of different regions of the sample using the methods
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Figure 10 Synchrotron radiation based powder diffraction pattern measured on MoO3; nanobelt

(top) and bulk (bottom) samples; wavelength 0.50566 A. Significant differences between the

two patterns are marked: asymmetric peak shape (marked with A), significant peak anisotropic

broadening (B),of the reflections was not observed for bulk material (N) and those were

present only for the bulk sample (M). (Figure taken from paper H5).

described in H1. Based on this, it was possible to determine the structure of cobalt
nanoparticles for different areas of the sample. Similarly, to the work presented in paper H1, it
was necessary to assume that the material is a physical mixture of several (two) separate
phases. It is important to note here that the analysis of diffraction data from the tomographic
experiment must incorporate the multiple components present in the beam during the
experiment and also the limited angular range of the measured diffraction patterns. Figure 9
shows the fitting result of the two-phase structural model of cobalt nanoparticles. The
broadening of the diffraction peak around the scattering angle of 29° is clearly visible for the

intergrowth phase (green line).

It was only because of advanced analysis of powder diffraction tomography experiment data
that we were able to publish the work H2 in the high-ranked journal Science Advances. This
was possible due to the fact that | have taken into account that the structure of cobalt
nanoparticles was disordered while performing the analysis. Otherwise, it would not be
possible to correctly determine what crystalline phases arose as a result of chemical
modification of the cobalt nanopatrticles doped with TiO.. The calculations | made were crucial

for the quality of the paper.

The second nanomaterial, which required the use of the analysis method dedicated to partially

disordered materials, was y-MoOs. This material, both in the bulk form, as well as nanosized
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Figure 11 Scanning Electron Microscopy image of MoOs nanaobelts
(Figure taken from paper H5).

“nanobelts”, exhibited interesting electrochemical properties [16, 17]. It is a potential candidate
for cathode material in lithium-ion batteries [18]. The charge capacity measurements upon
cycling (sequential charging and discharging) showed significant differences between the two
forms of MoOs. A battery whose cathode was made of MoOs nanopatrticles, showed almost
twice as long life and also almost doubled the maximum capacity as a standard battery. During
battery cycling, lithium ions were repeatedly intercalated into the cathode. This resulted in
different consequences for the cathode material [19, 20, 21], such as possible disorder in the
structure, the transformation of the material into an amorphous form, the disintegration of
crystallites or new compound formation. The essence of paper H5 was the discovery of the

causes of such large difference in chemical properties.

The measurements of synchrotron radiation-based powder diffraction for two forms of MoO3
have revealed significant differences in the measured diffraction patterns. Figure 10 shows the
comparison of the measured powder diffraction patterns for the two forms of MoOs: bulk and
nanoparticles (nanobelts). The positions of the measured diffraction maxima were identical
and the corresponding peaks had similar intensities. However, the diffractograms differed
significantly. The first significant difference was the substantial widening of the diffraction
peaks for the nanomaterial. This was an expected effect, since the width of Bragg peaks are
inversely proportional to the size of the crystallites in the material. However, it can be observed,
that this broadening has an anisotropic character due to the significantly anisotropic shape of
the nanomaterial crystalltes. We performed scanning electron microscopy (SEM)
measurements to confirm that, in fact, MoOs; nanoparticles had the shape of cuboids, except
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Figure 12 Crystal structure of MoOs (projection along [100]) in terms of
stacked layers (10 layers = 5 unit cells). Left panel shows bulk a-MoO3;
(10 layers ordered in ABAB. . . sequence). The right panel presents an
example of a stacking fault structure of nanobelt y-MoOs
(AABBBBABB... sequence with astacking fault probability A followed by
B of 0.5) (Figure taken from paper H5).

that size in one direction was much larger than the other two (Figure 11). Even considering the
belt-like anisotropic shape of crystallites it was not possible to describe the diffractogram of
MoOs nanoparticles properly. The reason for the anisotropic broadening of Bragg maxima
(marked as B) must therefore be of a different origin. The diffraction pattern also contained
additional diffraction maxima (marked as N) and the shape of some of maxima were
significantly asymmetrical (marked as A). Some of the Bragg peaks were also missing in the
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powder pattern for the nanobelt MoO3; sample (marked as M). This led to the conclusion that

the structure of the two materials, despite many similarities, must be substantially different.
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a ' with stacking faults -
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Figure 13 Synchrotron radiation based powder diffraction pattern for y -MoO3s; nhanobelts;
wavelength 0.50566 A. The experimental data and calculated profiles (calculated from the
stacking fault model using the Discus package) are shown by points and a solid line
respectively. Bragg positions (calculated for bulk a -MoOs) are shown as bars. The difference
curve is plotted below the fit (Figure taken from paper H5).

A closer look at the structure of bulk MoOs (Figure 12 left), allows us to recognise that the
structure can be described in terms of altering layers. There are two different layers that can
be distinguished and the second layer is a mirror image of the first one. The latter layer is also
shifted in the y direction. The simulations performed by myself allowed the development of a
structural model for MoO3 nanoparticles. The three-dimensional structure is built in such a way
that the two layers are randomly stacked on top of each other with a probability equal to 50%.
An example of such a structure (random stacking) is shown in Figure 12 (right). The conclusion
that MoOz nanobelts consist of randomly stacked layers enables us to explain all the
characteristic features of the measured diffraction pattern (Figure 13). The disordered structure
of MoOs nanobelts have been confirmed by transmission electron microscopy (TEM) (Figure
14). The TEM images in diffraction mode clearly show that the intensity along one direction
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Figure 14 Transmission electron microscopy image of y-MoOs nanobelts (top) oriented
horizontally and vertically. The circle shows the area used for selected area electron difftacton
SAED for the zone axis [001] and [010] (bottom). Bright diffraction spots in [001] plane are
clearly observed (bottom, left). Intense diffuse scattering lines are observed along [001]
(bottom, right). (Figure taken from paper H5).

has the form of intense lines, whereas in the other two directions only sharp spots are visible.
The results obtained allowed the structure of y-MoO3 to be identified as a separate polymorph

of MoOs, as described in paper H5.
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Figure 15 Comparion of three diffraction patterns: experimental data (top) and two
calcualted based of different structural models — without and with interlayer distance
conserved (middle and bottom) (Figure taken from the paper H3).

The second group of layered materials which show a high probability of faults in the
arrangement of the crystalline layers are the zeolites. They show many potential applications,
e.g. molecular sieves or catalysts [22]. This is an extremely rich family of materials mainly
comprised of light elements such as Al, Si, O and P. Currently, the database of crystalline
zeolite structures contains more than 230 items [23]. The crystal structure of zeolites can be
represented in many ways. One such representation uses secondary building units containing
up to several atoms. Those units can be joined together in a periodic manner in many ways,
thus creating crystals [24]. The same units can be present in many different zeolite structures.
Another way to represent the zeolite structure is to represent them in terms of layers. These
layers can then be organized into a three-dimensional structure in multiple ways creating a

periodic structure. In addition to three dimensional ordered structures, it is possible to obtain a
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Figure 16 Two structural models of ICP-6 zeolite: random stacking of layers
(with different interlayer distances) and such that the interlayer distance is
conserved (allowing different layer orientation) (Figure taken from paper
H3).

partially disordered structure. This can be also regarded as a co-existence of two zeolites
within a single crystal [25]. Such crystals can also be called /ntergrowth structures, although

strictly speaking the symmetry in one of the directions is not conserved.

A practical application of the modelling performed for a partially disordered zeolite structures
was to describe the mechanism assembly-disassembly-organization-reassembly (ADOR) [26,
27, 28] for ICP-6 zeolite. This is a synthetic method for inorganic materials (including zeolites),
consisting of 4 steps: assembly (preparation of the starting zeolite material), disassembly
(partial degradation of the starting material, by removing selected subunits), organization
(spatial reorganization of the crystalline units or layers) and reassembly (merging units/layers
into a new structure). This process was described for zeolite ICP-6 in the paper H3. A precise
description of this process would not be possible without the accurate crystal structure models
at each of these stages, including possible faults in the order of layers. In the case of the IPC-
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Figure 17 Crystal structure of faulted SAPO-18/34
family members. The left panel shows a
Displacement type stacking fault. Two dashed lines
indicate an introduced B-type layer which causes a
stacking fault. The right panel shows a Growth type
stacking fault. The dashed line indicates a change in
the direction of crystal growth - the stacking fault.
(Figure taken from paper H7).

6 zeolite, not only interlayer distances and layer orientations were an important parameter, but
also the presence of additional sublayers (linkers) connecting the crystalline layers with each
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other. Finally, it is the only correct description of the layered zeolite structure which gives a full

picture of the structure at each stage of the ADOR.
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Figure 18 Series of calculated SR powder diffraction patterns of the SAPO-18/34 intergrowth
family for low stacking fault probabilities. The top panels show patterns calculated for low
probabilities based on SAPO-34. Two bottom patterns show patterns based on AIPO-18. The
left and right panels show patterns calculated for Disp/lacement and Growth stacking fault type
structures, respectively. Arrows indicate diffraction maxima are strongly affected by stacking
faults (Figure taken from paper H7).

Figure 15 presents the comparison of the measured diffraction pattern (top) and two simulated
diffraction patterns, for two different structural models (middle and bottom). The first one is
when three different layers are connected in a random way (middle). The second, when the
constant interlayer distance is conserved (allowing also stacking faults resulting from mirroring

of the layer) (bottom). The two model structures are shown on Figure 13.

A detailed investigation of the ADOR mechanism in the case of zeolites family member led to
their publication in the high-ranked journal Nature Chemistry. My contribution to the publication
was the calculation of powder diffraction patterns for different models of disordered crystal
structure (described above), which allowed to identify the ADOR steps and describe the

process in detail.
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The second example the zeolites family is SAPO-18/34, the coexistence in one structure of
the SAPO-18 and SAPO-34 in one crystal. This material is used as a catalyst in the methanol-
to-olefin process (MTO) [29]. It is a very promising material due to the high selectivity of its
reaction products and the high concentration and strength of the catalytically active sites [30].
Both the SAPO-18 and the SAPO-34 structures are built of the same secondary building units,
spatially oriented in different ways. Alternatively, both structures can also be expressed in
terms of identical layers arranged in different sequences (sequence AAAA ... corresponds to
SAPO-34, while ABAB ... to SAPO-18) or to mix the two structures into an intergrowth
structure. A correlation between the probability of staking faults and the efficiency of the MTO
process was also observed [31]. In my papers H7 and H6 the study of this zeolite family was

described.

In the work H7 | described in detail the structural details for compounds from the SAPO-18/34
zeolite family. The structure of both SAPO-18 and SAPO-34 consists of two identical layers A
and B (layer B is a mirror image an A layer). The structure of SAPO-18 is created as a
sequence of ABAB ... layers stacked, while SAPO-34 as AAAA ... or BBBB ... staking. Each
deviation from those layer sequences create defects (if only the probability of those faults is
relatively low, one can just say about the structure with defects). However, for higher probability
of stacking faults one should model the crystal as the /ntergrowth structure. Other works have
also demonstrated a coexistence of both SAPO-18 and SAPO-34 structures within the same
crystal. In paper H7 | described two possible models for defect formation of staking the
crystalline layers, named Displacement and Growth. Figure 17 shows the two corresponding
defect models. Finally, even when there is a small probability for defects to occur, powder

diffraction is a very sensitive experimental method to detect them.

Figure 18 shows simulated diffraction patterns for SAPO-18 structures (also referred to as
AIPO-18) and SAPO-34 for two different stacking fault types and probabilities of stacking faults
from 0 to 10%. Arrows indicate the diffraction peaks that strongly depend on the probability of
stacking faults. Their intensity and width changes dramatically. It is also clearly visible that the
intensities of those diffraction peaks change in different ways depending on the type of stacking
faults used: Displacement or Growth. Those dependencies can be used as a simple probe of
the probability of stacking faults, as described in detail in paper H7. This is a prominent result.
That the detailed analysis of the measured diffraction patterns require a full refinement of the
structure using the Discus program, which can also be replaced by a simple analysis of
selected diffraction peak widths should also be noted. The alternative method also gives very
precise results. This method may, for example, be used to describe disordered crystal

structures based on powder diffraction patterns of patented compounds [31, 32, 33].
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Figure 18 Powder diffraction pattern measured for SAPO-18/34 doped with

4.8 % Si, with refinement based on the stacking faults model of the
Displacementtype (Figure taken from paper H7).

Figure 18 shows an example of the crystal structure refinement for SAPO-18/34 with 4.8% Si
content. One can see both narrow Bragg peaks as well as wide often asymmetrical maxima
caused by the disordered nature of this structure. It was also possible to estimate the phase
composition of the material as a mixture of two crystalline phases with different levels of

stacking faults.

Based on the performed simulations and calculations (similar to that shown in Figure 19) for
the SAPO-18/34 family members doped with Si in the range from 0 to 7.5%, the phase diagram
was determined as presented in H6 (Figure 20). It shows that SAPO-18/34 materials doped
with Si are composed as mixtures of three crystalline phases with different probabilities of
stacking faluts. These three phases were assigned to other crystal growth mechanisms
(symbolically represented in the form of drawings on a phase diagram), which was observed

by means of atomic force microscopy (AFM).
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Figure 20 Phase diagram of SAPO-18/34 as a funciton of Si doping.
Three crystalling phases with different levels of disoder are present
(Figure taken from paper H6).

The correctness of the model used with multiple crystalline phases which describes the
measured diffraction patterns in detail, has been verified by measurements of nuclear
magnetic resonance (NMR). Based on the results from NMR experiments for phosphorus and
carbon, the probability of the P and C atoms being located at the local environment typical for
SAPO-34 was established. In other words, it was determined how often the successive layers
create subunits characteristic of SAPO-34. These results were compared to those obtained

from powder diffraction experiments. These results are extremely consistent, as shown in

34



a) os
0.7-

(XRD)

£ 061
054

mpone

8 044

£ o3l
Q

0.1

Fraction

00 &

o
o«

0.7 4

of CHA component (P NMR) ™
o o (=]
; i i o

o o
N W
1 1

clion
(=]

@ 00
u L] ] Ll L] L] LJ Ll
1 2 3 4 5 6 7
C) Silicon Content (%)
o8 "“C NMR
_,-.-,__
0.74 — - - \_H_-
0.6 / ot ~

of CHA component ("'C NMR)
o o o o
ol P wP

Figure 21 Estimated amount of SAPO-34 interlayer connections as a
function of Si doping. The values are taken from synchrotron radiation data
(panel a) and NMR measurement (panel b and c) (Figure taken from H6).
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Figure 21. It can therefore be assumed that the multiphase model for SAPO-18/34 system is

close to the real structure of the materials used.
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The last part of the work
presented here, is my study of
modelling of disordered
structures of Layered Double
Hydroxides (LDH). These
materials have multiple
applications: catalysis, sorption
and gas separation, medicine, as
pigments, as thermal barriers and
energy generators [34, 35, 36, 37,
38, 39, 40]. The LDHs are built of
flat, positively charged layers with
crystalline structure, separated
from each other by negative
anions. There is a huge diversity
of materials within this group
(different  elements  forming
crystalline layers and a variety of
anions placed in between the
layers). The anions in the

interlayer gallery can have very

eeree

Figure 22 Schematic representation of Layered Double
Hydroxides (LDH) crystal structure.

different sizes, even up to 15 A. It is relatively easy to change structural properties of the

material by placing different anions in between the layers, or by changing their orientation.

Because the crystalline layers are separated by a spatial distance from each other, they

interact with each other only electrostatically and so they remain only weakly bound together.

This is the main reason why various kinds of disorder are possible. The space between the

crystalline layers can also be filled up with water molecules.
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Figure 23 Schematic illustration of (a) perfect order of ABC stacking, (b) perfect order of CC’
stacking, (c) stacking fault structure, and (d) random xy-shift layered structure. For random xy-
shift black and red arrows present interlayer shifts. The colors denote the change of the layer
type: red (change from “left-hand side” to “right-hand side” or the opposite) and black (nho
change) (Figure taken from H4).

Figure 22 schematically shows the structure of LDHs without possible disorder in the layer
stacking. In H4 | presented the impact of various aspects of structural disorder on the
simulated powder diffraction patterns. | have also analysed the influence of different

arrangement of interlayer space filling on simulated diffraction patterns.

The first type of disorder is the intergrowth of two possible structures, a sequence of successive
layers described as ABC and CC’ stacking called stacking faults. The parameter describing
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Figure 24 Series of X-Ray powder difftaction patterns of Layered Dobule Hydroxides with
probability of stacking faults pasc from 0.0 to 1.0. The (hkl) indices and Bragg reflection
positions correspond to the hexagonal unit cell of the ideal ABC... stacked structure. The
probability of stacking faults pasc = 0.5 describes fully random stacking of LDH layers of ABC
or CC' type. (Figure taken from paper H4).



this kind of disorder will be pasc which is the probability that subsequent layers form a structure

of the ABC type.

| b i I b il o ol
) © T © o S® ©
o o oo - - - - - -
T e e T e e S T T 1
|
— 1
0 - 4
=
c
: \ |
= 0| |
.g B prandom=0'00 A i
Qa
[
ok 0255 _J\ J\w
~
= “
) 0.50 J\k/\____,bj\b\
C -
[0}
<
K= 0.75 j’\ )L-\
| 1.00 L N o SR L
| | [ | [ | | [
3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20 21

scattering angle 260 [°]

Figure 25 Series of X-Ray powder difftaction patterns of Layered Dobule Hydroxides with
probability of random xy-shift prandom from 0.0 to 1.0. The (hkl) indices and Bragg reflection
positions correspond (for purpose of comparison) to the hexagonal unit cell of an ideal ABC...
tacked structure. The probability of xy-shift prandsom = 1.0 describes fully disordered structure of
LDH layers with no xy-interlayer correlations; prandcom = 0.0 corresponds to the CC' stacking
type. pasc = 0.0 in all simulations. (Figure taken from paper H4).

The second type of disorder considered is the structure in which the two consecutive layers
are shifted by a random vector in the plane of the layer (plane xy) relative to each other. In this
case, the interlayer distance between the layers is conserved, while there is no such

conservation in the xy plane.

Figure 23 shows the structures described above. In the case of ABC and CC' structures, the
layers are arranged in a periodic way, and so the calculated diffraction patterns will consist of
characteristic narrow Bragg peaks. In the case of structures with stacking faults or with no xy
interlayer correlation, some of the diffraction peaks are asymmetrical, with Warren type peak
shape [41].

Figure 24 shows a series of powder diffraction patterns calculated for structures with a different
probability of stacking faults described by pasc parameter (the probability that the layers are
stacked in the ABC sequence). The ABC structure type corresponds to pasc = 1.0 and CC' to
pasc = 0.0, while the fully random structure has pasc = 0.5. For a completely random structure
one can see the characteristic triangular shapes of the selected diffraction peaks. On the other

hand, the (OOL) reflections remain unchanged, regardless of the sequence of layers.



L B e e e e e ML e m L B e e

at 150°C

OH),(NO,)

Mgo.67AI

0.33( 0.33

1
_—~
(®)
N
|

1

| L 1 OO ACRARE (YRR U (TN

structure factor F(Q) intensity [arb. units]

LU B S S B S s S S B B B S LA S e S S S S B s S S B B S e m L B S B S S e S S S s

2 3 4 5 6 7 8 9 10 11 12 13 14

scattering vector Q [A™]

Rysunek 2 Powder X-Ray diffraction pattern for Mgo.s7Alo.33(OH)2(NOs3)o.33 heat treated at 150
°C (panel a, solid line) together with the background subtracted (dashed line). Panels b and ¢
show measured and refined structure factor F(Q). Below are shown the Bragg peak positions
and the difference curve. All patterns are shown in scattering vector Q scale. See text for the
structure description details (Figure taken from paper H4).

The second example of a partially disordered structure is the structure when the layers are
randomly shifted in the plane of layers (xy plane). Figure 25 shows a series of diffraction
patterns obtained for structures with different probability of a random xy shift as denoted by
Prandom . The three-dimensional periodic structure corresponds to prandom = 0.0, while if prandom =
1.0, all the crystalline layers will have a random shift relative to the neighbouring layer. In this
case, apart from unchanged diffraction peaks of (O0L) type, one can see only very broad,

asymmetrical maxima with a very elongated shape towards the larger diffraction angles.

In H4 | also described a number of other parameters which can be investigated by powder
diffraction measurements which significantly change the LDH structure. Those are: the water
content in the interlayer gallery, the orientation of the anions in the space in between the layers,
the number of layers that form a crystalline slab and the distribution of interlayer distances.
The calculated diffraction patterns presented in H4 allows recognition of the individual
parameter influences on the simulated powder diffraction pattern and thus determination of the

type of disorder that is present in the actual sample. Quite often, the authors of other works
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limit themselves to descriptions of the structure as having a "structure with stacking faults",
but they are not able to describe this phenomena in detail [42, 43, 44, 45]. Therefore, the

presented library of calculated powder diffraction patterns can be very useful.

As a final part H4 | demonstrated the application of a new method of the analysis of diffraction
data for partially disordered structures, as shown by the example of LDH type compounds. A
common problem caused by difficulties in the obtaining large crystals, combined with a
significant level of disorder, is the relatively small number of recognisable diffraction peaks (in
a standard powder diffraction experiment using synchrotron radiation). This makes it difficult
to determine the parameters of the material precisely. Figure 26 (top) shows the measured
powder diffraction pattern for LDH Mgo.67Alo.33(OH)2(NOs3)os3 at 150°C. There are only two
distinctive diffraction maxima, as well as a series of small, poorly visible, asymmetrical peaks.
Traditional analysis of these experimental data would not be possible. Therefore, | used the
method of transforming the measured diffraction pattern (intensity as a function of the
scattering vector Q) to the structure factor F (Q) by using the PDFGetX3 program [46]
dedicated for data reduction to the pair distribution function (PDF) (the F(Q) which is shown in
Figure 26 (middle). This transformation reveals a series of additional diffraction peaks with a
characteristic, triangular shape. Thanks to the help of Prof. Reinhard Neder (University of
Erlangen, Germany, the main author of the Discus program), who added some missing
functionalities to Discus program, | was able to refine the structural parameters against the
experimental data represented by the F(Q) function. The calculated structure factor F (Q) is
shown in Figure 26 (bottom). Based on the calculations carried out, the
Mgo.67Al0.33(OH)2(NOs)o.33 structure was identified as an 88.9% fraction of two-dimensional
crystalline layers that did not form any three-dimensional structure and 11.1% of the three-
dimensional structure of the random xy-shift type disordered structure, with the probability of
an xy-shift close to 1. This means that the new method enables the application of the powder

diffraction technique for the analysis of two-dimensional objects as well.

Summary

The analysis of powder diffraction patterns applied to partially disordered materials, as
presented in the first part of this summary, has not been widely known and used by the
community in the determination of structures of this type of materials. In many cases the
authors have limited themselves to the statement that the material may contain significant level
of defects or stacking faults, but they were not able to take this fact into account during the
analysis of the diffraction data. The method | presented was not directly developed by myself,
but its application, development and usage is my original contribution to the development of

research on partially disordered materials.
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My most important achievement presented in this summary, is, as | believe, the development
of nthe poorly known method of analysing materials where it is crucial to take into account the

disorder in the crystal structure and its successful application to several disordered structures.

The application of this method, mentioned above, allowed the development of much more
accurate crystal structure models of the materials studied. In the papers H1, H4 and H7, the
collections of simulated diffraction patterns are shown, which allows their use as a library for
direct comparison with the experimental data and preliminary determination of the type of

disorder. It also allows estimation of the probability of a particular disorder type to occur.

Within the publications H6 and H7, | have presented the development of structural models and
phase diagrams for SAPO-18/34 zeolite family members. These works became the starting
point for the collaboration which resulted in the publication of H3, where we described a new
mechanism for the synthesis of zeolites, unknown before this publication. The paper H3 was
published in the prestigious journal Nature Chemistry. The description of this mechanism
would not be possible without the development of more accurate crystal structure models of

these zeolites thatl have performed which takes into account their partly disordered nature.

In publications H1 and H5 | have demonstrated the application of disordered structural
modelling to nanomaterials. In H5 | discovered a new polymorphic form of the MoO3z material,
while the results of H1 were the starting point for establishing a larger collaboration which
resulted in the publication H2, which was published in the high-ranked journal Science
Advances. The models of cobalt nanoparticles detailed therein were used to describe the X-
ray tomography from experimental data of a sample similar to materials used in catalytic

applications.
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5. Summary of other achievements not included above

The entirety of my scientific work is related to powder diffraction studies of various materials,
each of which has potential technological applications. During my work, | developed my
knowledge of various available diffraction methods while using X-rays, synchrotron radiation
and neutrons. The base research method | have been using was powder diffraction. The
results of most of the experiments were analysed by using the Rietveld method. Throughout
the development of research methods, | have been using, | took part in various projects, and
the experimental methods | used to analyse experimental data became more and more

advanced.

Since the defence of my doctoral dissertation in 2009, | have published 15 papers in
international journals (plus 7 indicated as the contents of this application), which is a total of

22 papers since 2010.

The first part of the published works is connected to the subject of my doctoral dissertation,
i.e. the description of the atomic position and magnetic moments modulation and its
relationships in CaMnO1, and another related perovskite CaCusTisO1- (works D10, D11, D12,
D13). The results described concerned the description of the modulated magnetic structure of
CaMnOs, at temperatures below 50 K. It is described by means of two propagation vectors,
where magnetic moments of Mn3*4* ions form a spiral in a plane perpendicular to the direction
of the spiral propagation. Due to the presence of two modulation vectors, the overall value of
the magnetic moment is not constant, but changes in a periodic way. Most of the above works
have been published during my work as an adjunct in the group of Condensed Matter Structure

headed by prof. Radostaw Przeniosto at the Faculty of Physics, University of Warsaw.

During my first Postdoctoral position in the group of prof. H. Fjellvag at the Faculty of
Chemistry, University of Oslo (Norway), | started working on partially disordered materials
(which is the subject of this application). At the same time, | took part in many powder diffraction
experiments by using synchrotron radiation at European Synchrotron Radiation Facility
(Grenoble, France), exploring new experimental possibilities: low and high temperature
measurements, in-situ measurements, or in the presence of various gas atmospheres. As a
result of this work, a number of papers describing crystalline materials from the family of
zeolites were published, in particular concerning changes in the crystal structure during
catalytic reactions (works D2, D7, D8 and D9). The main goal throughout the work published
in D2, D8 and D9 was the analysis of difference Fourier maps of electron density, searching
for probable locations of Cu?* ions and MoxC, clusters. The work D7 presents the analysis of
the unit cell dimensions evolution as a function of location in the sample and time (a time and

space resolved experiment).
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Using a detailed analysis of the peak shape of Bragg maxima, including the use of non-
analytical functions such as spherical harmonics, | determined the crystal structure in two
materials: the ion conductor Las(Co1xNix)3010+5 and the BiMn;O,. perovskite structure, as
described in papers D5 and D6, respectively.

My second Postdoctoral position was placed at ISIS Neutron and Muon Source (Didcot, Great
Britain). My main responsibility was to prepare and develop a new version of the RMCProfile
program (www.rmcprofile.orq). RMCProfile is a computer program dedicate for the analysis of

Pair Distribution Function (PDF). During that time, | significantly expanded my programming
skills. 1 have also participated in several neutron powder diffraction experiments at the ISIS
spallation source. As a result of my work, a new program has been created (some parts of the
program have already been prepared by a previous programmer). This work was done in
cooperation with research centres around the world (Oak Ridge National Laboratory in USA
and Queen Marry University of London, Great Britain). While developing the algorithm for this
program, it became necessary to derive mathematical expressions describing the PDF function
in the case of multiphase systems, which was not known before. The result of this work was
published in paper D1, where | am the sole author.

During my stay at the ISIS Neutron and Muon Source, | continued a collaboration with a group
from the University of Oslo and the University of Warsaw (Faculty of Physics). As a result of
this cooperation, | performed several powder diffraction neutron and synchrotron radiation
experiments. As a result, publications D4 and D3 were published. In the work D4, the crystal
structure of La;LiHO3, a new material from the oxyhydrates family, where the H" ions occur,
was described. Finally, in work D3 the influence of the crystal size on the distortion of the cubic
structure of Cr metal, was analysed.
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