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Copper-Doped Strontium Apatite

Synthesis and Structural Characterisation

PONTUS ERICSTAM

Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract

In this Master’s thesis project, strontium apatite has been doped with copper ions
using solid state synthesis methods. Different annealing temperatures and dwelling
times were tested to see which synthesis conditions yielded the most phase pure
sample. The composition and structure of the synthesised samples have been inves-
tigated using synchrotron powder X-ray diffraction with complementary Rietveld
refinement. Infrared spectroscopy was used in order to investigate presence of OH-
bonds in the structures. The results suggest that by annealing in air at 1400 °C
for 6 hours, followed by air quenching, it is possible to achieve a purple-coloured
copper-doped strontium apatite, with strontium phosphate being created as a mi-
nor side-phase. The infrared spectroscopy suggests no OH-bonds are present in the
synthesised structures, and that some form of oxocuprate ions are present in the one-
dimensional channels of the apatite structure. These results offer a relatively simple
synthesis route, to be further optimised in order to achieve a phase pure sample of
copper-doped strontium apatite. If achieved, the copper-doped strontium apatite
could be used as a potential reference to copper-doped lead apatite, to see how the
electron interactions differ between the two. The synthesis method could also be
used as a platform for future investigations of how the structure and properties of
apatites can be changed upon doping with copper, and potentially with other types
of ions as well.
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Chapter 1

Introduction

In the introduction will a brief scientific background to this thesis project be pre-
sented, as well as the aim of the project. At the end is an outline of this text
provided.

1.1 Background to the Project

The way in which electrons interact with each other is highly affected by the structure
in which they reside, and can result in fascinating phenomena such as magnetism
and superconductivity - superconductivity being the ability of a material to conduct
electricity without energy loss, as well as expelling external magnetic fields [1]. The
ability of a superconductor to expel external magnetic fields is known as perfect
diamagnetism/the Meissner effect, and can result in a superconductor levitating
when placed over a magnetic field.

Given the importance magnetism and superconductivity have in our society, in areas
such as electric propulsion and medicine [2, 3|, it is of interest to investigate and
synthesise structures which can be tailored, in order to control the underlaying
electronic interactions behind these phenomena.

In July 2023, Lee et al. reported to have discovered a material demonstrating
superconductivity at room temperature and atmospheric pressure [4]. If this were
to be true, it could have tremendous implications on our society, for example in
terms of transporting electrical energy, since it would enable lossless conduction of
electricity at record high temperatures. The material Lee et al. investigated was
a copper-doped lead apatite, named LK-99, which had a proposed formula unit
of Pbyo_,Cu,(PO4)6O (0.9 < z < 1.1). Several research groups quickly tried to
replicate the room temperature superconducting phenomena in LK-99, although,
none were successful [5, 6].

Instead, LK-99 was found to contain CusS-impurities, and at 380 K (107 °C), CusS
undergoes a structural phase transition [7]. The result of this phase transition is
a sharp drop in resistance, which Lee et al. originally thought manifested loss of
electrical resistance in LK-99.

Samples of LK-99 were also found to partially levitate when placed over a magnet,
originally thought to demonstrate the Meissner effect [8]. However, the magnetic
levitation was discovered to be an effect of ferromagnetic impurities in LK-99 [9].
The claim of LK-99 showcasing superconductivity was thus refuted, but an increased
interest regarding copper doped apatites had nonetheless been established.



1. Introduction

A characteristic trait of apatites are one-dimensional channels present in their struc-
ture, usually consisting of anions such as O* - or F, surrounded by metal cations
[10]. In the wake of the LK-99 debacle, I. Panas performed density functional theory
(DFT) calculations on copper-doped lead apatite, where the Cu-ions were suggested
to reside in these one-dimensional channels [11]. This is in contrast to the initial
suggested structure of LK-99, where instead, Cu-ions were proposed to take the po-
sitions of lead ions [4]. It has also recently been demonstrated experimentally that
Cu-ions are found in the one-dimensional channels when investigating single crystals
of copper-doped lead apatites [12].

The DFT calculations by I. Panas showed that altering the amount of oxygen in
copper-doped lead apatite, going from fully oxidised Cu(II) to fully reduced Cu(I),
works as a method for tuning the electronic interactions in copper-doped lead apatite
[11]. The DFT thus indicate a similar behaviour in copper-doped lead apatite as to
how the electronic interaction can be altered in high temperature superconducting
cuprates depending on the oxygen content [13].

It is however important to validate theoretical calculations by using real world ex-
periments, and as a part of this, D. Weber and C. Geers performed initial synthesis
on copper-doped strontium apatite. The idea being that copper-doped strontium
apatite could be used as a potential reference material to copper-doped lead apatite,
to see how their electronic interactions differ. This also marks the start of this thesis
project, where the main focus is to synthesise copper-doped strontium apatite (CuS-
rApt) using solid state methods. Additionally, the copper-doped strontium apatite
could be used as a model system for investigating doping-levels and oxygen content
in apatites in general.

Comparing the strontium- and lead ion in their respective apatite structure, we have
Sr?* and Pb>*, both with a similar ionic radius of 1.21 A (Sr®*) and 1.23 A (Pb**)
[14, 15]. The electron configuration differs however between the two ions, with Sr**
having [Kr] and Pb*" [Xe]4f!45d'%6s2. The similar radii, but lack of 6s electrons
in Sr**, makes copper-doped strontium apatite suitable to be used as a reference,
in order to investigate how the 6s valence electrons in Pb*" affects the physical
properties of copper-doped lead apatite.

1.2 Aim of the Thesis

The aim of this thesis project is to synthesise phase pure copper-doped strontium ap-
atite, and determine its composition and structure. This will be done by evaluating
synthesis parameters, such as annealing temperatures and dwelling times, in order
to identify how these affect the obtained composition and structure. It will also be
of interest to determine where the copper ions reside within the crystal structure,
and how much of the copper that can enter the apatite structure.
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1.3 Outline of the Thesis

Following chapters will start with providing important theoretical aspects of apatites
and crystal structures in Chapter 2. In Section 2.1 is copper-doped strontium apatite
specifically covered. The methods used in this project, and the theory behind them,
is described in Chapter 3. Chapter 4 provides specifics for the experimental methods
used, and in Chapter 5 are the obtained results presented and discussed. A summary
of the main results, as well as an outlook for future studies can be found in Chapter
6. At the end of the text are the references provided, as well as the Appendix
containing additional information from the Rietveld refinements.
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Chapter 2

Apatites

The name "apatite”, which denotes the crystal structure for a big class of minerals,
can be derived from the Greek word apatao, meaning "to deceive” [16]. The origin of
this being that apatite minerals for a long time were easily mistaken as other types
of minerals. This changed however in the 18th century, when German mineralogist
Abraham Werner recognised apatite as being its own type of mineral [16].

Historically, apatites have been used as gemstones [17], but the mineral has also been
investigated for applications in bone replacement [18], handling nuclear waste [19],
and in catalysis as well [20]. However, the biggest industrial use of apatites today is
to synthesise fertilizers, since phosphorus is commonly found in apatite structures

21].

Regarding the apatite structure, it can be represented by the general formula
[A1]4[A2]6(MOy4)Xo_y, with Al and A2 being rare-earth, alkaline earth or alkali
cations [22, 10]. M is a tetra - or pentavalent cation, and X is a di - or monovalent
anion. The value of y will be < 2, and is determined by the charge of the other ions
in the structure.

If we consider hydroxyapatite as an example, which in fact is the main mineral
constituent in our teeth and bones, we have both Al and A2 = Ca?", M = P°"
and X = OH™ [23]. This simplifies the general apatite structure to Ca;o(PO4)sOHa,
or equivalently Cas(PO4)3OH [24]. The difference between Ca;o(PO4)¢OHy and
Caz(PO4)30H being that the former corresponds to one unit cell of hydroxyapatite,
whereas the latter correspond to the number of elements in one formula unit [25].
The difference between the A1 and A2 metal cations corresponds to which site they
occupy in the hydroxyapatite unit cell, see Figure 2.1.

The symmetry of crystal structures is described by different space groups, of which
230 exists [1]. Each space group is denoted by a combination letters and numbers,
describing the symmetrical traits of a specific crystal structure. In the case of the
hydroxyapatite unit cell, its space group is the hexagonal P63/m. This symmetry
means that hydroxyapatite has a primitive unit cell P, a 63 screw axis and mirror
plane m. The P63/m space group is in fact one of the most common space groups
reported for apatite structures [22], but it is important to note that apatite struc-
tures are found in a variety of other space groups as well [22]. The structure of
hydroxyapatite can be seen in Figure 2.1, and a visualization of the 63 screw axis in
the P63/m space group is presented in Figure 2.2.
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A2-Site

Figure 2.1: One unit cell of the hydroxyapatite, Sr19(PO4)s(OH)2, with cations on the
A1l- and A2-site marked. Visualised in VESTA from [26].

o
- Q—< - c-axis

_‘.>._

3/6 Translation 4

65 Screw Axis

Figure 2.2: Visualisation of the 63 screw axis in the P63/m-space group. This screw axis
also represents the surrounding to the one-dimensional channels in the apatite structure.
The spheres correspond to cations on the A2-site in the apatite structure.




2. Apatites

In Figure 2.3 are the characteristic one-dimensional channels along the c-axis in the
apatite structure highlighted by green ovals. Note that in the case of hydroxyapatite,
hydrogen and oxygen ions are located in theses channels, and that the occupancy of
the oxygen and hydrogen positions is 50 %, represented by the hydrogen and oxygen
spheres only being half-filled. This means that in reality, only half of the available
oxygen and hydrogen positions are actually occupied by these ions.

Figure 2.3: Green ovals highlighting the one-dimensional channels along the c-axis in
hydroxyapatite, Sr19(PO4)s(OH)s2. Visualised in VESTA from [26].

Figure 2.4 shows a supercell of hydroxyapatite from the c-axis. It can there be
observed that the one-dimensional channels have a hexagonal shape, comprising of
cations on the A2-position (Ca*" in the case of hydroxyapatite).
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O-

O o
o =

O H*

Figure 2.4: Supercell of hydroxyapatite viewed from the c-axis in VESTA. Note the
hexagonal surrounding of the one-dimensional OH-channel in the middle, marked by the
green hexagon. These channels with the hexagonal surrounding also manifest the P63/m
screw axis, and mare made up of cations on the A2-site. CIF-file from [26].
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2.1 Copper-doped Strontium Apatite

Copper-doped strontium apatite (CuSrApt), can be seen as a strontium hydroxyap-
atite, Sr;(PO4)3OH, where hydrogen in the one-dimensional channels is substituted
against copper ions [27, 28]. The colour of CuSrApt has been reported to be blue-
violet, and could possibly be used as a low toxic pigment [27, 28]|. Reported synthesis
methods include heating powders of strontium carbonate (SrCOj), ammonium dihy-
drogen phosphate ((NH4)H2PO,) and copper(II) oxide (CuO), followed by annealing
at 1000 - 1100 °C and subsequent air quenching!. This synthesis method results in
copper-doped strontium apatite where both hydrogen and copper is present in the
one-dimensional channels [27, 28].

Single crystals of copper doped strontium apatite, without hydrogen present in the
one-dimensional channels, have been synthesised using arc melting at approximately
1600-1700 °C [27]. This was done using copper-doped strontium apatite previously
annealed at 1100 °C. The single crystal copper-doped strontium apatite has a pro-
posed formula unit of Sr5(PO4)3(Cu0s);/3, and P63/m space group symmetry. Fig-
ure 2.5 shows the unit cell of Sr5(PO4)3(CuO;)1/3, and in table 2.1 is the corre-
sponding structural information for the different atomic positions in the unit cell
provided. In Sr5(PO4)3(CuO2)q/3, the one-dimensional channels are suggested to be
comprised of linear oxocuprate ions, [OCuO]?>~, randomly distributed and separated
by vacancies [27].

O4—,

2

O Sr2* 7

o O

G Cu*
O P

Figure 2.5: One unit cell of Sr5(PO4)3(Cu0O2)1/3, where selected ions are marked with
arrows. Visualised in VESTA from [27].

LAir quenching is the process of quickly cooling down a heated sample by moving it from the
heated environment to the surrounding air.
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Table 2.1: Coordinates, Wyckoff position and occupancies for the atoms in single crystals
of Sr5(PO4)3(Cu0Og2)1/3. The site refers to which specific position a species in the unit
cell it belongs to, with x, y and z being its coordinates in the unit cell. The occupancy
denotes the degree to which a specific position is actually occupied by a species. The
Wyckoff position describes the multiplicity and symmetry of a site in the unit cell [29].
The letter denoting how “high” the symmetry is for a specific site, with ”a” corresponding
to a position with higher symmetry than a ”b’-site, and so. The number refers to the
multiplicity of that site, that is, how many positions a specific atomic site generates in the
unit cell. The numbers within the parenthesis correspond to the uncertainty in the given
values. Data from [27]

Atomic Parameters

Site | Species | Wyckoft Position X y zZ Occupancy

Srl | Sr?f 4f 1/3 2/3 0.00003(5) 1.0

Sr2 | Sr?* 6h 0.25929(4) | 0.01428(4) 1/4 1.0

Cu | Cu* 2b 0 0 0 0.314(4)
P [P 6h 0.3678(1) | 0.3997(1) 1/4 1.0

01 02~ 6h 0.4810(3) | 0.3329(3) 1/4 1.0

02 0~ 6h 0.4619(3) | 0.5820(3) 1/4 1.0

03 0%~ 12i 0.2642(2) | 0.3499(3) | 0.0778(3) 1.0

04 0%~ 2a 0 0 1/4 0.70(2)
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Chapter 3
Methods

In this chapter is the key theoretical background presented behind the different
experimental methods utilised in this project. First is the synthesis method used
covered in Section 3.1. A brief overview of how X-rays are generated at a synchrotron
facility is given in Section 3.2, and in Section 3.3 is the theory behind powder X-ray
diffraction discussed. Section 3.4 and 3.5 provides important theoretical aspects of
Rietveld refinement and infrared spectroscopy, respectively.

3.1 The Ceramic Method

The action of thoroughly mixing and heating reactants, usually ionic compounds,
until they react, is referred to as the high temperature ceramic method, a method
dating back at least 14 000 - 18 000 years ago [1, 30].

The goal of this method is to use heat in order to evaporate volatile components
and let the non-volatile components react with each other. The reactions between
the non-volatile components take place when enough energy is achieved so that the
cations in the ionic compounds overcome the lattice energy holding them in place
[1]. This means that the cations can leave their original position in a solid and
start to diffuse, enabling them to react with other ions and form new bonds. High
amounts of energy are needed to achieve this, leading to temperatures between 500
°C to 2000 °C typically being required. In addition to overcoming the lattice energy,
high temperatures are used to speed up these reactions, since higher temperatures
means the diffusion rate of the ions increases [1].

Apart from high temperatures, thorough grinding of reactants is of importance when
performing solid state synthesis, since having reactants of a small particle size means
the distance ions have to diffuse is decreased, speeding up the reaction [1]. Addition-
ally, having well mixed reactants increases the contact surface area between them,
being beneficial since it is between the interface of two solids that these reactions take
place [1]. The surface contact area can further be increased by pelletising a powder
of the reactants in a hydraulic press, leading to a greater amount of crystallite faces
being in contact with each other.

The heating in solid state methods usually takes place in a resistance heating furnace
as long as temperatures do not need to exceed 2000 °C [1]. This means that electrical
energy is converted to heat as a result of the electrical resistance in a metallic
element. During heating, the reactants are typically put in an inert and heat-
resistant crucible, for example aluminium oxide- or platinum crucibles, which have
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3. Methods

operating temperatures up to around 1900 °C and 1700 °C respectively [1].

There are several different ways to investigate the structure of synthesized materials.
A common method is X-ray diffraction, and for that X-rays need to be generated,
which will be the topic of the next section.

12



3. Methods

3.2 Synchrotron Generation of X-rays

A typical laboratory set-up generates X-rays by heating a metal filament until it
emits electrons, and then accelerates them onto a metal target, with X-rays being
produced as a result. A synchrotron facility however, exploits the fact that electro-
magnetic radiation can be generated as result of changing charge densities in the
electromagnetic field [31]. This is achieved by accelerating charged particles in a
circular path, creating what is known as synchrotron radiation [32]. This type of
radiation provides a source of highly collimated, high intensity X-rays, with a more
narrow energy distribution, compared to a standard laboratory X-ray source [32].
Useful benefits of these traits is the high signal-to-noise ratio and high resolution
the synchrotron source X-rays provide [32, 33].

Storage Ring

Bending Magnet

——

Quadropole

Undulator .
Beam Line

Figure 3.1: Schematic illustration of a synchrotron facility. The electrons start at the
linear accelerator, before gaining further energy at the booster ring, before circulating
the storage ring. Bending magnets, quadropoles and undulators are needed to obtain
synchrotron radiation, which can be used for different experiments at the beam lines,
such as powder X-ray diffraction. From EPSIM 3D/JF Santarelli, Synchrotron Soleil,
Attribution, via Wikimedia Commons [34].

Figure 3.1 shows a schematics illustration of a synchrotron facility. In such a facility,
electrons are first accelerated by a linear accelerator, followed by further increase
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3. Methods

of their energy in the smaller booster ring, before being sent to the storage ring
[35]. In the storage ring, the path of the electrons is directed and adjusted using
bending magnets (diopoles), and kept confined using sextupoles and quadropoles.
When passing the undulators, which consists of a series of bending magnets, the
acceleration this forces on the electrons give rise to high intensity synchrotron radi-
ation [35]. The interplay between magnets and the electrons as they are accelerated
in the ring requires careful synchronisation, which is what gives the synchrotron its
name [36]. In the beam lines can then different types of electromagnetic radiation
be used to perform experiments, for example powder X-ray diffraction.

3.3 Powder X-ray Diffraction

Powder X-ray diffraction (PXRD) provides a method to determine the crystal struc-
tures present in a crystalline powder sample [37]. This is done by directing X-rays
onto the powder sample, and studying the interaction between the electron cloud
of the sample and the X-rays [38]. If the powder consists of tiny crystals, known
as crystallites, then this will be a crystalline sample, where the crystal structure of
the crystallites provides a long range periodical arrangement of atoms. This long
range periodical arrangement of atoms leads to X-rays being scattered so that a
large number of X-rays mutually reinforce each other in certain directions, while in
other directions, the X-rays mutually cancel each other out - this is what is known as
X-ray diffraction [1, 38]. X-rays mutually reinforcing each other are said to interact
constructively, while X-rays cancelling each other out interact destructively. The
directions in which X-rays are diffracted or not will depend on the angle between
the incident X-rays and the crystallites in the powder. The result of this is that
in directions where X-rays interact constructively, high intensities of X-rays can be
detected, and in directions where they interact destructively, no noticeable (except
background) intensities of X-rays are detected. The background intensity originates
from diffuse X-ray scattering with air, or from imperfections in the crystallites, such
as strain for example [38].

A schematic illustration of the result from a PXRD measurement, called a diffrac-
togram, is shown in Figure 3.2. The 26-angle corresponds to the angle between
the incident X-rays and the diffracted X-rays, see Figure 3.3. Each position where
intensities of X-rays occur correspond to a specific plane in the unit cell, and is
denoted by its Miller-indices (hkl). The positions where X-ray intensities show up
can thus be called an hkl-reflection. The diffractogram looks the way it does based
on the specific crystal structure(s) being examined. More specifically, the type and
size of the unit cell determine the position of the hkl-reflections on the 26-axis, and
the intensity of the hkl-reflections is determined by the type of atoms, and their
position in the unit cell [38].

Different types of unit cells have different allowed hkl-reflections, that is, for a certain
crystal structure, only certain combinations of the values on the h, k and [s result in
X-rays interacting constructively [1]. Which hkl-values that give rise to an allowed
reflection depending on a specific crystal structure can be derived from Equation

(3.1).
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Peak Position ﬂ ]

hkl-reflection - Peak Intensity

/

Intensity

20 Scatering Angle

Figure 3.2: Schematic illustration of an X-ray diffractogram, showing how the intensity
(y-axis) and position of the hkl-reflections vary with the diffraction angle 26 (x-axis).

The intensities of the hkl-reflections, as those in Figure 3.2, are more specifically
described by the sample’s structure factor, Fyx [39]. From the structure factor can it
be seen that the intensities depend on the position of the atoms within the unit cell,
how much they deviate (vibrate) from their equilibrium position, and how effectively
they scatter X-rays. The structure factor can be expressed as

Fhk;l — Z tifie27ri(hxi+kyi+12i), (3 1)

where we sum over the ¢ number of atoms in a unit cell. The amount a specific atom
deviates from its equilibrium position due to thermal vibration is described by t;,
and f; describes how effectively a specific atom scatters X-rays!. The position of
the atoms in the unit cell is given by coordinates z;, v;, z; and the h, k and [ refer
to a specific hkl-reflection. The more an atom vibrates, described by ¢;, the lower
the intensity of an hkl-reflection is, since this spreads out the intensity over a wider
20-range [39)].

The strength of the X-ray intensities is proportional to the square of the absolute
value of the structure factor [39],

T o | Fry|*. (3.2)

'Known as the atomic scattering factor [1].
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Several factors show up in the proportionality between the intensity and the struc-
ture factor, such as a Lorentz factor and a polarisation factor [39]. These are usually
collectively referred to as an LP-factor, and describes the geometry of the diffrac-
tion measurement. There is also an overall scale factor present in the proportionality
between the intensity and structure factor.

The conditions needed for X-ray diffraction in crystals to occur, that is, when we
have X-rays interacting constructively, is given by the Bragg equation

nA = 2dsin. (3.3)

Equation (3.3), also known as Bragg’s law, relates the wavelength of the incident X-
rays A, to the distance between crystal planes d and the angle between the incident
X-rays and the crystal planes §. The integer n represents the order of diffraction,
and describes rays scattered by neighbouring planes, namely how many wavelengths
that are present in their path difference [38]. A derivation of the Bragg law can be
found in for example Elements of X-ray diffraction by B.D. Cullity et. al [38].

Bragg’s law makes it possible to determine the inter-planar spacing, d, by having
a known angle 6 and wavelength A\. Looking at a first order diffraction, n = 1, we
get

B A
- 2sinb’

(3.4)

If we consider a cubic crystal system as an example, the lattice parameter a can be
determined using Bragg’s law and the cubic inter-planar spacing equation,

E:JW+W+W (3.5)

d? a? ’

where h, k and [ are the Miller indices of an allowed reflection, and a the lattice
parameter (the length of one side in the unit cell).

Rearranging this equation and combining it with Bragg’s law yields

A2 a?
, = , (3.6)
4s5in?(0)  (h®+ k2 +1?)
resulting in the lattice parameter a being expressed as
A/ (R? + K2+ 12
a= ( ) (3.7)

2 sin(0)

The lattice parameter a, can thus be determined from the hkl-values, in combination
with knowing the wavelength of the X-rays and the angle 6.
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Equation (3.7) also provides an example? of how the angle § is related to a specific
unit cell (different unit cells determines the allowed value of the sum h? + k? + [
due the selection rules) and its size (@ in this case). This highlights the fact that
the position of the hkl-reflections (the 26-angle) is determined by the type of unit
cell and its size.

Figure 3.3 shows schematically how X-rays can be represented as being diffracted
against crystallographic planes.

Incident X-rays .
Diffracted X-rays

/

Crystallographic
Planes

a
I = ez
®

Ne

Figure 3.3: Schematic representation of how X-rays are diffracted by crystallographic
planes depending on the incident angle #. The interplanar spacing, dj;, refers to cubic
crystal structures, and 26 is the total scattering angle between the incident and diffracted
X-rays. The black discs represent atoms in a crystal structure.

To summarise, the basis for determining crystal structures from PXRD-data stems
from the fact that a crystal structure corresponds to a specific unit cell and the
positions of the atoms within this unit cell. This information is precisely what a
powder diffractogram provides via the intensities of the hkl-reflections and their
position [38].

It is however not always possible to directly determine a sample’s crystal struc-
ture from its powder diffraction data, due to reasons such as imperfections in the
crystallites. The remainder of this section will be devoted to the limitations of the
information contained in a PXRD diffractogram.

One of the limitations with powder X-ray diffraction arises from the fact that diffrac-
tion peaks can overlap. This is as a consequence of the diffractogram representing
three-dimensional information (the crystal structure) on a one-dimensional axis (the
20-range) [40]. For instance, if two diffraction peaks have a very similar 26-value,
they might overlap, and if there are several crystal phases present in a sample, their

2Different relationship between the lattice parameters, hkl-values, and inter planar spacing d
applies to different crystal structures [1].
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peaks might overlap as well. Moreover, in PXRD, peaks are subjected to broad-
ening. Ideally, perfect crystals would mean that each hkl-reflection only happens
at a single spot, resulting in sharp intensity peaks in the form of delta functions
[38]. However, due to imperfections among the crystallites, peak intensities gets
"smeared out” over a wider 26-range, compared to the ideal theoretical case, result-
ing in broadening of the diffraction peaks. Several factors give rise to the broadening
of the hkl-reflections, two important being the size of the crystallites, and crystallite
strain [38].

The influence of crystallite size on peak broadening is a result of small crystals
lacking planes needed for destructive interference to occur [38]. This means X-ray
intensity can be detected at 26-values which are close to the ideal value, leading to
broadening of the diffraction peaks [38]. The effect of peak broadening due to small
crystallite size is usually noticeable for crystallites smaller than 0.1 pm.

Scherrer’s equation can be used to estimate the influence of crystallite size on peak
broadening [41]

KA
~ Beos(6)’

with D being the crystallite size, K a dimensionless constant determined by the
size distribution and shape of the crystallites, A and 6 the wavelength of the X-rays
and scattering angle respectively, and f the full width at half maximum (FWHM)
of the hkl-reflections. From Scherrer’s equation can it be seen that as the size
of the crystallites, D, gets smaller, the FWHM (the "broadening”), 3, becomes
bigger.

D

(3.8)

Microstrain imposed on crystallites, means that crystallographic planes are com-
pressed or expanded, and leads to variations in the inter-planar spacing, d, and in
turn shifts in the 20-value. At a high-level, this can be seen from Bragg’s law, Equa-
tion (3.3), where a shift in the d-spacing between crystallographic planes leads to a
shift in the 20-values determining the peak position [38]. An expanded inter-planar
spacing d, results in diffraction peaks showing up at lower 26-values and vice versa. If
a crystallite is exposed to non-uniform strain, that is, certain crystallographic planes
are compressed, others expanded, and some are at the ideal inter-planar spacing,
then this leads to broadening of the diffraction peak, as a result of intensity being
shifted to both higher and lower 20-values [38]. The effect of uniform compression,
uniform expansion and non-uniform strain of crystallographic planes is illustrated
in Figure 3.4.
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Figure 3.4: Illustration of how different types of strain affect peak position and broaden-
ing. The ideal spacing between planes is referred to as dg. Compression of crystal planes,
d., results in shifting hkl-reflections to larger 20-values. Conversely, expansion of crystal
planes, d., causes the hkl-reflections to shift to lower 26-values. Non-uniform strain occurs
if we have a crystal with both expansion, compression and the ideal spacing present, which
causes the hkl-reflections to be broadened.

A method used for determining the crystal structure in a powder sample, which
tackles the problem with peak overlap and broadening, is the Rietveld refinement
method, which will be given a brief introduction in the nest section.

3.4 Rietveld Refinement

First introduced by Dutch crystallographer Hugo Rietveld in the 1960s [42], at
its core, the Rietveld refinement method is a way of calculating crystal structures
present in a sample from its powder diffraction data.

This is done by comparing the observed diffraction intensities with calculated inten-
sities [40]. The calculated intensities depend on a set of adjustable parameters, and
when the observed and calculated intensities are as close to each other as possible
in a least squared fashion, the parameters are said to be refined. This is expressed
by Equation (3.9),
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Z(yobw‘ — ycalc’i)Q — {Varying Parameters} — Min, (3.9)

1

where Yops ; and yealc; are the observed and calculated intensities at position 4 in the
20-range in a PXRD diffractogram.

The parameters used in the Rietveld refinement capture various physical origins of
why a diffractogram look the way it does, and this depends on both the instrument
and sample [40]. A brief introduction to some of the parameters used during a Ri-
etveld refinement will be given below. For a more elaborate discussion, the reader
may look into Rietveld Refinement Practical Powder Diffraction Pattern Analysis us-
ing TOPAS by Robert E. Dinnebier et al. [40]. Additionally, methods for modelling
the background intensity, how the mass fraction of a crystalline phase is estimated,
the quality of a refinement and the complementary Pawley whole-pattern-fitting
method will be discussed.

3.4.1 Peak Position

The position of the hkl-reflections depends on the allowed hkl-reflections, and thus
which symmetry space group that is used during the refinement. Their position
also depends on, and is modelled with, instrumental factors such as the sample
displacement and zero-error [40]. Zero-error being deviations in the instrument set-
up from the true 26 zero-point [39].

3.4.2 Peak Intensity

The intensity of the hkl-reflections depends on the structure factor®, Equation
(3.1),

Fhkl _ Z tifie%ri(hmi—i-kyi-i-lzi)? (31)

which in turn depends on the atomic positions x;, y;, z;. The position of the atoms,
and to the extent which a site is occupied (the occupancy), thus becomes parameters
to refine, in order to calculate the correct observed PXRD intensity in a measure-
ment.

As discussed in Section 3.3, the intensity also depends on how much the atoms vi-
brate due to available thermal energy, making a temperature factor another refinable
parameter. If the atoms are assumed to move equally in all directions, this can be
described isotropically by the atomic displacement factor B, which determines the
t; factor in Equation (3.1), according to

) 2
t = () (3.10)

3As seen in Equation (3.2).
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where 6 is half the diffraction angle and A the wavelength of the X-rays. The
displacement factor B is also referred to as the Debye-Waller factor or temperature
factor [39], and it is defined as the root mean square of the atomic displacement
from its equilibrium position, u [39, 40],

B = 87u®. (3.11)

With u being given in Angstrém (A), B is thus reported in 1&2, and for inorganic
samples, B-values between 0.1 A? to 1.5 A? are usually considered normal [40].
Larger values than 1.5 A2 can indicate disorder in the atomic arrangement or errors
in the calculated crystal structure [40].

3.4.3 Peak Shape

Two factors affecting the shape of the intensity peaks are the size of the crystallites
and strain imposed on the crystallographic planes (microstrain, see Figure 3.4),
since these factors leads to broadening of diffraction peaks, as discussed in Section
3.3.

There exist different methods to model the shape of the peaks in X-ray diffrac-
tograms. One common method is by using a convolution between a Gaussian dis-
tribution, G(z), and Lorentzian distribution, L(z), called a Voigt distribution, V' (z)
[40],

V(z) = G(x) o L(x). (3.12)
A somewhat simpler version of the Voigt distribution is the pseudo-Voigt distribu-

tion, pV(z). This is a linear combination of a Gaussian and Lorentzian distribution
instead of a convolution,

pV(x) = nG(z) + (1 —n)L(z), (3.13)
where 7 goes between 0 to 1 [43]. Figure 3.5 (a) shows a Gaussian and Lorentzian

distributions, and (b) compares a pseudo-Voigt distribution to the Gaussian and
Lorentzian distributions.
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Figure 3.5: Tllustration showing the difference between a Gaussian and Lorentzian (also
called Cauchy) distribution in (a). (b) shows the Pseudo Voigt distribution for n = 0.5,
and how it compares to the Gaussian and Lorentzian distribution.

3.4.4 Background Intensity

The background intensity in a diffractogram is typically modelled using first kind
Chebyshev polynomials of order 5-15 [40]. It is important to note, however, that
the higher the order of Chebyshev polynomial used, the higher will the correlation
be between the intensity of overlapping hkl-reflections at larger 20-values and the
background coefficients.

3.4.5 Quantitative Phase Analysis

If a PXRD sample is assumed to consist entirely of crystalline phases, and these
phases are identified, then can the weight fraction of phase p, W, be expressed in
terms of the unit cell volume V},, number of formula units per unit cell Z,, the mass
of the formula unit M,, and the scale factor S, [44]. The mass of a crystalline phase,
m,, can be expressed using the above mentioned entities according to

my = S, Z,M,V,C = S,(ZMV),C, (3.14)

where C is a constant originating from the specific PXRD measurement, capturing
effects from the instrument calibration and sample absorption coefficient [44, 45].
Since the weight fractions sum to one under the assumption that a sample solely
consists of identified crystalline phases, the weight fraction, W, can be expressed
as

Sp(ZMV),
L S(ZMV)

W, = (3.15)

where the measurement specific constant C' is cancelled out.
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3.4.6 Quality of a Refinement

The quality of a refinement can be evaluated by comparing the weighted difference
between the observed and calculated pattern to a weighted observed pattern, as
done by the weighted Residual-index, or R,,,-value [43, 1],

Z w; (yobs,i - ycalc,i>2

Ry, = :
P Z wi(yobs,i)2

(3.16)

1
J(yol)s,i) ’

In Equation (3.16), the weight is calculated as w; = 0 (Yobs:) being the

experimental uncertainty of the observed intensity [39].

The R,,,-value can in turn be compared to the statistically expected R-value, Rezp,

defined as

_ (N - P)
Reap = (jijiui(yob&i)2) , (3.17)

where NV is the number of data points from the diffraction measurement, and P the
number of refined parameters [43].

Taking the ratio between R,,, and R, gives us the "Goodness of Fit” (GoF') measure
for a refinement,

2

R W; Z(yobs,i - ycalc,i)

GoF = - = ¢ : (3.18)
Resp N-P

The goodness of fit value is also often denoted y, and typically, a Rietveld refinement
is considered to be "good” when the GoF is between 1 to 1.5 [40].

Even though the different R-values can be used to evaluate the quality of a re-
finement, the best way is usually a visual inspection of the difference between the
observed and calculated intensities [43], which an example of can be seen in Figure
5.5.

3.4.7 Pawley Fit

Prior to performing a Rietveld refinement, a whole powder diffractogram fitting
method may be used, which does not take into account structural aspects such as
the atomic positions when calculating the intensities [40]. One such fitting method
is the Pawley fit, which enables one to obtain parameters describing the background
intensity, peak positions, and peak profiles of a sample. It is useful to have an
estimate of these parameters prior to performing a Rietveld refinement, since it is
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then possible at the start of a refinement to focus on how other structural aspects in
the unit cell, such as the occupancy and atomic positions, influences the intensities.
Additionally, the Pawley fit gives an indication of the best weighted profile R-value,
Rup, possible to achieve for a given measurement [40].

Although PXRD in combination with Rietveld refinement is a powerful method for
determining crystal structures, one limitation is the difficulty to detect elements
which are weak X-ray scatterers, that is, when the atomic scattering factor f; in
Equation (3.1)

Fipy = Ztifie27ri(hzi+ky¢+lz¢)7 (3_1)

is very small. One example of an element with a small atomic scattering factor is
hydrogen, making it virtually non-detectable using X-ray diffraction [38]. A comple-
mentary technique to powder X-ray diffraction for characterising materials, which
can be used to investigate the presence of hydrogen bonds, is infrared spectroscopy,
which will be discussed in the following section.

3.5 Infrared Spectroscopy

The fact that molecules can absorb certain frequencies of infrared (IR) light as vi-
brational motion, which will be characteristic to a specific molecular structures,
is exploited in infrared spectroscopy [46]. By measuring the transmittance or ab-
sorbance of a sample for different frequencies of infrared light, an infrared spectrum
can be attained, usually reported in transmittance or absorbance versus wavenum-
ber, cm™! (number of wavelengths per centimetre).

Today, for practical measurement, infrared spectroscopy is mostly utilized in the
form of Fourier transform infrared spectroscopy (FTIR) [46]. Using FTIR means
that instead of measuring the absorption/transmittance of each infrared frequency
individually, as in traditional dispersive infrared spectroscopy, the whole frequency
range investigated can be measured at the same time.

To perform FTIR, a Michelson interferometer can be used, which consists of an IR
light source, a beam splitter, and two mirrors, one fixed and one moveable [46].
Figure 3.6 shows a schematic sketch of the set-up. In the Michelson interferometer,
IR-light from the source is directed to both the fixed and moveable mirror by the
beam splitter, and as the two beams of IR-light recombine at the beam splitter
(after being reflected by the mirrors), they will interfere with each other. Since
the position of the moveable mirror is altered, this creates a path difference for the
two beams of IR-light. The path difference in turn introduces a phase difference
for the different frequencies of IR-light, leading to the two beams interfering in
different ways depending on the position of the moveable mirror. This creates an
interference pattern as a function of mirror position, called an interferogram [46].
After the recombined beam’s intensity has changed as a consequence of interacting
with the sample, the beam reaches the detector, where an interferogram signal versus
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mirror position is registered. The Fourier transform is then applied to go from the
interferogram, which varies with time (depending on the mirror position), to a more
easily interpretable transmittance/absorption versus frequency (wavenumber) signal
[46].

Fixed Mirror

Moveable Mirror
IR Light Source

Beamsplitter

Sample

Figure 3.6: Tllustration of a Michelson Interferometer. The IR-light from the source is
directed to both the moveable and fixed mirror by the beamsplitter. After being reflected,
the IR light from the fixed and moveable mirror is recombined at the beam splitter, and the
recombined beam then interacts with the sample, before being registered by the detector.

There are different ways to perform Fourier transform infrared spectroscopy mea-
surements, one suitable for powders being Attenuated Total Reflectance (ATR) [46].
This method uses a crystal with a high refractive index (typically zinc-selenide,
germanium or diamond) which is in contact with the sample being investigated
[47]. When infrared light passes through this crystal at a high angle (higher than
a specific critical angle), total internal reflection will occur at the boundary of the
crystal-sample interface [47]. An evanescent wave will then be created at this in-
terface, reaching typically a couple of micrometres into the sample. The intensity
of the reflected evanescent wave will be reduced if the sample is IR-active, which is
registered by the detector. A schematic sketch of an attenuated total reflectance set
up is given below in Figure 3.7.
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Sample Evanescent IR wave

ATR Crystal

~~

Incident IR light Reflected IR light

Figure 3.7: TIllustration of an attenuated total reflectance interaction, showing one re-
flection. Total internal reflection occurs at the crystal-sample interface, resulting in an
evanescent IR wave being created in the sample. The reflected IR-light will have a re-
duced intensity if the sample is IR active.
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Experimental

The details of the different experimental procedures used in this project are pro-
vided in this chapter. The samples have been synthesised at Chalmers University
of Technology, and Chalmers Material Analysis Laboratory (CMAL) facilities have
been used for the characterisation, with the exception for the synchrotron measure-
ments.

4.1 Synthesis

Copper doped strontium apatite was synthesised using a series of heating steps, with
intermittent re-grindings. A detailed description of the main synthesis employed,
synthesis method 1, is as follows, and is also summarised in Figure 4.1.

Strontium carbonate (SrCOs, Merck), ammonium dihydrogen phosphate
((NH4)H2POy, Scharlau > 99 %) and copper (II) oxide (CuO, Acros Organics > 99
%) were mixed in molar ratios of 5.05 : 3 : 1 (SrCOj3 : (NH4)H,PO, : CuO), and
ground using mortar pestle and propan-2-ol (isopropanol, IPA). The IPA was let
to evaporate in an 80 °C drying cabinet. The sample was then heated in a muffle
furnace from room temperature to 400 °C at 600 °C/h, and dwelled for 2 hours at
400 °C, followed by cool down to room temperature inside the furnace.

The powder was then ground, ball milled and pressed into pellets. The pellets were
heated from room temperature to 700 °C at 300 °C/h, followed by dwelling at 700
°C for 2.5 hours and cool down to 30 °C at 300 °C/hour.

The pellets were again ground, ball milled and pressed into pellets before being
annealed, by heating from room temperature to 1100 °C at 300 C/h, followed by 24
hours of dwelling and air quenching.
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Figure 4.1: Flowchart summarising the different steps in synthesis method 1. Manual
grinding refers to mixing using mortar, pestle and IPA.

Apart from annealing at 1100 °C, additional annealing temperatures and times which
have been evaluated are 1300 °C 12 h (annealing with 700 °C sample), 1400 °C 6 h
(annealing with 1300 °C sample), and 1400 °C 12 h + 1450 °C 6 h in one session
(annealing with 1300 °C sample). All samples were ground and mixed using mortar,
pestle and isopropanol and pressed into pellets before being annealed in a tube
furnace. The heating rate used was 300 °C/h.

It was also tested to heat a sample previously annealed at 1100 °C, to 1500 °C for
5 h followed by air quenching, which resulted in a melt. Once this was discovered,
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it was tested to melt a sample at 1500 °C and cooling it down slowly, to see if this
could work as a method for synthesising single crystals. This was done on a sample
previously annealed at 1450 °C, heating it from room temperature to 1500 °C at 250
°C/h, followed by 1 hour of dwelling, and then slowly cooling it down to 1450 °C
at 5 °C/h. This procedure was done in a platinum crucible instead of an alumina
boat.

4.1.1 IR Samples

Due the lack of sample substance, another batch was synthesised for the IR-spectroscopy
measurements. This synthesis followed a similar, but slightly adjusted pathway com-
pared to synthesis method 1, and will be referred to as synthesis method 2. In order

to save time, less intermediate re-grindings were performed, and ball-milling was not
utilized. The same molar ratios between SrCOj3 (Merck), (NH4)HoPO, (Scharlau,

> 99 %) and CuO (Acros Organics, > 99 %) were used as in synthesis method 1.
However, instead of heating the reactants in several pre-annealing sessions, one ses-
sion was used comprising of 400 °C 2 h dwelling, 600 °C 1 h dwelling, and 850 °C 10

h dwelling, and then cool down to 30 °C. The heating rate used was 300 °C/h.

Annealing was performed by heating pelletised samples at a rate of 300 °C/h from
room temperature to 1150 °C 24 h, 1400 °C 6 h and 1450 °C 4 h. All annealing
was performed in a tube furnace, and terminated by air quenching. In between the
different annealing sessions, samples were ground using mortar, pestle and IPA, and
pressed into pellets.

Figure 4.2 provides a flowchart summarising synthesis method 2.
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Figure 4.2: Flowchart summarising the different steps in synthesis method 2. Manual
grinding refers to mixing using mortar, pestle and IPA.
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4.2 Analysis

In this section will the different methods used for analysing the synthesised materi-
als be reviewed, that is, the, synchrotron PXRD, Rietveld refinement and infrared
spectroscopy measurements.

4.2.1 Synchrotron PXRD

Synchrotron measurements on samples made with synthesis method 1 were per-
formed at the Diamond Light Source in the United Kingdom, using a Debye-Scherrer
transmission geometry and operating with X-rays of 0.494 A. The 26-values ranged
from 2.10 to 69.23 degrees.

Synchrotron measurements of samples made with synthesis method 2 were performed
by Momentum Transfer at the European Synchrotron Radiation Facility (ESRF),
using a Debye-Scherrer transmission geometry and operating with X-rays of 0.16520
A. The 20-values ranged from 0.6 to 13.5 degrees.

4.2.2 Rietveld Refinement

The Rietveld refinements of the obtained synchrotron PXRD data was performed us-
ing the TOtal Pattern Analysis Solution (TOPAS) version 6 [48]. Crystallographic
information files (CIF) for copper-doped strontium apatite (Srs(PO4)3(CuO2)q/3)
and strontium phosphate (Sr3(POy)2) have been used as structures to base the re-
finement on [49, 50]. These crystallographic phases were selected since they have
been reported to be present when performing a similar synthesis [27]. There were
also no other noticeable diffraction peaks not covered by the Sr5(PO4)3(CuOs2)1/3
and Sr3(POy,)s phases. During the Rietveld refinements, parameters were released
and fixed following the suggested pathway from Dinnebier et al. in Ref. [40]. The
20-range investigated for the samples made with synthesis method 1 was 3-42, to in-
clude the first hkl-reflection observed at 3 degrees, and since no noticeable intensity
except background were observed after 42 degrees. The 26-range for the IR sample
made with synthesis method 2 investigated was 0.6-13.5 degrees.

A standard refinement started with performing a Pawley fit, first refining lattice
parameters and the background (10 term Chebyshev polynomial). Following this
was the zero-error and a cylindrical 26-correction for peak position adjusted. Finally,
were the Gaussian and Lorentzian contributions from microstrain and crystallite size
on the peak profile refined.

Refined parameters from the Pawley fit were transferred to the Rietveld refinement
and initially held fixed.

The Rietveld refinements started with adjusting the scale factor and intensity correc-
tion, followed by atomic coordinates, except symmetrically important coordinates,
such as e.g. a (0, 0, 1/4)-position. An overall isotropic atomic displacement param-
eter was then introduced for the atoms in each phase.
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The background and peak profile were again refined, followed by individual isotropic

displacement parameters for the different atoms, and the occupancy of the Cu- and
O4-sites (see Figure 5.6) in the Sr5(PO4)3(Cu0O3);/3 - phase.

At the end, all previous refined parameters were released at the same time.

For the sample made with synthesis method 2, the refinement was made on a back-
ground subtracted- and angular offset corrected file, and peak-broadening due to
microstrain was modelled using the Stephens approach [51].

4.2.3 Infrared Spectroscopy

The infrared spectroscopy measurements were performed at CMAL, utilizing a
Bruker Vertex70v spectrometer, measuring with infrared light between 350 cm™!
to 4000 cm~!. Prior to the sample measurements, a measurement on the surround-
ing air was performed as a reference for subtraction of background contribution.
The measurements were performed in an attenuated total reflectance (ATR) set-
up, using a diamond crystal. IR spectroscopy was performed on sample made with
synthesis method 2, annealed at 1150, 1400, and 1450 °C. Other samples were not
investigated due to lack of sample substance. IR-spectroscopy was mainly used to
get a qualitative indication of whether or not there were OH-bonds present in the
synthesised samples.
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Chapter 5

Results & Discussion

In this chapter are first visual results from the synthesis presented in Section 5.1
and 5.2. The results from the synchrotron PXRD measurements and Rietveld re-
finements are provided in Section 5.3 and 5.4 respectively. Finally, in Section 5.5,
are the IR-spectroscopy results presented.

5.1 Synthesis of Copper-Doped Strontium Apatite

During the pre-annealing steps of the synthesis, samples went from white to light
grey in colour. However, after annealing at 1100 °C for 24 hours and air quenching,
the colour changed from grey to purple. This is in rather well agreement with the
blue-violet colour previously reported for single crystals of copper-doped strontium
apatite synthesised using arc melting [27], and can be compared to strontium hy-
droxyapatite Sr5(PO4)302Hs s, reported to be white in colour [28]. It can thus be
suggested that the copper doping plays a key role in purple colour of copper-doped
strontium apatite. It has also previously been shown that air quenching is required
for copper-doped strontium apatites to acquire their colours, showing the necessity
to use air quenching in order to obtain the wanted copper-doped strontium apatite
phase [52]. The 1300 °C 12 h and 1400 °C 6 h samples were also purple, and an
example of a pellet annealed at 1400 °C for 6 hours can be seen in Figure 5.1.

IR samples made with synthesis method 2 had the same characteristic purple colour
as the samples from synthesis method 1.

Figure 5.1: Pellet after being annealed at 1400 °C for 6 hours and air quenched, demon-
strating the purple colour it obtains.
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5.2 Synthesis of Additional Phases

Since single crystals of copper-doped apatite have been reported to be synthesised
at approximately 1600-1700 °C [27], it was tested to heat pellets from synthesis
method 1 to 1500 °C for 5 h. However, this resulted in a melt. After cool down
by air quenching, the sample heated to 1500 °C solidified into a glassy material.
The melt adhered to the alumina boat in which it was contained, see Figure 5.2.
The melting temperature is in rather well agreement with the melting temperature
reported for single crystals of copper-doped strontium apatite, reported to be 1650
°C [27].

Figure 5.2: Melted pellet in an alumina boat after being heated at 1500 °C for 5 h. This
procedure also had the side effect of breaking the alumina boat.

The result of heating a sample at 1500 °C for 1 h, and slowly cooling it to 1450
°C inside the furnace at 5 °C/h resulted in agglomerates of a purple-grey powdered
material, see Figure 5.3. This was done in a platinum boat in order to avoid the
sample adhering to the crucible it was heated in.

Figure 5.3: Optical microscope image of a sample heated at 1500 °C for 1 h, and then
slowly cooled to 1450 °C at a 5 °C/h, before being air quenched.
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5.3 Synchrotron PXRD

Figure 5.4 shows the synchrotron PXRD results of the samples made with synthesis
method 1, annealed at 1100 °C 24 h, 1300 °C 12 h and 1400 °C 6 h respectively.
One noticeable aspect is how the intensity of the two peaks, identified as the main
peaks originating from the unwanted Sr3(POy), side phase, becomes lower as the

annealing temperatures increases.
! I

—— 1100 °C 24 h

\\ Sr3(PO4);
—— 1300°C12h
—— 1400°C6h
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Figure 5.4: Results from the synchrotron PXRD measurements of the samples made

with synthesis method 1, and annealed at 1100 °C 24 h, 1300 °C 12 h and 1400 °C 6 h
respectively. The inset shows that the intensity of the two main Sr3(PO4)2 peaks become

lower at higher annealing temperatures.
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5.4 Rietveld Refinement of PXRD Data

Table 5.1 summarises important compositional and structural results from the
Rietveld refinement on synchrotron PXRD-data for the samples made with synthesis
method 1. Note that 1400 °C was the annealing temperature which resulted in the
highest mass fraction of the wanted Srs(PO4)3(CuO3)1/3 phase.

Table 5.1: Summary of the Rietveld refinements done on samples from synthesis method
1 and annealed at 1100 °C 24h, 1300 °C 12h and 1400 °C 6h respectively. The uncertainty
in the calculated values (values in the parenthesis) is given as the calculated standard
deviation from TOPAS, multiplied by a factor of three. Larger deviations are given in
parenthesis using (+ value). CuSrApt refers to the calculated copper-doped strontium
apatite structure.

Summary of Rietveld Refinements from Synchrotron PXRD Data ‘

Sr5(POy4)3(Cu0Oy4)1/3 Space Group P63/m
Sr3(PO4), Space Group R3m
Annealing Temp & Time 1100 °C 24h | 1300 °C 12h 1400 °C 6h
Rup 2.25 2.03 2.05
GoF 1.52 1.33 1.27
Site Oce. Cu 0.306(29) 0.317(23) 0.322(8)
Site Occ. O4 0.95(11) 0.993(96) 0.948(35)
Bi, Cu (A2) 1.04 (£ 1.29) | 0.38(87) 0.87(91)
By 04 (A2) 1.78 (£ 2.27) | 2.79 (£ 1.94) | 4.50 (£ 2.32)
d-Cu-04 (A) 1.822 1.825 1.825
Lattice Parameter a (A) CuSrApt | 9.7841(87) 9.7815(61) 9.7817(44)
Lattice Parameter ¢ (A) CuSrApt | 7.2907(64) 7.3011(45) 7.3001(32)
Wt. % CuSrApt 81.41(92) 93.14(84) 96.02(76)
Wt. % Sra(PO4)s 18.59(92) 6.86(84) 3.98(76)

The lattice parameters stayed rather consistent for the different synthesis conditions
with a being in the range 9.782-9.784 A and ¢ 7.291-7.301 A. This can be com-
pared to the lattice parameters for the non-Cu-doped strontium hydroxyapatite,
Sr5(PO4)3OH, where a = 9.745 och b = 7.265 [25]. Substituting of hydrogen ions for
bigger copper ions in the one-dimensional channels thus suggests to result in some-
what larger lattice parameters for the for copper-doped strontium apatite versus
strontium hydroxyapatite.

The distance between the copper and oxygen in the one-dimensional channels (see
Figure 5.6), d-Cu-O4, was calculated to be 1.822-1.825 A. This is in well agreement
with the corresponding value from single crystals of Sr5(PO4)3(CuOs2),/3 at 1.825

o

A [27]. This value is also similar to the Cu-O bond length reported for AlCuO,
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and FeCuO,, which have linearly coordinated Cu(I)-O bonds of 1.86 and 1.84 A
respectively [53, 54]. The calculated bond length of 1.825 A thus potentially suggests
that copper has oxidation state (I) in the samples made using synthesis method
1, due to the similar bond length in other linearly coordinated Cu(I)-O bonds.
Note that for the calculated d-Cu-O4, the Cu-position along the c-axis, Cu,, was
not refined (see Table 5.2). Not refining the Cu,-position results in the similar d-
Cu-O4 between the calculated structures and the Sr5(POy)3(CuOyq) /3-structure the
refinements was based on.

If the Cu,-position is refined, it still converges towards zero at 0.00009, but with
a substantial estimated standard deviation of 4+ 0.92 for the 1400 °C 6 h sample.
Similar results were also obtained for the 1100 °C 24 h and 1300 °C 12 h samples.
This uncertainty in the Cu,-position entails a notable uncertainty in the calculated
Cu-0O4 distance.

The Cu occupancy increases slightly from 0.306 when annealing at 1100 °C to 0.322
when annealing at 1400 °C. This occupancy is close the previously reported value of
0.314 for single crystalline Sr5(PO4)3(CuO2)1/3. At the same time, the O4 occupancy
has a peak of 0.993 when annealing at 1300 °C, and is around 0.95 for the 1100
and 1400 °C samples. It can be noted that the O4 occupancy of the synthesized
samples is clearly higher than in single crystalline Sr5(PO4)3(Cu0O3)1/3, where it is
0.7 [27].

Given that the Wyckoff position for both the Cu- and O4-site has a multiplic-
ity of 2, the ratio between Cu and O4 in the previously reported structure of
Sr5(PO4)3(Cu0y)1/3 is 1:2, while the Cu:04 ratio for the samples made using syn-
thesis method 1 is rather 1:3. This suggests that the samples made using synthesis
method 1 have a structure different of that for single crystalline Sr5(PO4)3(CuO3)1/3.
The larger ratio between oxygen vs copper also indicates that Cu?* might be present
in the synthesised structure.

It can also be noted that the ratio between strontium, phosphorus and copper in the
calculated structures is approximately 5:3:0.32, while it was 5.05:3:1 between the
initial reactants. It thus appears as if not all of the copper goes into the strontium
apatite during the synthesis. There were indications after inspection that some of
the copper might have diffused into the alumina crucible the pellets were placed in,
or evaporated onto the surrounding walls of the tube furnace.

Regarding the isotropic displacement parameter, B, the calculated values differ for
the different annealing temperatures, and some values stands out as being unrea-
sonable large, especially on the O4-site for the 1300 °C and 1400 °C samples. These
large values might indicate disorder in the structure [40].

Figure 5.5 shows the Rietveld refinement of the 1400 °C 6h sample from synthesis
method 1.
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Figure 5.5: Rietveld refinement from synchrotron PXRD data on a sample made with
synthesis method 1, annealed at 1400 °C for 6 h. The inset shows the two main peaks
originating from the strontium phosphate impurity phase, as well as the main peaks of the
copper-doped strontium apatite phase. This was also the most successful sample in terms
of achieving the highest weight percentage of the copper-doped strontium apatite phase
at 96.02 %.
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Table 5.2 shows the structural information of the copper-doped strontium apatite
phase from the 1400 °C 6h sample, and the corresponding structure is visualised in
Figure 5.6.

Table 5.2: Atomic positions, occupancies, isotropic displacement parameters and Wyckoff
positions for the different atomic sites from the Rietveld refinement of the 1400 °C 6 h
sample made with synthesis method 1. Cells marked with dark grey correspond to non-
refined values. The value within parentheses denotes the uncertainty, and is the estimated
standard deviation calculated in TOPAS, multiplied by a factor of three.

Atomic Parameters

Site Species | Wyckoff Position Occupancy | Bis, (Az)
Srl Sr2t 4f —0.00173(53)

Sr2 Se?t 6h 0.25928(23) | 0.01340(31)

Cu Cu" 2a 0.87(30
P Pt 6h 0.36715(60) | 0.39895(60)

01 0> 6h 0.48081(136) | 0.33323(135)

02 0> 6h 0.45806(156) | 0.58603(147)

03 0> 12i 0.26179(87) | 0.34816(87) | 0.07272(98)

01 0> % 0.948(35) 7

o Sr2+
o o0~
S ey
O p
C
a b

Figure 5.6: The structure of the 1400 °C sample from the Rietveld refinement, where the
distance between the copper ion and O4-oxygen is highlighted. Visualised in VESTA.

The Rietveld refinement of the 1400 °C 6 h annealing sample made using synthesis
method 2, which was used for the IR-measurements, also had Sr5(PO4)3(CuO2)1/3
present as the main phase with a weight percentage of 93.73 % and Sr3(POy), as
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a minor impurity phase. More details of this refinement can be found in Appendix
B.
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5.5 Infrared Spectroscopy

The result of the IR-measurements on the samples from synthesis method 2 is given
below. The samples made with synthesis method 2 are assumed to be representative
also for the samples made with synthesis method 1, due to the similarity in the
methods, the similar colour of the obtained samples, as well as the similar results
from the Rietveld refinements for each synthesis method.

Previous infrared (IR) absorption measurements performed on strontium hydroxya-
patite, Sr19(PO4)s(OH)s, show bands at 539— and 3593 cm ™!, respectively attributed
to an OH-libration and OH-stretch mode [55]. This can be compared to the IR ab-
sorbance spectra of the samples made using synthesis method 2, shown in Figure
5.8 (fingerprint region) and Figure 5.7 (OH-stretch region). None of the samples
shows the characteristic bands at 539— or 3593 cm™!, marked with red lines in the
Figure 5.8 and 5.7, indicating an absence of OH-bonds giving rise to libration— and
stretching motions in the synthesised structures.

Moreover, the samples show bands at 1070, 943, 590, 561 and 459 cm™*, all being
typical to modes originating from the PO4* -group when measuring on strontium
hydroxyapatite, Sr19(PO4)s(OH)y [55].
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Figure 5.7: IR spectra in the OH-stretch region for samples synthesized with method 2
and annealed at 1150 °C 24 h, 1400 °C 6 h and 1450 °C 4 h respectively. Note that none
of the samples shows a band at 3593 cm ™!, which corresponds to the OH-stretch present
in strontium hydroxyapatite, Sr19(PO4)s(OH)2 [55].

The band marked at 784 cm~! in Figure 5.8 matches well with 785 cm™!, which
has previously been attributed to a Cu-O stretch in oxocuprate ions (the [OCuO]?~-
units in the one-dimensional channels), when measuring on single crystals of
Sr5(PO4)3(CuO3)1/5 [27]. This suggests that some form of oxocuprate ion is present
in the samples made with synthesis method 2.
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It can also be noted that this band is shifted to a smaller wave number for the sample
synthesised at 1150 °C. If a shorter Cu-O4 distance is assumed to correspond to a
stronger bond, and if a stronger bond corresponds to a higher vibrational frequency
(and vice versa) [27], then the lower wave number for the 1150 °C sample could in-
dicate a larger Cu-O4 distance. This is however contradicting the calculated Cu-O4
distance from the Rietveld refinement, with the 1150 °C sample having the shortest
Cu-O4 distance at 1.822 A. Although, as discussed in Section 5.4, there is a substan-
tial uncertainty in the calculated Cu-O4 distance. The uncertainty in the oxidation
state of the copper-ions and the Cu-O4 distance, makes it difficult to discern what
type of oxocuprate units that are present in the synthesised structures.

f [ f I
—— 1150°C24h
1400 °C6 h
—— 1450°C4nh

TN

784 cm™! ‘ 539 cm~!

Transmittance (a.u.)

| I | | | |
1000 900 800 700 600 500 400
Wavenumber cm™1

Figure 5.8: IR spectra in the fingerprint region for samples synthesized by method 2
and annealed at 1150 °C 24 h, 1400 °C 6 h and 1450 °C 4 h respectively. None of the
sample show bands at 539 cm ™!, which corresponds to the OH-libration mode in stron-
tium hydroxyapatite, Sr1g(POy4)g(OH)a. There is also a band present at 784 cm™!, which
corresponds well to the band present at 785 cm ™! in Sr5(PO4)3(CuO2)1 /3, which has been
proposed to originate from the [OCuO]~3- units in the one-dimensional channels [27].
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Conclusions and Outlook

The results show it is possible to synthesise a purple-coloured copper doped stron-
tium apatite structure, using high temperature ceramic methods. The Rietveld
refinements suggest the most favourable synthesis condition is by annealing at 1400
°C for 6 hours followed by air quenching, creating a copper doped strontium ap-
atite structure as the majority phase (96.02 Wt.%) and Sr3(POy)s as a minor side-
phase (3.98 Wt.%). The calculated bond length between the Cu and O in the
one-dimensional channels along the c-axis was found to be 1.825 A when annealing
at 1400 °C. This is in well agreement with previous reports of 1.825 A [27], as well as
with linearly coordinated Cu(I)-O bonds in AICuO, (1.86 A) [53] and FeCuO, (1.84
A) [54]. However, the exact structure of the material synthesised with the methods
used in this project remains to be determined, as indicated by the occupancy on the
O4-position, as well as the potential disorder indicated by the Debye-Waller factors.
Moreover, the synthesised copper-doped strontium apatite was discovered to melt
at 1500 °C.

Infrared spectroscopy measurements indicate no bands at 539 cm™! and 3593 cm ™!
for the synthesised structure. These are bands which have been attributed to
OH-bonds in strontium hydroxyapatite, Srig(PO4)s(OH)a, located in the hexago-
nal one-dimensional channels of P63/m-apatites [26]. The synthesis methods used
thus seems to result in a copper-doped strontium apatite structure where hydroxyl
groups are not present. The bands present at 784 cm™! indicates that some type
of oxocuprate ion, giving rise to a Cu-O stretch, is present in the synthesised struc-
tures. Although, it is difficult to determine exactly what type of oxocuprate ion of
from the obtained data.

In order to gain further insights into the structure of the synthesised copper-doped
strontium apatite, additional characterisation techniques, such as neutron diffraction
could be used, to further elucidate the presence of hydrogen. Electron paramagnetic
spectroscopy, as well as X-ray photoelectron spectroscopy, may also be utilised to
investigate the oxidation state of the copper ions in the apatite structure.

Finally, efforts to optimise the synthesis method towards obtaining phase pure
copper-doped strontium apatite is encouraged. Since the amount of copper was
substantially lower in the final product compared to the reactants, it could be of in-
terest to evaluate reactions where the copper ratio among the reactants is increased.
Further optimising annealing temperature and dwelling time might also help in or-
der to reach a more phase pure sample. If achieved, the phase pure copper-doped
strontium apatite could then be used as a foundation, for investigating how to alter
the oxygen content and oxidation state of the copper in the structure.
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Appendix A

Additional Rietveld refinements on samples made with synthesis method 1.
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Figure A.1: Rietveld refinement from synchrotron PXRD data on the sample made with
synthesis method 1 and annealed at 1100 °C for 24 hours. The zoomed in area shows the

two main peaks originating from the strontium phosphate impurity phase.
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Figure A.2: Rietveld refinement from synchrotron PXRD data on the sample made with

synthesis method 1 and annealed at 1300 °C for 12 hours. The zoomed in area shows the
two main peaks originating from the strontium phosphate impurity phase.
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Appendix B

Rietveld refinement done on the sample made with synthesis method 2 and annealed
at 1400 °C.
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Figure B.1: Rietveld refinement from synchrotron PXRD data on the sample made with
synthesis method 2 and annealed at 1400 °C for 6 hours. The zoomed in area shows the
two main peaks originating from the strontium phosphate impurity phase.
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B. Appendix B

Table B.1: Summary of the Rietveld refinement done on the sample from synthesis
method 2 and annealed at 1400 °C 6 hours. The uncertainty in the calculated values
(values in the parenthesis) is given as the calculated standard deviation from TOPAS,
multiplied by a factor of three.

Summary of Rietveld Refinements from Synchrotron PXRD Data

Sr5(PO4)3(Cu0Os)1 /3 Space Group P63/m
Sr3(POy4)s Space Group R3m
Annealing Temp & Time 1400 °C 6h

Rup 12.93

GoF 2.72
Wt. % CuSrApt 93.73(48)
Wt. % Sr3(POy)s 6.27(48)
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