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Abstract

Structure—property relationships are a fundamental concept in the design
of novel materials for multifunctional applications. The ability to control
and modify the properties of materials relies on the understanding of
these relationships, given that a minor change in the material structure
induces substantial differences in its properties.

B-Tr i cal ci um PpICB)$sp prantiseng muBifunctional material
with a flexible crystal structure comprising multiple Ca sites available for
cationic substitution. This flexibility has sparked intensive research
efforts to explore the possibilities of tuning its functional properties via
metal doping. Despite these efforts, the structure—property relationships
in metal-d o p e-TCP femain not fully understood. This can be attributed
t o the comp FT€Kcrystalstrocture aind ® th@limited data on
the factors governing doping characteristics. Therefore, a systematic
investigation is essential to accurately determine the effects of doping on
the structure, properties, and potential of this versatile material.

This thesis establishes a comprehensive foundation for understanding the
structure-pr oper ty r el dAC€Panditshetabdopedvhriarfis.
Zinc (Zn) and copper (Cu) were chosen as dopants, and their effects on
the structure and properties of the material were studied. A three-stage
solid-state synthesis method for producing high-purity materials was
developed using a combination of thermodynamic equilibrium
calculations and experimental trials. The synthesized materials were
extensively characterized using various analytical techniques for accurate
determination of their properties. The structural investigations revealed
that doping of Zn2* and Cu2*i n-T@ induced a shrinkage in its unit cell.
These divalent metals were confirmed to occupy Ca4 and Cajs in the unit
cell, and their site occupancy preference was found to be concentration-
dependent. The observed vibrational characteristics suggested a
reduction in the symmetry of the P1 site due to the substitution of calcium
(Ca) ions by the dopants at the neighbouring Ca4 site. The morphology of
the materials exhibited minor changes characterized by non-uniform
grain size.

The optical investigations revealed that the host matrix effect dominated
the optical absorption characteristics of the doped materials with a slight
reduction in the band gap energy. On the other hand, the
phot ol umi nes c e n cECP geresipnéficahtly eltereddy the3
metal doping. Cu-doped variants exhibited well-defined emissions in the
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visible range. In contrast, low-intensity emissions were detected for Zn-

doped sampl es. The phollChand itsd&Zh-gopedc act
counterparts was investigated for the degradation of organic dyes. The Zn-

doped materials demonstrated clear improvement in the photocatalytic
performance as compared to the host material. Finally, the frequency-

dependent electrical characteristics of the materials were investigated in

detail. The results showed that doping of Zn2+ and Cu2* notably enhanced

the charge storage and -TCP fkkunaterialo n c a |
displayed a non-Debye relaxation that was attributed to grain and grain

boundary contributions.

This thesis demonstrates the potential of metal-d o p e €['CP fas a

multifunctional material and can guide future efforts to meet the
emerging demands of sustainable materials design and applications.

iv



Sammanfattning pa svenska

Sambanden mellan struktur och egenskaper ar grundlaggande vid design
av nya material for multifunktionella tillimpningar. Férmégan att styra
och modifiera materialegenskaper bygger pa forstdelsen av dessa
samband, eftersom en liten fordndring i materialets struktur inducerar
betydande skillnader i dess egenskaper.

B-trika | ¢ i u mf -@@PJ aa dtt loyafide multifunktionellt material med

en flexibel kristallstruktur som innehéller flera kalciumpositioner
tillgangliga for katjonisk substitution. Denna flexibilitet har gett upphov

till omfattande forskning om mojligheterna att anpassa dess funktionella
egenskaper genom metalldopning. Trots dessa insatser ar struktur—
egenskapsrel ati oner AFGP ahnirinte Maldtdadigt dop at
kl arl agda. Detta kan t-TAPisskikstalistruktar k o mp
samt bristen pa tillrickliga data rorande de faktorer som styr
dopingsegenskaperna. Darfor ar en systematisk undersokning av storsta

vikt for att mojliggora en korrekt bestimning av dopningseffekter pa

struktur, egenskaper och potential hos detta mangsidiga material.

Denna avhandling lagger en bred grund for forstdelsen av sambandet
mell an struktur 0 c-BCP ech eless metafildopade f O r
varianter. Zink (Zn) och koppar (Cu) valdes som dopningsiamnen och
deras inverkan pa materialets struktur och egenskaper har studerats. En
trestegs sintringsmetod for framstillning av hoggradigt rena material
utvecklades baserat pad en kombination av termodynamiska
jamviktsberdkningar och experimentella forsok. En omfattande
karakterisering av de framstédllda materialen genomfordes med olika
analytiska tekniker for att noggrant bestamma deras egenskaper.De
strukturella undersokningarna visade att dopning med Zn2* och Cuz+i - 8
TCP orsakade en kontraktion av dess enhetscell. Dessa tvavirda metaller
konstaterades uppta positionerna Ca4 och Cas i enhetscellen, och deras
preferens for platsockupation visade sig vara koncentrationsberoende. De
observerade vibrationsegenskaperna tydde pa en sankt symmetri vid P1-
positionen till f6ljd av substitution av kalciumjoner (Ca2*) med
dopningsjoner vid den angransande Ca4-positionen. Morfologin hos de
framstéllda materialen uppvisade mindre forandringar i form av ojamn
kornstorleksfordelning.

De optiska undersokningarna visade att virdmatriseffekten dominerade
de optiska absorptionsegenskaperna hos de dopade materialen, med en
liten minskning av bandgapets energi. A andra sidan forindrades



fotol umi ne s-80P aveemirt pagmind Av metalldopningen. Cu-
dopade varianter uppvisade valdefinierade emissioner i det synliga
omradet, medan lagintensiva emissioner uppmittes for Zn-dopade
prover. Den f ot okatal yt i s-W@ och dessi Zn-tdopaeld
motsvarigheter undersoktes med avseende pa nedbrytning av organiska
fargamnen. De dopade materialen uppvisade en markant forbattring av
den fotokatalytiska prestandan jamfort med vardmaterialet, vilket
indikerar deras lamplighet for miljosaneringstillimpningar. Slutligen
studerades de frekvensberoende elektriska egenskaperna hos de
framstéllda materialen i detalj. Resultaten visade att dopning med Zn2*
ochCuz*avsevart FT€P: b fdimhgn @llrladdhingslagring och
ledning. Materialen uppvisade en icke-Debye relaxation som tillskrevs
korn och korngrénser.

Denna avhandling visar potentialen hos met a |l | dBCP adm eif
multifunktionellt material och kan vigleda framtida insatser for att mota
de foranderliga behoven inom héllbar materialdesign och tillimpningar.
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1. Introduction

Multifunctional materials are the foundation of modern technologies. The
increasing demand for innovative solutions to address global challenges
and improve quality of life has been a driving force for materials research.
This rapidly evolving field aims to develop new materials with tailored
properties that simultaneously serve multiple functions. The design and
development of such advanced materials is a complex and multi-stage
process, extending from fundamental understanding of their intrinsic
characteristics to assessment of their real-world applicability.

Over the past decades, a wide range of organic and inorganic materials has
been studied as potential candidates for the development of new
multifunctional materials [1, 2]. While organic materials are valued for
their lightweight and flexibility, which are desirable in some applications
[3], inorganic counterparts exhibit superior thermal and chemical
stability. This high stability makes them attractive for diverse
applications, particularly those demanding durability under extreme
conditions [4]. Among inorganic materials, calcium phosphates have
attracted tremendous attention as versatile multifunctional materials due
to their abundance, non-toxicity, and unique set of physicochemical

properties [5-7].

One of the promising calcium phosphates is B-tricalcium phosphate (f3-
Cag(PO,)2, B-TCP). The applications of this material in the biomedical
field are well established, and it is considered one of the most important
biomaterials used today in regenerative medicine [8]. This material
demonstrates excellent multifunctional potential, owing to its structural
flexibility, which allows the partial replacement of calcium (Ca2*) by
foreign cations with radii similar to that of Ca2+, i.e., 1.00 A [9]. This
cationic substitution is an excellent strategy to tailor the properties of -
TCP toward specific applications [10-12].

Two important dopants are zinc (Zn) and copper (Cu). These elements are
known for their rich chemistry and advantageous properties, which have
sparked considerable interest in exploring their doping effects on B-TCP
[13-15]. However, research has heavily focused on their impact on the
biological performance of the material, driven by their outstanding
antimicrobial properties [16, 17]. Conversely, their broader influence on
the multifunctionality of B-TCP has remained largely unexplored. This
knowledge gap is significant, taking into account the growing demand for
advanced functional materials. Expanding the research focus beyond



biomedical applications could unveil new capabilities of Zn/Cu-doped B-
TCPs in diverse fields, such as photonics, heterogeneous catalysis, energy
storage, and environmental remediation.

Nevertheless, unlocking the full potential of these doped materials
requires a rigorous methodology to carefully determine the structure-
property correlations. Although several theoretical and experimental
studies have investigated the cationic doping of 3-TCP, some of the doping
characteristics, such as solubility limit and site occupancy, remain a
matter of debate in the literature [18-22]. This ongoing debate may be
attributed to multiple factors, such as limitations of theoretical models in
treating crystal structures with partially occupied sites [23] and variation
in dopant behaviour under different synthesis conditions [16].

Despite the advancement of the synthesis methods, the presence of

i mpurity phosphates dur-T@Pgs atctmemonpr e p a
challenge [26]. Such impurities can act as secondary host lattices for

dopants. Another challenge is associated with the use of wet chemical

methods in the preparation of metal-d o p e-8CP.fMany divalent metals,

including Zn and Cu, exhibit uncontrollable leaching in aqueous solutions,

wherein ammonia is used for pH control, leading to a reduction in the

actual dopant concentration in the final product [27].

These challenges complicate the assessment of the intrinsic impact of

d o p a nt sTCPopmopefties, leading to discrepancies in the reported

results. Nevertheless, comprehensive investigations combining synthesis

control, detailed structural characterization, and properties evaluation

remain lacking. Therefore, a systematic approach for accurate
determination of structure-pr oper t y r el -dGPamlitssldpedp s i n
counterparts is needed. For such an approach, the development of a
synthesis protocol to obtain ultra-p u r €ICPpis an essential first step.

Such efforts wildl ul ti mat el-§CP-bmsedo por t
multifunctional materials, which will have a significant impact across
interdisciplinary fields, opening up exciting new research frontiers.



2. Aim and objectives

The overall aim of this thesis was to establish a deeper understanding of
the doping characteristics of Zn2* and Cu2* in 3-TCP and their effects on
its properties and multifunctional potential. This work was intended to
contribute new knowledge that can serve as a foundation for future
research on the development of metal-doped B-TCP materials and
technologies.

To achieve this aim, the following objectives were set:

* To develop a synthesis route for producing high-purity p-TCP
guided by thermodynamic equilibrium calculations (Paper I).

* To evaluate the influence of the preparation method on the doping
process and to identify the similarities and differences in the
synthesis of Zn2+- and Cu2*-doped B-TCP (Papers II and III).

* To determine and compare the intrinsic effects of each dopant on
the structure and morphology of B-TCP (Papers II and III).

* To evaluate the influence of Zn2* and Cu2* doping on key
functional p HT@Pp mdlutingeopticab (Pap@r II),
photocatalytic (Paper III), dielectric, impedance, and electric
modulus properties (Paper IV).



3. Background

This chapter provides a thorough literature review on calcium phosphates
with emphasis on B-tricalcium phosphate. A detailed discussion of its
crystal structure, synthesis, applications, and doping strategies is
presented.

3.1 Calcium phosphates

Calcium phosphates (CaPs) are an important class of inorganic materials
that have attracted great interest for use in multidisciplinary fields [24,
25]. Since the discovery of the compositional similarity between CaPs and
the mineral constituent of bone in the nineteenth century [26],
tremendous efforts have been devoted to the understanding and
development of these phosphates. Although the vast majority of research
on CaPs has been focused on their biomedical applications [27-29],
growing attention is being directed towards their potential for use in other
areas such as catalysis [30], energy storage [31], and environmental
remediation [32].

CaPs, like other inorganic phosphates, are generally classified based on
the phosphate anion configuration into four groups: orthophosphates
(PO,2), pyrophosphates (P.O,*7), metaphosphates (PO;"), and
polyphosphates ((POs).") [24]. Each phosphate group possesses a
distinct set of properties, such as chemical and thermal stability and
solubility, that are dictated by the overall energy and connectivity of the
corresponding phosphate anion [33]. In addition, CaPs are also classified
by their calcium-to-phosphorus (Ca/P) molar ratio into distinct
compounds with stoichiometric Ca/P ratios ranging from 0.5 to 2 [24].
Table 3.1 summarizes the common CaP compounds and their
corresponding Ca/P ratios.

Among CaPs, hydroxyapatite (HA, Ca/P = 1.67) and tricalcium phosphate
(TCP, Ca/P = 1.5) are the most studied and applied compounds [25]. Both
HA and TCP belong to the orthophosphate family; however, they exhibit
different crystal structures, with the presence of the hydroxyl (OH-) group
in the HA lattice being the fundamental difference [34]. These structural
differences lead to distinct physicochemical properties and, consequently,
observable differences in the functionality of the two phosphates [35].



Despite the great potential of TCP and HA, as evidenced by their unique
physicochemical properties, there is still a knowledge gap in their
development as multifunctional materials beyond the biomedical
applications. Moreover, the available literature concerning these two
important CaPs reveals that HA has been studied far more extensively
than TCP [36], which remains relatively less explored.

Table 3.1. List of the main CaPs and their stoichiometric Ca/P ratios [24, 29,

37].
Compound name Chemical formula Ca/P
Mono-calcium phosphate* CaH,(PO,). 0.50
Di-calcium phosphate” CaHPO, 1.00
Calcium pyrophosphate” Ca,P,0, 1.00
Octa-calcium phosphate CagH,(PO,)s 5H.O 1.33
Tri-calcium phosphate Cag(PO,)- 1.50
Hydroxyapatite Ca;(PO,);OH 1.67
Tetra-calcium phosphate Ca,(P0O,4).0 2.00
Amorphous calcium phosphate CasHy (PO,). nH,O 1.20—2.20

(0 =3-4.5)

*Also exists in hydrous forms.

3.2 Tricalcium phosphate

Based on the CaO-P.O; phase diagram, tricalcium phosphate (TCP) exists
in three polymorphs: B-TCP, a-TCP, and o'-TCP, and their stability is
temperature-dependent [38]. The [ phase is stable from room
temperature (RT, 25 °C) up to 1125 °C and is often referred to as the low-
temperature phase of TCP. In contrast, the a polymorph is metastable at
RT and exists as a stable phase between 1125 and 1430 °C. The third phase,
o', is stable only above 1430 °C and therefore has been less studied [38,
39]. Recently, a fourth polymorph of TCP, referred to as the y phase, has
been discovered [40]. The stability of this phase is limited to extreme
conditions, i.e., high pressure and temperature, and is therefore known as
the high-pressure phase of TCP.

The thermal stability of TCP phases is linked to their crystal structures,
and various studies have investigated the modification of phase
transitions through the introduction of impurities. For example, Dickens



et al. examined the effect of magnesium (Mg) addition on the B—a phase
transition and found that the 3 phase was noticeably stabilized [41].

The crystal structures of TCP polymorphs are known for their complexity.
Table 3.2 summarizes the crystallographic data of the four polymorphs. 3-
TCP has a rhombohedral structure with a large hexagonal unit cell, space
group R3c, while a-TCP is monoclinic with the space group P21/a.
Meanwhile, the crystal structure of a'-TCP is reported to be hexagonal
with space group P63/mmec. Furthermore, the high-pressure y-TCP is
reported to have a rhombohedral structure and belongs to the space group
R-3m [9, 39, 40, 42]. Figure 3.1 shows a 3D visualization of the crystal
structures of the TCP polymorphs.

Table 3.2. Structural data*of TCP polymorphs.

Phase name B-TCP [9] o-TCP [42] o'-TCP [39] Yy-TCP [40]

Crystal system Trigonal Monoclinic Hexagonal  Trigonal
(rhombohedral) (rhombohedral)

Space group R3C P2,/a P6;/mmce R-3m

Z 21 24 1 3

a (&) 10.4352(2) 12.887(2) 5.3601(3) 5.251(1)

b (A) 10.4352(2) 27.280(4)  5.3601(3)  5.251(1)

c(A) 37.4029(5) 15.219(2)  7.6978(5)  18.692(2)

a (°) 90 90 90 90

B(°) 90 126.20(1) 90 90

vy (®) 120 90 120 120

Volume (&%) 3527.26 4317.52 191.53 446.4(1)

Density (g/cm®) 3-07 2.86 2.69 3.461(1)

*Values are reported as published in the cited references

Although the y phase crystallizes in the same crystal system as the (3 phase,
the atomic arrangements in their unit cells exhibit different symmetries;
therefore, they belong to different space groups. These structural
differences are directly correlated with material properties such as
thermal stability, as discussed above.



Figure 3.1. Visualization of the crystal structure of B-TCP, a-TCP, o'-TCP, and
y-TCP polymorphs.

Understanding the crystal structure of TCP polymorphs is fundamental
for the optimization of their properties and functionality for real-world
applications. Yet, structure—property correlations in TCP materials
remain underexplored and require further investigation to be fully
understood. This is largely due to the complexity of their structures and
difficulty in obtaining single-phase samples. In general, 3-TCP and a-TCP
are the most investigated and applied varieties among the TCP

polymorphs.

3.3 [B-Tricalcium phosphate

The crystal structure of B-tricalcium phosphate (B-TCP) was determined
by Dickens et al. in 1974 using single-crystal XRD [43], and later by
Yashima et al. using neutron diffraction [9]. Both studies confirmed the
rhombohedral nature of B-TCP. This phase is commonly and
interchangeably identified as whitlockite in the scientific literature.
Whitlockite is a natural mineral with a chemical formula
Caig.10Mg:.17Feo.83H162(PO,)14 and rhombohedral structure (space group
R3c, Z = 6) [44]. Due to this structural similarity, the XRD patterns of the



two compounds are not easily distinguishable, despite their discrete
chemical compositions and densities [45].

The crystal structure of B-TCP is well known for its flexibility to
accommodate foreign cations, owing to the presence of multiple
crystallographic Ca sites [9]. These sites are available for substitution by
various cations, which play a foundational role in the multifunctionality
of B-TCP as discussed in Chapter 1. Figure 3.2 illustrates the atomic
arrangements in the B-TCP unit cell.

The B-TCP unit cell contains three different P sites (P1, P2, and P3) and
five Ca sites (Ca1, Ca2, Ca3, Ca4, and Cas) [9]. These crystallographic sites
are occupied by P—O and Ca—O polyhedra, respectively, and are arranged
in two columns, A and B, along the c-axis. Column A contains P1, Ca4, and
Caj and is less dense than column B, which is composed of Cai1, Ca3, Ca2,
P2, and P3. These two columns are arranged in order, where each A
column is surrounded by six B columns, while each B column is
surrounded by two A columns and four other B columns [9, 43].

As illustrated in the figure, the Ca—O coordination differs among the Ca
sites. In Ca1, Ca2, and Ca3, which are general positions, the coordination
number is seven, eight, and eight, respectively. In contrast, Ca4 and Cas
are special positions; therefore, the coordination number of Ca—O is six.
The multiplicity of the latter two sites is one-third of that of the Ca general
positions. All Ca sites are fully occupied by Ca atoms except for Ca4, which
is partially occupied (half vacant) [9].

The partial occupancy of the Cag site in the B-TCP lattice has been a
subject of debate in recent theoretical reports [46, 47]. These reports
propose the existence of two domains within the 3-TCP structure, in which
the Cag sites exhibit different occupancy patterns. According to these
models, the two repeating domains contain Ca4 sites that are one-third
and two-thirds occupied, respectively, suggesting a possible lower
symmetry for B-TCP crystal. This, in turn, highlights the complexity of the
B-TCP structure, which may also explain the contradictory reports
regarding the structural characteristics of its doped counterparts, as
discussed in Chapter 5.



Figure 3.2. Vi sual i z aiTCPounmit celf viewed elon the c-axis,
showing the arrangement of columns A and B.

34 Synt hesTiCB of

Different synthesis methods have been reported for the preparation of (3-
TCP, ranging from conventional dry and wet chemical routes to modern
techniques employing plasma or laser sources [8]. Figure 3.3 illustrates
the most common synthesis methods used to produce this multifunctional
material.

Dry methods primarily include solid-state and mechanochemical routes,
in which the synthesis reaction occurs in the absence of solvents. In a
solid-state route, different Ca and P salts are used as precursors, which
are mixed and heated at temperatures above 800 °C to obtain pure 3-TCP
[9]. This method yields materials with high crystallinity. However, the
particle size of the resulting powders is typically uneven and difficult to
control [48]. In contrast, the mechanochemical route offers, to some
extent, better control over particle size through ball milling of the
precursors [49, 50]. This route relies on the mechanical activation of the
precursors through collision of the milling balls, which promotes localized



temperature increases and dispersion of solids, leading to the formation
of the final product [49]. The main drawback of this method is the need
for optimization of the ball milling parameters [51], which complicates its
use in large-scale production.
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Figure3.3.Common synthesis met hodsTCP.or the pre

On the other hand, various wet routes, such as chemical precipitation, sol-
gel [50], hydrothermal, and emulsion methods, are employed for the
production of B-TCP and other CaPs [48]. Despite the advantage of wet
methods in producing nanosized products, the need for pH control
throughout the synthesis procedure remains a major limiting factor [52].
This is crucial in the synthesis of CaPs, as their precipitation is directly
governed by the pH of the reaction solution; any deviation from the
optimal pH conditions can result in a multi-phase product [53].

In addition to these conventional methods, other high-temperature
techniques, such as combustion and pyrolysis, are also used for the
production of B-TCP, though they are often associated with high costs
[54]. In recent years, biogenic methods utilizing biological Ca sources
such as eggshells and fish bones have emerged as a sustainable alternative
for the synthesis of B-TCP [55, 56].
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Regardless of the preparation route employed, the presence of impurity
phosphates such as HA and Ca.,P.O, in the final B-TCP product is a
common challenge [57, 58]. This can be attributed to the intrinsic thermal
stability of these CaPs phases [8]. Therefore, a careful and rational design
of the synthesis protocol is essential, particularly for fundamental
research concerning the chemistry and physics of 3-TCP.

3.5 Applicat-TG®»ns of

B-TCP holds significant potential as a multifunctional material owing to
its structural flexibility and unique physicochemical properties. As
discussed above, the biomedical applications account for the majority of
documented applicationso f t hi s mat er i dACP hasbeen
used as a synthetic bone graft [27, 59-61] and has demonstrated
outstanding biocompatibility and a resorption rate that closely matches
the natural bone healing process. This eliminates the post-treatment
complications commonly associated with HA due to its slow resorption
kinetics [62, 63].

In optical applications, B-TCP is broadly employed as a host for
luminescent ions in  phosphors, photoluminescence, and
thermoluminescence dosimetry [64, 65], light-emitting diodes [66, 67],
and medical imaging [68-70]. Furthermore, this material exhibits non-
linear optical properties [71], which have recently been explored for use in
third-order nonlinear optics, optical switching, and optoelectronic devices
[72]. The advantage of using B-TCP (and other inorganic phosphates) over
organic materials in these applications is their superior thermal stability
and mechanical strength [71].

This thermal stability has also enabled the use of the material in high-
temperature applications such as humidity and electrochemical sensors
[73-75]. In addition, diverse industrial applications have also been
explored for this material; examples include catalysis [76], environmental
remediation [77], food and additives production [78], drug delivery [79],
and dielectrics for broadband telecommunications [80].

Despite the great multifunctional potential of this material, comparatively
limited efforts have been made to investigate its applicability in other
areas beyond biomedical applications. Addressing this research gap is

essential to deyv edl@phasedgatérihlefor ddeandedy n

and emerging applications.
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3.6 Dopi ngIChf f

Doping of crystalline materials introduces defects into their periodic
arrangements of atoms and consequently alters their intrinsic
characteristics. In general, defects in crystals are classified into four types:
point defects (e.g., vacancies and impurities), line defects (e.g., edge and
screw dislocations), planar defects (e.g., grain or twin boundaries), and
volume defects (e.g., voids and cracks). Depending on their location in the
crystal, defects can also be categorized as surface, subsurface, and bulk
defects [81].

Doping is a defect engineering technique extensively employed to tailor
the properties of various materials, including semiconductors, ceramics,
and glasses, and hence extend their application to advanced fields such as
energy, electronics, catalysis, and sensing [82-84]. This technique is
defined as the process of introducing foreign atoms (dopants or
impurities) into a crystal lattice to create point defects, which alter the
material's electronic structure and modify its physicochemical properties.
Typically, dopants can either substitute lattice atoms or incorporate as
interstitial atoms, depending on the nature of the host lattice.

B-TCP has attracted increasing interest as an outstanding host for diverse
dopants owing to its unique structural flexibility [85]. As discussed above,
its rhombohedral structure is capable of accommodating a variety of
cations, including mono-, di-, and trivalent cations without significant
distortion [19, 20]. This capability has driven extensive research to
explore its multifunctional potential. B-TCP can be doped by both cations
and anions; however, cationic doping has proven to be more effective in
modifying its properties. This can be explained by the fact that all Ca sites
are available for substitution, whereas anionic doping is primarily limited
to P1 site due to its lower symmetry [43, 86].

Various elements have been explored as candidate dopants for modifying
t he pr op €0CR. Thess camlidatefinclude transition metals (e.g.,
Zn, Cu, Ag, Mn, Fe, Co) [17, 87, 88], alkaline earth metals (e.g., Sr, Mg
[10]), alkali metals (e.g., Li, Na, K) [89, 90], and rare earth elements (e.g.,
Eu, Nd, Gd, Dy) [85, 91, 92]. Depending on the desired property
modi fication and t he-T@Padnlbe neonoe, €o-, orh e do
triple-doped. Among these dopants, Zn and Cu have gained special
attenti on f €'€P ddedotheir gpseritial bidlogical role in the
human body and their antimicrobial properties [16], which are inherently
absent i-TCP. Pront acbiofedical applications perspective, these
dopants can further facilitate the use of the material in bone repair, by
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reducing the risk of infection and hence the need for antibiotics [16]. In
addition to their biological relevance, these metals exhibit rich chemistry
and functional properties that are advantageous for modern technological
applications.

The influence of doping on the material characteristics is largely governed
by dopant type and concentration; however, other factors, such as
preparation conditions and phase heterogeneity, can also have a strong
impact. Therefore, systematic investigations are needed to isolate the
influence of these factors and deepen the understanding of structure—
property corr el CPmateriads. i n doped B
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4. Materials and methods

This chapter outlines the preparation of the materials and the
characterization techniques employed to fulfil the aim of this thesis. The
theoretical and experimental analytical methods are described in detail,
where the working principles, experimental setups, and measurement
conditions are comprehensively discussed.

4.1 Thermodynamic equilibrium calculations

Thermodynamic equilibrium calculations (TECs) are a powerful
computational tool used to predict phase equilibria of multicomponent
systems at specific temperatures (T) and pressures (P) by means of Gibbs
free energy minimization. A system composed of different gaseous, liquid,
and solid phases is assumed to be at equilibrium when there is no
spontaneous tendency for change, and its Gibbs free energy is at a
minimum [93]. This method allows a robust determination of materials'
behaviour and stability under varying conditions, i.e., T or P, and thus, is
widely used in materials design and development of industrial processes.
In this work, TECs were wused t-8CP
based on the precursors specified in Section 4.2.

The aim was to determine the optimal temperature at which pure (single-
p has el)CP ddn be obtained and to identify possible impurity
phosphates that may end up in the final product (Paper I). Further, TECs
were performed to examine the influence of Zn and Cu when introduced
as dopants on the formation and the thermal stability of the material
(Papers II and III). FactSage software (Thermfact Ltd., Canada, and
GTT-Technologies, Germany) was used to carry out the calculations in the
Equilib model using FactPS, FToxid, and GTOx databases [94]. FactPS
contains comprehensive thermodynamic data of stoichiometric phases,
while both FToxid and GTOx are oxide databases. These latter two
databases were built based on different thermodynamic models, and thus,
were used here for comparison. In general, TECs do not consider the
kinetics of the chemical reactions; hence, experimental and theoretical
observations may vary. The obtained theoretical results were validated by
the synthesis experiments as described in Papers I, IT, and III.

The selection of starting materials is crucial, as their reactivity and quality

directly influence the purity of the final product. Calcium carbonate
(Ca3CO;), diammonium phosphate (NH4).HPO,), zinc oxide (ZnO), and
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copper oxide (CuO) were carefully chosen as precursors, all of analytical
grade purity (>99.0%).

4.2 Materials synthesis

Solid-state reaction was chosen as the synthesis method for the materials
studied in this work. Wet chemical methods were not considered to avoid
the possible leaching of Zn2* and Cu2?* into the aqueous reaction solution,
as discussed in Section 3.6. The core principle of the solid-state method
relies on the diffusion (i.e., migration) of atoms at high temperatures;
therefore, several factors must be considered when designing a solid-state
synthesis experiment [95]. Figure 4.1 illustrates the practical steps,
equipment, and main parameters considered in preparing the materials.

Decomposition |

Contamination ::

Reactivity i:

il Surface area :i Melting point ime scale

Purity

Starting materials Mixing method Type of crucibles eating protocol Product

Figure 4.1. Preparation steps for successful solid-state synthesis.

The precursors were used in stoichiometric amounts according to the
following reaction equation:

(3-) 3()+2(0 42 40)+ ()~ (4.1)
;- ( a20)+4 ()+3 5 ()+3 ()

where M = Zn or Cu, and x is the doping concentration in mole fraction.
To investigate the influence of dopant concentration on the characteristics
of the resulting material, x was set to 0.05, 0.1, 0.5, 1.0, 2.0, and 3.0. To
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increase the surface area and enhance the solid-state reaction, the
precursors were manually ground using an agate mortar and pestle. This
method was chosen over ball milling to minimize the risk of
contamination, typically associated with the latter [96].

Furthermore, the crucible must be chemically inert and have a melting
point above the maximum heating temperature to avoid any interference
with the main reaction. Finally, the heat treatment should be conducted
over a reasonable time scale that ensures complete decomposition of the
starting material. The synthesis protocol developed and applied in this
work is discussed in Chapter 5.

4.3 Materials characterization

4.3.1 X-ray diffraction and Rietveld refinement

X-ray diffraction (XRD) is a fundamental analytical technique in
materials characterization. It is a non-destructive and invaluable method
to extract information about materials' crystal structure and composition.
XRD is used in a wide range of applications, from simple quality checks to
structure determination and the development of advanced materials. Its
working principle relies on the elastic scattering of monochromatic X-rays
by atoms within a crystal lattice. The scattering of X-rays occurs in all
directions; however, diffraction peaks can only be detected under specific
conditions of constructive interference. These conditions were defined by
Bragg's law [97], according to the following equation:

=2 S (4.2)
where n is an integer -fadwakefengthcdis on o1
interplanar distance,and ©6 i s t he angl e braytamdeen t

the crystal plane (Bragg angle). Figure 4.2 illustrates the Bragg condition
of constructive interference and shows a typical XRD setup.

As illustrated in Figure 4.2(a), when X-rays are incident on the sample
surface, Bragg's law is fulfilled when the incidence angle is equal to the
scattering angle. The difference between the scattered beams' path length
is equal to an integer multiple of the X-ray wavelength. Since its
formulation in 1913, Bragg's law has served as the basis for structure
determination and X-ray crystallography [98]. Nevertheless, XRD is
limited to structural investigations of crystalline and poly-crystalline
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materials with long ordered atomic arrangements and cannot resolve
structural characteristics of amorphous materials.

Sample stage | -
“ Detector

m

Secondary
optics

Primary
optics

Figure 4.2. (a) Illustration of Bragg condition for constructive interference,
and (b) photograph of a typical reflection setup of a lab-scale X-ray
diffractometer.

A successful XRD analysis relies on meticulous experimental design and
data acquisition. Instrumental factors such as diffractometer geometry,
radiation source, optics alignment, and slit configurations must be
carefully controlled [99]. Proper sample preparation is also crucial to
ensure reliable and artefact-free results. Diffraction data are typically
collected in two different geometric configurations: reflection mode
(Bragg—Brentano configuration) and transmission mode (Debye—
Scherrer) [100, 101]. These modes are defined by the relative positions of
the X-ray source, the detector, and the sample. The transmission mode is
less common and mainly used for thin and transparent samples, such as
organic materials, while reflection is the standard geometry used to collect
XRD data of inorganic materials.

Figure 4.2(b) shows a photograph of a lab scale diffractometer configured
in a reflection setup. The main components are an X-ray source, primary
optics (controlling the produced X-ray beam), a sample stage mounted on
a goniometer, secondary optics (controlling the diffracted X-ray beam),
and a detector. The detector moves in a circle known as the focusing circle
around the sample (see Figure 4.2(a)), and its position is recorded as the
20 position. Thays nat nglaitthen 2drded to
create a diffraction pattern in the angular range of interest. To improve
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data quality, either the X-ray source is moved (to keep the incident beam
focused) in conjunction with the detector or the sample is rotated (to
minimize the preferred orientation effect).

Structure determination from powder XRD is a practical alternative to
single-crystal diffraction, as single crystals of a suitable size and shape are
difficult to prepare for all materials. However, the quality of powder
diffraction data is inherently constrained by two primary challenges: peak
overlap and preferred orientation [99]. The compression of the three-
dimensional structural data into one dimension in standard XRD
measurements leads to peak overlap, while preparation of powder
samples may lead to non-random orientation of the crystals. Due to these
challenges, the accurate extraction of structural parameters from powder
diffraction data requires further processing.

Rietveld refinement is a whole-pattern fitting method developed by Hugo
Rietveld in the 1960s [102]. This method is applied for the accurate
extraction of quantitative information and structure determination from
powder diffraction data. The refinement employs a nonlinear least
squares approach to fit the observed data to a calculated diffraction
pattern that is derived from a reference structure model. Throughout
multiple refinement cycles, the difference between the reference and the
observed patterns is minimized, and the distortion of data due to
instrumental and sample preparation-related errors is deconvoluted and
corrected.

The XRD data reported in this thesis were collected using a PANalytical

X' Pert3 Pro diffractoset €155406AyXsrayp ped
tube operating at 45 kV and 40 mA, and a PIXceliD detector. The

di ffraction data were emwldtesaneattofi n a
0.03°/s and step size of 0.013°. The XRD data presented in Paper I were
recorded using another diffractometer and described therein. The
refinement of the observed XRD data was performed using different
software, i.e., TOPAS, FullProf Suite, and EXPO 14, and the refinement
procedure steps were described in Paper I [103]. The crystal structure

mo d e | -T@Pf(PDB card: 01-090-0977) was used as a reference in the
refinement of the observed XRD data [104]. For samples with
multiphases, additional reference models were used in the refinement to

enable quantification of each phase. The quality of each refinement was
assessed using the standard reliability factors (R-factors), as detailed in
Papers I, II, and IIL.
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4.3.2 Fourier transform infrared and Raman
spectroscopy

The properties of a material are governed by the type of atoms present in
its structure and their chemical bond configurations. Identical atoms with
different chemical bonds can form different compounds with distinct
structures and properties. Thus, analytical methods sensitive to molecular
structure and chemical bonds are essential for comprehensive material
characterization.

Vibrational spectroscopy is a powerful analytical technique that provides
valuable molecular information by measuring the characteristic
vibrational frequencies of chemical bonds within a material. These
frequencies are then used as fingerprints, enabling precise identification
of materials and tracking their behaviour under different conditions [105].
The main types of vibrational spectroscopy techniques are Fourier
transform infrared spectroscopy (FTIR) and Raman spectroscopy.

Figure 4.3(a) illustrates the basic principles and the underlying physical
processes of these two techniques. FTIR spectroscopy measures the
absorption of IR light, which causes molecular vibrations. A molecule
absorbs IR light with a specific wavelength corresponding to its
vibrational energy gap, which determines the position of the absorption
peak in the IR spectrum.

Raman spectroscopy, on the other hand, is an inelastic scattering
technique. Upon interaction of monochromatic light with molecules in a
material, the scattered | ight under goe
this shift, the scattered light is classified into elastic and inelastic (Raman)
scattering. Raman scattering is rare, as a large proportion of the scattered
light is elastic, known as Rayleigh scattering, where the wavelength and
thus the energy of the incident light remains unchanged. Raman
scattering consists mainly of two types: Stokes and anti-Stokes [105]. In
the former, the energy of the scattered light is higher than that of the
excitation light, while in the latter, the energy of the scattered light is lower
than that of the excitation light (see Figure 4.3(a)).
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Figure 4.3. Schematic depiction of (a) physical principles of FTIR and Raman
spectroscopy and (b) normal modes of molecular vibrations. CH. is used as a
model molecule.

FTIR and Raman techniques probe the vibrational motions of atoms and
molecules within a material. The vibration motions of a molecule, known
as normal modes, depend on the number of atoms, geometry (linear or
nonlinear), and symmetry. Thus, these vibrational modes are
characteristic and directly linked to different properties such as thermal
expansion, thermodynamic properties, and electric conductivity [106].
Figure 4.3(b) illustrates the possible vibrational modes of a molecule,
using methylene (CH.) as a model. The normal modes are classified as
stretching (symmetric or asymmetric changes in bond length) and
bending (symmetric or asymmetric changes in bond angle) motions.

In general, stretching motions require higher energy compared to
bending, thus these modes are typically observed at higher frequencies
(lower wavenumbers, cm™) in IR and Raman spectra [106]. However, not
all vibrational modes are observed in both IR and Raman; therefore, it is
a common practice to use both techniques to extract complementary
molecular information.

In this thesis, FTIR and Raman spectroscopies were used to assess the
purity of the synthesized phosphate materials and to investigate doping-
induced structural modifications of the phosphate ions (PO,3-)  i-TCP.f3
For the FTIR measurements, the samples were prepared using the
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standard potassium bromide (KBr) method, while for Raman, no
preparation was required. The FTIR spectra were recorded using a Bruker
IFS 66v/S spectrometer (Bruker Optics, Germany) in the frequency range
of 4000—400 cm™ with 128 co-added scans at a spectral resolution of 4
cm. Moreover, the portable Bruker BRAVO spectrometer (Bruker Optics,
Germany) was used to collect the Raman spectra in the range of 3000—
300 cm*with 128 co-added scans at a spectral resolution of 4 cm-.

4.3.3 Scanning electron microscopy and energy
dispersive spectroscopy

Scanning electron microscopy (SEM) is a versatile imaging technique
widely used to examine the morphology and microstructure of materials.
In contrast to optical (light) microscopy, SEM uses a beam of accelerated
electrons to capture high-resolution 2D images of surfaces at the nano- to
microscale. These electrons, when accelerated by a high voltage (1 keV—
30 keV), attain much shorter wavelengths (0.001—0.01 nm) than visible
light (400-700 nm), making them a high-energy probe [107]. This
fundamental property allows SEM to surpass the diffraction limit of
optical microscopy and enables imaging at significantly higher resolution.

In a typical SEM, an electron beam is generated by an electron gun and
accelerated down a column under high vacuum. The beam is then focused
by electromagnetic lenses and scanned in a raster (line-by-line) pattern
across the sample surface. The interactions of the primary (incident)
electrons with the specimen produce detectable signals that are used for
imaging and analysis, as shown in Figure 4.4.

Based on these interactions, two principal images can be generated:
secondary electron (SE) and backscattered electron (BSE) images. The SE
image captures topographical features of the specimen surface, while the
BSE image reveals phase and compositional differences in the specimen
surface [107].

To combine imaging with elemental analysis, SEM is often used in
conjunction with X-ray energy dispersive spectroscopy (EDS), in which an
X-ray detector is coupled to measure the characteristic X-rays emitted
from the sample upon excitation (see Figure 4.4). The energy and the
intensity of the emitted X-rays are utilized to identify the elements present
and their relative concentrations in the sample, respectively.
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Figure 4.4. Schematic of the typical interactions of the electron beam and
specimen inside a SEM and the corresponding signals, i.e., secondary electron
(SE), backscattered electron (BSE), and characteristic X-ray.

In this work, the SEM-EDS analysis was used to determine the
microstructure and elemental composition of the synthesized samples.
This analysis was performed using a variable-pressure ZEISS EVO LS-15
microscope (Carl Zeiss, Germany), coupled with an EDS detector.
Additionally, for higher resolution imaging, a ZEISS Merlin field emission
scanning electron microscope (FE-SEM) was used to examine the
mor phol ogy oTiCP sampées rgportecin Paper 1.

4.3.4 Ultraviolet—visible and photoluminescence
spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy and photoluminescence (PL)
spectroscopy are complementary techniques for probing the electronic
structure of materials. UV-Vis spectroscopy is a central analytical method
across multiple disciplines. In the biological and environmental sciences,
for example, it is used to identify substances based on their absorption
characteristics and quantify their concentration by means of Beer—
Lambert law [108]. In materials science, it is a fundamental technique to
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determine the optical band gap of materials, a key property that
distinguishes conductors, semiconductors, and insulators [109].
Similarly, PL is widely used in both applied and fundamental research. Its
applications range from developing advanced optoelectronic devices to
probing fundamental properties such as local symmetry of lattice defects
and charge carrier recombination dynamics [110].

These spectroscopic methods utilize UV-Vis radiation to probe different
electron transitions following the photoexcitation. The underlying
physical principles of these light-matter interactions are illustrated in
Figure 4.5(a). UV-Vis spectroscopy detects the initial photo-excitation
upon which the absorbed light promotes electrons from the ground state
to higher-energy states. When excited electrons relax to lower energy
states, they undergo competing radiative (emission) and non-radiative
(vibration) transitions [111].
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Figure 4.5. Schematic representation of (a) light-matter interactions
underlying the UV-Vis and PL spectroscopy, and (b) standard UV-Vis and PL
setups.

PL spectroscopy selectively detects the emitted photons, which are
classified, based on their decay time scale, into fluorescence (picoseconds
to nanoseconds) and phosphorescence (microseconds or longer). Due to
energy dissipation through non-radiative processes, the emitted photons
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possess lower energy (and thus longer wavelengths) than the absorbed

photons. This characteristic energy difference is defined as the Stokes
shift [112].

The standard experimental setups of UV-Vis and PL spectroscopies are
illustrated in Figure 4.5(b). A fundamental difference between the two
setups lies in the detector geometry. In the UV-Vis absorption setup, the
detector is positioned in line with the light source and the sample [109].
In contrast, in the PL setup, the detector is placed at a 90° angle relative
to the light source. This configuration is used to detect the emitted
photons and minimize interference from scattered excitation light [110,
112].

Different light sources, such as deuterium, tungsten-halogen, and xenon
arc lamps, are typically used to cover the full UV-Vis (up to IR) spectral
range. In UV-Vis spectroscopy, a broadband beam is passed through an
excitation monochromator that scans across selected wavelengths and
generates a sequential monochromatic beam that systematically excites
the sample. The resulting absorbance (quantity of absorbed light) is
measured in transmission (seen in Figure 4.5(b)) or reflection mode.
Conversely, in PL spectroscopy, the sample is excited by a monochromatic
beam with a wavelength equivalent to the material's absorption
maximum. The resulting PL emission is then collected and dispersed by
another monochromator and finally directed to the detector.

In this work, the UV-Vis spectroscopy was used to investigate the
influence of Zn2* and Cu?* doping on the absorption characteristics and
the optical -TCR(PapergH pnd HF). TRe technique was
also employed to monitor the degradation of organic dyes in the
photocatalytic experiments, as detailed in Paper III. PL spectroscopy
was used to probe the photoluminescent properties of the materials and
their correlation with the cationic doping. UV-Vis absorption and PL
spectra were recorded in the range of 230—700 nm, using an Edinburgh
FLS 1000 spectrofluorometer equipped with a 450 W xenon arc lamp. The
measurements were performed with a step size of 1 nm, a bandwidth of 5
nm for the excitation and emission monochromators, and a 0.1 s dwell
time. The excitation wavelength was selected based on the materials'
absorption mad thatmwasndetérinined from the UV-Vis
absorption analysis. For the photocatalysis experiments, a PerkinElmer
Lambda 35 UV-Vis spectrophotometer was used to conduct the UV-Vis
analysis. The acquired optical insights from these analyses are critical for
assessing the potential of these phosphates in advanced applications.
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4.3.5 Impedance spectroscopy

The performance of materials in electronics, energy, and sensing
applications is governed by their fundamental electrical properties.
Impedance spectroscopy (IS) is a powerful analytical technique used to
probe the electrical properties of materials by measuring their response to
an alternating (ac) sinusoidal signal (voltage or current) as a function of
frequency [113]. IS provides valuable insights such as conduction
mechanisms, dielectric behaviour, electrochemical reaction kinetics, and
charge and mass transfer. These insights guide the design and
optimization of materials for diverse applications. In a standard IS
measurement, a small ac voltage is applied to the sample, which induces
polarization (displacement) of the bound charges. This polarization-
induced charge motion leads to a change in magnitude and phase shift
relative to the applied voltage. By recording these two parameters across
a frequency range, the complex impedance (Z*), defined by its real (Z') and
imaginary (Z )} components, is determined [113]. The resulting impedance
data can then be used to derive other fundamental electrical properties
such as the complex cmpeardmigttamndveleidtticy ( (o€
modulus (M").

In this thesis, the IS technique was used to determine the dielectric
properti e s and ac c eé[CRlandttd investigaty theoirifluefice
of Zn and Cu on its electrical characteristics. For the IS measurements, the
powder samples were pressed into pellets with a diameter of 10 mm and a
thickness of 1 mm under a uniaxial force of 5 tons (equivalent to 624 MPa)
using a hydraulic press. A Solartron 1260 Impedance/Gain Phase analyzer
coupled with a Solartron 1296 Dielectric Interface was used to conduct the
measurements in a parallel-plate configuration. The impedance spectra
were recorded at room temperature (RT) by applying an ac voltage of 500
mV over a frequency range of 0.1 Hz to 1 MHz with 10 points per decade.
The dielectric, impedance, and electric modulus properties of the
materials were derived from the obtained impedance data, and the
influence of the cationic doping was evaluated (Paper IV).

4.3.6 Other complementarity techniques

In addition to the analytical methods described above, other
complementary techniques were employed to characterize the prepared
materials. Inductively coupled plasma optical emission spectroscopy
(ICP-OES) was used to determine the bulk elemental composition of the
materials. The technique provides a precise quantification of elements
using a high-temperature plasma, generated by a radiofrequency field and
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typically sustained by argon (Ar) gas. The liquid sample is nebulized and
injected as an aerosol into the plasma for excitation. Following the plasma
excitation, characteristic emissions are released, which are used to
identify and quantify elements in the sample [114]. An Agilent 5800 ICP-
OES spectrometer was used to perform the measurements. Before the
measurements, the samples were prepared (digested) in Aqua Regia
solution, heated at 100 ° C f or 1 h, and fina
membrane filters.

<
—_

Furthermore, X-ray photoelectron spectroscopy (XPS) was employed to
analyze the surface chemistry of the Zn-doped samples used for
photocatalytic experiments (Paper III). In this method, characteristic
photoelectrons are emitted upon excitation of the sample surface by a
focused X-ray beam. The binding energy of these photoelectrons, derived
from their measured kinetic energy, is used to identify the elements
present on the surface and their chemical bonding states [115]. The
measurements were performed using a Kratos Axis Ultra spectrometer
equipped with a monochromaticX-r ay sour ce ( Al Ka sout
150 W), magnetic immersion lens, hemispherical analyzer, and charge
neutralizer. To acquire the survey and individual high-resolution spectra,
the analyzer was operated at 160 eV and 20 €V, respectively. The binding
energy scale was referenced to the aliphatic carbon line (C 1s) at 285.0 eV.

Finally, atomic force microscopy (AFM) was used to examine the surface
topography and quantify the roughness of representative pellet samples
(Paper IV). This technique provides quantitative 3D topographical data
(unattainable using SEM), which was used to understand the influence of
the samples' microstructure on their dielectric response. AFM employs a
cantilever with a sharp tip, acting as a probe, to raster scan the surface of
the sample at a distance of a few nanometers, controlled using a
piezoelectric actuator. As the cantilever moves, the tip interacts with the
attractive (e.g., van der Waals and electrostatic) and repulsive forces at the
sample surface, causing the cantilever to deflect [116]. This deflection is
monitored through a laser beam reflected from the cantilever into a
photodetector, which generates a corresponding electrical signal. This
signal is processed into high-resolution topographical maps used to study
the sample's surface and calculate its interfacial and mechanical
properties. The AFM measurements were performed using a Park NX-
Hivac atomic force microscope (Park Systems) equipped with a standard
silicon cantilever (PPP-NCHR). The maps were acquired in tapping mode
overascanareaof10x1 0 pm wi th a rxeseeikels.t i on of
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4.4 Experimental setup

4.4.1 Photocatalytic measurements

For the photocatalytic experiments, two organic dyes, i.e., rhodamine B
(RB) and methylene blue (MB), were selected as model pollutants. These
cationic dyes are commonly used to evaluate the photocatalytic activities
of catalysts. The molecular structures of RB and MB are illustrated in
Figure 4.6.
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(CagH3;CIN,O,) (C45H45CIN;S)

oo e ek
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Figure 4.6. Molecular structure of (a) RB [117] and (b) MB [118].

The experiments were conducted using a solar simulator equipped with a
xenon arc lamp and an air mass filter (cutoff < 400 nm). The samples were
placed at a distance of 15 cm from the lamp, and the irradiation was set to
100 mW/cm?2. For each experiment, 20 mL of the dye solution with a
concentration of 20 mg/L was added to 40 mg of the sample. Before
irradiation, 1 ml of hydrogen peroxide (H.O.) was added to the mixture to
enhance the reaction. The mixture was first stirred in the dark for 30 min
before the irradiation to achieve the adsorption—desorption equilibrium.
The degradation of dyes was monitored over 7 h by recording their
characteristic UV-Vis absorption maxima, using a PerkinElmer Lambda
35 UV-Vis spectrophotometer. The measured absorbance values were
converted to concentrations using the Beer-Lambert law [119], and the
degradation efficiency was then calculated as detailed in Paper III.
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5. Results and discussion

In this chapter, the summary and discussion of the findings obtained
throughout this thesis work are provided.

5.1 Thermodynamic equilibrium calculations

511 For mat i-eGP of

The f or maTCP aecordingfto EQuation 4.1 was modelled using the
FToxid database (Paper I), and the obtained results are presented in
Figure 5.1. The intermediate gaseous and liquid phases are not discussed
here.
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Figure 5.1. Phase distribution of condensed phases predicted by TECs for the
formation of B-TCP over a temperature range of 100-1900 °C.

According to the model, three initial phases are expected to form:
CaHPO,, Ca;(PO,4);OH (HA), and Ca.P.O,. The first phase decomposes

rapidly at 110 °C, whereas the latter two dominate the phase composition

bel ow 900 ° C. -TChphasetfamsgpegoe °@C and remains

stable up to 1100 °C, in agreement with the available phase diagrams [38,

58]. Above this temperature,ap has e tr ansi b{l@roccdirs; om f
foll owed by a s e'phasaatigpsfCawhieh stbsequently o «
decomposes into a molten phase (slag) at 1800 °C.
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Based on the TEC results, temperatures above 900 °C are required to
obtain single-p h a s-ECP,fvhile HA and Ca.P.O, may form as possible
impurities. Nevertheless, as previously mentioned, reaction kinetics are
not considered in TEC models; therefore, theoretical predictions may
differ from experimental observations.

5.1.2 Formation of Znx-TCPs and Cux-TCPs

The formation reaction of Zn,-TCPs and Cu,-TCPs (Equation 4.1) was
modelled to investigate the influence of dopants on the thermal stability
o f -T@®P and to evaluate their solubility in secondary phosphate phases
(Papers II and III). The obtained TEC results using GTOx and FToxid
databases showed discrepancies, as the latter database significantly
underestimated thet h er mal s t-ECB.IA kompayisomof thefwo
models is presented and discussed in Paper II [120]. This discrepancy is
attributed to differences in the underlying experimental data used to build
these oxide databases [121]. Figure 5.2 shows the TEC results obtained
using GTOx database for two representative samples, Zn, 5-TCP and Cuo 5-
TCP.
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Figure 5.2. Phase distribution of condensed phases predicted by TCEs for the
formation of (a) Zn, 5-TCP and (b) Cuo.5-TCP over a temperature range of 100—
1900 °C.

As shown in Figure 5.2(a), Zn.P.0, and HA phases dominate the phase
composition below 600 °C, while above that, 3-TCP and CaZn,(PO,), form
and remain stable up to 1100 °C. However, at around 1000 °C, the latter
phase gradually begins to decompose into a molten phase (slag). The TEC
results suggest that the fraction of the molten phase is directly correlated
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with Zn concentration. This correlation was also observed experimentally
(Paper III) and is discussed in Section 5.2.2. It is worth noting that the
CaZn.(PO,). phase is reported to be the only stable phase of zinc
orthophosphates in the CaO-P.05-ZnO ternary system [122]. Thus, it was
predicted by the TEC model instead of the targeted compound, i.e., Zn, 5-
TCP.

Likewise, for Cu, 5-TCP (Figure 5.2(b)), HA and Ca,P.O, were predicted to
be stable up to 600 °C, above which B-TCP begins to form. This early
f or mat i-BCR contfadicfs the experimental observations discussed
in Section 5.1.1. Furthermore, Cu is predicted as a discrete phase that
coexists with the phosphate phases up to 1100 °C, before transforming
into a molten phase. The predictions of TECs were validated against the
synthesis experiments described in Section 5.2.

It can be concluded that the accuracy of TECs was higher in modelling the
formation pat hways-TG fcompateéd to tha dopgule d
variants. This can be attributed to the limited experimental data available

for the CaO-P.0;—ZnO and CaO-P.0;—CuO systems [123, 124],
emphasizing the need for further studies to complement the existing
databases.

5.2 Synthesis design

5.2.1 Synthesis design of high-purity B-TCP

The three-stage synthesis protocol was developed to obtain high-purity 8-
TCP. This protocol divides the heat treatment into three stages to ensure
complete decomposition of the precursors. A schematic of the synthesis
protocol is shown in Figure 5.3. In the first stage, the precursors are
heated at 350 °C for 6 h to slowly decompose (NH,).HPO, into H;PO,,
which partially reacts with CaCO; during the initial two stages via an acid—
base reaction [125]. In the second stage, the powder mixture is further
heated at 650 °C for 6 h, during which CaCO; begins to decompose into
CaO. During these two stages, NH;, H.O, and CO. are slowly released into
the gas phase. The slow release of these gaseous and liquid intermediates
minimizes their interaction with the crucible walls, which would
otherwise lead to material loss and an inhomogeneous product. Prior to
the third stage, the powder is pressed into a pellet and then heated at
1000 °C for 20 h. A heating rate of 3 °C/min is maintained throughout all
stages.
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Figure 5.3. Design of the three-stage solid-state synthesis protocol.

The optimal synthesis parameters, i.e., time scale, heating rate, number of
heating stages, and temperature for each stage, were determined through
a series of experimental trials as described in detail in Paper I. This three-
stage protocol yielded high-purity B-TCP (> 99%), and the reproducibility
of the process was confirmed through multiple trials, see Section 3.6 in
Paper I[103].

5.2.2 Synthesis of Zny-TCPs and Cux-TCPs

The three-stage solid-state protocol was used to prepare the doped
samples, i.e., Zn-TCPs and Cux-TCPs, with varying doping concentrations
(x = 0.05, 0.1, 0.5, 1, 2, and 3). Figure 5.4 shows photographs of the
prepared doped materials illustrating their visual appearance as a
function of x. The obtained doped samples were of high quality, enabling
accurate determination of doping-induced structural changes. As can be
seen in Figure 5.4, the Cu,-TCP samples developed a blue colour that
correlated with Cu concentration up to x = 0.5; above this threshold, the
samples exhibited a brownish to dark grey colour, suggesting the presence
of CuO. In contrast, the Zn-doped samples remained white and were
indistinguishable to the naked eye. On the other hand, the samples doped
with Zn or Cu at x = 2 and 3 were partially or fully melted and were
therefore not characterized. This finding agrees well with the TEC
predictions discussed above.
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Overall, the doped samples were found to be homogeneous except for
those prepared at x = 1. The heterogeneity of the latter samples is
attributed to the high dopant concentration, which exceeds the solubility
limit of B-TCP. Consequently, metal oxides and other impurity phases
were observed in these samples, as discussed in Section 5.3.2

Figure 5.4. Optical photographs of the prepared doped samples illustrating
their visual appearance as a_function of the doping concentration (x).

5.2.3 ICP-OES elemental analysis

The bulk elemental composition of the prepared samples was determined
using ICP-OES, from which the actual Ca/P ratio was calculated. This
ratio is a key parameter for differentiating CaPs, as discussed in Section
3.1. The measured elemental concentrations and Ca/P ratios were close to
the theoretical values, i.e., 1.5, confirming successful synthesis of the
targeted compounds, as reported in Papers I, II, and III [103, 120, 126].

5.3 Structural characteristics

5.3.1 Crystal structure and phase purity of B-TCP

The <crystal Sstructure and pICR weee
determined using XRD combined with Rietveld refinement. Figure 5.5

shows the Rietveld ref i neTCPsamplepThe t

refined structure was found to be in excellent agreement with the
reference model (PDF Card No. 01-090-0977) [104], confirming the
rhombohedral system (space group R3c, Z = 21).
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The refined structural parameters are provided in Paper I [103]. The
prepared materials exhibited ultra-high purity (>99%), confirming the
effectiveness of the three-stage synthesis protocol. Secondary phosphate
impurities were significantly reduced, and only trace amounts of a-TCP
(PDF Card No. 04-022-5804) were detected. Rietveld refinement was
employed throughout the synthesis experiments to determine the purity
of the materials, which facilitated the optimization of the heating protocol.
A comprehensive discussion of the optimization procedure is presented in
Paper I[103].

5.3.2 Crystal structure and phase purity of Znx-TCPs and
Cux-TCPs

The structural characteristics of the prepared doped materials were

analyzed using XRD and Rietveld refinement. Quantitative and
qualitative information was extracted, and the changes induced by Zn2*

and Cu?* doping were determined. Representative Rietveld refinement

plots of Zn,s-TCP and Cu,s-TCP samples are presented in Figure 5.6,
along with the changes i-cell volome, a@dd pe a
lattice parameters as a function of doping concentration (x < 0.5).
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The doped materials retained the crystal structure of undoped 3-TCP with

a noticeable reduction in the unit-cell volume and the lattice parameters

a and c (Figure 5.6(d—f)). This decrease is attributed to the substitution of

Ca2* with Zn2* or Cu2+, both of which have smaller ionic radii (0.74 A and

0.73 A, respectively) and are typically associated with a shift of the

di ffraction peak s9].tThe obsdrvgdskift range fromn gl e s
0.1° to 0.35°, depending on dopant concentration, as illustrated in Figure

5.6. The obtained crystallographic data and the quantitative information

are presented in Papers II [120] and III [126].

The solubility limit of both Zn2* and Cu2* was determined by Rietveld
refinement to be x < 0 . 5e ffadtion), in agreement with previous
reports [16, 41]. The doping concentration, x = 1, exceeds this limit;
therefore, both Zn,-TCP and Cu,-TCP samples exhibited phase
heterogeneity with metal oxides and secondary phosphate impurities. The
XRD patterns, crystallographic data, and quantitative results of these two
samples are also presented in Papers II and III [120, 126].

An interesting difference between these two samples lay in the type of
secondary phosphate impurities. For Cu,-TCP, HA (PDF Card No. o1-
080-6199) was the main impurity along with CuO (PDF Card No. 04-015-
5877). In contrast, for Zn,-TCP, Ca,P.O, (PDF Card No. 00-009-0346)
and ZnO (PDF Card No. 04-015-4060) impurities were detected. This
finding suggests that the dopants incorporated into these secondary
phosphates during the early stages of the synthesis, which was also
predicted by TECs (Section 5.1.2). The predominance of HA in the Cu;-
TCP may be attributed to the substitution of hydroxyl groups by Cuz-,
which may have been promoted under the solid-state synthesis conditions
[127].

The site occupancy trends of Zn2+ and Cu2* in B-TCP were found to
correlate with their concentration. Rietveld refinement results revealed
that Zn2* and Cu2?* occupied both Cag4 and Caj sites depending on the
doping concentration. At low doping concentration, x = 0.05, the dopants
occupy Ca4 site, and as their concentration increases, they occupy Cas
site. This finding agrees with some reports but contradicts others; a
comparison of the reported site occupancy of Zn2+ and Cu2* in 3-TCP (Z =
21) is presented in Table 5.1.
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Figure 5.6. Rietveld refinement plots of (a) ZnesTCP and (b) Cu,;5TCP.
Observed patterns, calculated patterns, and difference lines are shown in black,
red,andgrey, respectively. (c) shiftof25n32280
change in (d) unit cell volume, (e) lattice parameter a, and (f) lattice parameter

¢ as a_function of doping concentration (x = 0.05, 0.1, and 0.5).

The variation across reported observations can be explained by many
factors, including differences in synthesis conditions and in the
characterization method(s) used for structural analysis. The accuracy of
analytical or computational methods varies, which can lead to disparities
in the reported structural results.
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Table 5.1: Site occupancy of Zn2* and Cu2* i n -T@P as reported in the
literature, with comparison of synthesis conditions, and
characterization/computational methods.

Dopant Synthesis Temp. (°C)/ Site Method (s) Ref
route Time (h) occupancy
Zn*" Solid -state 1000/6 Cas First [128]
principles,
XAS®
e . 3 [86]
Milling/Solid ~ 1300/10  Ca5&Ca4  TOF-ND
- state
Precipitation 1000/2 Cas XRD [129]
Sol-gel 1100/15 Cas & Cagq XRD, [130]
TOF-ND
- - Cas First (18]
principles
Solid-state 1000/20 Cas & Cag XRD This
work
Cu®’ Precipitation 1000/2 Cas XRD [131]
Solid-state 1250/7 Cas XRD [88]
Solid-state 1100/12" Cas XRD, EPR*  [132]
Solid state 900/5 Cas EPR [133]
Solid state 1000/20 Cas & Cag XRD This
work

"Time reported as overnight (~12—16 h), *X-ray absorption spectroscopy,
*Time of flight neutron diffraction, *Electron paramagnetic resonance.

In summary, doping of Zn2+ and Cu2* induced similar structural changes
in B-TCP. Both dopants exhibited similar site occupancy preferences, and
their positions in the unit cell were determined. However, further
investigations using advanced analytical methods such as high-resolution
XRD are needed to confirm the present findings.
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5.4 Vibrational characteristics

FTIR and Raman spectroscopy provide complementary vibrational
insights into the influence of doping on the material structure. The FTIR
and Raman s-PCaP and itsaZn26 &nd Bu2+-doped counterparts
were recorded, and the doping-induced changes in the vibrational modes
of the phosphate ion (PO,3-) were examined.

Figures 5.7 and 5.8 show the FTIRand Raman s-f@dntthea o f
range 400—1600 cm along with zoomed regions (400-800 cm™, 900—

1200 cm?) of the doped samples, illustrating the changes in PO,3
vibrational modes. The full spectra of the doped samples and the
assignments of the observed FTIR and Raman peaks are summarized in
PapersI[103],II[120],andIII[126]. The FTI R spec-TGPum of
(Figure 5.7) shows the four characteristic vibrational modes of PO,3-:
symmetric stretching (v,), asymmetric stretching (v3), symmetric bending

(v»), and asymmetric bending (v4). These modes overlap in a narrow

energy range owing to the 42 phosphate tetrahedra accommodated in

three distinct sites in the 3-TCP unit cell [134]. As shown in the figure, v.

and v, are observed in the range of 400—700 cm™, while v, and v; appear

in the 900—1200 cm™ range. The bands corresponding to asymmetric

modes (vsand v,) are broader than those ascribed to the symmetric modes

(viand v,), in agreement with theoretical predictions [106].

The FTIR spectra of Zn2*- and Cu2*- doped samples, as seen in Figure 5.7,
resemble that of the undoped, with minor spectral changes induced by
doping. The main spectral change is the deformation of the v, peak
shoulder observed at 942 cm™ and 945 cm™ in Cu and Zn spectra,
respectively. This deformation increases linearly with the doping
concentration and is ascribed to the substitution of Ca2+ by dopants in Cag

site [135]. The incorporation of dopants in this Ca site reduces the
symmetry of PO,3- at the neighbouring P1 s i t e -TCPnunittcblle
leading to changes in its associated v.band [135]. This finding is consistent

with the Rietveld refinement results discussed above. Moreover, a shift
towards lower frequencies was observed in the spectra of the doped
materials when cohgpared to that of B

As an attempt to accurately determine the shift in the peak position, the
second derivative of Cu-doped TCPs spectra was calculated and presented
in Paper II [120]. Based on the second derivative data, the shift was
estimated to be 20—30 cm™.
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Figures5.7.FTI R spectra oTCPanlithedopedsanplesdzodined
regions) illustrating spectral changes as a function of doping concentration (x
= 0.05, 0.1, and 0.5).

The Raman s-pCP and Zm+- and CuzB-doped variants (Figure
5.8) exhibit similar spectral features. The v, and v, bands are observed in
the 400—700 cm™ region, while v, and v; are observed at 900—1100 cm™.

In contrast to the FTIR observations, no visible shift in the peak position
was observed in Raman spectra of-
TCP. Nevertheless, a shift in Raman peaks typically indicates a decrease
in crystallinity rather than doping-induced changes [136]; thus, the
absence of such a shift in the Raman spectra can be ascribed to the high
crystallinity of the prepared materials.
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(zoomed regions), illustrating spectral changes as a function of doping
concentration (x = 0.05, 0.1, and 0.5).

In addition, the deformation of the v, band shoulder is evident in the
Raman spectra of the doped materials, correlating with doping
concentration in a similar trend to that observed in FTIR.

Figure 5.9 shows the FTIR and Raman spectra of the samples with higher
doping concentrations (x = 1), i.e., Zn,-TCP and Cu,-TCP. The vibrational
spectra of these samples exhibit different features compared to other
doped samples, owing to the presence of oxide and phosphate impurities,
as discussed in the XRD results above.
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Figure 5.9. (a) FTIR and (b) Raman spectra of Zn,-TCP and Cu,-TCP.

Unlike the FTIR spectrum of Cu,-TCP (Figure 5.9(a)), the bands
corresponding to CuO impurities are clearly visible in the Raman
spectrum of the sample (highlighted with grey circles in Figure 5.9(b)).
The observed vibrational features of Zn,-TCP and Cu,-TCP suggest that
Zn2+ and Cu2* exhibit different behaviours under the present solid-state
synthesis conditions, due to differences in their intrinsic characteristics,
such as ionic radii and electronegativity.

In conclusion, doping of Zn2* and Cu2* induced similar effects on the
vi brational c¢ hECP, adingto defermationsof the f, bafd
shoulder observable in both FTIR and Raman spectra. The sensitivity of
Raman spectroscopy was found to be higher for detecting oxide impurities
in the host phosphate materials, reflecting the complementary nature of
the two techniques.

5.5 Microstructure and surface topography

5.5.1 Morphology and surface elemental composition

The surface morphology, microstructural properties, and surface

elemental composition of B-TCP and its doped variants were examined
usingSEM-EDS anal ysi s. Figure 5. 10TCRho