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Summary 

Chapter 1.  Contains a literature review focusing on the evolution and 

properties of hydrothermal synthesis. It includes a description of the nucleation of 

materials, classical and non-classical processes, as well as the growth pathways followed 

by them. Additionally, it illustrates the properties of water at hydrothermal conditions. 

Finally, it encompasses a comparison of different synthetic techniques, including the 

newly-designed injection reactor. 

Chapter 2.  Contains the description of the experimental methodologies 

followed in this thesis. It describes the standard operational procedure for standard 

“batch” hydrothermal synthesis and the hydrothermal injection reactor. A full description 

of the design and safety features for the hydrothermal injection reactor is included. Also 

presented the theory of the most relevant characterisation and analysis techniques carried 

out for describing the samples. 

Chapter 3.  Contains the hydrothermal reactions carried for obtaining the 

optimal conditions to synthesise zircon-type silicates (MSiO4). First zircon (ZrSiO4) and 

stetindite (CeSiO4) syntheses are reported using them as surrogates for the synthesis of 

thorite (ThSiO4) and coffinite (USiO4). 

Chapter 4.  Contains the reactions carried for the synthesis of calcium 

orthophosphate minerals. Brushite, monetite and hydroxyapatite were obtained at 

different conditions. This chapter assesses the capability of the statistical approach called 

Principal Component Analysis (PCA) to simplify the data obtained from X-Ray 

diffraction and obtain trends from the correlation of synthetic variables and the 

compounds obtained.  

Chapter 5. In this chapter the hydrothermal synthesis of calcium carbonate 

carried in the hydrothermal injection reactor is reported. It shows the optimisation of the 

Principal Component Analysis representation when it is carried out on the Pair 

Distribution Function of the X-Ray diffraction patterns. It is compared with the analysis 

of other techniques such as FTIR and Raman. The polymorph selection at different 

synthetic conditions is reported in this chapter.  
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Chapter 6. The final remarks and the future work that can be potentially 

carried for the projects is proposed in this chapter.  
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1.1 Hydrothermal Synthesis 

Hydrothermal synthesis is historically one of the most studied and important 

synthetic techniques with a high impact in materials chemistry due to its suitability for 

manufacturing materials intended for catalysis,1,2 optoelectronics,3,4 biomedical 

applications,5 etc.. The term hydrothermal synthesis was first postulated by the British 

geologist Sir Roderick Murchinson (1792 – 1871). He described the role of water in the 

formation of rocks and minerals at extreme temperature and pressure conditions. 

Hydrothermal synthesis is described as the reaction of two or more precursors in the 

presence of an aqueous solvent in a sealed vessel, at high temperatures and pressures 

(typically autogenous). These conditions help to dissolve materials that are non- or 

partially soluble at standard conditions. Although etymologically the phrase 

hydrothermal is composed by the Greek words “hydro” that means water and “thermos” 

that means heat, there’s still some conflict on the definition of hydrothermal synthesis. In 

more recent reports it is defined as any heterogeneous chemical reaction in the presence 

of a solvent, independently if it is aqueous, at temperatures and pressures higher than 

standard conditions.6  

Although hydrothermal processes occur naturally, the use of hydrothermal 

synthesis as a common synthetic technique is somewhat recent. It is thought to have 

entered use around 1845, by the synthesis of sub-microscopic quartz particles from silicic 

acid in a Papin’s digestor by Schafthaul.7 Most of the products of early hydrothermal 

experiments developed around the second half of the 1800s and the early 1900s were 

nanosized. Due to the lack of the electron microscopic techniques these experiments were 

archived as failures due to the impossibility to observe or quantify the final product. After 

the standardisation of X-ray diffraction as an analysis technique for materials around the 

1920s an idea of the implications of hydrothermal conditions for material synthesis was 

achieved by the study of the diffraction patterns of hydrothermally produced materials. 

During the 1950s and 1960s researchers started to show some interest in the deep 

understanding of hydrothermal synthesis, particularly its solution chemistry and kinetics 

during the reaction.8,9 In the 1970s some attempts at observing the reactions were carried 

out by introducing sapphire windows to the reactor body. They were discarded because 

under the extreme conditions required for the reactions, they could jeopardise the 

integrity of the container. The next milestone that promoted the use of hydrothermal 
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synthesis was around 1980s when scanning electron microscopy (SEM) allowed 

researchers to observe the resultant product, completely beyond reach in the past. This 

progress caused the burst of material research during the 1990s in science and technology 

of nano-sized materials or nanotechnology.10 Nowadays the research in this field is on a 

continuous advance gaining a high level of sophistication, not only being capable of 

analysing even smaller particles by electron transmission microscopes (TEM)11–14 but 

unveiling previously non-observable processes, in situ, by neutron and X-ray diffraction 

coupled systems in synchrotron facilities.15 An additional topic that has grown in recent 

times is green chemistry and sustainable technologies where hydrothermal methods have 

shown great potential.16,17 Hydrothermal processing requires very low energy for reaction 

completion, simplifies the optimum conditions by using aqueous solvents, no gas 

production, etc.  

The growing scope of hydrothermal synthesis has attracted the attention of 

researchers in a wide variety of fields. In 2021 more than 12000 publications were related 

to “hydrothermal” in Scopus®. From all the publications related to hydrothermal, from 

1940 to 2021 (177438), 18.9% (a total number of 65870) were related to material science 

and 18.2% (a number of 63508) to chemistry. The large number of publications in 

different fields shows the broadness of impact of this technique.  

Table 1.1.Table of Hydrothermal-related publications in Scopus® by topic to 2021 (until 

November). 

Subject Area Number of Publications Percentage (%) 

Materials Science 65870 18.93 

Chemistry 63508 18.25 

Earth and Planetary Sciences 43554 12.51 

Physics and Astronomy 40942 11.76 

Engineering 39652 11.39 

Chemical Engineering 34573 9.93 

Environmental Science 17813 5.12 

Energy 15786 4.54 

Agricultural and Biological Sciences 7394 2.12 

Biochemistry, Genetics and Molecular Biology 6606 1.90 

Multidisciplinary 2266 0.65 

Other 10057 2.89 
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Figure 1.1. Number of results in Scopus® for “Hydrothermal” from 1940 to 2020 (November) 

As already mentioned, hydrothermal synthesis was conceived from the very 

beginning as a way to replicate processes that occur in nature, playing a huge role on its 

most important events, as in the origin of life.18–20 This relevance led to an increased 

interest for industrial processes, due to its huge control of the synthesis of materials 

coupled with an easy scalability. As an example, it has been used as a post treatment for 

semiconductor nanorods for transistors, enhancing the connectivity and improving the 

performance.21,22  

Industrial hydrothermal processes can be demarcated in crystal synthesis, 

digestion of raw materials, hydrothermal treatment for improving building supplies’ 

specifications or as general chemical processes.23 In reference to crystal growth via 

hydrothermal synthesis, one of the milestones reached was the growth of hydrothermal 

quartz. It was just after World War II when the research lead by Western Electric 

Company (1946), based on information obtained from the Germans, proposed the use of 

this method for the growth of quartz on an industrial scale by the dissolution of silica in 

strong basic conditions inside a vertical reactor.24 The container is not homogenously 

heated, so that, at the bottom of the container the temperature is higher where the heating 

systems are placed. The solution gets saturated with silicic acid at that fraction of the 

reactor, which migrates and nucleates at the higher colder part, transported by convection. 
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This process helped to overcome the need for natural quartz in various essential 

applications, most commonly as a piezoelectric.25   

 

Figure 1.2. German autoclave transported to Russia after the World War II. Photo taken in 1999 

by F. Iwasaki and H. Iwasaki.26 

Another common example is the synthesis of lithium iron phosphate, LiFePO4, 

which was reported by Goodenough, et al. to be used as a component in batteries.27 The 

previous way to industrially obtain this material was by a solid state reaction. This 

reaction consisted of the reaction of two solid precursors at high temperature (400-800 

°C). The reaction tends to be slow, as it is diffusion driven; and carbonates, sulfates, 

phosphates, or oxalates are used as precursors. Hydrothermal synthesis, on the other 

hand, is more viable for industrial scale. It is capable of generating pure samples and 

achieving a great phase and size control compared to the classic solid state route while 

spending less energy.28 It has been pointed out as a green synthetic technique. Green 

chemistry is defined as the design of chemical reactions in the way that the least amount 

of hazardous waste and reagents are used without compromising the reaction 

outcome.74,75 The foundations of this concept date from the early 1990s.76 To help assess 

the design of Green Chemistry routes the Twelve Principles of Green Chemistry were 

codified to guide chemists to fulfil their intentional degree of sustainability. The twelve 

principles were reviewed extensively by P. Anastas and N. Eghbali.77 Hydrothermal 

chemistry is well known to generate very low waste as well as allowing the design of 

reactions in the most efficient way by using most of the precursors for the products (atom 

economy). Additionally, it uses water over the boiling point as a solvent, avoiding 
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hazardous petrochemical alternatives. If all these factors are accompanied with a good 

experimental design, hydrothermal synthesis is a great candidate to unveil “greener” 

ways to synthetise materials.78–81  

Hydrothermal synthesis has evolved to more complicated synthetic systems, 

where not only two precursors are introduced in a closed autoclave reacting to yield the 

target material. One of the most innovative hydrothermal processes, that is yet to be 

understood and fully exploited, is continuous flow hydrothermal systems.29 It takes 

advantage of the superheated properties of water to yield materials in a continuous way, 

being easily transferrable to industrially required materials, where large demand of 

supplies are required 

1.1.1 Superheated Water in Hydrothermal Synthesis 

As mentioned, one of the main phenomena which hydrothermal synthesis exploits 

is the superheated nature of water. Aqueous reactions are commonly limited by the 

relatively low boiling point of water. In addition, the polarity of water hinders the use of 

many non-polar organic solvents. These limitations apply to the use of water in standard 

conditions, but they can be overcome by employing pressurised systems. That pressure 

can be applied, or the system can create it itself. In the case of a closed heated system like 

autoclaves, autogenous pressure is produced. The properties of water are then changed, 

particularly when getting close to the critical point of water (374 °C and 22.4 MPa). At 

that point water is reported to show a lower density and polarity.30,31 The pKw of water 

varies at those conditions too, as seen in Figure 1.3.  
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Figure 1.3. Simplistic diagrams of water phases (solid, liquid and vapour) as well as the 

supercritical point of water at 374 °C and 220 bar (22.4 MPa) (a),  and the change of properties of 

water such as density, dissociation constant Kw and dielectric constant as it is heated in isochoric 

conditions (b). 29 

The hydrothermal method takes advantage of those features. Water is conceived 

as a good solvent for hydrophilic substances, but the properties and, by extension, the 

solubility during the reaction can be tuned in aqueous solvents just by changing the 

temperature and pressure. Therefore, solvents that were beforehand completely 

immiscible turn out to show a miscibility gap where both liquids can coexist in solution. 

These thermodynamic equilibria have been extensively studied.32–34 Although 

hydrothermal syntheses don’t explore strictly the critical point of water as it is above the 

conditions that classically hydrothermal encompass, there’s still a certain change in the 

properties of water at “subcritical” conditions. It is usually defined as water used as the 

reacting medium, at temperatures ranging from 100 to 300°C. There are still some 

discrepancies on the definition of subcritical water (SBCW), whereby a number of 

definitions can be encountered. These are not related to a drastic change of properties like 

for supercritical water. Nonetheless when using this terminology, it is unambiguously 

referring to the gradual change of properties encountered at water over the boiling point. 

With increasing the temperature, the ion product increases from the standard value of Kw 

= 10-14 mol2 L-1 at room temperature, to around 10-11 mol2 L-1 at 300°C. This value 

decreases from this point on, as shown in Figure 1.3. The enhanced ionic strength of 

superheated water promotes the presence of ions in solution and an elevated amount of 

H+ and hydroxyl ions in solution. There is an additional change in the dielectric constant 

of water. The lowered number of hydrogen bonds due to the dissociation of water 

decreases the relative dielectric constant of water, 𝐷𝐻2𝑂. Therefore, the solubility of 

hydrophobic compounds is increased. There is an additional decrease of the viscosity of 

the solution and linked to it, a sharp drop of the density of water. Thus, SBCW allows the 

partial solubilisation of compounds never soluble at room temperature. It avoids the use 

of organic solvents for numerous reactions as water properties are effectively “tuneable” 

at this point. It also promotes the use of hydrothermal synthesis as a leading synthesis for 

material processing as it requires from less energy consumption that other analogous that 

require to create melt, vapour, gas or plasma.6  
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1.2 Nucleation and Growth  

One of the main goals of materials science is to achieve control over the properties 

of synthetic products in order to make them suitable for use in some targeted application. 

That control of the features is essential for the later applicability in industry, medicine, 

etc.35 To tackle this matter, the control of the nucleation and growth of the particles during 

the course of the reaction is essential. To fully understand it, several theories have been 

postulated along the decades to describe the intricacies of the nucleation and growth of 

materials. 

1.2.1 Classic Nucleation Theory (CNT) 

The way that materials are formed from solution was first explained by the Classic 

Nucleation Theory (CNT) formulated more than 70 years ago by Volmer36, Becker and 

Döring.37 It was first used to explain how a system lowers the free energy by, for example, 

increasing the entropy of itself in the condensation of a gas to liquid. This explanation 

relies on the Gibbs capillary effect; thus, the surface energy will be essential in this 

description. It was later extrapolated to the condensation of a liquid matrix into the solid 

state, which is more appropriate for the nucleation of crystal. In CNT, nucleation can be 

understood as the combination of two thermodynamic variables that, at a certain 

condition, will yield the driving force to form crystals by lowering the free energy of the 

system. 

∆𝐺 = ∆𝐺𝑆 + ∆𝐺𝑉 (1.1) 

Where ∆𝐺𝑆 is the interfacial free energy of the interface that generates the 

boundary between the solid product and the media. It is a positive energy which needs to 

be overcome for nucleation to occur. On the other hand, ∆𝐺𝑉, is the volume excess free 

energy per unit of volume, that will stabilise the nuclei. It has a negative value.  

Simplifying this expression to a spherical nucleus, the following equation is 

derived:  

∆𝐺 = 4𝜋𝑟2𝜎 −
4𝜋𝑟3

3
 ∆𝐺𝑉 (1.2) 

It can be also written as, 

∆𝐺 = 4𝜋𝑟2𝜎 −
4𝜋𝑟3

3𝑉
· 𝐾𝑇 𝑙𝑛𝑆 (1.3) 
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Where the interfacial energy, 𝜎, will increase the value of the free energy by each 

new unit area created at the interface, but the excess volume will decrease this value 

consequently. 
4𝜋𝑟3

3𝑉
 can be translated as the number of molecules that forms a cluster of 

radius r when the molecule has a volume of V. 𝑙𝑛𝑆 represents the vapour supersaturation 

ratio. It is calculated by  𝑃/𝑃∗, where P is the vapour pressure at the experimental 

temperature and P* is the saturation vapour pressure at the desired temperature. By using 

the Gibbs-Thomson equation it can be directly related to the concentrations, so that the 

theory is extended from gas to liquid systems, to liquid to solid which is directly related 

to the nucleation of materials.  

𝑙𝑛 (
𝐶

𝐶0
) = 𝑙𝑛𝑆 =

2𝜎𝛺

𝑘𝑇𝑟
   (1.4) 

 

Figure 1.4. Graphic representation of eq. 1.2 comparing the free energy of the system (vertical axis) 

versus the radius of the nucleus (horizontal axis). The positive interfacial energy (green) and the 

volume energy (red) are combined in the total energy (blue). 

In Equation 1.4, Ω, corresponds to the molecular volume in the condense phase. 

It can be seen that the interfacial energy increases by a quadratic relation to the radius, r2, 

while the volume energy, also known as the bulk free energy, increases by a factor of r3. 

For small nucleus radius the interfacial energy is predominant, so the formation of that 
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primal cluster will not be stable, and it will re-dissolve in the matrix. At a certain value 

the volume energy will overcome the interfacial energy, stabilizing the formation of the 

nucleus. That value of r is the critical radius (rc or r*). It is obtained when the variation 

of the free energy is equal to zero with respect to the radius.  

𝑑𝐺

𝑑𝑟
= 0 → 𝑟∗ =

2𝜎

∆𝐺𝑉
=

2𝜎

𝐾𝑇𝑙𝑛𝑆
 (1.5) 

Classic nucleation theory carries a number of significant limitations and 

assumptions:  

 The nucleus has the same properties as the stable phase, no change in shape is 

considered. It does not explain formation of metastable clusters prior to the crystal 

formation.  

 The nucleus is approximated to be spherical, and the interface doesn’t interact 

with the nuclei – it is considered a sharp boundary. 

 The vapour-liquid interface is approximated to be planar. That same limitation is 

extended to liquid to solid nucleation. 

As a result of these constrains, CNT has been subjected to numerous revisions 

and additions, and increasingly, non-classical nucleation pathways are being recognised.  

1.2.2 Non-Classic Nucleation Theories - Step Processes  

Different experiments have shown that the nucleation processes for various 

materials can’t be fully described by the simplistic CNT. More complex approaches are 

required to precisely describe them. Examples of proteins, polymeric materials and 

various minerals have been shown, which follow the rule of stages.  

This theory was firstly proposed by Ostwald in 1897.38 He observed that the 

formation of certain materials is not as easily described as just going from solution to the 

final equilibrium stage. He observed that when nucleating certain materials, some 

transitional stages are achieved. Those intermediate species can be visualised as a 

different thermodynamically stable form of the target material down to molecule to 

molecule short range interactions creating clusters. In a more general manner he 

postulated that: “when leaving a given state and in transforming to another state, the state 

that is sought out is not the thermodynamically stable one, but the state nearest in stability 
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to the original state”.39,40 Looking at the process on a more structural basis, when looking 

at a polymorphic species the first one that will be formed is the easiest to be made, such 

as, the one with the lowest energy barrier.41 Although there are few examples of systems 

that follow this pathway, it is logical to suggest that the transition of two structurally 

similar species will be preferred over two completely unrelated. The rearrangement of 

the atoms to form the final material is not as promoted as a formation of a structurally 

similar precursor metastable compound. Some structures will be first obtained being 

metastable in respect to the final equilibrium transitioning from that energetic position to 

the last one in timeframes from seconds to any longer time.  

Following the step-mechanism proposed there are certain evidences of related 

mechanisms such as the two-step mechanism.42 It establishes that prior to the 

crystallisation of the material a dense ordered liquid cluster is formed, called a pre-

nucleation cluster (PNC). This cluster is more stable than the solution but energetically 

less favoured than the target material. The nucleation of the crystal is thereafter promoted 

due to the higher density of the metastable precursor, accelerating the rate of the growth. 

The nucleation of the material will be therefore influenced by the nature of the cluster. 

The characteristics of the target material can be tuned by the characteristics of the 

previous step, yielding, for example, pre-nucleation clusters that promote the formation 

of one polymorph or another, just by changing the conditions of the reaction.43 The classic 

nucleation activation energy will be overcome by yielding metastable precursors, for 

which the total energy of formation is lower than the simplistic way as suggested in 

Figure 1.5.44 
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Figure 1.5. Energetic diagram where classic nucleation theory (CNT) in blue is compared with the 

two step mechanism in green.   

A classic example of the two-step nucleation processes are materials that play an 

important role in living organisms. These materials are hugely influenced by the 

formation of prenucleation clusters prior to the formation of the crystal. These metastable 

polymeric materials are ordered, and the structure of these precursors will decide the final 

structure of the product. One of the most extensively studied biomaterials for this topic 

is calcium carbonate (CaCO3). At the very first stages of formation, short-ranged ordered 

clusters are formed. They are, effectively, a higher-density fraction of the solution with 

short-range ordered ions that will evolve depending on pH and saturation conditions.45,46 

They then condense into an amorphous precursor, amorphous calcium carbonate (ACC). 

ACC is effectively energetically less stable than the crystalline calcium carbonate, so it 

will thereafter evolve to the most stable conformation. The amorphous prenucleation 

cluster process has also been proven for HAP crystallization in the study of collagen 

interactions with hydroxyapatite fibres during the growth of the bones.47 

1.2.3 LaMer Model and Growth  

The process doesn’t end right after the formation of the nuclei as they will evolve 

to form the final crystals that precipitate from solution. One of the first interpretations of 
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the combination of the nucleation and growth processes was given by LaMer in the 

1950s.48 

This approach has been essentially one of the most acknowledged approximations 

receiving more than 1953 citation (Web of Science, March 2019) for his 1950s 

publication. The constant regard given to this theory along the years lies on the 

incapability of creating a better model capable of describing the formation of dispersed 

particles and their latter growth.  It was first postulated to explain the nucleation and 

growth of monodisperse colloids in the growth of sulfur hydrosols from sodium 

thiosulfate. It was later extended to the synthesis of micro- and nanomaterials.  

 

Figure 1.6 Schematic picture of La Mer model of nucleation and growth of monodisperse 

hydrosols.49  

Regarding Figure 1.6, the process starts (I) with the increasing of the monomer 

concentration due to the introduction or formation of precursor. The increasing 

concentration of this building block is usually triggered by a change in the synthetic 

conditions such a variation in the pH, temperature or some other pertinent factor in such 

a way that the system reaches a certain concentration above the equilibrium 

concentration, Csolubility, and the system reaches a state of supersaturation (II). At some 

limiting supersaturation point, homogeneous nucleation takes place at an “effectively 

infinite” rate48 — nucleation is reported by LaMer to be essentially instantaneous, 

described as a “burst of nucleation”. It doesn’t account for any kinetic model to justify 

the formation of the nuclei. The main reasoning for this assumption is that the step to be 

targeted as the limiting one is not the formation of the nuclei but the last stage related to 
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the growth of particles. The system will relieve the saturation by stabilizing small 

clusters, so that the concentration will decrease from that supersaturation level to the level 

of nucleation where step (III) will be forced into action. The created nuclei will grow by 

different processes to generate the final particles. The process is believed to be 

irreversible so that the growth of the particles is preferred versus the dissolution to form 

monomers back into solution. The monomers that didn’t participate in the formation of 

the stable nuclei can become part of the bigger, stable precipitates by different processes 

– growth by diffusion or subsequent Ostwald ripening. Smaller nuclei will have a higher 

surface energy, so that the system will tend to redissolve these unstable precursors to 

yield the surface of the particle. This effect will essentially reduce the size disparity of 

the particles, an effect referred to as “focusing”. It will only receed when the energies for 

dissolution of the particles are equalised, so that the size of them is comparable. The 

redissolution and deposition process is recognised as Ostwald ripening.50 Other processes 

may occur, although they were never taken into account by LaMer. Agglomeration of the 

different particles, for example, is known to be a fairly common process in the synthesis 

of nanoparticles.51–57  

It is required to clarify the simplicity of LaMer model. Although it is still used to 

exemplify many nucleation and growth processes in current times, it is still a simple 

model which is being more and more discarded in favour of new ways to understand the 

formation of particles. LaMer is a CNT based theory in which the formation of nuclei 

from solution is a single step processes and in which there is no structural disparity in the 

products formed, although the conditions of the reaction may change over time, such as 

the saturation of the precursors in solution that might drive to the formation of different 

polymorphs or even compounds. Secondly, as shown in Figure 1.6 the time frame is never 

discussed as the x-axis is usually described with no time magnitude, therefore there is no 

kinetic description available for the process as well as the growth of the particles can be 

extended from seconds to days and months. Thirdly, the growth process in this theory is 

only justified to be diffusion driven, neglecting on the description of different processes 

that they might suffer. Sticking to this last factor, the growing of the particles might be 

described as it is essential to understand the properties and the shape described by the 

particles obtained after reaction.  
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Hydrothermal synthesis has been shown to be able to generate complex structures 

after synthesis. This range of intricate shapes occur during the growth of the particles 

after nucleation, so it is critical to understand these processes in order to be able to control 

the morphology of the synthetic material and, by extension, their applicability. Crystals 

are known to grow by two different ways: crystal growth and agglomeration. To describe 

crystal growth it is necessary to set the starting point from the most simplistic point of 

view that is classical growth theory. 

1.2.4 Classical Crystal Growth 

This approach describes the development of the crystal by the addition of 

monomers, understood as any building block that after being clustered is capable of 

generate the particle. It can be either atoms, molecules or clusters.58 Nonetheless, the 

driving force of this event is the activity difference of solution species, a, and when it is 

part of the precipitate described by the activity of the equilibrium solution-solid, aeq.  

∆𝜇

𝑅𝑇
= ln (

𝑎

𝑎𝑒𝑞
)  (1.6) 

Equation 1.6 expresses the chemical potential difference (∆𝜇) in terms of activity. 

In this first approach agglometarion is very unlikely to happen and only when the events 

that are directing the crystal to grow force them to attach. More recent studies on the 

kinetics of agglomeration defined the event by the numbers of collisions and the 

efficiency of them, which will depend on the geometry of the particles, the point of 

contact and the hydrodynamic forces that hinder their coalescence. Nonetheless, these 

theories were developed when the knowledge of the events at scales lower than the 

micrometer were completely unknown. More recent theories target understanding crystal 

growth as an assembly of nanosized particle (monomers) in a pattern or completely 

randomly oriented.  

The process described is based on dissolution and reprecipitation of the monomers 

into energetically more favoured sites of the crystal. The energy for those events to 

happen can be driven by the solution or defects in the crystal: stacking faults and 

dislocations. As an example, screw stacking faults will promote spiral growth creating 

hillocks that will evolve by forcing the crystal to grow outwards.59 This process was 

firstly explained by Burton, Cabrera and Frank in 1951.60 
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At higher supersaturation ratios the process will change from being driven by 

ordered diffusion onto the surface to generate the spiral patterns, to have an unstable 

interface at higher ratios in which the growth rate will be dependent on mass-transfer-

controlled growth. At this level of supersaturation, the surfaces will be more chaotic due 

to the large number of nucleation events occurring at the surface. Where the events will 

happen in this case will be dependent on the shape of the particles where corners and 

edges will be in contact with areas of high concentration of the precursor. This will cause 

the growth of the particles in this direction preferentially over the central parts, causing 

the “hopper crystal” to be formed. This effect usually generates monocrystals with 

complicated shapes, but highly geometrical as shown in Figure 1.7. 

 

 

Figure 1.7. PbS growth as “Hopper crystals” a) – e) as the formation occur in different saturation 

conditions.61 Picture f): Mechanism of growth of this kind of morphology.62  

Nonetheless, when the driving force is even higher the growth is more chaotic 

and not as dependent on crystallographic direction, changing from the dendritic shapes 

into sphere-like shapes. This non-oriented polycrystalline growth is often called 

spherulitic growth. The shape of these spheres will depend on the factors that involve 

growth like, firstly, the concentration of precursors defined by the saturation and, 

secondly the type of spherules that are formed. When the formation of the spheres is 

driven from the core of the particles, isotropic growth – spherules type 1 are yielded. If, 

on the other hand, it is formed from the preferential growth of the two or more favoured 
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places on the surface generating a final sphere – spherules type 2. Both types of growth 

have been reported from the same material, for example CaCO3. So that the compound 

nucleating won’t be as critical as the external conditions of formation. Type 2 spherulitic 

growth has been used to explain other morphologies like dumbbells or sheaf-like 

particles.  

 

Figure 1.8. SEM images exemplifying the spherulitic ZnS particles.61 

1.2.5 Non-Classical Growth 

Non-classical growth derives from the idea that the growth of polycrystalline 

materials may proceed by the attachment of nanosized crystals. These aggregations have 

been summed to be rather non-directional (spheres) or directional (platelets, rods, prisms, 

etc.).63 Later, oriented attachment (OA) was discovered from the hydrothermal treatment 

of TiO2.
64 When the growth of the crystals is not perfectly driven, dislocations may 

appear. These processes have been extensively studied for a broad number of materials. 

For example, in calcium carbonate, the formation pathway will highly depend on the 

resulting polymorph present in the sample. While the formation of vaterite will drive to 

unoriented polycrystalline spheres, higher saturations of aragonite will promote oriented 

attachment to form rod-like shapes. Nonetheless spherulitic aragonite65 and mesocrystal 

hexagonal plates of vaterite66,67 have also been reported. It needs to be highlighted, that 

the separating line between the different processes is really thin making it sometimes 

impossible to discern when a particle is formed from one or another growth process. It is 

usually dependent on the growth related driving forces, such as the saturation or the use 

of additives.68 
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Figure 1.9. Typical morphologies for the different polymorphs of calcium carbonate: “spherulitic” 

vaterite (V), calcite (C) and “directional rod-like” aragonite (A). 

The concept of oriented attachment has been developed over the last 10 years to 

the point where superparticles can be formed by clustering together previously made 

nanoparticles in solution. It is a multistep process where the building nanoparticles will 

be formed first to later form the final well-defined particle to be formed.69,70  

The growth of crystals will be highly dependent on the conditions of synthesis. 

The selectivity addition of the precursor or additives in the synthesis will be critical for 

the morphology that the synthetised particles will adopt. Additionally, the synthetic 

technique in which these particles are formed will be reflected in various parameters like 

the saturation in solution, the temperature of formation, among others. To obtain a certain 

morphology for the particles yielded will extensively lie on the method chosen for that 

synthesis.  
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1.3 Synthetic Methods 

In order to control the nucleation and growth of tailored materials, many different 

techniques have been developed over the years in order to obtain an optimum method 

capable of directing the characteristics of the materials for a specific application. These 

techniques range from more simplistic approaches such as batch methods (e.g., 

hydrothermal) to more complicated approaches that require a great understanding of other 

fields beyond chemistry such as engineering (e.g., continuous-flow synthesis). Here are 

detailed the characteristics of several relevant approaches and useful examples of 

reported experiments to highlight the positive and negative features of each in the context 

of the research reported in this thesis.  

1.3.1 Hydrothermal synthesis  

Although from the very classic point of view, hydrothermal synthesis is strictly a 

reaction carried out in a sealed autoclave, it should be designed to operate at the desired 

conditions in a safe and reliable way. There’s not only one design of hydrothermal 

“autoclave” as it will depend on the reaction. Nonetheless, the reactor must exhibit some 

common characteristics.  

 It should be inert to acids, bases and oxidizing agents used in the reaction.  

 It requires a pressure relief system that allows the safe release of overpressure 

that could be generated inside the autoclave.  

 Needs to be easy to assemble and disassemble. 

 It requires a certain volume, sufficient enough to gather the solution and avoid 

high pressures. Usually, the reactions are designed in a way that the total internal 

volume of the reactor in never reached. The pressures generated at the interior of 

the reactor can be calculated and the outcome of the reaction relies on a good 

pre-experimental design.  

 It should not change its features, like the internal volume, after extended time 

reactions.  

Due to the high versatility of this method many different reactor set-ups are 

available, each with their own advantages and disadvantages.  
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Figure 1.10. Schematic of a standard "batch" hydrothermal autoclave. 

The most standardised reactor are the batch hydrothermal autoclaves or general 

purpose autoclaves, as shown in Figure 1.10. These typically consist of an inert Teflon® 

(polytetrafluoroethylene) container that is sealed into a stainless-steel system which 

provides the mechanical strength to allow for high pressures to be achieved, while a 

variety of safety features may also be incorporated. Most commonly in these general 

purpose autoclaves the upper assembly consists of a corrosion disk and a bursting disk 

that sit on top of the lid of the reactor cup. The corrosion disk serves as a sacrificial 

component, to minimise any corrosion of the structural steel body which may be caused 

by leakage of reactant mixtures. The bursting disk is designed with a weak point such 

that, should an overpressurisation occur, the reactor will fail in a predictable way – 

bursting upwards, rather than exploding outwards. On assembly the Teflon® cup, lid, and 

disk components are sealed by a spring system within the stainless-steel body and cap 

assembly.  

There are modifications of this common sealed reactor design in which the 

temperature and pressure can be monitored and/or controlled in situ by a thermocouple 

and Bourdon gauge fixed at the reactor. Notably these designs cannot incorporate the 

Teflon cup, as the monitoring apparatus must be open to the reagent mixture. As such, 

these reactors are generally constructed of stainless-steel or specific alloys, to match or 

withstand the chemical conditions of the reactions being performed. In rare instances 

these reactors may consist of the primary stainless-steel body with an internal coating of 

an inert metal such as gold. In a standard hydrothermal reaction, the autoclaves are placed 

in a preheated oven, or heat is supplied through the use of hot-plates and/or heating 

jackets. Regardless of the specific design, it is of course necessary to ensure that the 
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pressure of the system will not exceed the safety rating of the reactor while under reactive 

conditions. This is achieved before ever starting a reaction by calculating the expected 

pressures under isochoric conditions based on the fill fraction (ff) of the reactor. These 

pressures may be estimated from pressure-volume-temperature plots by different binoidal 

solutions as reported by Kennedy.71 

These conventional reactors, whereby all reagents are loaded into the system prior 

to sealing and heating, will suffer a ramp of temperature from the ambient loading 

conditions to the target temperature. This directly affects the nucleation and growth of 

the particles as they will experience a continuous gradient of conditions when nucleating 

and growing. Referring back to the 1950s LaMer approach, this translates to a broad size 

(and shape) distribution, which is generally undesirable. The simplest method to avoid 

this polydispersity in these systems is to employ long reaction times, allowing for 

Ostwald ripening and size focussing to occur. In itself this will have the effect of leading 

to larger particle sizes being favoured, as well as increasing time and energy costs 

associated with hydrothermal syntheses. 

Although the technological advances around this system have allowed researchers 

to gain a better control at the synthetic conditions, the standard hydrothermal synthesis 

still carries several limitations. The main one is the lack of understanding of internal 

conditions during the reaction, like pressure and temperature. Those features hinder in a 

great way the understanding of the exact conditions during the nucleation and growth. It 

also plays a huge role on the reproducibility of the processes when being reported and 

replicated. Paraphrasing Afanasiev “The hydrothermal brines are used somewhat as a 

kind of magic hat from which this or that animal suddenly goes out”.72  

 

Figure 1.11. Setup used by B. Brummerstedt Iversen et al. to analyse the synthesis of tin oxide 

under hydrothermal conditions by using synchrotron X-ray In-Situ Scattering.73 
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Nonetheless, some new approaches have been targeted recently to unveil the 

process happening inside the reacting chamber. In situ direct probing of the reaction by 

the use of X-Ray diffraction have been reported. As an illustrative example of a set-up 

for tracking the reaction, in 2012 Iversen et al.73 reported the synthesis of tin oxide (SnO2) 

hydrothermally which was tracked in real time by means of total scattering 

measurements. The use of total scattering combined with the advantages of pair 

distribution function analysis (PDF) are capable of giving insightful information of the 

processes occurring during the reaction.  

 

Figure 1.12. A) Normalised scale factor for the precursor complexes of the oxides (circumference 

symbols) and for the SnO2 nanoparticles (circles symbols). B) Reduced pair distribution function 

(PDF) for the first three frames of an experiment. C) Mechanism of formation of the tin oxide 

nanoparticles from the complexes [Sn(H2O)6-y(OH)y](4-y)+. Sn4+ is represented in red and O2- in blue. 

The precursors cluster to form the final rutile structure particle of tin oxide.73 

From the data collected it was possible to reveal the complexes formed in solution 

that will be the precursors of the final nanoparticles. The process followed to tailor them 

from the random disposition of the tin hexaaquatin(IV) complexes in solution to the 

arrangement in a specific pattern (rutile tin oxide) following the Equation 1.7 and shown 

in Figure 1.12 C). 
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[𝑆𝑛(𝐻2𝑂)6−𝑦(𝑂𝐻)𝑦]
(4−𝑦)+

(𝑎𝑞) → 𝑆𝑛𝑂2(𝑠)𝑟𝑢𝑡𝑖𝑙𝑒 + 𝑦𝐻2𝑂(𝑙) + (4 −

𝑦)𝐻3𝑂
+(𝑎𝑞)  

(1.7) 

Additionally, they discussed the growth of the particles after nucleation at 

different conditions showing that there is an initial growth promoted by ion-attachment 

of the mentioned precursors until Ostwald ripening takes place to further promote the 

growing of the particle. Finally, structural modifications of the particles are highlighted 

by the possible coexistence of two different polymorphs of the oxide. It shows the 

potential of this technique that is capable of giving information at every step of the 

particle’s formation. This technique follows the process at different temperatures and 

concentration of precursors in an easy manner by using water as the solvent by 

hydrothermal synthesis. It also describes the formation of the solid at every step of its 

formation from the solution to the really low distance interactions between the species in 

solution giving the final solid structure at the end of the crystallisation. Nonetheless the 

main limitation of this technique resides in the complexity of the setup. For these 

measurements a high energy source of X-rays is needed as a synchrotron and the 

corresponding apparatus shown in Figure 1.11. It requires at the same time of the use of 

a large amount of energy, resources, and time. As well, for the analysis it is demanded to 

gather a high expertise in the topic. For the case of tin oxide, the formation process has 

been reported along the years and the mechanism of formation is known to be simple. 

This approach is therefore inefficient for multistep mechanism with a great complexity 

as it would require of many conditions and analysis to reveal every single precursor in 

the reaction. Therefore, although the limitations highlighted for hydrothermal synthesis 

are overcome this way, the conditioning of using high-end setups for the measurement 

limits the applicability to a small number of researchers and experiments.  

1.3.2 Continuous Flow Synthesis 

One step, scalable, processes have been targeted, like the already mentioned 

continuous flow hydrothermal synthesis. This technique pioneered by Adschiri et. 

al,82,83 relies on the properties of superheated water to effectively tune the characteristics 

of metal oxides. By using flow systems a fast mixing of near-to-critical aqueous solutions 

generates a burst of nucleation that reduces the size disparity. The short reaction times, 

on the order of seconds, further limit growth leading to smaller particles driven by the 

nucleation dominated mechanism in play. While initially developed for the production of 
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metal oxides, continuous flow hydrothermal techniques are not limited to metal oxides, 

as they have been tested for the synthesis of metal sulfides,84 metal organic frameworks 

(MOFs),85 and hydroxyapatite (HAP) in various shapes,86,87 among other classes of 

material. 

To give an example of the employment of continuous flow the synthesis of metal 

sulfides has been extensively explored by this technique. For the formation of these 

compounds a source of sulfur needs to be introduced in the reaction. A common precursor 

for this end is thiourea. It is non-toxic, and non-volatile keeping the concentration always 

constant, it can be dissolve in water, and it can generate hydrogen sulfide in solution by 

a low-energy isomerisation process.88  

𝑁𝐻2𝐶𝑆𝑁𝐻2 ↔ 𝑁𝐻4𝑆𝐶𝑁 (1.8) 

𝑁𝐻4𝑆𝐶𝑁 + 4𝐻2𝑂 → 𝐻𝑆
− + (𝑁𝐻4)2𝐶𝑂3

− + 𝐻2𝑂 (1.9) 

𝑀𝑋+ + 𝑥𝐻𝑆− → 𝑀𝑆𝑋/2 + (𝑥/2) 𝐻2𝑆 (1.10) 

The use of thiourea requires its decomposition in order to have the sulfur 

precursor ready to react in solution. There are two ways of approaching this matter. 

Firstly, by separately decomposing the thiourea and later mixing with the metal precursor. 

Secondly, the cold mixing of the metal and sulfur precursor as a cold stream to finally 

being heated together. The decomposition of thiourea pre-mixing will allow the reaction 

to start as soon as the two streams encounter each other promoting a “burst of nucleation” 

similarly to the one described by the LaMer model. If, on the other hand both streams are 

mixed together before the thermal decomposition of thiourea, the reaction will depend on 

the kinetics of formation of hydrogen sulfide so that the growth of the particles will be 

promoted instead.29  
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Figure 1.13. Synthesis of CdS by continuous-flow method. a) Setup used for the reactions using a 

pipe-in-pipe mixing point and two methodologies. b) TEM images of CdS synthetised by Method A 

at contact temperature ~400°C and short contact times. c) TEM images of the CdS particles 

prepared by Method B at 350 and 400°C. Squared insets show the crystal planes of the two 

polymorphs obtained: cubic hawleyite (H) and hexagonal greenockite (G).84  

From Figure 1.13. the two different proposed methods were employed to 

synthesise nanoparticles of CdS as reported by Lester et al.89. When the cold metal salt 

and thiourea solutions were mixed with a heated stream inducing thiourea decomposition 

concurrently with metal sulfide formation, bigger particles were encountered as 

proposed. Alternatively, when two streams composed of a preheated thiourea solution 

and a cool solution containing the metal salt were mixed in flow, the immediate 

availability of hydrosulfide from the decomposition of thiourea in the pre-heated stream 

led to nanometric particles being obtained thanks to the burst nucleation driven 

mechanism. The main drawback of this technique is the poor control of homogeneity of 

the samples due to the complexity of thermal gradients in large volume of solution. 

Although it is capable of controlling the size and morphology of the samples to a greater 

extent than conventional hydrothermal synthesis, as it is suitable for obtaining 

nanoparticles by only using water as the solvent by mixing two streams of precursors, 

there is still a lack of knowledge of the intrinsic processes followed by the materials 
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obtained and in situ measurements are required (similar to hydrothermal synthesis). 

Additionally, every reaction may require modifications in the setup to control the flow 

and the temperature that are potentially costly, given the complexity of the reactors. In 

spite of the drawbacks mentioned above, it is a growing field with a large applicability in 

industry capable of generating large quantities of the target material in an efficient and 

controlled manner.  

1.3.3 Hot-Injection Synthesis 

The mixing reaction of a stream of one precursor with another preheated one used 

in continuous flow hydrothermal synthesis is in essence a replica of the hot-injection 

synthesis in which a room temperature precursor is injected into a pre-heated solution of 

a second reagent to induce a rapid reaction. This synthetic technique has been extensively 

used for the synthesis of quantum dots (QDs) where the tuning of the size and shape is 

essential to control its features.90 By the sudden mixing of the precursors the reaction 

experiences a temporal separation of the nucleation and growth steps. When both 

precursors are mixed a “burst” of nucleation takes part in the reaction. It is achieved by 

the quick formation of one of the precursors, exceeding the critical nucleation threshold. 

Fast nucleation will then ease the supersaturation in the system. The residual 

concentration of the monomers will be lower than the critical nucleation concentration 

again, so no further nucleation is expected. The size discrepancies of the nuclei formed 

will be minimum avoiding any other growth process. Therefore, the size control will be 

only dependant on the reaction time and further addition of the precursor.  

Although this approach has shown a great reproducibility and control of the 

particle properties it has a main drawback: the solvent required for the reactions. For pre-

heating the solution and driving the nucleation of the precursors to a critical point, high-

boiling point solvents are required. As an example, a commonly used solvent-capping 

agent is tri-n-octylphosphine oxide (TOPO).91–93 The temperature at which the injection 

occurs is up to 300 °C. The kinds of solvents capable of reaching these temperatures are 

usually long-chained petrochemical organic solvents, which are costly and environmental 

hazardous.  
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Figure 1.14. a)-g) are adapted from “Shape and Size Control of Colloidal Copper (I) sulfide 

nanorods”.35 a) photograph of the nanorods synthesised at different times after the injection of the 

sulfur precursor. b), d) and f) are TEM images from the nanorods obtained accompanied with c), 

e) and g) which are histograms of the width and length of the nanorods obtained. The times for b)-

c) is 2:10 min., d)- e) 2:30 min and f)-g) 5 min. h) Standard setup for a hot injection reaction. 

1.3.4 Hydrothermal Injection Synthesis 

To overcome all the previously mentioned drawbacks it was decided to design a 

new type of reactor capable of gathering most of the best characteristics of the already 

mentioned techniques. A similar approach to the continuous-flow system was taken to 

design the hydrothermal injection reactor. It uses superheated water to carry out the 

reaction, where the aqueous solvents are confined in a stainless-steel reactor chamber. 

The precursor will be then heated over the boiling point under autogenous pressure, 

similar to hydrothermal processes. When the target temperature is reached, the other 

precursor is injected to the reaction point, undergoing a similar fast “burst” of nucleation 

as for hot-injection processes. Therefore, a temporal separation of nucleation and growth 

is achieved in water, with a complete track of the synthetic conditions. Its characteristics 

and commissioning will be extensively described in Chapter 2. Experimental.  

Table 1.2. Comparison of the different synthetic techniques. In green are the positive features and 

in red the negative ones. 
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Hydrothermal Synthesis Hot – Injection Synthesis 
Hydrothermal Injection 

Reactor 

Water as a solvent 
Separation of nucleation and 

growth 
Water used as a solvent 

Poor tracking of temperature and 

pressure conditions  

Good size and polymorph 

control 
Great polymorph control 

Thermal ramp to desired 

temperature. Not great 

polymorph control 

Use of expensive and hazardous 

solvents 

Real – time tracking of the 

internal temperature and 

pressure 

The new reactor must be able to carry out the aqueous reactions at autogenous 

pressure without any leaks to contain the autogenous pressure effectively. At the same 

time, it must be capable of injecting the second precursor into the preheated solution 

safely. The design must comprise the ability of generating a closed system that avoid 

losses of pressure with the ability to pump the reactants at the injection point. The reaction 

conditions are monitored at all stages of the reaction for the sake of controlling the 

reaction conditions as well as avoiding any overpressure or leak. Therefore, the design 

must include a tracking system capable of precisely describe the internal conditions of 

the reaction. Finally, as this technique is expected to be extended to as many materials as 

possible, its constituents must be chemically inert to as many compounds as possible.  

To achieve all these requirements the reactor was constructed with stainless-steel 

316 Swagelok® components. These components are airtight, corrosion resistant stainless-

steel, widely used for flow reaction setups, with tubing and joints ready for high 

temperature and pressure operation. The reactor is manufactured following Swagelok® 

standards. Below in Figure 1.15 the design of the hydrothermal injection reactor is given. 
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Figure 1.15. Schematic of the hydrothermal injection reactor, with insets showing typical 

temperature and pressure profiles of injection reactions at 200 °C (top) and 300 °C (bottom). 

This technique has already been tested for a variety of compounds in particular 

CdS.94 The effect of the use of different sulfur and cadmium sources as well as the 

employment of several variations of the technique, helped to provide a general idea of 

the mechanisms related to the formation of the different morphologies of the CdS 

synthesised. As the given example in Figure 1.16 the injection method was followed. It 

consisted of the injection of Cd(NO3)2 to a preheated solution of thiourea. The injection 

of the cadmium source occurred 5 minutes after the target temperature was reached in 

order to let the heating system stabilise and to ensure the maximum concentration of the 

active sulfur source in solution from the decomposition of thiourea, prior to injection of 

the cadmium source to induce reaction. At 200°C tetrahedra-like particles were observed 

while when increasing the temperature to 250 and 300°C hexagonal rods became the 

main feature. This may be explained by the influence of the cubic phase of CdS during 

the nucleation and growth of the particles at lower temperatures, while when the reaction 

temperature is increased the thermodynamically more favourable hexagonal phase is 

nucleated and drives subsequent growth. The intermediate feature of branched rods is 

expected to be the result of an interplay of the cubic and the hexagonal phases. The ability 

to test different conditions and methodologies helped to general a general idea of the 
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processes followed at the formation of the CdS materials. As well the tracking of the 

internal temperature and pressure before, during and after reaction is not only used as a 

safety feature avoiding over-pressurisation of the system, but it gives a full idea of the 

synthetic conditions.  

By the use of this synthetic technique a great polymorph control was shown by 

XRD analysis and further morphological information could be extracted by SEM images. 

Therefore, the presence of the different structures and the subsequent shapes and growth 

processes could be related. It shows the great control of morphology and crystal structures 

by this technique by using water as the solvent and keeping the experimental conditions 

as simple as possible.  

 

Figure 1.16. a) Temperature against time profile of the injection reactions at 200, 250 and 300°C. 

Each profile goes along with the schematic illustrations of the morphologies obtained and the SEM 

images for each temperature d), c) and b).94 

1.3.5 Mapping of Synthetic Conditions 

Regardless of the synthetic method chosen, the number of factors that affect the 

development of the reactions create an intricate set of data which are complicated to 

correlate to the resulting products. The large number of samples directly correlated to the 

synthetic variables (synthetic method, precursor choice, temperature, concentration of 

precursor, ratio, ….) can be presented in a large dataset. Obtaining trends from the 

correspondence of the factors playing a role in the reaction is not less than a herculean 

task. Therefore, statistical analysis can be applied to simplify the data and graphically 
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relate the different factors showing the correlations between the sample points. Principal 

Component Analysis (PCA) is a powerful statistical analysis capable of reducing the 

dimensionality without losing information of the variability of the data and graphically 

represent the correlation of the samples depending on the variables that affect the most 

the data, whatever it is. Although it is a mathematical approximation which accounts for 

no physical meaning it can be easily justified and explained. That way a simple 

correspondence of the conditions attempted vs. the characteristics of the samples can be 

generated with little extra effort. A more detailed explanation of this statistical approach 

is given in Chapter 2. Experimental, but here is highlighted its application to a range of 

cadmium sulfide samples prepared by conventional batch hydrothermal synthesis, and 

hydrothermal injection, as discussed above as shown in Figure 1.17. 
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Figure 1.17. a) Loading plots of the Principal Component Analysis of 138 cadmium sulfide samples 

prepared in the lab. The first Principal Component (PC1) is plotted above and the second Principal 

Component below (PC2). b) Scoring plot of each sample defined by its colour (sulfur precursor) 

and shape (method). 94 

Figure 1.17 (a) shows that the component or direction that gives the largest 

variability to the patterns is the peak shape, closely related to the crystallite size, defined 

as PC1. Therefore, if that a sample is positioned in the more positive x-axis, the broader 

is the peak, so that the smaller will be the crystallite size for that condition. The opposite 

effect is expected when a sample is positioned at negative values of the PC1, showing 

bigger crystals. Additionally, when observing the loadings in Figure 1.17 a) for PC2 can 

be concluded that the second component is closely related to the peak positioning. That 



33 

 

peak position defines the polymorph present in the sample by the XRD pattern. The 

positive values will be more correlated to the cubic phase, at the positive values of the 

PC2 loadings, while negative ones to the hexagonal component of the chalcogenide.  

Thus, after defining the meaning of the components, the different variables can 

be correlated and observe how the precursor affect at the polymorph selection and the 

crystal growth. Thiourea needs to decompose to yield the solution with reactive sulfur. It 

promotes a slower reaction kinetics, so that the concentration of sulfur in solution will be 

constant aiding larger particle size and the thermodynamically preferred hexagonal 

polymorph rather than the kinetic cubic one. On the other hand, Na2S is readily 

decomposed in solution. The instant saturation of sulfur will be larger than for thiourea. 

As the cadmium is injected it will cause a burst of nucleation, with minimal size disparity. 

It is observed as the samples for sodium sulfide are preferentially clustered at positive 

values in the x-axis. This will hinder any additional grow. Therefore, the reaction 

conditions and the particle properties are easily correlated by PCA showing a polymorph-

size selectivity depending on the precursor selection.  
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1.4 Aims and Objectives  

The use of hydrothermal synthesis has led to the control of the size and shape of 

various materials of inorganic nature. It has also been highlighted as a green, cheap, and 

reliable synthetic method, by using water in superheated conditions as the solvent. 

Mineralisation processes in nature can be easily replicated via hydrothermal synthesis. 

Such natural hydrothermal mineralisation processes often involve the reaction of metals 

dissolved or partially dissolved in running water with the components of the ground 

(silicates, carbonates, phosphates, ...)  to form minerals. These processes frequently occur 

in hydrothermal vents, but are also associated with biological processes (carbonate and 

phosphates) or might occur in natural repositories of Spent Nuclear Fuel (SNF), as for 

the silicates.  

The primary aim of this thesis is to examine the scope of hydrothermal methods 

for the controlled synthesis of important mineral species. To this end, three mineral 

classes have been targeted: silicates, phosphates, and carbonates. In particular the 

potential of the newly developed hydrothermal injection reactor will be assessed in detail. 

A secondary aim of this work is to establish the possibilities offered by the statistical 

method of Principal Component Analysis in facilitating the mapping of synthetic 

landscapes which is a necessary facet of both process optimisation and materials 

discovery. 

With regards to the silicates, the natural existence and formation of coffinite 

(uranium silicate, USiO4), reported for decades as occurring in geological environments 

has, to the best of our knowledge, never been synthesised pure in situ in the lab. Given 

its relevance in natural systems, and importantly, its potential implications for the storage 

of spent nuclear fuels, the synthesis of pure coffinite is enormously important in order to 

understand its role in these systems. The overarching aim of this part of the project is thus 

to simulate how nature yields this material by an easy mild-hydrothermal process. 

Different conditions must be tested as the synthetic stability of this material is fairly 

narrow. Due to the low availability of uranium to perform these reactions, various 

silicates will be attempted firstly, as non-radioactive analogues. Zircon (ZrSiO4) and 

stetindite (CeSiO4) have been reported to have a zircon-type structure, as coffinite. This 

means that the atoms arrange periodically to form a lattice in a similar way. Additionally, 
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cerium has been proposed to have chemical similarities to Pu making it a great candidate 

to test the optimum conditions for the synthesis of other metal silicates. Zirconium, on 

the other hand, has been reported to yield mixed uranium silicates known as Chernobylite 

due to its appearance at chernobyl’s nuclear plant residual “lava”.  The presence of 

uranium in this structure supports zircon to be a promising silicate to store uranium waste 

in long-term repositories as a vitrification material. Therefore, once the optimum 

synthetic conditions are known for these materials, they may prove to be transferrable for 

coffinite synthesis. Thirdly, thorite (ThSiO4) is known to be the chemically closest 

silicate to coffinite. The optimum conditions obtained from the previous surrogates will 

be tested and optimised by the formation of this mineral. Once the conditions required 

for the synthesis of the pure form of three different structurally similar silicates and by 

reducing the synthetic parameters required for the stability of these materials the 

synthesis of coffinite is suggested to be achievable.  

The optimisation of the parameters required to obtain a certain material, as for the 

coffinite synthesis, is time consuming and large numbers of samples are usually required 

prior to grasping the most effective synthetic protocol. Nonetheless, the improvement of 

the mineralisation techniques accompanied by the use of statistical approaches to reduce 

the complexity of the data has led to an easy and fast mapping of the relationship between 

synthetic condition parameters and compound selectivity. For that reason, Principal 

Component Analysis (PCA) is proposed as a great candidate for the identification of the 

main variables that play a role in the mineralisation, reducing the dimensionality of the 

data to the simplest possible and only expressing the main ones when being correlated. 

To test the applicability of the PCA approach, two minerals have been aimed to be 

subjected to this analysis: calcium orthophosphates and calcium carbonate. They are an 

example of non-classic nucleation materials and show a great complexity of composition 

and polymorph selectivity closely related to the synthetic conditions (temperature, pH, 

pressure, etc.).  

Firstly, calcium orthophosphates are known to be a family of materials in which 

the crystallisation of one phosphate or another will be related to the conditions of 

synthesis. In particular, three calcium phosphates will be studied: brushite, monetite and 

hydroxyapatite. Monetite is known to be the dehydrated version of brushite. On the other 

hand, hydroxyapatite is reported to have a high biological significance. The selective 
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formation of the three compounds will be tested at different temperatures, phosphate 

precursor, Ca/P precursor ratio and pH. The presence of the different phosphate phases 

will be estimated by XRD and FTIR. Thereafter, in order to plot the relationship of 

conditions and compound formed, the XRD patterns will be subjected to Principal 

Component Analysis. The most optimised parameters for the selective synthesis of each 

phosphate will be represented by this analysis. For the sake of controlling the different 

synthetic conditions effectively and processing a high number of samples in the most 

efficient way, the injection hydrothermal reactor will be employed. By the in situ tracking 

of the temperature of mineralisation, the specific parameters at which each compound is 

formed will be known. 

On the other hand, calcium carbonate, is known to be essential for different 

processes for life. The main difference with the phosphates is that although only calcium 

carbonate is yielded at different synthetic conditions, it exhibits different atomic 

arrangement in the structure when changing the external conditions. These differentiator 

atomic dispositions are known as polymorphs of a compound. Calcium carbonate is 

known to have three anhydrous polymorphs (calcite, aragonite and vaterite) with a 

different stability energy and properties. Calcium carbonate has been reported to follow 

a non-classical pathway, in which prenucleation clusters will lead to an amorphous phase 

that will influence the polymorphic selection. The conditions of mineralisation will 

drastically determine the polymorphic content in the samples. The way to recognise the 

presence of the different polymorphs is by Rietveld refinement of the structure against 

the XRD patterns. The presence of the different polymorphs will be corroborated by FTIR 

and Raman spectroscopy. The mapping of the conditions for the synthesis of each 

polymorph is aimed to be performed in a simple way by tuning the synthesis conditions 

in the hydrothermal injection reactor. A full tracking of the different precursors 

employed, their concentration and temperature of synthesis, among others, will be 

explored in this project. Nonetheless, due to the number of variables considered, the 

FTIR, Raman and XRD patterns will be subjected to PCA. It will correlate the polymorph 

present in the sample and the conditions of formation. As well, the effectiveness of this 

statistical analysis for the different analysis techniques will be tested aiming to point out 

which one is more effective to show the correlation of the polymorphs. 
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A full mapping of the optimal conditions for the phosphates and the polymorphs 

of calcium carbonate is targeted. As well, it is expected to show the capability of the 

reactor to control the properties of the material by an easy and fast synthesis of the 

compounds at different conditions. Finally, we aim to show how PCA is capable of 

showing the optimal synthetic conditions to obtain from different compounds, to more 

essential, such as the atomic arrangement expressed as polymorphs.   
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Chapter 2. Experimental 
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2.1 Outline 

In this chapter the experimental procedures for the synthesis techniques employed 

in this thesis are outlined. The testing and requirements for the experimental operations 

are considered prior the experiment design. The two main synthetic approaches are 

classic “batch” hydrothermal and the novel injection reactor synthesis, all of them 

gathered around the concept of hydrothermal synthesis.  

This chapter also includes a summary of the characterisation techniques employed 

to describe the synthesised materials. As well as the post-measurement analysis using the 

characterisation techniques such as Rietveld refinement and Pair Distribution Function 

analysis. Detailed experimental procedures for every material synthesis are given in each 

corresponding chapter.  

2.2 Conventional Batch Hydrothermal Method 

Conventional batch reactions are carried out by placing the reactants in a sealed 

autoclave. It consists of a PTFE (Teflon®) cup and cover, surrounded by a stainless-steel 

system as described in Chapter 1. Some of the reactions performed in this thesis were 

done by conventional hydrothermal batch reactions, so the standard operational 

procedure will be described, being similar for all of them.  

The autoclaves were purchased from Parr instruments®. The 4749 model has an 

internal volume of 23 mL operating at a maximum temperature of 250 °C and 12.4 MPa. 

In a standard reaction the fill fraction, ff, should not exceed 0.52 (12 mL) of the total 

internal volume of the autoclave. The total ff given by the manufacturer that must never 

be exceeded for inorganic materials is two thirds of the volume (0.66). For dissolving 

materials strong mineral acids can be used including HF, HCl, H2SO4, HNO3, aqua regia, 

etc. The fill volume which directly influences the internal pressure reached, and 

temperatures employed are given by the manufacturer as in Table 2.1 to ensure safe 

operation. 
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Table 2.1. Safety table given by manufactures manual.1,2 Pressure developed at constant volume by 

10 mL of 22.9% HCl in a 23 mL space.  

Temperature (°C)  Pressure (psi) Pressure (103bar) 

132  70 1.0 

159  125 1.81 

191  265 3.84 

220  510 7.40 

250  920 13.3 

The container for a standard hydrothermal synthesis is a dry and clean 23 mL 

Teflon® cup. Both inorganic precursors are prepared and pipetted in a pre-established 

order. A standard reaction in this thesis will use 10 mL of a solution conformed by 5 mL 

of each precursor, 0.43 of the fill fraction (ff). The container is placed in the stainless-

steel case. Secondly, the bursting and corrosion discs are placed on the Teflon® lid. 

Finally, the coiled system is screwed tight by the means of a particular wrench and brace 

mounted to the lab bench. Once the reactor (autoclave) is closed, it is introduced into a 

preheated oven to the desired temperature, never exceeding 250 °C. The internal 

temperature of the oven has been proven to be constant and reliable by a thermometer 

attached to the top of the cubicle. The autoclaves are placed in the pre-heated oven and 

maintained at temperature for the desired reaction time. When the reaction time is 

finished, the autoclave is removed from the oven and left to cool down to ambient 

conditions on the lab bench and never opened until room temperature is reached. This is 

to avoid overpressure in the system and loss of the sample. After opening the reactor, the 

contents are decanted into a centrifuge tube with the washings of the cup. After every 

reaction the cups are cleaned by filling with 10 mL of nitric acid and following the 

procedure outlined above, sealing and heating at 100 °C overnight, washed with distilled 

water and dried at 75 °C for the next reaction. The samples synthesised are centrifuged, 

separated from solution, washed, and dried overnight at 65 °C. 
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2.2.1 Standard Operating Procedure - Conventional Batch 

Hydrothermal  

From the characteristics described above for the batch reaction autoclaves a 

general standard operating procedure can be outlined. It will be followed for the reactions 

carried by this methodology in this thesis. 

 When designing the reactions, the total volume of the reaction needs to be 

known and the recommended parameters of the manufacturers must never 

be exceeded. In the case of inorganic materials synthesis using water as 

the solvent, 10 mL of the precursors will never be exceeded, which is a 

total fill fraction of 0.43, well below the limit. 

 The two solutions are pipetted in an established order that should be 

consistent throughout the whole experimental. 

 The autoclave must be closed attaching every single piece of the 

instrumentation once both solutions are mixed. The autoclave should be 

hand screwed first and then tightened using a specific spanner making it 

air-tight.  

 The oven must be set to the target temperature and preheated before 

starting the reaction. The internal temperature can be monitored by using 

a thermometer at the top of the oven.  

 When the temperature is reached then the autoclaves are placed in the 

oven and kept there until the end of the reaction time.  

 Once the time is over, they are taken from the oven and left to cool down 

before opening them.  

 All the Teflon® parts of the reactor are then washed. To ensure that they 

are perfectly clean after all the reactions 10 mL of 10% nitric acid are 

pipetted in the reactor and followed the same process as a normal reaction 

to avoid any contaminant interacting in the following reactions.   
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2.3 The Hydrothermal Injection Reactor 

To begin with, a full description of the technical characteristics of the reactor is 

given to gather a general idea of the different components of the reactor setup. Secondly, 

the safety considerations and thirdly, the standard procedure to be used for any reaction 

considering the design and keeping the operator as safe as possible. 

The reactor is comprised of a 10 cm tall, ½” diameter and 0.065” wall thickness 

chamber. Into the reactor chamber protrudes an inner tube of ¼” of diameter. This is 

connected though a reducer to the HPLC pump. Aliquots are delivered by a Gilson 302 

HPLC pump that injects the liquid against pressures over 400 bars. The reactor is heated 

by a Watlow heating jacket combined with a Proportional-Integral-Derivate (PID) 

controller. The temperature in the reactor is monitored by a k-type thermocouple 

extended through the inner tube. The PID controller calculates the error between the 

expected value and the obtained average based on measurements from the thermocouple 

and adjust the power input accordingly. The pressure is monitored by an internal pressure 

transducer. Lastly, the reactor has a pressure relief valve to avoid over pressurisation of 

the system while running the reaction to protect the reactor from damage. The data 

obtained from the reactor are recorded using a Picotech TC-08 datalogger operating 

through PicoLog software. The pressure and the temperature are monitored providing 

real time data of the precise temperature and pressure of the reaction. The data are 

visualised by a temperature-time and pressure-time graphic, as shown in Figure 2.3. The 

total internal volume of the reactor is 10 mL.  

2.3.1 Safety Considerations 

Hydrothermal reaction conditions involve high temperatures under autogenous 

pressure. Water, the solvent, is carried to superheated conditions. Therefore, every 

possible source of error needs to be considered. The hazards which can occur in a standard 

reaction procedure range from degradation of the components of the reactor to 

explosions. Because of this, the possible risks need to be tiered in terms of possible danger 

to the operator as well as how to mitigate them. Below the safety protocol is described in 

different tiers; upon failure of the reactor, the steps to undertake and mitigate the risks 

are given.   
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Figure 2.1. a) Schematic description of the parts composing the hydrothermal injection reactor. b) 

Picture of the reactor setup with the components labelled. c) Schematic of the fittings and 

components of the reactor.  

 Tier 1: The main cause of explosion is the chamber being exposed to 

pressures exceeding the operational limits. To avoid over pressurisation 

due to experimental design the properties of water at those conditions need 

to be known. The pressure reached by water contained in a closed vessel 

has been measured through the years, giving a good picture of how water 

will behave at high pressure. The plot of those conditions can be obtained 

from the National Institute of Science and Technology (NIST).3 It gathers 

the behaviour of water in a closed system with constant volume (isochoric) 
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where the content is heated into an inelastic container, comparable to the 

conditions found in our reactor set up.  

 

Figure 2.2. Graph of the relationship of autogenous pressure at different temperatures depending 

at the filling fraction shown by different colours. The dashed lines show the jump pressure when 

injection takes place. Data obtained for isochoric conditions.3 

From Figure 2.2 the fill volume can be calculated for our setup. This 

ensures the reactor will stays in a safe operational region. For example, in 

a standard procedure 2.5 mL are injected on 5.0 mL (0.5 ff) making up a 

total of 7.5 mL (0.75 ff). Which will still be under the limits established 

for the reactor.  

 Tier number 2: Involves the real time tracking of the internal temperature 

and pressure. The pressure transducer connected to the Picotech TC-08 

data logger combined with the PicoLog software track the internal reactor 

conditions in real time. In case that the pressure of the reactor increases 

beyond the safe operation conditions this is always acknowledged by 

checking the tracking software. The user can see at all times a 

representation of the temperature versus time (s) as well as pressure in psi 

versus time (s). If experimental conditions get over the limit of action, the 
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heater must be turned off immediately and the operator steps away from 

the reactor.  

 Tier number 3: It includes the pressure relief valve. Sudden pressure 

increases in the reactor, malfunctions of the tracking system or human 

errors are safeguarded. In case of overpressure, the pressure relief valve 

will safely release the pressure in the system. It is rated to trigger at 30 

MPa. This is still below the pressure limit for the tubing and fittings given 

by the manufacturer for the design of this reactor (35.16 MPa). That way 

a passive safety measure that is not dependent on the user is established to 

release the unlikely sudden overpressure.  

 Tier number 4: A polycarbonate blast shield is mounted always in front 

of the reactor in order to control the malfunction of the previous 

measurements. This shield in combination with the fumehood sash will 

prevent that the energy in case of an explosion gets away from the reaction 

area in case that the system gets over pressurised and the relieve valve is 

incapable of evacuating the built up pressure. The blast shield protects the 

operator of the reactor and other people present in the lab. By this means, 

there’s a physical barrier between the high pressure system and the 

operator in case that the previous active and passive safety measures fail.  

 Tier number 5: The fumehood is not only a physical barrier but also 

prevents that any fume is generated in the user’s area. In case that any 

hazardous gas is generated by side-reactions when opening the chamber, 

the fumehood will be able to remove the gas from the area and avoid any 

intoxication in the lab.  

With all these safety measures and by following the pre-established standard 

operating procedure described below, the safe handling of the reactor is ensured. The 

reactor safety features are designed to combine both active and passive measurements. It 

is not only based on the good read of the real-time data from the user, but as well some 

passive features like the pressure relief valve and the shield avoid any hazard derived 

from human error. The reactor has proven to be safe and reliable after proper 
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commissioning and being used over 6 years. Any change in the design will be done in 

conjunction with the previous statements and carefully tested before being employed.  

2.3.2 Standard Operating Procedure - Hydrothermal Injection Reactor 

From the commissioning and previous research work an optimal Standard 

Operating Procedure has been outlined for use of the hydrothermal injection reactor. 

Below the most important features and actions are described for the use of the reactor. 

It is designed and tested to keep the user safe and also to keep the system as well 

functioning as possible for a long time. It requires some work and understanding of the 

limitations of the system before a reaction may even be attempted. Every time a part or 

the whole reactor is rebuilt it requires a minimum testing before it can be approved to 

start a new set of syntheses.  

1. As described at the safety considerations, Section 2.3.1, the total volume introduced 

in the chamber needs to be considered. Every reaction performed in this thesis 

consisted of 5 mL of one precursor that is preheated to inject 2.5 mL of the second 

precursor to react. It makes in total 7.5 mL (0.75 ff). It is designed to avoid reaching 

the pressure (30 MPa) at which the pressure relief valve triggers at a maximum 

reaction temperature of 300 °C.  

2. 5 mL of the known concentration of one of the precursors is pipetted into the dry and 

clean reactor chamber. The solution is introduced along with a stirring bar.  

3. The reactor chamber is then attached to the system, first tightened by hand and then 

using two spanners of the right size to securely attach it to the reactor body. It is 

essential to ensure the two sections are tight enough to avoid pressure leakage.  

4. Then the heating jacket is fixed to the reactor along with the two K-type 

thermocouples. One serves as a control temperature to the heating controller and the 

second one is connected to the data logger to monitor the temperature profile of the 

heating jacket on the computer. The heating jacket is securely fixed by the two nub 

screws.  

5. The whole reactor is then placed on a stirring plate to maintain constant stirring during 

the reaction to ensure a homogeneous reaction mixture.  
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6. Then the connection that goes from the body to the HPLC is disassembled. The tubing 

end is placed in a conical flask with the stock solution of the second precursor. It is 

required to pump the solution three times to purge the tubing with the new solution. 

All the solution that is discarded is placed at a beaker labelled as “waste” to be 

properly disposed of. Then it is reassembled to the main body.  

7. The internal thermocouple that measures the temperature of the reactor should not be 

removed and kept constantly in the same position at the top of the reactor.  

8. After checking that every single part of the reactor is in the right position, a file is 

created with the name of the reaction, keeping the number of attempts of the reaction 

and the date of the reaction. Giving an example dd/mm/yyyy_AS000_00 

(date_sample name_attempt).  

9. The blast shield is then situated in front of the reactor and the target temperature is 

set at the temperature controller. The protective screen should not be removed from 

position unless the temperature controller is turned off and the reactor is cooled down.  

10. The sash from the fumehood is closed. From this point on, the user must only control 

the data obtained from the internal conditions in the reactor. The rise in temperatures 

must be constant and in consonance the internal temperature with the heating jacket 

one. The pressure trend must be correlated to temperature reading at every time if the 

tracking system is properly working.  

11. Once the temperature reaches the desired temperature, it is held for five minutes to 

check that there are not large variations of temperature with time.  

12. As the set conditions for the reaction are reached, the user must inject the remaining 

precursor through the HPLC.  

13. After injection there is usually a fast decrease and then rise in temperature, followed 

by an increment of the pressure due to the larger volume of solution in the reactor.  

14. The reaction is kept for around ten minutes (600 s) before the temperature controller 

is turned off and the chamber is left to cool down.  
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Figure 2.3. Reactor profile for a 200 °C reaction. It shows the pressure profile (blue line), the 

temperature profile followed by the heating jacket (red line) and the inside of the reactor measured 

by the K-type thermocouple (black line). Green vertical line shows the injection time and the 

dashed pink horizontal line the conditions when the second precursor is injected.  

15. Once the reactor reaches room temperature the stirring is turned off and the main 

body of the reactor disassembled from the heating jacket. The reactor cell is detached 

while being careful not to lose any product along the process.  

16. All the content is poured in a beaker and the chamber is cleaned with distilled water 

to collect any product left behind.  

17. Then the end that connects the HPLC pump with the reactor is removed to be purged 

with water three times and reconnected to the reactor body. The whole reactor is 

cleaned with water by pumping it through and recovered at the product beaker.  

An overall schematic figure of the reactor described is given in Figure 2.4.  



52 

 

 

Figure 2.4. Schematic of the reactor setup. 
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2.4 Characterisation Methods 

To describe the materials obtained synthetically by the methods described above, 

several characterisation methods are required to assess the composition and structural 

characteristics of the samples. The common characteristic of the samples is that they are 

solid material so that powder analysis are the ones required. For that reason, the 

characterisation techniques chosen will be X-ray Diffraction (XRD) to determine the 

crystal structure of the different compounds or polymorphs as well as corroborating the 

composition of the material by comparison to the materials’ characteristic patterns. 

Fourier Transform infrared spectroscopy (FTIR) and Raman spectroscopy will be 

employed to gather information on the type of bonds present in the structure. 

2.4.1 X-Ray Diffraction (XRD) 

X-rays are a fraction of the electromagnetic spectrum in the range of 100 eV to 1 

MeV. In terms of energy this is situated between ultraviolet and γ-rays. The wave nature 

of X-rays gives a wavelength ranging from 10 to 10-3 nm, at the same order as  interatomic 

distances. In this case the physical phenomenon known as diffraction is employed to 

understand the atomic arrangement of the atoms in the sample. 

When X-ray radiation interacts with a material several physical phenomena occur. 

The interaction can be divided in processes that cause energy loss of the leaving X-ray 

(inelastic) or the energy is conserved (elastic). X-ray diffraction is part of the elastic 

scattering subgroup. The wave generated in a crystal (leaving wave), which is 

characterised by an ordered array of atoms, when X-ray radiation source is scattered 

elastically will have a certain angular relation to the normal incident plane. The different 

scattered waves by the array of atoms will recombine to form a new wave. That 

combination or interference can be constructive or destructive. The wave combination 

will be constructive when the path difference between the incident and scattered X-rays 

is an integer of the wavelength value, λ, while the recombination value will be zero when 

the path difference is equal to λ/2. In a crystal structure with interplanar spacing equal to 

d, the angle that satisfies the condition for constructive interference is Bragg’s angle, θB. 

This angle is equivalent to the angle between the incident beam to the normal and the 

diffracted beam to the normal. Therefore, the angular relationship between the incident 

and the refracted will be equal to 2θB. The relationship between the interplanar distance 
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and the diffracted angle is defined by the Bragg’s Law (Equation 2.1) applied for the first 

time in 1913 by W. H. Bragg and W. L. Bragg:  

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃𝐵 (2.1) 

Where n is the order of reflection and corresponds to the number of wavelengths in the 

difference path between two adjacent planes. This geometrical relationships are described 

in Figure 2.5.  

 

Figure 2.5. X-ray Diffraction in an array of atoms. The atoms are shown as circles that interact 

with the X-ray wave (red line). The angle with the normal is described as θ and with the leaving 

wave as 2 θ. The interplanar distance is defined as d.  

X-ray diffraction patterns were obtained using a Bruker D2 Phaser. The X-ray 

source employed was Cu Kα = 1.5418 Å. A zero-background holder was used for the 

measurements to minimise the background observed. 

2.4.2 Fourier-Transform Infrared Spectroscopy (FTIR) 

IR radiation is situated in the electromagnetic spectrum at lower frequencies than 

the visible region, and higher than microwave radiation. It is frequently set in the 4000 to 

400 cm-1 regions, corresponding to mid-IR region. IR spectroscopy measures covalent 

bond vibrations. Covalent bonds are approximated to be harmonic oscillators, as shown 

in Figure 2.6.  
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Figure 2.6. Quantum harmonic oscillator representation. The blue arrows show the transitions 

between vibrational states form the ground state (n = 0) to higher excited ones (n = 1, 2, 3 …) 

The energy necessary to make a bond vibrate is calculated by Hooke’s Law: 

𝜈 =
1

2𝜋
√
𝑘

𝜇
 (2.2) 

Where k is a force constant and µ represents the reduced mass. For a more realistic 

approximation molecular bonds are non-harmonic systems where a dissociation energy 

takes place, and the energy levels are not equally levelled. Therefore, the frequency at 

which a bond vibrates will increase when the bond energy is increased, and the atomic 

weight decreased. Absorption peaks can be assigned to every bond in the molecule and 

changes in bonding energy and mass can be tracked. In order for a vibration to appear in 

IR spectroscopy it is required to generate a change in the dipole moment. Therefore, the 

rule of mutual exclusion needs to be considered. In centrosymmetric molecules every 

vibration that keeps the dipole moment constant will be IR inactive, but Raman active. 

An example of this phenomenon is highlighted in Figure 2.7 in relation to the CO2 

vibrational modes.  
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Figure 2.7. CO2 vibrational modes. The carbon atoms are referred as blue circles while the oxygen 

atoms are shown as red circles. The symmetric stretch will not be IR active but Raman active. The 

atomic vibration is described by the arrows above the atoms.  

FT-IR/ATR spectroscopy is a particularly useful tool in the analysis of solid 

samples. ATR stands for Attenuated Total Reflection. In this technique the sample is 

placed in contact with a special crystal with a high refractive index (e.g., germanium, 

KRS-5 or ZnSe). In ATR spectroscopy the radiation will penetrate through the ATR 

crystal generating an evanescent wave, in which the sample will absorb radiation closely 

related to the transmission spectrum of the same kind. When the laser is situated on the 

interface with a less absorbent medium at an angle larger than the angle for total internal 

reflection the beam is totally reflectance. Although there is no wave going through the 

less dense medium, the evanescent wave (electrical field) exists, being reduced away 

from the surface. Every successive interaction with the sample will be part of the signal, 

increasing the sensitivity and the intensity of the IR technique. This reduces the quantity 

of sample required for obtaining the IR spectrum. It is non-destructive and the sample is 

directly measured by the contact of the sample with the refractive crystal. The process 

described above is schematically shown by Figure 2.8. 
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Figure 2.8. Schematic FTIR/ATR sample holder. 

Infrared spectra were recorded using a Perkin Elmer ATR-FTIR spectrometer 

with ATR single reflection diamond accessory from Specac. 

2.4.3 Raman Spectroscopy 

Raman spectroscopy studies the dispersion of radiation when it encounters the 

sample. Radiation gets absorbed and the molecule is excited to a virtual state. The 

incident photon can be absorbed if its energy is equal to the difference between quantised 

levels. Nonetheless, that photon can collide with an atom and get dispersed. Most of the 

radiation doesn’t suffer an alteration in the energy when they get dispersed (Rayleigh 

Scattering), while around 0.001% of the radiation gets dispersed, where from that 

percentage 1% is Raman scattering. Depending on the two energy levels involved in 

Raman scattering it can be described as Stokes or anti-Stokes Raman interaction as 

described in Figure 2.9. 
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Figure 2.9. Raman scattering energetic transitions. 

Raman scattering is not a resonant interaction. It is described as the polarisation 

of the electron cloud and the oscillating vector of the radiation. Therefore, for a vibration 

to be Raman active it is required that the radiation changes the polarisability of the 

molecule:  

𝑃 = 𝛼 · 𝐸 (2.3) 

Where P is the dipole moment, E represents the external electric field and α is the 

polarisability of the molecule. In the case of solids there’s an extra limitation that needs 

to be discussed. The vibration of the molecules, due to the nature of the solids, won’t be 

as free as for the liquid and gas molecules, due to the bonding to other molecules in the 

lattice. Extra resonant vibrations will appear as lattice modes where the molecules will 

vibrate as an entity generating peaks of lower energy. 

A standard Raman spectrometer consists of a light source and a laser that 

irradiates the sample. That radiation gets treated by several optic features before it reaches 

the detector, a CCD (charge-coupled device) detector.  

Raman spectra were recorded using a Renishaw Raman Microscope with 785 nm 

laser. 
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2.4.4 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy (SEM) is one of the most widely used techniques 

to analyse surfaces of nano- andmicroparticles. The first scanning electron microscopes 

were constructed in the 1930s and 1940s. In the SEM a beam of electrons is ejected from 

a filament to the target material through vacuum conditions (10-4 to 10-10 Torr). The 

electrons previously generated are redirected by a series of electromagnetic lenses. The 

electrons interact with the sample and are emitted as backscattered electrons or secondary 

electrons. As the electrons are ejected from the sample, they are detected, often by an 

Everhart-Thornley scintillator-photomultiplier detector.  

Secondary electrons are caused by inelastic scattering, resulting from the 

interaction of the beam with weakly bound electrons in the conduction band of the 

sample. These electrons are low energy (<50 eV), resulting in a low transmissibility 

through the samples. As a result, secondary electrons are more useful in the analysis of 

sample’s surface morphology or topology. 

High energy electrons from the beam are also scattered elastically forming 

backscattered electrons. As these electrons are higher energy they may travel farther than 

the direct low energy secondary electrons formed, they can travel away from the electron 

beam impact zone making the spatial distribution larger. As the scattering strength of an 

atom is highly dependent on atomic number, back scattered electrons can provide some 

information on composition or elemental distribution, though the larger mean free path 

leads to lower spatial resolution than that obtained with secondary electrons. Finally, the 

SEM image is formed by the intensity of the secondary electrons emitted from the sample 

at each x,y data point. 4 

SEM images were obtained by using a Zeiss Ultra SEM microscope running at 

5.00 kV with in lens detection. All samples were prepared and deposited onto a carbon 

tab over an aluminium stub. A schematic figure of a standard scanning electron 

microscope is included in Figure 2.10. 
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Figure 2.10. Schematic of a scanning electron microscope (SEM). 
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2.5 Analysis Methods 

Although X-Ray diffraction is useful for the assignment of diffraction patterns to 

sort the chemical composition of a sample, it can give more complex information if 

required. Due to the nature of diffraction the peak position, intensity and shape depend 

on many factors that require specific mathematical analysis of the pattern obtained. For 

that reason, in this section of the chapter two different XRD pattern analysis techniques 

will be described. These techniques require a deep understanding of the mathematics and 

physics involved, beyond what will be discussed here, although the references mentioned 

will guide the reader to more in depth knowledge of the numerical factors involved.  

2.5.1 Rietveld Refinement 

Rietveld refinement consists of the calculation of a model pattern that “fits” the 

experimental one as much as possible given by a statistical error that can be calculated. 

Rietveld refinement was firstly used for clear patterns (high peak intensity and low 

background) obtained by neutron diffraction, and it required a tedious point by point 

calculation. It later got extended to data from high energy X-ray sourced diffractometers 

and finally to powder X-Ray samples (PXRD)  

Nowadays although the mathematical approach is similar it requires the use of 

computer software like EXPGUI/GSAS5,6 which is used in this thesis to perform Rietveld 

refinement of the PXRD patterns obtained. An example of the interface of this software 

for the Rietveld refinement of a XRD pattern is given in Figure 2.11. Firstly, a 

mathematical structure-free approach like the Le Bail method (1998) is used to begin the 

refinement. It consists of an approach in which the peak intensities are adjusted to the 

observed ones. The background needs to be well refined to make a good approximation 

for the peaks. As a rule, a semi-empirical and a polynomial approach can be used. Both 

are employed to subtract the background and only estimate the refinement of the data. 

Several cycles of calculations are required at this step. Once the background is ruled out, 

the peak-shape of the pattern can be approximated. The most common way to do it in X-

Ray measurements is to use the pseudo-Voigt function. It consists of a linear combination 

of a Gaussian and a Lorentzian component with the ratio of each described as: 

𝜂

1 − 𝜂
 (2.4) 
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Where η is known as the mixing parameter. In a standard profile the components usually 

vary in a linear weight where the Gaussian shape is predominant at low angles and 

Lorentzian at higher ones. A peak can be dismissed as background when the intensity is 

less than 0.1 – 1.0% of the peak maximum. For the peak shape at low angles and the 

relation with the background a “peak cut-off” option is displayed to refine it. Once the 

peak shape is corrected, the fitting parameters can be adjusted to the empirical ones by 

the Rietveld refinement. This pattern refinement method was first reported by Rietveld 

at the I.U.Cr. congress in Moscow (1966) and published in 19697 but it wasn’t until 1977 

that Malmros and Thomas8 extended this technique from neutron diffraction to X-Ray 

diffraction techniques.9 In this first analysis the peak shape was assumed to be a 

convolution of different factors that affect the peak shape like the nuclear and magnetic 

contribution and the Lorentz factor. At lower angles the Gaussian peak starts showing 

some asymmetry which are corrected by a semi-empirical correction factor. For the peak 

width the formula given by Caglioti, Paoletti and Ricci (1958) is used to compare the full 

width at half maximum (FWHM) with the scattering angle of the Gaussian component of 

the peak shape by: 

𝐹𝑊𝐻𝑀2 = 𝑈 tan 2𝜃 + 𝑉 tan 𝜃 +𝑊 (2.5) 

And the Lorentzian, 

𝐹𝑊𝐻𝑀 = 𝑋 tan 𝜃 +
𝑌

cos 𝜃
   (2.6) 

Although they are good approximations for most of the patterns obtained, 

anisotropic behaviours in the peak shape cannot be described by this approximation.  

The preferred orientation effect on the peak width needs to be corrected as well, 

due to the non-random orientation of the crystallites in the cylindrical sample holder. For 

plate like materials, the angle of the normal of the crystals and the scattering (α) is 

considered and corrected by, 

𝐼𝑐𝑜𝑟𝑟 = 𝐼𝑜𝑏𝑠 𝑒
−𝐺𝛼2 (2.7) 

Where G is the preferred orientation parameter.  

By this refinement several data like the precise cell parameters of a pattern of 

mixed components or the percentage of each polymorph present in a sample can be 

calculated.  
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Figure 2.11. Example of the graphical interface of EXPGUI/GSAS. 5,6 The experimental data points 

are compared to the calculated one (red line). The base line corresponds to the green line 

underneath. The difference of intensity between the experimental and the calculated is plotted with 

a blue line. 

When performing Rietveld refinement it is necessary to establish when is the 

refined structural model is good enough to be considered finalised. Several parameters 

may be used to indicate the goodness of fitting of the calculated pattern against the 

experimental one. The first approach and fastest way to assess it is to observe the 

difference both patterns, shown as a blue line in Figure 2.11. Secondly it can be 

established by the use of agreement indices or R values. The first one to be defined is the 

weighted-profile R value or Rwp.  

 

𝑅𝑤𝑝 = {
∑ 𝑤𝑖[𝑦𝑖(𝑜𝑏𝑠) −𝑖 𝑦𝑖(𝑐𝑎𝑙𝑐)]

2

∑ 𝑤𝑖[𝑦𝑖(𝑜𝑏𝑠)]2𝑖
}

1/2

 (2.8) 

Where yi(obs) are the intensity that can be observed at every step i. yi(cal) is the 

intensity directly obtained from the refinement. When a refinement approaches well the 

observed pattern the difference between the experimental intensities and the calculated 

ones are minimised. Nonetheless the main limitation resides in the background 
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contribution to the data. If the background is intense and not subtracted the Rwp will 

account the background intensity. The final Rwp obtained from the structure-less fitting is 

a good indication of what Rietveld refinement R must be approached.  

In order to estimate how well the peaks are expressed by the fitting Rwp should 

approach the statistically expected R value, Rexp.   

 

𝑅𝑒𝑥𝑝 = {
(𝑁 − 𝑃)

∑ 𝑤𝑖[𝑦𝑖(𝑜𝑏𝑠)]2𝑖
}
1/2

 (2.9) 

Where N is related to the number of points obtained and P is the number of 

parameters. The numerator is usually defined as the degree of freedom. The relationship 

between this two factors will be expressed by the “goodness of fitting” or the ratio 

between both parameters, χ2.  

 

𝜒2 =
𝑅𝑤𝑝

𝑅𝑒𝑥𝑝
  (2.10) 

This number must approach 1 as the weighted profile R and the statistically 

expected are targeted to be similar. Although, this numbers are helpful to gather an idea 

of the degree of fitting, it should always be accompanied by a good match between the 

calculated pattern and the experimental one. A refinement is usually stablished to be 

finished when good fitting parameters are obtained and the visualisation of the calculated 

and the experimental patterns show a good correlation.  

2.5.1.1 Preferred Orientation Determination by the March-Dollase Approach 

Although XRD patterns are usually represented as symmetric peaks showing 

different intensities and centred at a specific angle for each plane of the material, these 

features can suffer certain modifications. The most common factors are peak asymmetry 

and peak shift. Among others, the limited performance of X-ray analysis is subjected to 

the small active volume that diffracts due to absorption of the sample. It is dependent on 

the size of the grain and how well packed the holder is, causing variances in the pattern 

measured. The roughness of the material can cause additional absorption or a change in 
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the intensity due to preferred orientation. Here the latter will be described in order to 

establish how it can be corrected to obtain a precise refinement of the materials.   

Preferred orientation is a feature that almost all polycrystalline materials show to 

a certain extent. It is intrinsically related to the nucleation and especially the growth of 

the materials. Due to the different energy barriers that a material needs to overcome to 

grow and the large number of interactions that take place along this process the growth 

of certain planes will be promoted. This effect can be thermodynamically driven where 

some faces, or planes of the unit cell will show a lower energy to grow or kinetically due, 

among others, to the interaction of the solvent with the material hindering or promoting 

the attachment of the atoms in a certain direction. A change in different factors such as 

the reaction media, addition of solvation agents or even any change in the speed of the 

growth given by temperature fluctuations or precursor availability will be critical to the 

degree of preferential orientation exhibited by the materials. This effect, also called 

texture, can be reduced in various ways when the sample is prepared for the measurement. 

For example, it can be minimized by a softer packing of the sample however it maximises 

the complexity to obtain a homogeneous sample to characterise. Sufficient compression 

maximises the homogeneity of the sample and although it doesn’t avoid texture effects 

promotes them to be regular. Some measures can be taken at the procedure of the 

measurement. If the sample is spun around a certain axis, the preferred orientation 

parameters are simplified and reduced. It will simplify the description of the pattern and 

therefore the degree of preferred orientation can be described and corrected. Another 

improvement in the technique was the implementation of 2-D detectors instead of the 1-

D classically used for these measurements. It allows the collection of information from a 

larger area of the diffraction cone and reduces the measurement time. The number of 

improvements developed to reduce the effect caused by texture all fail to give a number 

to the degree of effect that it has on the measurement.  

The March-Dollase approach can be used to parameterise and correct preferential-

orientation effects in the patterns measured.10. It reduces the complexity of the effect to 

a simple parameter (r, March parameter) that describes the amount of preferential 

orientation in the sample measured (0 < 𝑟 ≤ 1). This avenue can be introduced in 

Rietveld refinement as a way of further refining the pattern and gaining a better fitting.6 

Although it helps in the quantification of the texture of materials, it will be used in this 
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thesis as a simple way to better resolve the fitting of the materials refined. No direct 

physical explanation can be directly extracted from this parameter.  

The degree of preferred orientation is defined as: 

𝜂 = 100% (1 − 𝑟) (2.11) 

When r = 1 then η = 0% so the sample is said to be randomly oriented, but, when r = 0 

then η = 100% then there is what is called a perfect uniaxial orientation. Once the 

parameters are defined, the maths involved in the justification of this approach can be 

described. It is worth to note that all the parameters were not calculated but obtained from 

the fitting software (EXPGUI/GSAS) as well as not physical meaning is sought when 

calculating these parameters.  

The description can be started by defining the weight function, W(α), to state the 

portion of crystallites for which the reciprocal lattice vector h is parallel to the normal of 

the surface measured. It is by extension the direction of the texture H.  

𝑊(𝛼) = (𝑟2𝑐𝑜𝑠2𝛼 +
1

𝑟
sin2 𝛼)

−
3
2
 (2.12) 

The angle α in Equation 2.9. is the one that relates both vectors h and H in a 

crystal. The degree of preferred orientation r will determine the shape of the function. If 

r = 1 the weighted function is equal to unity, therefore the orientation does not depend on 

the angle α, so that it is randomly disposed. At intermediate values of r the function has 

a maximum when α = 0. For the perfect uniaxial value r = 0 it is converted into a delta 

function δ(0). As this is a fraction of the total number of crystallites this function must be 

normalised.  

∫ 𝑀(𝛼) sin(𝛼)  𝑑𝛼 = 1

𝜋/2

0

 (2.13) 

 

The right way to state the amount of preferred orientation is to relate it to the 

fraction of crystals with an angle α within (0, α0). 

𝑃(𝛼0) =  ∫ 𝑀(𝛼) sin(𝛼)  𝑑𝛼

𝛼0

0

 (2.14) 

The equation that is used in the refinements is then reduced and simplified as  
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cos 𝛼0 = (
1 − 𝑟

1 − 𝑟3
)
1/2

→ 𝜂 = 100% [
(1 − 𝑟)3

1 − 𝑟3
]

1/2

  (2.15) 

At the refinement the March parameter r will be deduced to obtain a degree of 

preferred orientation, η. It gives different values as the linear one stated in Equation 2.8. 

The final equation is nonetheless valid for all the cases where𝑟 ≠ 1. The difference 

between both equations is highlighted in Figure 2.12. 

 

Figure 2.12. Relationship of r with the degree of preferential orientation from Equation 2.12. (solid 

line) and the linear relationship in Equation 2.8 (dashed line).11 

In specific to the samples measured the degree of preferred orientation will be 

calculated for the Rietveld refinement. Due to intense anisotropies caused by this effect 

it will improve drastically the fitting of the calculated parameters with the experimental 

pattern.  

2.5.2 Pair Distribution Function (PDF) Analysis 

Although useful information can be extracted from the Rietveld refinement, the 

appearance of materials where the size-dependent properties are critical, like 

nanomaterials has led to the development of new analytical approaches. The atomic 

disposition in these nanomaterials will be critical for their properties. Small anisotropic 

disarrangement of the atoms is completely legible in classic XRD analysis as the effect 

in the pattern of this disparagements will be minimal and not revolved. However, for 

small particles it is essential as their domain size is rather small so any distortion will be 

critical for the structure exhibited. For example, any diffuse scattering from partially 

amorphous to small crystals is discarded as background in Rietveld refinement. These 

poorly crystalline materials can be visualised by microscopic techniques such as TEM, 
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as only punctual information can be derived from the images. To tackle these limitations 

Pair Distribution Function Analysis (PDF) evolved from being a niche technique for 

high-end solid-state physics to be key in the study of material formation and structure 

determination in present times.  

PDF is defined as the Fourier transform of the scattering data. It essentially gives 

information on the interrelationship of the distances between the atoms in a crystal in real 

space. Gathering data in real space is complicated as high quality data is required. The 

feature that will define the appropriateness of the data collected to be converted into real 

space is the magnitude Q, or momentum transfer. It is defined by the wavelength of the 

incident radiation.  

𝑄 =
4𝜋 sin 𝜃

𝜆
 (2.16) 

In order to define how a PDF is obtained, a good starting point is to define the 

structure function, S(Q). It is a normalisation of the coherent scattered intensity of a 

certain material.  

𝑆(𝑄) =
[𝐼𝑐(𝑄) − 〈𝑓(𝑄)

2〉 + 〈𝑓(𝑄)〉2]

〈𝑓(𝑄)〉2
 (2.17) 

Ic is defined as the coherent scattering intensity diffracted by a sample. f(Q) is the 

atomic form factor, which describes the efficiency or ability of coherent scattering per 

atom. It is the ratio between the amplitude of the wave scattered by the atom compared 

to that of an electron in the same conditions. A PDF plot represents the arrangement of 

the interatomic distances in a structure, by defining the atoms in pairs, in real space and 

taking an atom in the cell as the origin described in Figure 2.13.  
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Figure 2.13. Description of how a pair distribution function is obtained. A random atom in the 

lattice is taken as the origin and the vectors are described from this origin to the 2D situated atoms. 

The resultant graph is shown underneath with symmetric sharp peak for same type of surrounding 

atoms. Vibrational and thermal effects are not considered in this figure.  

The equations above can be obtained from a structural description. The Radial 

Distribution Function (RDF) is obtained from the sum of the delta functions with all the 

interatomic distances in the sample as described in Figure 2.13.  

𝑅(𝑟) =∑∑
𝑓𝑗
∗𝑓𝑖
〈𝑓2〉

𝛿(𝑟 − 𝑟𝑖,𝑗)

𝑗𝑖

 (2.18) 

The RDF is one of many equations that describes the same information in a 

different way. The reduced distribution function can be obtained: 

𝐺(𝑟) =
𝑅(𝑟)

𝑟
− 4𝜋𝑟𝜌0   (2.19) 

𝜌0 is the average atomic number density. Equation 2.16. is often used. 

The PDF were calculated from the powder XRD patterns obtained from the 

samples by using PDFgetX2. 
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2.5.3 Principal Component Analysis (PCA) 

Materials science has as one of the main topics: the nucleation and growth of 

crystals. The variability of formation of the aforementioned will depend on what structure 

they adopt generating different polymorphs to what mineral will precipitate at the end of 

the reaction. All these processes and the final material selection will depend on 

energetically closely related pathways. Therefore, the formation of one or another 

polymorph will be correlated to the synthetic conditions. Nonetheless, due to the 

experimental limitations in the lab the different parameters may not always be isolated in 

such a way that the end result is a huge range of different factors like temperature, 

concentration, precursor selection or time. This means that experimentally a matrix of 

different samples produced at different conditions is needed to examine how those 

external conditions affect the resultant sample. This matrix of samples increases in size 

as more variables are added to the experimental conditions. In order to even acknowledge 

how that factor has affected the final result a large quantity of techniques are required to 

characterise the materials formed. Those techniques are usually, at the same time, not as 

simple to analyse and will depend in many factors to even obtain a conclusion or a trend. 

Thus, when performing a set of reactions to map their behaviour at different variables 

large, complicated datasets are the final outcome after their analysis. Mapping these 

conditions to the obtained materials and the intricacies of their crystallisation it is often 

found to be time-consuming and hard to correlate all the factors among different 

techniques to generate a broader view of what is happening at different conditions. This 

bottleneck is classically tackled by designing the experiments in a way that each variable 

can be isolated and analysed on its own. Nonetheless, many times those factors don’t 

directly depend on the synthetic technique or are not even acknowledged prior to the 

experimental procedure. When this preventive measure cannot be implemented and to 

promote the automatisation of the processes in where the data is analysed post-synthesis 

not estimating what are going to be the main factors that influence the results, statistical 

approaches are usually employed. Although this statistical modelling doesn’t usually give 

a chemically meaningful result as it requires to be corroborated by the data introduced, it 

helps to correlate large dataset between each other and acknowledge trends not that easy 

to be observed at first-sight.  
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PCA statistical analysis is capable of discerning the mentioned factors that affect 

the samples obtained and reduce the dimensionality of the results to a meaningful easier 

to handle sets of directions or components. Those factors that gives variability to each set 

of data and characterise them versus the others are called Principal Components (PC). 

These new variables are linear combinations of the old ones that accounts for the greatest 

possible variance, with each subsequent PC being calculated in the same way on the 

conditions that it is uncorrelated (orthogonal) to the previous calculated ones, so that they 

are independent variables to each other. The number of components will be equal to the 

number of samples or variables present, and it will depend on which is the smaller. 

Usually when calculating the variables that affect a dataset there are a few ones that will 

carry most of the variability of the samples, with the other factors being effectively 

meaningless to discern between one pattern or another. If only the factors that give the 

largest variability are accounted to define our dataset, there will be an effective reduction 

of dimensionality in the data keeping most of the meaningful variation between them. So 

that, the data will undergo a reduction of dimensions from thousands that can affect it to 

a few that are the main ones. All the components are affecting all the samples in the 

dataset, although it will not interact the same way with all of them. If the strength of this 

interaction can be calculated numerically and plotted, common and differentiator features 

can be extracted to observe trends. The samples that are correlated or affected by a PC in 

a similar way will cluster, in contrast if they are not correlated, they will be plotted in a 

completely different place in the graph. 

Once the concepts behind PCA are understood, it is necessary to explain the 

mathematical concepts that this analysis involve. It was first formulated by Pearson who 

described the analysis as “lines and planes of closest fit to systems of points in the 

space”.12 In chemistry PCA was first used in around 1960 by Malinowski, although it 

was named as principal factor analysis.13 The starting point for every multivariable data 

analysis is to organise the data in a matrix (table of data) which will be named X. The 

number of samples that will correspond to the number of rows in the table will be I. For 

every sample the number of columns or variables will be defined as J. The corresponding 

matrix will have a size of 𝐼 ×  𝐽. In a chemical test it is usual to face very large number 

of observations corresponding to a big matrix of data. It is very complicated for the user 
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to discern trends in that situation, therefore PCA will allow the creation of models and 

correlation in the matrix. PCA target can be defined as: 

X(𝑑𝑎𝑡𝑎 𝑚𝑎𝑡𝑟𝑖𝑥) = M (PC 𝑚𝑜𝑑𝑒𝑙) + E (𝑁𝑜𝑖𝑠𝑒) (2.20) 

The corresponding variables that will be presented in the columns are denoted as 

xj (where 𝑗 =  1, … , 𝐽). They are all vectors in the I-Dimensional space. It can be 

expressed as a linear combination t = 𝑤1 × 𝑥1 +⋯+𝑤𝐽 × 𝑥𝐽. t is defined as a new 

vector which belongs to the same space as the variables x. The matrix can be denotated 

as t = X𝑤. The data that are contained in X express all the variability so it is reasonable 

to think that t will keep most of the variability as well. This process has downgraded the 

J number of variables to a variable named t keeping the information relevant. The 

variability of t can be calculated by its variance, var(t) — a common calculation in 

statistics. The number of the weights (𝑤𝑗) needs to be chosen wisely to maximise the 

variance. If that number is decided to be a very large random number, then the variance 

of t will depend in the same way of an arbitrary large number. Therefore, to anchor this 

value it needs to be normalised. Then a norm needs to be introduced, such as, the sum-

of-squared values is equal to unity. This norm is denominated as the Frobenius norm 

(∥. ∥2).  

argmax
∥𝑤∥2=1

var(𝑡) (2.21) 

Where ∥ 𝑤 ∥2= 1 can be also read as ∥ 𝑤 ∥= 1. The operator argmax gives the 

value for w that maximises the function. If the dependence of t with X and w is expressed 

in the equation: 

argmax
∥𝑤∥=1

var(𝑡T𝑡) = argmax
∥𝑤∥=1

var(𝑤TXTX𝑤) (2.22) 

This is a classic problem in linear algebra. The optimal w is the eigenvector with 

the largest value of the covariance matrix XTX/(n − 1) or the cross-product value XTX.  

It can be valued how well t represents the variation of X. This is achieved by the 

projection of the matrix X in the t dimensions. How well they correlate will be established 

by the residuals that are the discrepancies from the original data, previously assessed as 

noise.  

X = tpT + E (2.23) 
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Figure 2.14. Matrix X as a function of the loading and scores vectors defined by the matrix M and 

the residuals as expressed by the matrix E.  

p is the coefficient that is obtained after the regression and corresponds to the 

weighted numbers. How well the resultant values expressed the data is usually calculated 

by the percentage variation:  

‖X‖2 − ‖E‖2

‖X‖2
100% (2.24) 

It is called variation and not variance, usually referred in statistics, as for it to be 

a variance would need to be referred to the degrees of freedom from the model which is 

not simple to discern. t is usually named as the score vector and p is denominated as 

loading vector. In chemistry p is usually normalised to length 1. The vectors need to be 

not dependent, so by definition they are orthogonal to each other. The term of principal 

component is not really established as it can either refer to the loadings, the scores, or a 

combination of them. 

The best way to show the many advantages of using PCA for the analysis of large 

datasets is to give a reported example. The use of PCA is restricted to large datasets and 

spectra with a reasonable number of characteristic features capable of giving variability 

to the sample. FTIR and Raman are usually employed techniques to be subjected to 

chemometric analysis like PCA. The fast measurement of the samples and the presence 

of characteristic features for a mix of components enhance the applicability of this 

analysis techniques for a huge range of fields. The use of PCA for simplifying large 

dataset of these techniques has been applied for numerous fields: recognition of explosive 
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compounds by Raman,14 quality control in food science by FTIR15 and forensic 

recognition of red lipstick or cocaine by FTIR;16,17 among many others. To describe the 

process and highlight the applicability of this analysis technique the “Identification of 

Newly Emerging Influenza Viruses by Detecting the Virally Infected Cells Based on 

Surface Enhanced Raman Spectroscopy and Principal Component Analysis” was carried 

out by Choi et al..18 New influenza viruses are described every year, emerging worldwide. 

This huge variability of virus genome is produced by mutations of the virus. Thus, the 

rapid diagnosis of these new variants to isolate the infected individual in an effective way 

is required. Avoiding the fast spreading of new variants is essential to avoid any 

disturbance for humanity as shown for recent pandemics like H1N1 pandemic19,20 or even 

best exemplified by the current Covid-19 pandemic with the numerous variants 

reviewed.21,22 Nonetheless, there is still a lack of rapid detection methodologies, most of 

them requiring of specific molecules for the virus studied. These techniques required 

long, multi-step processes that last several days to achieve any result. Therefore, the 

finding of a rapid method capable to discriminate different variants is critical to beat any 

pandemic spread. Since PCA is capable of simplifying multivariable datasets showing 

the variability on the specific variables required, it can highlight the difference between 

past infections and potential new variants in within minutes by following the protocol 

described in Figure 2.15. 
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Figure 2.15. Analysis protocol followed to analysed new influenza variants from infected cells.18 

Influenza viruses carry hemagglutinin (HA) and neuraminidase (NA) as protein 

envelopes. These proteins are shown on the surface of the infected cells. They serve as a 

target for the immune system to discriminate virus-containing cells and attack them. So, 

it is expected that HA and NA can be used as analytes for the infected cells by 

spectroscopic techniques. Due to the low intensity and complexity of the system gold 

nanoparticles-enhanced Raman spectroscopy is required. The data obtained for two 

different SARS infected cells are expected to be extremely similar, so to discern 

differences between them PCA analysis of the spectra is required. The cells were 

manipulated to show only NA, HA or both at the same time for two different SARS 

strains: the WSN strain (A/WSN/33 H1N1) and the CAL strain (A/California/04/2009 

H1N1).  

The variation of the Raman shift dependent on the present of one strain or another 

is completely minimal, so that, PCA is required to acknowledge those differences. The 

signals were required to be normalised as the intensity in Raman spectroscopy is 

randomly distributed. When analysed by PCA they were plotted in 2-D comparing two 

different PCs. The main Principal Component (PC1) are the features or magnitudes that 
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gives the most variability to the spectra and will be potted at the x-axis. The second 

Principal component analysis (PC2) is usually plotted in the y-axis. Nonetheless, the 

selection of the Principal Component to be plotted depends hugely on what is required to 

analyse. For that reason, it is convenient to determine what the main different PCs are 

referring to. The most common way to diagnose the meaning of the components is by the 

selected loading plots of the components as shown in Figure 2.16.  

 

 

Figure 2.16. Averaged Raman spectra from the cells infected with a) WSN strain, b) CAL strain 

and c) cells with the WSN HA or CAL NA or both. Control shows the cells with no viral proteins. 

PCA plots of the Raman spectra from the prepared cells. d) 2D score plots of the PC1 and PC2 for 

the unaffected cells and the WSN strain with the HA + NA proteins on the surface. Purple stars 

and the green squares are related to the type of sample to be analysed as shown in the legend. The 

enclosing shapes represent the area were with a 95% of probability a similar sample would be 

encountered. e) Loading plot of the PC1 and PC2. The purple and green vertical lines are related to 

the main Raman shifts of each the affected and the uninfected cells, respectively. f) 2D score plots 

of the PC1 and PC2 of the cells presenting the CAL strain with HA+NA proteins and the control 

samples. The pink triangles represent the projection of the CALNA + HA Raman spectra and the 

green squares the projection of the Raman spectra for the uninfected cells. The enclosing shapes 

represent the area were with a 95% of probability a similar sample would be encountered. g) 

Loading plots for PC1 and. The pink and green vertical lines are related to the main Raman shifts 

of each the affected and the uninfected cells, respectively.18 

The number of measurements were: 9 (WSNHA), 9 (WSNNA), 12 (WSNHA+ NA), 

11 (CALHA), 10 (CALNA), 18 (CALHA + NA), 20 (WSNHA + CALNA) and 18 (control). This 

shows significant differences from the control samples and the infected ones. At the same 

time, the main Raman features are defined from the loading plots. This way is easier to 

determine what the Raman peaks that correspond to one or the other strain analysed. 

Without PCA it would have been almost impossible to discern which characteristics are 
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representative of the proteins shown at the surface of the infected cells. After comparing 

how every Raman shift interact with each type of cells, they can be compared to each 

other in order to discover if PCA is a suitable analysis method to distinguish new variants 

from old ones.  

 

Figure 2.17. a) PCA obtained from the mutant variant corresponding to CWSN HA + CAL NA (blue 

squares) with the uninfected ones (green squares). b) PCA comparison of the cells infected with the 

SARS defined as mutant (blue squares) with the parental CWSN HA + NA (purple triangles). c)  PCA of 

the cells infected with the mutant virus (blue squares) and the parental CCAL HA + NA (pink squares). 

d) Main Raman shifts for the analysed variant of the virus. They were obtained in a similar way as 

Figure 2.16. 18 

From Figure 2.17 significant differences in the PCA disposition can be 

acknowledged between the mutant variant and the uninfected a) and the parental SARS 

infected cells b) and c). Not only is PCA is capable of discerning what samples 

correspond to a variant virus but can also help to distinguish the main Raman shift for 

each one of the variables measured. It helped to reduce the information from a large 

number of samples measured in Raman with almost no obvious difference from the 

spectra, to differentiate the content of each sample and giving information on the 

behaviour of the surface proteins when they are measured by Raman scattering. This 

reduction of information is merely a mathematical process with no physical meaning per 
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se, but when it is accompanied with knowledge about the topic it can differentiate 

between variants of a virus within minutes. This reduction in time is critical compared to 

the standard procedure currently followed, and very advantageous in order to control 

possible pandemics.  
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3.1 Introduction  

Silicates are known to be very abundant in nature, comprising more than 95% by 

volume of the earth crustal rock.1 These minerals are not just confined to Earth, however, 

as amorphous silicate particles are believed to be one of the main components of oxygen-

rich evolved stars and might originate the crystals of forsterite and enstatite detected by 

the Infrared Space Observatory (ISO).2,3 The study of these silicates is critical to 

understand the evolution of the earth and can be transferred to more complex systems 

like the Solar System. Silica can be found in different forms than solid state, as it is 

present in the hydrosphere as dissolved silica, from erosion and dissolution of silicate 

minerals. It affects the biosphere as it is present in the soil and plays a huge role in the 

growth of plants by the ability of clay to absorb and release water, as well as different 

cations that are essential for the quality of the soil. It is present in living organisms with 

a structural function. As an example, the presence of very pure silica in the structure of 

diatoms,4 sponges5 and grasses.6. These organisms take the silica dissolved in water, 

where it is kept as silicic acid and then deposit it as silica with a high control over the 

process.7 That degree of control has led to the research of bioinspired materials for a 

range of applications, as evidenced in the exploration of the interaction of silica and 

collagen for biomedical devices with a promising future in medicine. In addition, it is one 

of the main components in the building industry being a component of granite and 

limestone. It works as well as a refractory material in paints or being doped for the design 

of LEDs .8 The ubiquity of silica in different environments shows the flexibility and 

importance of silica and silicates for various applications. 

This extended presence of silicon and more specifically of silicates results from 

the vast number of different types of them that can be formed and their large number of 

structural variations. Through the second half of the twentieth century crystal diffraction 

studies unveiled several hundreds of silicate minerals.9 Silicon is the element involved in 

the second highest number of combinations with other elements behind carbon.1 The 

main difference between the core formation of carbon chains, and partly why living 

organisms are carbon-based, rather than silicon-based, is the difference between the 

bonding energy of X-O, X-H and X-X, where X= C/Si. For carbon all the three 

possibilities have almost the same energy, generating many different iterative compounds 

with the almost same energy cost. In the case of silicon, the Si-O bonding energy is larger 
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than the Si-H and almost double that of Si-Si, hindering the possibility of formation of -

Si-Si- silicon chains. 

Table 3.1. Selected mean bond energies for carbon and silicon. 

Bond X=C (kJ/mol) X=Si (kJ/mol) 

X-X 346 222 

X-O 358 452 

X-H 413 318 

 

This factor evidently limits the chemistry of silicon as the formation of Si-O bonds 

will be promoted in most cases.  The fundamental structural building block of silicate 

minerals is thus the tetraoxosilicate anion, which is shown in Figure 3.1. 

 

Figure 3.1. Tetraoxosilicate building block: Silicon atom (red) bound to oxygens atoms (blue) at the 

vertices of a tetrahedron. 

Despite their apparent simplicity, these tetrahedral units may link together 

through bridging oxygens in a variety of ways generating the vast array of structures 

encountered in the silicate mineral family. Defining the silicates on the basis of their 

structures or topology leads to classifications such as nesosilicates (containing isolated 

[SiO4]
4- units), sorosilicates (containing “double-island” [Si2O7]

6- units), through to 

cyclosilicates, inosilicate (corner sharing chains) and tectosilicates (extended framework 

silicates). With the exception of the framework silicates, all other conformations require 

the incorporation of other cationic species, to provide charge balancing. This all naturally 

leads to the huge structural and compositional variety which makes the silicates so 

important. A broad and generalised formulation for the silicates can be taken as 

XmYn(ZpOq)Wr, where O is oxygen, Z is Si4+ (or Al3+), W is OH-, F-, etc. and X and Y 

represent large 8-12 coordinate cations and medium sized octahedrally coordinated 

cations, respectively. Within this formulation the values p and q will depend on the 
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connectivity of the silicate tetrahedra, and from this all other coefficients must lead to 

charge balance. 

Among the nesosilicates, MSiO4 (M = Th, Pa, U, Np, Pu, Am, Hf, Ce and Zr) are 

known to be isostructural.10–12 They all adopt the zircon, ZrSiO4, structure (tetragonal, 

I41/amd). It is defined as silicate tetrahedra (SiO4) which share corners and edges with 

ZrO8 dodecahedra. The ZrO8 are connected by sharing edges to four ZrO8 polyhedra. Two 

in the [100] direction and two in [010] direction. These <100> chains are related to the 

silicates by sharing corners. The silicon and the zirconium polyhedra are connected by 

edges as well by alternating with each other in the [001] direction. This arrangement 

leaves empty channels parallel to [001]. The different connections of the structure (corner 

vs. edge sharing) plays an important role in the behaviour of the materials, like anisotropic 

mechanical behaviour13 and He-gas diffusion.14,15 A graphical description of this 

structure is given in Figure 3.2.   

 

Figure 3.2. Zircon polyhedral structures. Blue tetrahedral represents [SiO4] connected to green 

dodecahedra [ZrO8]. 

3.1.1 Zircon, ZrSiO4 

Zirconium silicate, ZrSiO4, gives the name to this silicate series. This mineral is 

known to be crucial in understanding Earth´s crustal evolution, as it is widely used in 

geology to date mineral environment, as a geochronological study, by U-Pb isotopic 

analysis of zircon.16,17 The main reason for this applicability may be understood by 

considering the great stability of zircon in nature and the long lasting release of the 

trapped metal in the silicate structure. It has been reported to have a low expansion 

coefficient and it only decomposes at high temperatures.18,19 Regarding this, zircon type 

materials have been suggested to be great candidate minerals for geological 
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immobilisation of rare earth metals.20–22 The use of zircon sand is not limited to Spent 

Nuclear Fuel (SNF) disposal as it plays an important role in the fabrication of ceramics, 

refractories, fibre optics and fuel cells, among others.23 Zircon synthesis has been 

attempted by solid state method under 1400 °C as a starting point, nonetheless for the 

complete reaction high temperatures and reaction time are required (>15h, ~1500°C).24–

29 This method is time and energy consuming, hindering its applicability for industry. As 

zircon is a natural occurring material30–35 hydrothermal synthesis might be a good attempt 

to replicate those conditions under which it is naturally formed.36–38 An example of 

hydrothermal zircon in nature is the low temperature and high pressure metamorphic 

minerals in Syros (Greece).39Although it seems quite simple to solve this synthesis 

process, very little research has been devoted to this topic. The applications are not only 

limited to geology, zircon application is in broader fields such as photonics.40,41 

3.1.2 Coffinite, USiO4 

Underground repositories have been proposed as the best alternative to store spent 

nuclear fuel (SNF) in Europe, and a number of sites have been identified as possible 

storage locations.42 Linked to this idea, there is an obvious concern about the 

environmental evolution around these storage facilities. Around the world there are 

approximately 10,000 metric tonnes of heavy metal (MTHM) generated by nuclear 

energy processes per year. From this production around 300,000 MTHM are already 

stored in pools or dry casks.43 The majority of this SNF is destined to be stored for long-

term. The real composition of this waste is dependent of the process followed in the 

reactor where two main reactions may occur. Firstly, the fission of nuclides such as 

enriched 235U and 239Pu. Secondly, the capture of neutrons with the beta decay of the 

transuranic isotopes. Nonetheless, by the end of the process the main component of the 

SNF is about a 96% UO2.
44 Along with it fission gasses (Xe, I and Kr) and fission 

products (such as Zr, Nb, Mo, Tc,… and the corresponding oxides precipitated) can be 

acknowledged in the final waste. Directly after the SNF is generated, it is highly 

radioactive, so it needs to be heavily contained in pools. After five to ten years, the 

radiation is smaller and safe to handle so it can be stored in metal containers surrounded 

by thick walls of concrete (called dry cask) where it can be stored for hundreds of years. 

An example of a water containing pool and a dry-cask is given in Figure 3.3. There exists 

a risk of leaking after the steel containers are corroded and further reaction of the 
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radioactive material with the surroundings. Many side-products are possible as there is a 

possibility of reaction of UO2 with the environment, particularly the sand and 

groundwater from the surroundings. The first reported observation on the corrosion of 

uranium oxide (UO2) was performed by a 10 year drip test by simulating the aqueous 

conditions from the Nevada region, showing the retarded release of uranium by the 

formation of secondary phases with formation of long term very stable alkali and alkaline 

uranyl silicates.45 In addition, there are studies on unirradiated UO2, which show the 

presence of silicates. When the UO2 solid phase is exposed to similar conditions to ground 

waters (Ca2+, CO3
2- and various silicates) anoxic conditions at room temperature and 

hydrothermal temperatures (180°C), minerals with similar composition to coffinite 

(USiO4) and U-bearing ekanite (UCa2Si8O20) are observed.46 Although anticipating the 

evolution of the materials which may potentially be released under storage conditions is 

rather complicated,47 due to the unstable nature of uranium chemistry and the amount of 

different conditions that it can face along the process, phosphates and silicates are good 

possible ending recipients to the released uranyl species due to their low solubility in 

water. Among many other transformations some will react with silicate ions ([SiO4]
2-) to 

yield a whole range of silicates.48 One of those potential transformations is coffinite, 

USiO4.  

 

Figure 3.3. Spent nuclear repositories. a) Sellafield (UK) and b) Centre de l'Aube and Morvilliers, 

Cires (France) 

Coffinite, USiO4, is a natural occurring mineral first described by Stieff et al.49 

from several sediment deposits along America, although it was first suggested by 

Goldschmidt50 to appear in small quantities in thorite minerals, ThSiO4. Classically, it 

has been defined as a very rare uranium containing compound. This conception was 

changed as deep studies on uranium ores were carried out, where coffinite was previously 
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assumed to be impure uraninite, UO2. From then on it has been reported to be the second 

most prominent U(IV) bearing phase. It was observed from micro- to nanoscale in 

different geomaterials from organic surroundings to apatites,51–53 and geochemical 

environments such as the natural nuclear reactor of Oklo (Gabon) and hydrothermal 

deposits in Canada.54–56 Resembling these natural conditions seems to be key in order to 

obtain this pure silicate. Although it is abundant in natural repositories coffinite is so fine-

grained that any attempt to obtain information about its chemical and physical properties 

seems to be very challenging.51 The properties need to be fully understood in order to 

fully comprehend the chemical release the presence and degradation of uranium in nature. 

This necessity to obtain thermodynamic data has driven researches to attempt to obtain 

pure coffinite and extrapolated information from the urano-thorite solid solution.57–60  

Although coffinite is reported to be stable in nature (as shown in Figure 3.4), its 

synthesis in a pure form, to the best of our knowledge is yet to be unveiled. Fuchs et al.61 

were the first to report the formation of coffinite by precipitation under hydrothermal 

conditions (T = 250°C, 1 day) using UCl4 and Na2SiO3. In this synthesis, the initial pH 

conditions were found to be critical to obtain coffinite, with a significant number of pH 

controlling steps prior to heating. A number of subsequent studies have modified this 

protocol in order to ensure the tetrapositive oxidation number of uranium while avoiding 

UO2 formation. Pointeau et al.62 reported the formation of coffinite, but with an extremely 

low yield and nano-sized crystals. Labs et al. have reported the synthesis with silica 

excess.63 Despite these numerous attempts, any synthesis protocol reported seems to be 

hardly reproducible, with very narrow temperature and pH ratios of stability. The 

difficulties surrounding the synthesis of phase pure coffinite have even been investigated 

themselves, with a number of published papers highlighting the difficulty in finding a 

systematic synthesis of coffinite.57,64 
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Figure 3.4. Black coffinite rock with a ~1 mm uranyl sulfate yellow coating.65 

3.1.3 Thorite, ThSiO4 

Coffinite has been extremely challenging to synthesise, but the formation of 

structurally similar compounds has been previously reported. The most closely related 

silicate compound is thorite. Thorium silicate, ThSiO4, can be found in two different 

crystal structures, thorite with the zircon-type structure and huttonite which has a 

monazite type structure (monoclinic, P21/n). Thorite was first observed in 1828,66 and 

huttonite which is metastable to thorite appearing at high temperatures and pressure,67 

but defined as an individual crystal structure by Hutton.68  

The synthesis of thorite has been approached by hydrothermal synthesis, 

obtaining the pure silicate by sol-gel hydrothermal assisted synthesis (240 and 800°C).69 

Nonetheless, high temperatures may not be necessary to obtain thorite.70 Multiparametric 

studies on the hydrothermal formation of thorite have been reported more recently, 

showing the synthesis of thorium silicate is favoured in acidic to intermediate conditions. 

The hydrothermal synthesis of thorite was tested from predominantly acidic conditions 

in the presence of a strong acid such as nitric acid (Cnitric= 0.3 mol/L) to more basic such 

as for pH = 9.1, mild temperatures (120-250 °C) and higher concentrations than CTh = 

2.1·× 10-3 M.71 Similar research using carbonate as a reaction buffer, showed the impact 

of carbonate in the shape of the particles obtained from square based pyramids, to lens-
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type. As well carbonate has a complexation effect on the metal, stabilizing it in solution 

and avoiding the hydrolysis into the stable oxide.72  

Beyond a fundamental interest in thorite itself, a major motivation underpinning 

many of these investigations is that thorium can be used as an analogue or surrogate for 

uranium in exploring silicate synthesis, with the added advantage that Th(IV) is stable 

under a wider array of synthesis conditions than U(IV), thus narrowing the search 

parameters for viable synthetic routes to coffinite. The structural description of thorite 

and huttonite is included in Figure 3.5. 

 

Figure 3.5. ThSiO4 structures: huttonite and thorite. Figure seen along the (001) direction. 

Thorium atoms are shown in green, silicon in blue and oxygen in red.  

3.1.4 Stetindite, CeSiO4 

Cerium is also known to yield a zircon structured silicate known as stetindite. This 

mineral was first reported in nature in 2009 as shown in Figure 3.6.73 It was named after 

the the Stetind pegmatite locality, where it was first found. The first synthetic evidence 

is dated to the 2000s on a study of cement alteration.74,75 It has been suggested to have a 

huge applicability as a promising luminescent material and catalyst.76 Cerium is also 

commonly used to understand plutonium chemistry due to its similarities. The first 

reported procedure to synthesise this compound was by Dickson and Glasser.74,76 The 

reactions reported involved hydrothermal reactions of Ce(NO3)2, SiO2 and CaO (from the 

thermal decomposition of calcium carbonate) at mild temperatures ranging from 55 to 
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180 °C for a prolonged time (14 - 700 days). Stetindite only crystallised at lower 

temperatures than 85 °C yielding the oxide at higher than 130 °C. The presence of 

amorphous CeO2 was never fully avoided. More recently, cerium silicates have been 

effectively synthesised under soft hydrothermal conditions79 in much milder conditions 

and with high reproducibility. Coffinite formation showed a strong dependence on the 

pH, due to the formation of several complexes that would determine the final product. 

The formation of those varied species limits the availability of cerium in solution 

hindering its precipitation as a hydroxide promoting the transformation to ceria (CeO2). 

The temperatures where the silicates were obtained ranged from 40 to 150°C. It was 

suggested that the use of Ce(III) precursors was preferred rather than Ce(IV) ones in order 

to avoid the formation and precipitation of the oxide. Stetindite is promoted by the 

formation of Ce(III) silicate complexes that evolve into the target orthosilicate. The 

synthesis was performed under hydrothermal conditions (T ≤ 150°C, 7 days, nitric acid 

media) choosing A-Ce2Si2O7 and Ce4.67(SiO4)3O as the precursors.80 Mimicking these 

results, PuSiO4 and HfSiO4 has been successfully obtained in HCl media.81,82  The main 

crystallographic data from the zircon-type silicates studied are included in Table 3.2. 

Table 3.2. Selected crystallographic data of the zircon-type silicates.78,83–85 

Compound Zircon Stetindite Coffinite Thorite 

Formula ZrSiO4 CeSiO4 USiO4 ThSiO4 

Lattice Parameter a (Å) 6.5800 6.9564 6.9950 7.1328 

Lattice Parameter b (Å) 6.5800 6.9564 6.9950 7.1328 

Lattice Parameter c (Å) 5.9300 6.1953 6.2630 6.3188 

Volume (Å3) 256.75 299.80 306.45 321.481 

 

Figure 3.6. Stetindite crystal in yttrian fluorite surroundings.73 
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3.2 Aims 

Hydrothermal synthesis has been reported as an ideal candidate for the synthesis 

of natural occurring coffinite. Due to the low availability and the radioactive nature of 

uranium, however, the scope for extensive mapping of reaction conditions towards 

coffinite synthesis is limited. Therefore, to explore what are the optimal synthetic 

conditions for the synthesis of this uranium silicate, here we will primarily target various 

analogues: zircon, stetindite and thorite. The main feature that characterises them is a 

common crystal structure – zircon. Due to this commonality with coffinite zircon has 

been shown to be able to accommodate uranium within its structure, as has been reported 

for chernobylite mineral (Zr1-xUx)SiO4) encountered at Chernobyl lava analysis.65 

Similarly, cerium has been used as a surrogate for other radioactive materials that can be 

encountered in nuclear waste, such as plutonium due to its more complex chemical 

behaviour. Finally, thorite has been classically used to understand the physicochemical 

characteristics of coffinite by extrapolation from its uranothorite solid solution 

compound.63,86–88 

The development of reliable synthetic routes to these zircon-type silicates is thus 

expected to present a platform from which a great deal of information may be extracted 

around these environmentally important minerals, and crucially the ultimate 

determination of optimal synthetic conditions for the preparation of phase pure coffinite. 

Here, we will explore the mild hydrothermal synthesis of the non-radioactive 

coffinite analogues zircon and stetindite, and their mixed solid solutions. Synthetic 

conditions identified in these studies will also be applied to the production of thorite, and 

finally the common optimal synthetic characteristics will be applied to the synthesis of 

coffinite. All products will be analysed by powder X-ray diffraction in order to 

corroborate the formation of the target material and FTIR to gain a further insight on how 

the synthetic conditions affect the synthesis of the different minerals.  
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3.3 Experimental 

3.3.1 Synthesis 

All the syntheses were performed using the “standard batch hydrothermal 

synthesis” as described in Chapter 2.  

The silicate precursor solution consisted of sodium metasilicate, Na2SiO3, 

dissolved in distilled water to the desired concentration, specified in each section. In cases 

that basic pH adjustment was required the sodium metasilicate was dissolved in an 

aqueous sodium hydroxide solution of desired NaOH concentration.  

The acidic metal solution consisted of the corresponding metal salt ZrOSO4 or 

MClx (where x is the oxidation state of the metal source, Mx+ = ZrO2+, Ce3+, Th4+, U4+) 

dissolved in water and pH adjusted by use of either HNO3 or HCl solutions as solvents. 

The selection of the acid will be discussed in each section.  

The order of addition was kept constant through all the reactions. The volume of 

the silicate precursor for all the set of reactions was 5 mL and was the first solution to be 

pipetted in the reaction container. The second solution to be poured was the acidic metal 

solution with a total volume of 2.5 or 5 mL, depending on the reaction. The total volume 

of the reacting solution will be 10 or 7.5 mL (0.43 and 0.33 ff, respectively).  

Upon addition of every solution in the autoclave and proper closing of the system, 

it is introduced into the preheated oven at the desired temperature. Once the reaction time 

is finished, the autoclave is removed from the oven and cooled down to room temperature. 

The products were decanted to a centrifuge tube with all the washing waters and 

centrifuged at 6000 rpm, until all the solid products had pelletised at the bottom of the 

tube. The clear supernatant is discarded and the solid is washed three times with distilled 

water by repeated centrifugation and decantation. The remaining clean solid is dried in 

air overnight at 75 °C.  

Specific synthetic conditions such as the metal precursors chosen, the temperature 

of synthesis or the concentration of the acid or the base will be shown in the discussion 

section as it is key to understand the role that those parameters play at the optimisation 

of the reaction procedure. The general reaction is given below in equation 3.1: 
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𝑀4+ + 𝑆𝑖𝑂3
2−

𝐻2𝑂
→  𝑀𝑆𝑖𝑂4 (3.1) 

 

3.3.2 Characterisation 

3.3.2.1 Powder X-Ray Analysis (PXRD)  

The X-ray diffraction patterns for zircon and stetindite were recorded on a Bruker 

D2 powder diffractometer using Cu Kα = 1.5418 Å. The patterns were recorded from 5 

to 80° 2θ at 1.5 s per step. The samples were deposited on a zero background holder made 

of 9N semiconductor grade silicon.  

For the radioactive samples containing thorium and uranium the measurements 

were carried in a silica capillary in a Bruker X–ray Duo machine with Cu Kα = 1.5418 Å. 

The patterns were recorded from 20 to 60° 2θ.  

For the quantification of diffraction data, Rietveld refinement will be employed. 

The software required for these calculations was GSAS/EXPGUI.89,90 Example of the 

models patterns used for zircon and stetindite are given in Figure 3.7. 

 

Figure 3.7. XRD simulated models of zircon and stetindite. 4 most intense peaks are labelled. 78,91 

3.3.2.2 Fourier Transform Infrared Spectroscopy  

FTIR spectra were recorded using a Perkin Elmer Spectrum 100 instrument with 

Perkin Elmer Universal ATR Sampling Accessory from 4000 cm-1 to 500 cm-1 in steps 

of 2 cm-1. 
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3.4 Results and Discussion 

In order to explore the optimum conditions for the synthesis of coffinite, it was 

decided to start testing the synthesis of zircon. Due to the complicated nature of the 

procedure with radioactive materials and in particular with uranium, procedures need to 

be optimised beforehand with different surrogates. Those aforementioned compounds 

will be zircon (ZrSiO4) and stetindite (CeSiO4). The variables identified to be tuned 

during the reactions were: temperature, concentration, precursor, pH, and time. All of 

those are feasible to be changed and seem to play a huge role in the outcome of the 

synthesis.  

3.4.1 Synthesis of Zircon, ZrSiO4 

The initial attempts to produce zircon used zirconyl sulfate, ZrOSO4, as the 

zirconium source and sodium metasilicate as the silicate source. 0.12 M solutions of 

ZrOSO4 were prepared by dissolution of appropriate amounts of the zirconyl sulfate in 5 

M and 1.25 M nitric acid solutions. 0.06 M solutions of Na2SiO3 were prepared in 0.6 M 

and 2.5 M NaOH solutions. 5.0 mL of the appropriate basic silicate solution was first 

added to the dry Teflon® cup, followed by 2.5 mL of the appropriate acidic zirconium 

solution, to give a reaction mixture of a total 7.5 mL volume with a 1:1 Zr:Si molar ratio. 

Solutions were chosen to yield molar ratios of the acid to the base from 2:1, 1:1 to 1:4. 

Reactions were performed at temperatures of 200°C for times of 2, 3 and 4 days as 

summarised in Table 3.3. 

Table 3.3. Summary of reactions for the first attempts of zircon synthesis. ZrOSO4 0.125 M was 

dissolved in HNO3 and Na2SiO3 0.0625 M was dissolved in NaOH. The reactions were performed at 

200°C. 

C HNO3  

(M) - 2.5 mL 

C NaOH  

(M) - 5 mL 

Ratio  

(HCl : NaOH)  
Days 

5 0.625 2:1  2 

5 2.5 1:1  2 

1.25 2.5 1:4  2 

5 0.625 2:1  3 

5 2.5 1:1  3 

1.25 2.5 1:4  3 

5 0.625 2:1  4 

5 2.5 1:1  4 

1.25 2.5 1:4  4 
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Figure 3.8. XRD patterns of the first reaction attempts for zircon synthesis. ZrOSO4  is used as the zirconium source in all of the reactions. The model PXRD 

patterns for zircon (ZrSiO4), silica (SiO2) and zirconia (ZrO2) are shown as vertical lines in red, green and purple, respectively, at the bottom of each graph.
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For reaction time of 2 days only zirconia (ZrO2) is formed at more basic 

conditions, while a mix of the oxide and sodium nitrate is formed at the more acidic 

conditions. After 3 and 4 days similar behaviour can be seen for the basic conditions 

where only the oxides are made, while more acidic conditions promote the formation of 

zircon. The main peaks of this silicate are present at around 20 and 27° 2θ corresponding 

to the (011) and (020) planes. Although zircon was obtained, it is formed with impurities 

of oxides. From these results in can be concluded that reaction times longer than 2 days 

are required and higher presence of the acidic solution than the basic is required for the 

formation of zircon.  

There are two possible pathways for the formation of these silicates. It can be 

either formed directly form the interaction of the metal with a solution saturated in 

silicate, precipitating as the target silicate or as a surface effect of the dissolution of the 

oxides previously formed reprecipitating as silicates. Following the first justification the 

oxide formation must be avoided as the reactants need to be in solution to react, while for 

the second point the oxides need to suffer a fast precipitation to be as small and reactive 

as possible serving as the precursors of the silicates. Long term reactions for UO2 with 

silicate solution suggest the formation of this silicate from the oxides.92 Although this 

coffinite was obtained at pH = 9 and a solution undersaturated in respect to silica there is 

not consensus for the hydrothermal synthesis of zircon as it has been reported for both 

acidic and basic conditions.36,93–95 Therefore, a more precise optimisation of the pH is 

required for the next steps. 

It should be noted that, while these initial syntheses showed some promise, the 

choice of ZrOSO4 as a precursor proved problematic. This was initially chosen as it was 

envisaged that these reactions would be adapted to use on the injection reactor, and thus 

any precursors or reagents chosen needed to be compatible with stainless-steel. It was 

found however that although zirconyl sulfate is meant to be soluble in these conditions it 

was rather complicated to solubilise it in acidic conditions (sulfuric acid for example did 

not yield solutions of appropriate concentration). Therefore, ZrOCl2 was used for later 

test reactions using HCl as the acid. While this limits the investigations to conventional 

Teflon-lined autoclaves it has the advantage of avoiding the formation of NaNO3 and 

simplifying the anionic presence in solution as only Cl- will be the common counterion. 
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Additionally future work on coffinite stemming from these zircon studies becomes more 

comparable, as uranium chlorides are much more readily available. 

Due to the contradictory information encountered between this first series of 

reactions and those previously reported ones, the pH needs to be optimised for the 

reactions. To optimise the process the zirconium source zirconyl chloride, ZrOCl2, 

dissolved in 1.0 M HCl solution to give a 0.25 M zirconium solution, used for every 

reaction, while the equimolar (0.25 M) sodium metasilicate basic solution was prepared 

in 0.25, 0.50, 0.75 and 0.90 M NaOH to modify pH. The reactions were carried at 150 °C 

for 3 days. A summary of the reaction conditions is given in Table 3.4. Additionally, to 

promote the pressure in the reaction bombs, the total volume was 10 mL, formed by the 

mix of 5 mL of the metal solution and 5 mL of the silicate solution (Figure 3.9). This is 

expected to destabilise the oxides which are needed to redissolve and form the 

corresponding silicate.  

 

Table 3.4. Zircon reactions at 150°C changing base concentration. 

C ZrOCl2 (M) 
HCl(aq) 1.0 M 

C NaOH (M) 
Na2SiO3 R (Si/Zr) = 1:1.03 

Temperature 
(°C) 

Time 
(Days) 

pH 
measured 

0.25 0.25 150 3 0.50 

0.25 0.5 150 3 0.94 

0.25 0.75 150 3 1.90 

0.25 0.9 150 3 4.40 

 

 

Figure 3.9. Experimental set up for the zircon optimum pH test reactions.  
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Figure 3.10. XRD patterns of products obtained from the reaction of 5 mL of 0.25 M zirconyl 

chloride in 1.0 M HCl with 5 mL of 0.25 M sodium metasilicate in the variable concentration of 

sodium hydroxide for 3 days at 150 °C.  

From Figure 3.10 pure zircon is obtained under all acidic conditions. This shows 

an improvement from previous attempts and a wider optimum condition range than 

suspected. Additionally, it suggests that lower temperatures (150 °C) are needed to yield 

the silicate. The XRD patterns show anisotropic behaviour at the peaks shape, with many 

very broad peaks, and several sharp peaks, most evident when looking at the (200) peak 

at around 27° 2θ. The higher intensity and sharper peak shape of that peak implies a 

higher crystallinity in that direction than in the other crystallographic planes. The broad 

peaks correspond to (hkl) planes in which l ≠ 0, while the sharp peak at ~ 27°, 38°, 56° 

and 63° 2θ all have Miller indices (hk0). This is indicative of a plate-like crystal habit, 

i.e., the zircon is well-crystallised in the ab plane, but poorly crystalline in the c-direction. 

Similar behaviour has been reported for mild synthesis of zircon in acidic conditions.94 It 

has been suggested that the acidic conditions promote the radial growth in the a and b 

directions, by yielding edge-sharing dodecahedra of ZrO8.
96  
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As zircon synthesis was optimised, the next step is to explore how robust these 

synthetic conditions are when they are applied to the formation of a similarly structured 

mineral like stetindite, CeSiO4.  

3.4.2 Synthesis of Stetindite, CeSiO4 

Similar conditions to the last attempts of zircon synthesis were performed for 

CeSiO4 synthesis. Ammonium cerium nitrate, (NH4)6Ce(NO3)2, 0.25 M was dissolved in 

an aqueous solution of HNO3 1.0 M. For the equimolar (0.25 M) sodium metasilicate 

basic solution prepared, 0.25, 0.50, 0.75 and 0.90 M NaOH were dissolved in water to 

modify the pH of the solution. A summary of the synthesis conditions is given in Table 

3.5. For the reaction 5 mL of the basic silicate solution were pipetted into the reacting 

cup along with 5 mL of the acidic metal solution. The total volume of the reaction was 

10 mL. 

Table 3.5. Stetindite reactions at 150°C changing base concentration. 

C (NH4)6Ce(NO3)2 (M) 
HNO3(aq) 1.0 M 

C NaOH (M) 
Na2SiO3 R (Si/Zr) = 1:1.03 

Temperature 
(°C) 

Time 
(Days) 

pH 
measured 

0.25 0.25 150 3 0.50 

0.25 0.5 150 3 0.94 

0.25 0.75 150 3 1.90 

0.25 0.9 150 3 4.40 
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Figure 3.11. XRD patterns of products obtained from the reaction of 5 mL of 0.25 M ammonium 

cerium(IV) nitrate in 1.0 M HNO3 with 5 mL of 0.25 M sodium metasilicate in variable 

concentration of sodium hydroxide for 3 days at 150 °C.  

The results were plotted from more acidic conditions to more basic in Figure 3.11. 

Stetindite was present in 3 out of 4 reacting conditions attempted. Cerium oxide is formed 

for pH = 4.40 and 0.94. The version with the purest version of cerium orthosilicate is seen 

for pH = 1.90, which corresponds to NaOH = 0.75 M. More acidic conditions promote 

the formation of amorphous silica, as seen for pH = 0.50.  

Therefore, the optimum conditions for the formation of this silicate goes in 

consonance with zircon synthesis. 0.75 M NaOH is required to be dissolved in the basic 

silicate solution for obtaining the most optimised reaction.  

As both silicates were formed at similar synthetic conditions, the mixed version 

of the silicates can be attempted to observe the range of stability of these silicates.  

3.4.3 Synthesis of Mixed Silicates, CexZr1-xSiO4 

The robustness of this synthetic protocol was assessed by examining synthesis of 

the mixed cerium-zirconium silicate CexZr1-xSiO4 was tested using ZrOCl2 and CeCl3 as 

the metal precursors. The Ce(III) is readily oxidised under reaction conditions by 
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dissolved oxygen. The metal precursor is dissolved, as in previous reactions described, 

in 1.0 M aqueous HCl and the silica precursor concentration is Na2SiO3 = 0.25 M in 0.75 

M aqueous NaOH. 0.75 M NaOH was chosen here as these conditions were found to 

produce both extremes of x = 0 and x = 1 in the previous sections. The concentration of 

zirconium and cerium will be varied in order to obtain different ratios in the resultant 

silicate. The resultant silicate can be described by the formula CexZr1-xSiO4 (where x = 0, 

0.2, 0.4, 0.6, 0.8 and 1.0), so that the substitution will be in steps of x = 0.2. The volume 

of the metal and the silicate solutions pipetted will be the same, 5 mL each. It makes up 

a total of 10 mL in the autoclave. The complete scheme of reactions with a description of 

the minerals observed in the XRD patterns is shown at Table 3.6 and the XRD patterns 

of the resulting products in Figure 3.12. 
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Table 3.6. Summary of reactions for the mixed-silicates (CexZr1-xSiO4) at 150 and 200°C. (A) 

amorphous, *only traces are visible.  

x 
Temperature  

(°C) 

Time  

(days) 
Product 

0 150 1 Zircon 

  2 Zircon 

  3 Zircon 

 200 1 Zircon, Zirconia 

  2 Zircon, Zirconia* 

  3 Zircon, Zirconia* 

0.2 150 1 Ce0.2Zr0.8SiO4 

  2 Ce0.2Zr0.8SiO4 

  3 Ce0.2Zr0.8SiO4 

 200 1 Zircon, Zirconia and/or Ceria* 

  2 Ce0.2Zr0.8SiO4 

  3 Zircon, Zirconia and/or Ceria* 

0.4 150 1 (A) Zirconia and (A)Ceria 

  2 (A) Zirconia and (A) Ceria 

  3 (A) Zirconia, Ceria and Stetindite* 

 200 1 Zircon and Ceria* 

  2 Zircon and Ceria* 

  3 Zircon and Ceria* 

0.6 150 1 (A) Zirconia and (A) Ceria 

  2 Zirconia and Stetindite 

  3 Ceria or zirconia and Stetindite  

 200 1 Zirconia and Stetindite* 

  2 Zircon and Stetindite 

  3 Zircon and Ceria* 

0.8 150 1 Zirconia and Stetindite 

  2 Zirconia and Stetindite 

  3 Ceria, Zirconia and Stetindite 

 200 1 Ceria and/or Zirconia 

  2 Stetindite and (A) Zircon* 

  3 Stetindite, Ceria and Zirconia* 

1.0 150 1 Stetindite and Ceria * 

  2 Stetindite 

  3 Stetindite 

 200 1 Stetindite and (A) Ceria 

  2 Stetindite  

  3 Stetindite and Ceria 
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Figure 3.12. XRD patterns of mixed silicates CexZr1-xSiO4 in steps of substitution of x = 0.2. Vertical lines from the model patterns are included under the 

plot, where red is zircon, blue stetindite, green silica, purple zirconia, and orange ceria.  
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The XRD patterns in Figure 3.12 are organised from top to bottom in increasing 

cerium concentration in the mixed silicates. The results will be discussed systematically 

by increasing the metal substitution defined as x for the different reaction times and 

temperature. A full description of the compounds obtained is shown in Table 3.6. Starting 

with the silicates obtained for x = 0 at lower temperature, 150 °C, only zircon as a silicate 

can be obtained. This silicate is observed pure, showing crystalline peaks at every 

reaction time attempted, from 1 to 3 days. Nonetheless when observing the results for 

higher temperatures, 200 °C at shorter reaction times zircon and zirconia (ZrO2) peaks 

are visible in the pattern. Longer reaction times promote the formation of single zircon in 

the sample. There is a noticeable anisotropic behaviour for the peak shape for lower 

temperatures. The effect is not as evident for 200 °C. The possible reasoning for the 

appearance of this irregularity of the crystallisation of the silicate will be discussed further 

in the thesis along with the results obtained from FTIR and TEM in Figure 3.13.  

When observing x = 0.2 the mixed version of the silicate can be acknowledged, 

Ce0.2Zr0.8SiO4, for lower temperatures (150 °C) at every timeframe. When assessing the 

higher temperature, it is observed that a component with zircon structure obtained along 

with the presence of a metal oxide for 1 and 3 days. It can be either zirconia or ceria 

(CeO2). The intermediate silicate is obtained for 2 days of reaction.  

When increasing the cerium presence to x = 0.4 the results are drastically different 

to the previous ones. The XRD patterns show a major presence of an amorphous oxide 

formed that can be either ceria or zirconia for 1 and 2 days at 150 °C. For 3 days that 

amorphous oxide is formed along with peaks of a crystalline material that can be assigned 

to stetindite. At x = 0.4 at 200 °C, zircon can be observed for every reaction time. 

Although the silicate is formed, it shows a shoulder broad peak next to the most intense 

feature for zircon at 27° 2θ related to the (020) direction. That broad feature can be 

assigned to ceria showing a peak at around 28° 2θ related to the (111) orientation.  

At cerium presence in the reaction of x = 0.6 at 150 °C an amorphous material is 

obtained for 1 day of reaction that transforms into stetindite and either ceria or zirconia 

at longer reaction times, with increasing crystallinity from 2 to 3 days of reaction. At 

200°C reactions a similar effect is shown as for lower temperatures where there is a 

progressive crystallisation from lower reaction times to crystalline silicate corresponding 
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to zircon and a small shoulder corresponding to the oxide as the reaction time is 

prolonged.  

For x = 0.8 at lower reaction temperatures, 150 °C, a lower crystalline material is 

obtained, potentially zircon, along with stetindite are observed at every reaction time. For 

200 °C an amorphous feature is seen for lower reaction times that correspond with the 

metal oxides, crystallising into stetindite, zirconia and ceria at longer reaction times.  

x = 1 corresponds to the synthesis of pure stetindite so only cerium precursor is 

chosen as metal reacting precursor. For lower temperatures stetindite and a small 

presence of ceria is seen for lower reaction times. Pure stetindite is observed at 2 and 3 

days of reaction times. When looking at 200 °C reactions a similar behaviour is observed 

with the formation of ceria and the silicate at 1 day of reaction and pure stetindite for 2 

and 3 days of reaction.  

Thermodynamic studies of the formation of each silicate have been reported.97 

The doping of zirconium into the stetindite framework hasn’t been previously reported 

but cerium is often used as a Pu surrogate due to various chemical similarities.98,99 When 

analysing the coordination environment of Ce4+, in the case of silicate structures is similar 

to Pu4+ in which they are both eight-coordinated with ionic radius of 0.97 and 0.96 Å, 

respectively.100 Therefore, any silicate study that involves Pu will be transferable to Ce. 

It has been found that for the system (Zr,Pu)SiO4 it is extremely rare for the mixed silicate 

to occur when the presence of Pu is higher than 10 wt %.101 The obstacle to the inclusion 

of Pu as a silicate in the zircon structure is attributed to the metastable behaviour of 

PuSiO4 in relation to the oxides, PuO2 and SiO2. Stetindite is also metastable with respect 

to its oxides (ΔHf,ox,25°C of CeSiO4 = 27.5 ± 3.1 kJ/mol).97 The formation of PuSiO4 is 

reduced to a very narrow range of conditions, closely related to the ones for stetindite as 

shown by Estevenon et al..79,81 This results of the formation of intermediate phases are 

supported by similar cases illustrated in the literature. Zircon on the other hand is 

thermodynamically more stable than the oxides giving it the ability to adopt other metals 

in the structure, such as cerium, by a negative calculated enthalpy of formation (ΔHf,ox,25°C 

of ZrSiO4 = -24.2 ± 2.8 kJ/mol).102 It is seen that if the substitution is targeted around a 

synthetically more favourable silicate, like zircon, there is a higher possibility of presence 

of the additional metal in the lattice. The more optimal use of zircon (than stetindite for 

example) as a storing mineral is potentially related to the distortion of the polyhedra in 
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the structure or additional ordering of the metal in the lattice that lowers the energy 

required for introducing that additional atom. 

This inability of zircon to accommodate a larger amount of certain metals in the 

structure such as Pu, is one of the main concerns for applying this material as a repository 

for metals obtained from SNF. Therefore, a synthetic strategy is needed to optimise this 

orthosilicate for its use as a storage ceramic for actinides (An4+).  

To yield the extreme versions of x = 0 and x = 1, common synthetic conditions 

are seen from Figure 3.12, where 150°C and 3 days seems to yield the most pure and 

crystalline products possible. Furthermore, clear differences in the nucleation and growth 

behaviour of the pure zircon and stetindite can be inferred from their XRD patterns. 

Firstly, CeSiO4 is expected to have a narrower range of formation conditions as seen for 

shorter reaction times. Secondly, the shape of the XRD patterns might suggest an 

anisotropic behaviour in the growth of zircon, not seen in stetindite. This effect is 

evidenced by TEM images of the end-samples as seen in figure 3.13.  

 

Figure 3.13. TEM images with their corresponding XRD patterns from the end-products at 3 days 

and 150°C. It shows a different crystallisation behaviour between zircon and stetindite.  
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From Figure 3.13 obvious differences between the particle shapes of both 

materials can be acknowledged. Zircon is observed to have an anisotropic behaviour, 

where there are platelets with different stacking and a second shape of apparent rods. The 

rod-like morphologies may simply be the result of viewing the stacked plates in an edge-

on orientation, or the particles rolled over itself creating these sharp-looking rods. 

Stetindite shows a more uniform behaviour. They are spherical looking and highly 

isotropic particles. That growth behaviour is correlated to the results shown in the XRD 

patterns. For further explanation spectroscopy studies are required. 

The FTIR spectra of the mixed silicate reactions at 150°C are shown below in Figure 

3.14. 

 

Figure 3.14.  FTIR spectra of the mixed silicate samples obtained at 150°C with a metal 

substitution in steps of x = 0.2 for 1 and 3 days. 

Seven FTIR vibrational modes have been calculated for a I41/amd space group 

cell.103,104 Four are internal modes (Γint = 2A2u + 2Eu) and three external (Γext = A2u + 2Eu). 

In Figure 3.15 three internal modes can be assigned near 1000, 800 and 600 cm-1. Similar 

spectra have been already reported for equivalent materials.105 
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Figure 3.15. FTIR spectra for the extreme mixed silicate samples obtained for x = 0 and x = 1 

obtained at 150°C for 3 days. The main water bands are shown by the purple and blue translucid 

bands.  

In addition to the internal modes expected, water stretching and bending modes 

are also observed in Figure 3.14 and Figure 3.15. The stretching vibration for water 

appears in the range of 3500-3200 cm-1. The bending mode on the other hand is expected 

to appear around 1600 cm-1. The appearance of water seems to be more pronounced for 

zircon (x = 0) than for stetindite (x = 1) samples. There are three types of water linked to 

the zircon type structure. (1) weakly bonded molecular water adsorbed at the surface of 

the material,58 (2) internally embedded at the structural channels in the [001] direction,105 

and (3) H2O or OH- substituting the oxygen atom at the [SiO4]
4- tetrahedra.106 Water has 

been shown to play an important role for the growth of zircon-type silicates.105 TGA with 

FTIR analysis after calcination shows that the removal of the water in the structure and 

disappearance of H2O stretching and bending modes affects the lattice at the c-axis related 

peaks at the XRD where the water is confined in the channels by a non-linear variation 

in the unit cell of the a and b – axis vs. the c – axis due to the directional removal of the 

confined water. The disappearance of water causes a contraction in the lattice competing 

with thermal expansion. At the same time ν1 and ν3 are shifted to higher frequencies due 
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to the decrease in Si-O bond length after water removal,105 similar to the behaviour of 

those silicates at high pressures.107–109 These reported results corroborate the trend seen 

when comparing the zircon and stetindite samples obtained here. The disappearance of 

the water band from zircon to stetindite is closely related to the change in XRD and 

morphology shown for in Figure 3.13. Water enclosed in the [001] channel causes 

disruption to the growth along the c-axis. While b-axis related peaks are enhanced such 

as seen for the most intense peak at 27° 2θ corresponding to the (020) orientation. That 

crystallographic effect influences the promoted growth in TEM and the preferential 

growth effect.  

Although they are both structurally similar materials, they follow different 

nucleation and growth processes where the presence of water plays an important role on 

the shape of the particles and in the way that the metal is accommodated in the lattice.  

3.4.4 Synthesis of Thorite, ThSiO4 

The different optimal conditions obtained for zircon and stetindite were 

reproduced to obtain thorium silicate, ThSiO4. Thorite is reported to have a wider range 

of synthetic conditions than coffinite.110 Uranium and thorium silicate species are one of 

the biggest deposits of both elements and the formation through colloids111 has been 

proven. Nonetheless, the later crystallisation of the orthosilicates has never been fully 

expressed. Solid solutions of Th1-xUxSiO4 have been successfully prepared by soft 

hydrothermal reaction at 250°C of the corresponding chlorides in bicarbonate buffer.112 

The uranium end-member, coffinite, to the best of our knowledge has never been yielded 

pure under those conditions.64,87,112 Nonetheless, although thorite is more stable than the 

corresponding oxides while coffinite is metastable, the appearance of both minerals in 

similar environments leads to the conclusion that there must be a common ground of 

synthetic conditions between both minerals.  

The synthesis of thorite was attempted starting from the simplest way possible 

with a high reproducibility, thus the variables considered are increased after every 

reaction attempt. Every diffraction pattern reported here will show amorphous silica 

background due to the capillary employed for the measurements.  

A similar experimental procedure for the previous samples was followed in 

targeting thorite production. Th(NO3)4∙5H2O was used as the thorium precursor. Due to 
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the radioactive and toxic nature of this element the concentrations in solution for the 

reaction were kept lower than for zircon and stetindite test reactions. Sodium metasilicate, 

Na2SiO3, was maintained as the silicate precursor. 20.7 mg of Na2SiO3 were dissolved in 

5 mL of distilled water, and separately 91 mg of Th(NO3)4∙5H2O were dissolved in 5 mL 

of distilled water. 5 mL of each solution were poured in the autoclave, making up a total 

of 10 mL with a Si/Th ratio of 1.06. The reactor was placed in the electric oven, pre-

heated to 200 °C for 24 hours. The product was isolated and washed by repeated 

centrifugation and dried overnight at 75 °C. Despite that the formation of zircon and 

stetindite required lower temperatures than 200°C, these samples were proposed to be 

synchrotron measured, therefore the presence of water need to be avoided for them to be 

subjected to the measurement. As suggested by Dacheux et al.71 the hydrothermal 

synthesis of thorite at high hydrothermal temperatures promoted  the disappearance of 

water and hydroxyl groups bonded in the silicate, thus, temperatures over 200 °C were 

targeted in this case. 

 

Figure 3.16. XRD pattern for the first attempt at synthesising thorite from thorium nitrate and 

sodium metasilicate with no control of the pH.  The reaction was carried for 24h and 200°C. Red 

vertical lines correspond to the peak positioning of thorite model pattern. 
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The XRD pattern for the first samples prepared for thorite shows a mixture of 

products. Although there are certain peaks that could belong to the desired silicate such 

as the reflections at around 18° and 24° 2θ corresponding to the (011) and (020) planes 

respectively of ThSiO4. ThO2 is also present in the sample at seen at 27°, 45° and 54° 2θ 

which are related to the (111), (022) and (113) reflections for the oxide. For this reaction 

no control of the pH was carried out. Nonetheless, it was estimated by litmus paper giving 

a pH in the range of 5-6. Therefore, the optimum pH range for this reaction seems to be 

narrower than for the test silicates.  

From previous reactions pH seems to be most important variable in this kind of 

reactions. It will dictate the species we will have in solution and whether secondary 

products will be yielded after the reaction. For the pH control two solutions of 5 mL were 

prepared from the same quantity of Th(NO3)4∙5H2O precursor and adjusted to the 

corresponding pH by dissolving it in an aqueous solution of nitric acid. For pH 5 and 10 

the solutions were buffered with NaOH dissolved in the silicate solution. A slightly 

higher amount of silicate is targeted, to avoid the formation of the oxide by ensuring 

complete availability of silicate precursor at every moment. The volume introduced from 

each solution was 5 mL, having a total volume of 10 mL in the autoclave. The reactions 

were carried for 24 h at 215°C in a preheated oven. A summary of the reaction conditions 

is given in Table 3.7.  

 

Table 3.7. Table of condition tested for the pH test reactions for thorite synthesis. 

[Th(NO3)4∙5H2O] 

(M) 

V 

(mL) 

[Na2SiO3] 

(M) 

V 

(mL) Si/Th 

Temperature 

(°C) 

Time 

(h) pHmeasured 

1.96·× 10-2 5 2.10 ×·10-2 5 1.07 215 24 1 

1.96·× 10-2 5 2.09 ×·10-2 5 1.07 215 24 2 

2.44·× 10-2 5 2.50 ×·10-2 5 1.04 215 24 5 

1.85·× 10-2 5 1.97 ×·10-2 5 1.06 215 24 10 
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Figure 3.17. XRD patterns of the second attempted reactions. The reactions were carried out for 

24h and 215°C changing the pH as shown. Conditions for the reactions are summarised in Table 

3.7. Red vertical lines show the peak positioning for thorite model pattern.  

From Figure 3.17 it can be seen that thorite is made at acidic conditions (pH 1-5) 

preferentially over the basic conditions (pH 10), under which ThO2 is obtained as seen 

by that low intensity peak at around 27° 2θ, corresponding to the (111) orientation of the 

oxide. Reactions performed at the two intermediate pHs of 2 and 5 yield products which 

also exhibit two extra peaks not belonging to the silicate. They are centred at around 29° 

and 39° 2θ. Both additional features are accompanied by the peaks at 31 and 40° 2θ, 

corresponding to the (121) and (031) peaks for thorite. These additional peaks with 

similar shape as the closer ones in position may be the result of a transformation in the 

unit cell, changing its symmetry. It is often referred as phase transition. Nonetheless, 

those peaks have not been yet confirmed to be related to a change in the structure or the 

formation of a secondary phase, further study needs to be carried to justify this effect. 

The reaction at pH 1 yielded pure, relatively crystalline thorite. Due to the clarity 

of the pattern the main characteristics can be calculated and compared to the literature. 

Le Bail refinement against the diffraction pattern, despite being a structure-less 

refinement, can be used to efficiently calculate parameters such as the lattice constants. 

The refinement was performed as shown in Figure 3.18 by using GSAS/EXPGUI 

software. The calculated results obtained are tabulated in Table 3.8. 
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Figure 3.18. LeBail refinement for obtaining thorite cell parameters. The blue line below the graph 

represents the difference between the data observed and the calculated. wRp = 0.0355 and RP = 

0.0220.   

Table 3.8. Table of cell parameters calculated and reported.113 

Cell Parameters  Calculated Reported 

a = b (Å) 7.15 7.1568 

c (Å) 6.31 6.3152 

Volume (Å3) 323.0 323.46  

 

As shown in Figure 3.18 the calculated pattern matches well the experimental 

one. As well from Table 3.8 the cell parameters match with the reported ones evidencing 

the presence of thorite. 

3.4.5 Synthesis of Coffinite, USiO4 

Finally, the different attempts for the synthesis of coffinite (USiO4) are described 

in this section. The synthesis of coffinite was performed as the results for the rest of the 

experiments were obtained.  

For the first attempt the simplest reaction possible was carried just by mixing the 

different precursors at a mild temperature, for 3 days. The process that needs to be 

followed in order to pursue the most efficient synthesis possible is by going from really 

simple reactions to more complicated ones as different conditions are required in the 
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reaction. Therefore, for the first attempts there’s not control of the pH or additives, but 

the temperature as a defining factor is tested as 150 and 200°C. The experimental 

conditions for the synthesis are given in Table 3.9. 

  
Table 3.9. Table of conditions tested for the synthesis of coffinite at 150 and 200°C with no control 

of the pH. 

[UCl4] 

(M) 

V 

(mL) 

[Na2SiO3] 

(M) 

V 

(mL) Si/U 

Temperature 

(°C) 

Time 

(h) 

3.95·× 10-2 5 4.07·10-2 5 1.03 150 72 

3.95·× 10-2 5 4.07·10-2 5 1.03 200 72 

 

Figure 3.19. XRD patterns for the first attempts of synthesising coffinite. The pattern in red 

corresponds to the 150°C reaction, while the pattern in black to the higher temperature 200°C. The 

red vertical lines correspond to the peak positions for UO2.114  

In Figure 3.19 the two different patterns for the conditions attempted are shown. 

The main difference synthetically is that the top pattern (red) corresponds to the reaction 

performed at milder conditions, 150°C. On the other hand, the pattern in black refers to 

the reaction at higher temperatures, 200°C. For both samples the peak positions can be 

assigned to uranium (IV) oxide, UO2. There are very small differences between both 

patterns. The main contrast between both patterns is that at lower temperatures uranium 

oxide shows sharper peaks highlighting a higher crystallinity for the particles obtained. 
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Nonetheless, no evidence of any other uranium containing species can be acknowledged. 

This results from the lower thermodynamic stability of coffinite vs. the oxides.87 

Therefore, if the reaction is simple enough to yield the thermodynamically preferred 

compound the oxides will be the predominant component in the sample.   

In order to change the stability of the oxides in the reaction, the pH can be varied. 

It will vary the solubility of the oxides when they are precipitating from solution.  

 

Table 3.10. Reaction conditions for the second attempts of synthetising coffinite. The main factor is 

the variation of pH. 

[UCl4] 

(M) 

V 

(mL) 

[Na2SiO3] 

(M) 

V 

(mL) U/Si 

Temperature 

(°C) 

Time 

(h) pHmix 

3.95·× 10-2 5 4.07·× 10-2 5 1.03 150 72 9 (NaOH) 

7.90·× 10-2 5 8.13 ×·10-2 5 1.03 150 72 1 (HCl) 

 

Figure 3.20. Second attempt of coffinite synthesis. The vertical lines at the bottom of the figure 

corresponds to the peak positions for UO2
114

 (red) and USiO4
84 (blue).  

In Figure 3.20 the reactions carried out at different conditions are plotted, showing 

the reaction at higher pH at the top (pH = 9) and the lower pH reaction at the bottom of 

the graph (pH = 1). There are some new features compared to the reaction where the pH 

wasn’t controlled. Nonetheless, UO2 is still the main component for both of the samples 
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obtained. At higher pH additional crystalline peaks can be seen next to every peak or 

overlapping with the oxide peak forming a broader feature. These features may be related 

to the formation of structurally equivalent non-stoichiometric uranium oxide, but to the 

best of our knowledge these additional peaks do not match to any of the uranium oxide 

patterns reported, and no other structural matches could be identified. It needs to be 

reiterated that these diffraction patterns were recorded in a capillary, causing a high 

intensity background that might overlap silica peaks present in the sample further 

hindering the analysis of the purity of the material.  

When the reaction is carried out at lower pH the intensity of the oxide peaks seems 

to be lower, probably due to a smaller crystallite size. Additional peaks are observed at 

the same time, somewhat matching with the positions reported for coffinite. As 

previously reported the shoulder peak present at around 28° 2θ can be related to the (200) 

intense peak for coffinite, from reactions of UO2 and SiO2.
92 Due to the low crystallinity 

and the high background it can’t be completely concluded that small amounts of coffinite 

were obtained, although the preferred use of lower pH for obtaining any silicate is a 

common trend shown for the previous synthesis of silicates surrogates. The smaller 

crystallinity of the oxides and the potential presence of the silicate can be caused by a 

higher solubility of these oxides in acidic conditions. It might cause the precipitation and 

redissolution of UO2 to yield coffinite. This dependence on the solubility of UO2 with pH 

has been extensively studied and reported as shown in Figure 3.22.115 

 

Figure 3.21. Solubility expressed as concentration of uranium present in solution for the dissolution 

of uranium dioxide in 8 mmol dm-3 sodium perchlorate.115 
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Uranium dioxide is a common end-form for uranium as it is very stable, so that 

the formation of the oxide in large quantities for yielding coffinite must be avoided. 

Nonetheless, the formation process of coffinite has been periodically discussed in the 

literature. The argument lies on the small range of optimal conditions for the formation 

of coffinite versus the oxides, although these oxides are the precursors to the formation 

of the silicates. Therefore, these oxides need to be yielded and destabilised in solution to 

yield the silicate, being a complicated process. The transition from uranite (UO2) to the 

silicate have been suggested to be caused by self-irradiation of the oxide and radiolysis 

which carries oxidation of the surface at moderate oxygen fugacity. The alteration of 

uranium dioxide and reaction to the silicate is commonly named as coffinisation, as it is 

expected to be one of the main processes occurring at the SNF repositories.116 

Although similar conditions to thorite have been attempted to synthetise coffinite, 

the reactions carried out didn’t succeed to yield this silicate. When looking at the reported 

synthesis of the (Th1-xUxSiO4) system, thorite formation energy as the end-member is 

calculated to be slightly negative (ΔHf,ox,25°C of ThSiO4 = -6.4 ± 5.7 kJ/mol).12 Coffinite 

enthalpy of formation obtained, extrapolating from the previous one, is positive 

(ΔHf,ox,25°C of USiO4 = 25.6 ±3.9 kJ/mol).12  Therefore coffinite is metastable in respect 

to the oxides and the conditions of synthesis will be narrower than for thorite, which is 

energetically promoted to crystallise. 
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3.5 Conclusions and Future Work 

Firstly, the optimal synthesis conditions for zircon and stetindite have been shown 

by mild-hydrothermal conditions. The synthesis of zircon was achieved by the use of 0.25 

M zirconyl chloride in 1.0M of HCl at 150°C for 3 days with an equimolar concentration 

of sodium silicate. It has been shown that there’s a broad range of stability of zircon when 

tuning the pH of the reaction by use of sodium hydroxide solutions for the dissolution of 

sodium silicate. Pure zircon is evidenced by powder XRD when these reactions are 

performed at 150 °C at pHs between 0.5 and 4.4.  

Secondly, those optimal conditions have been translated to the synthesis of a 

structurally similar silicate, stetindite, and the intermediate silicates described by the 

formula CexZr1-xSiO4. The best version of CeSiO4 was encountered when the synthesis 

was carried at longer times than 1 day and at 150 °C and a pH of 1.9. When looking at 

zircon and stetindite obtained by XRD, TEM and FTIR there is observed an anisotropic 

growth in the case of zircon. ZrSiO4
 shows preferential growth from both XRD patterns 

and TEM images. It is justified by the presence of water in the structure disrupting the 

lattice, promoting a higher crystallinity in the b-axis. The water molecules are shown by 

a broad water band in FTIR. Although the formation of zircon and stetindite is achieved 

in similar conditions, the growth process is proved to be different, as the stetindite 

obtained does not show the same anisotropic behaviour. On the other hand, when looking 

at the intermediate silicates, the zircon structure is capable to accommodate cerium in the 

structure up to x = 0.2, while when starting from higher proportions of cerium only pure 

stetindite is possible to be obtained. It is justified by the thermodynamic difference 

between zircon and the cerium containing equivalent. While zircon is reported to be more 

stable than the corresponding oxides, CeSiO4 is metastable to them. Similar behaviour 

has been shown for (Zr,Pu)SiO4 series. It establishes the preferred use of zircon as a metal 

containing mineral for SNF repositories, although the process needs to be optimised in 

order to achieve the higher loading of external metals in the silicate structure.   

Thirdly, once the best conditions for the synthesis of both surrogates was achieved 

a more chemically similar compound to coffinite was targeted. ThSiO4 was synthesised 

in mild-hydrothermal conditions. The purest version was obtained when pH = 1 for 1 day 

and 215°C. It shows a high crystallinity and purity. The synthesis is shown to be effective 
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for acidic pH rather than basic one, as corroborated by the previous surrogate attempts. 

The synthesis of thorite has been carried again several times to prove the reproducibility 

and samples have been submitted to the High-Resolution Powder Diffraction Beamline 

(HRPD) and high-pressure diffractometer (PEARL) in the ISIS Neutron and Muon 

Source in the UK. High-resolution diffraction data is expected to be obtained. In addition, 

the measurement in the high-pressure facilities might show the structural transition of 

thorite to huttonite when high pressure is applied.  

Lastly, the synthesis of coffinite was attempted by following similar synthesis 

conditions, however the respective UO2 and SiO2 were obtained. Nonetheless, the 

synthesis carried out at the most acidic conditions (pH = 1) shows a low intensity feature 

that may be attributed to the formation of the silicate. Higher-resolution patterns and extra 

experiments are required. Due to the multiple oxidation states of uranium, the optimum 

oxidation state needs to be stabilised, so a potential reducing agent such as hydrazine 

might be attempted in the future. As well, it is suggested in the literature that the 

formation of this silicate is driven by the dissolution of the oxides, so the optimal 

conditions that enhance the solubility of these oxides will be required.  

The optimum synthesis and intake of cerium in the zircon structure might suggest 

its use as a possible container of rare earth-metals and SNF derivates in its structure. So 

that, the doping of zircon with elements like Eu, Tb or Yb can be attempted for this 

mineral, reproducing the already known optimal conditions and modifying the synthesis 

in order to explore the conditions for zircon to host those metals in the greatest way 

possible. Cerium has been proven to be a great candidate for optoelectronic applications, 

so that the doping of the structure with rare earth metal would enhance its applicability 

and allow these minerals to be applied in new fields barely previously explored.  

Due to the reproducibility of the synthetic conditions obtained they could be 

translated other similar silicates such as cuprosklodowskite, 

Cu[(UO2)2(SiO3OH)2]·6H2O. This silicate named after Marie Sklodowska-Curie, have 

been never synthetically obtained pure although it has been observed in uranium ores 

around the world.117,118  In addition, the formation of lead orthosilicate, PbSiO4, has been 

suggested to be possible although it has never been observed or synthesised.119 Therefore, 

if the optimum conditions are applied to the formation of this silicate it could lead to the 

formation of a new mineral never acknowledged.  
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In addition, if coffinite is successfully synthesised pure, precise thermodynamic 

data can be measured in order to generate a broader idea of the properties of this material. 

It is critical for the understanding of the evolution of uranium in the storing conditions in 

case of accidental release. For example, testing the range of stability at different pH and 

redox environments. Or exposing the silicate at high temperatures and pressure to unveil 

a possible degradation into the oxides. That will support the idea of the silicate being an 

end mineral for uranium.  

Finally, finding the optimal conditions for the synthesis of the silicates required 

many reactions in different conditions. Despite the positive results acquired from the 

experiments carried out, coffinite synthesis was not achieved absent of secondary phases. 

The continuous mapping of different parameters and the subsequent analysis to grasp the 

effect of those in the mineralisation of the materials, is time consuming and requires a 

great deal effort from the researcher. A systematisation of the mapping of variables and 

the gaining of knowledge about the trends observed when they are changed will be 

discussed further in the thesis, showing that an statistical analysis of the empirical data 

(such as Principal Component Analysis) is a great candidate to lower the time of analysis 

and makes easier to gain an idea of the optimum conditions for the synthesis of several 

materials (calcium orthophosphates and calcium carbonate) and potentially for narrowing 

the synthetic conditions to obtain coffinite.   
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4.1 Introduction  

Calcium phosphates constitute a family of materials that take place in biological 

systems.1–3 For example, hydroxyapatite (HAP, Ca10(PO4)6(OH)2) as a member of this 

group is remarkable for being the constituent of bone and teeth.4 Nonetheless, the scope 

of these materials is broader than just medicine5 or dental science.6 Calcium phosphates 

are defined by the presence of its three major components: Ca2+, P5+ and O2-. Calcium 

orthophosphate (PO4
3-) is structurally different to meta- (PO3

-), pyro- (P2O7
4-) and poly- 

(PO3)n
n- phosphate. Although, phosphoric acid has 3 acidic protons in its structure 

(H3PO4), orthophosphates may be encountered in the H2PO4
- or HPO4

2- form. 

Additionally, water molecules can be part of the structure as in the case of dicalcium 

phosphate dihydrate or brushite (DCPD, CaHPO4·2H2O). One of the main factors to 

define the different orthophosphates is the Ca/P ratio as shown in Table 4.1. Three 

different crystal structures for three different calcium orthophosphates are shown in 

Figure 4.1. 

Table 4.1. Selected crystallographic data for the three calcium orthophosphates.7 

Name Ca/P ratio Formula Space group 
Unit cell parameters 

(Å) 

Brushite 

(DCPD) 
1.00 CaHPO4·2H2O Monoclinic, Ia 

a = 5.812(2), b = 15.180 (3), c 

= 6.239(2) 

Monetite 

(DCPA) 
1.00 CaHPO4 Triclinic, P-1 

a = 6.910(1), b = 6.627(2), c = 

6.998(2) 

Hydroxyapatite 

(HAP) 
1.67 Ca10(PO4)6(OH)2 

Monoclinic, 

P21/b or 

Hexagonal 

P63/m 

a = 9.84214(8), b = 2a, c = 

6.8814(7) or 

a = b = 9.4302(5), c = 

6.8911(2) 

 

Figure 4.1. Crystallographic structures of three selected calcium orthophosphates. The different 

atoms that compose the structure are differentiated by their colour: grey (calcium), yellow 

(phosphorus) and red (oxygen). Water molecules are not shown for clarity. 
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The selective formation of this family of phosphates has been reported to be 

driven by intermediate phases that are metastable to hydroxyapatite and more crystalline 

phases, like octacalcium phosphate (Ca8H2(PO4)6·5H2O, OCP) .8,9 A common feature in 

biomaterials is the appearance of amorphous precursors that lower the activation energy 

for the latter crystallisation. This process is commonly known as two-step process 

(reviewed in Chapter 1). Therefore, the conditions of formation of each phosphate will 

be highly dependent on the external parameters (T, P, calcium and phosphate saturation, 

…) that will stabilise one or another precursor via a multistep path. 

4.1.1 Multistep Nucleation of Calcium Phosphates 

The study of biomimetic nucleation serves to understand the formation of 

biologically important materials in relevant environments. Due to the variety of the 

different related compounds or the polymorphic nature of the components in biosystems, 

their nucleation and growth tend to not be trivial. CNT and heterogeneous nucleation 

have been used over the years to understand the crystallisation process of this family of 

materials.10 Although it is an easier explanation, CNT has more recently failed to explain 

the overall process.11,12  

There are several models that have replaced more simplistic ways to unveil of the 

transition from solution to crystal. Among others, there have been reported aggregation-

based crystallisation processes,13,14 the formation of structurally related prenucleation 

clusters (PNCs)15–18 and the appearance of structurally related amorphous phases prior 

crystallisation (Amorphous Phase Mediated Crystallisation, APMC).18–21 Calcium 

carbonate and calcium phosphates are the most studied examples of non-classic 

nucleation grown materials.  

Calcium phosphates are known to yield prenucleation clusters that will determine 

the crystallisation of the material. The first observation of the formation of these clusters 

was by Posner and Betts, proposing the formation of the so-called “Posner’s clusters” 

with a chemical composition of Ca9(PO4)6 with a size around 1 nm.22,23 They are reported 

to be energetically preferred compared to possible alternatives like Ca3(PO4)2 or 

Ca6(PO4)4.
24 The relationship between the formation of this prime compound and the 

formation of the calcium phosphate crystal has been a topic of discussion recently. These 
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prenucleation clusters have been suggested to act as the building block of the amorphous 

intermediate phase (amorphous calcium phosphate, ACP) later in the reaction. 25  

Years later, Habraken et al.9 combined microscopic evidences with ab initio 

calculations to report the transformation of the prenucleation clusters based on ion-

association complexes [Ca(HPO4)3]
4- to generate several 3D structures. When the 

solubility limit of the amorphous phase is surpassed, the complexes collect Ca2+ ions from 

solution to form an insoluble cluster with the form of [Ca2(HPO4)3]
2-, that will later yield 

the insoluble ACP. 

Amorphous defines a material with no long-range order, but that can present 

regular arrangements in the short-range surroundings of the atoms or molecules. The first 

observation of ACP dates from the 1950s (as mentioned by Eanes23) when Watson and 

Robinson found a “finely granular” solid precipitated from mixing Na2HPO4 and CaCl2  

in saturation conditions. This material was not crystalline as no regular pattern was 

obtained from diffraction.26 In current times, it is known that this amorphous phase is 

formed from the mixing of two saturated solutions of phosphate and calcium giving a 

Ca/P ratio between 1.18 and 2.50. Its formation is defined as a kinetic phenomenon. 

When the saturation of calcium and phosphate in the media reaches a sufficiently high 

concentration, a sudden interaction between the calcium and the phosphates is generated. 

Therefore, there is a transitory separation of the bulk solution to a gel-like state.27  

The crystallisation of this ACP involves various stages (Ostwald rule of stages, 

Chapter 1) prior to the formation of the crystal. It is not a classic single step 

transformation. There are two types of amorphous calcium phosphates, ACPs. They can 

only be differentiated by their morphology and solubility, also known as ACP1 and 

ACP2.24 More recent studies have shown that although amorphous phases are usually 

taken as equal with no discrimination there is a variation in the bonding of the amorphous 

phases when synthesis conditions are changed.28  

To investigate the characteristics of ACP and the transformation to more 

crystalline phases, the stabilisation of the transitory amorphous phase is required. 

Classically it can be accomplished by adding big ions to disrupt the lattice and avoid 

further growth, as well as proteins and organic ligands to stabilise ACP.29–31 Additionally, 

The pH can be increased by strong bases like hydroxides or buffers.31,32 Thirdly, the 
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incorporation of Mg2+ has also been attempted. This cation is found in hard tissues where 

it interacts with HAP.33 It is also suggested that magnesium ions slow down the transition 

from ACP1 to ACP2, ACP1 being fast appearing and more soluble amorphous phase that 

changes in time to the second state.30,34 It is also suggested that Mg2+ substitutes Ca2+ in 

Posner’s clusters creating strains hindering the formation of HAP. This transitory state 

will evolve to hydroxyapatite at basic to neutral conditions and to brushite at acidic pH.35 

The whole transition from solution to crystalline phase is described in Figure 4.2.  

 

Figure 4.2. Schematic of the proposed kinetic vs. thermodynamic pathway for hydroxyapatite 

formation. 

4.1.2 Crystalline Calcium Phosphates  

4.1.2.1 Hydroxyapatite (HAP) 

Hydroxyapatite belongs to the calcium orthophosphate family due to the nature 

of the phosphate molecules present in the structure. Its chemical formula is 

Ca10(PO4)6(OH)2 with a characteristic Ca/P ratio of 1.67. This compound can be found in 

two different crystal structures, monoclinic and hexagonal. The monoclinic structure is 

the most thermodynamically stable.36 It is described as rows of phosphate ions placed 

along the a axis. The calcium and hydroxide ions are placed in between these anions. It 

can also be visualised as hexagons surrounding the calcium atoms. The hydroxides can 

be seen as above or below the calcium planes.  
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The hexagonal polymorph is structurally similar but with columns of parallel 

calcium and hydroxides. It is the most frequent in nature.36 The steric interaction of the 

hydroxides implies an easy ionic substitution in the structure by other ions like F-, Cl-, 

etc.37 Hydroxyapatite is well-known to be one of the main components in biological 

systems, especially being the main component of human bones.16 An example of the 

process followed for bone mineralisation is given in Figure 4.3.  

 

 

Figure 4.3. Proposed mechanism for bone mineralisation. i) Vesicles transport ACP precursors 

from the osteoblast to the empty zones of the collagen matrix. ii) Deposition of ACP on the collagen. 

iii) Crystallisation of ACP into bone apatite with a morphology influenced by the shape of the 

collagen along the vertical axis. iv) Fully developed collagen matrix.15 

The synthesis techniques for hydroxyapatite can be divided into two main groups: 

solid-state and wet techniques.38 In both cases the ratio of precursors, defined as Ca/P 

ratio, needs to be equal to 1.67. Nonetheless, the existence of non-stoichiometric HAP is 

reported to exist, e.g. calcium deficient apatites.39  

Well-defined HAP has been obtained from aqueous solutions at pH 10 – 11 and 

relatively high temperatures, higher than 90°C.40 Although there exist some common 

features between the particles yielded by each synthetic technique, they have been shown 

to have their own advantages and disadvantages. 

By sol-gel pure HAP can be obtained with a high homogeneity at relatively low 

temperatures. The main inconveniences are the vigorous stirring, the extended time 

required for the gel formation and the mandatory control of the pH for the synthesis.41 

Co-precipitation is known to be another cheap technique suitable for morphological 

selective synthesis (needle-like or spherical HAP). That control relies on the addition of 
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surfactants to avoid the aggregation and imparts low crystallinity to the materials 

yielded.42 Emulsion techniques yield a large variety of shapes for HAP (rods, spheres, 

plates, etc.) but it relies on a complex process and longer reaction times.43 An additional 

technique for the synthesis of HAP is the mechanochemical technique. It yields fibrous 

aggregations and spherical particles. The main drawbacks are the use of specialised 

equipment and the spontaneous aggregation of the crystals formed.44 Ultrasonic 

technique has been used for the synthesis of HAP promoting a fast crystallisation and the 

formation of needle and spherical apatites. Nonetheless, the reaction yields tend to be low 

and requires the use of specialised devices.45  

Among these various techniques hydrothermal synthesis has been shown to be a 

highly advantageous technique for HAP fabrication. It is a cheap technique that uses 

water as the solvent avoiding surfactants to control the formation of the crystals. The 

materials obtained show a high crystallinity with little or no post-processing of the 

sample. These are some of the multiple advantages of this technique.46 The simplicity of 

this approach doesn’t affect the multitude of shapes that can be obtained. Spheres, needles 

and plate-like particles have been hydrothermally synthesised.47–50 Hydrothermal 

synthesis is not fully exempt of limitations as, due to the nature of the heat-up step of this 

synthesis, it exhibits a poor control of the morphology and size of the particles.  

The different external conditions for the synthesis affect the material yielded and 

the morphology adopted. The presence of other ions, for example, as part of the calcium 

salt might impact the lattice formation. It will also be influenced by the pH of the solution, 

or the pressure reached in the system. All those factors are critical for HAP formation. 

For calcium precursors calcium nitrate tetrahydrate is the most used.51–55 The phosphates 

precursors are more varied including: diammonium hydrogen phosphate,56 ammonium 

hydrogen phosphate,51 phosphoric acid,57 etc.  

Temperature is a common way to control the nucleation and growth in 

hydrothermal synthesis. In a typical reaction, higher temperature will drive to bigger 

particles and crystallinity. HAP follows this trend. The increase of temperature starting 

from 120°C promotes the growth of directional nanorods. Lower temperatures generate 

less crystalline products with more poorly-defined morphologies.58 Parallel to 

temperature, pH plays a huge role in the formation of hydroxyapatite and the morphology 

it shows. Unfortunately, the information regarding the formation of nanorods at different 
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pH is not yet clear. Rod-like HAP have been obtained in acidic,59–61 neutral62,63 and 

alkaline conditions.64,65 pH conditions also influence the selection of the calcium 

phosphate compounds in the sample. pH lower than 4 will incentivise the formation of 

other calcium orthophosphates like monetite and brushite. The different synthetic 

conditions for the synthesis of calcium orthophosphates are highlighted in Figure 4.4. 

 

Figure 4.4. Diagram of the CaP compounds obtained at different experimental conditions (T, pH 

and time) by hydrothermal synthesis.53 

4.1.2.2 Brushite and monetite  

Brushite is also called dicalcium phosphate dihydrate (DCPD) as it contains two 

water molecules within the structure. The framework of this material consists of chains 

of CaPO4 parallel to each other.66 The water molecules will be positioned between the 

chains. The non-hydrated version of this material is commonly named monetite or 

anhydrous calcium phosphate (DCPA). Brushite is very unlikely to be seen in vivo, 

probably due to the weak diffraction of this material, being impossible to acknowledge it 

by X-ray techniques. It was firstly evidenced by Mirtchi and Lemaȋtre from mixing a 

solution of monocalcium phosphate monohydrate with basic calcium phosphate. The 

resultant solid material solidifies exothermically, creating a solid cement-like substance 
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primarily composed of brushite.67 Although the presence of these materials is very 

uncommonly observed in living organisms, it is known to be biocompatible. One of the 

main advantages to be used in biological environments is the ability to be reabsorbed in 

representative conditions, although its limited properties make it really difficult to be 

employed.68,69 Nonetheless, over the years the research on this material has improved its 

characteristics for its future applicability.70  

Monetite can be obtained by modifying the synthetic conditions of brushite.71 As 

a dehydrated version of brushite low pH, absence of water and the intercalation of ions 

will promote the formation of monetite.71–74 It can be obtained directly from brushite by 

thermal treatment at 900°C.71   

To understand the relationship between the different calcium phosphates 

mentioned, the hydrothermal transition from brushite to HAP has been studied. It follows 

the equation: 

CaHPO4 ∙ 2H2O [𝐷𝐶𝑃𝐷] → CaHPO4[DCPA] + 2H2O   (4.1) 

6CaHPO4 + 2H2O + 4Ca(OH)2 → Ca10(PO4)6(OH)2 [HAP] + 8H2O (4.2) 

 

The main requirement for the formation of HAP to take place is that the 

stoichiometric ratio must correspond to Ca/P = 1.67. Therefore, it is mandatory to 

introduce a calcium source like Ca(OH)2. Crystalline HAP is obtained at 200°C and 10 

h. Therefore, the conditions desired for obtaining each phosphate will range from low pH 

with Ca/P = 1, where monetite and brushite can be obtained, to a Ca/P = 1.67 and neutral 

to basic conditions where HAP will be primarily formed (Figure 4.4). This experiment 

proposes a mechanism of selective formation of calcium phosphate by direct 

transformations between crystalline compounds. It makes the overall picture of 

nucleation and growth of these materials even more dynamic. 
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4.2 Experimental  

As already highlighted, the selective formation of the different calcium 

phosphates will be dependent of the synthetic conditions chosen. The main parameters to 

be considered when planning a reaction will be Ca/P ratio, temperature, pH, and 

precursors used. In order to track and precisely control the internal conditions during the 

reaction the hydrothermal injection reactor designed will be used for this task. The results 

obtained after analysis will help to create a general picture of the optimum conditions for 

the formation of the different calcium orthophosphates.  

4.2.1 Hydrothermal Injection Reactor. 

The standard general procedure was followed as described in Chapter 2. In the 

case of precursor selection two phosphate sources will be chosen as precursors: 

(NH4)2HPO4 and Na2HPO4·7H2O in various concentrations (as seen in Table 4.2). The 

precursor buffered to pH = 10 was prepared by adjusting the pH by dissolving NaOH in 

the solution. The pH was measured under continuous stirring by a Mettler-Toledo 

SevenCompact™ Advanced pH-meter, previously calibrated by a three point linear 

calibration as assessed by the manufacturer. 

In order to simplify the different variables, the Ca2+ precursor and concentration 

will be the same in all cases, Ca(NO3)2 1.5 M. The concentration of the phosphates will 

vary to achieve different Ca/P ratios 0.5,1.5, 1.67 and 3. The phosphate concentrations 

will be 0.4, 0.45 0.5 and 1.5 M, respectively. 

The proposed general equations for the reactions are: 

𝐶𝑎(𝑁𝑂3)2 + (𝑁𝐻4)2𝐻𝑃𝑂4
𝐻2𝑂
→  𝐶𝑎𝐻𝑃𝑂4 +  𝐶𝑎𝐻𝑃𝑂4 · 2𝐻2𝑂

+ 𝐶𝑎10(𝑃𝑂4)6(𝑂𝐻)2 
(4.3) 

𝐶𝑎(𝑁𝑂3)2 + 𝑁𝑎2𝐻𝑃𝑂4
𝐻2𝑂
→  𝐶𝑎𝐻𝑃𝑂4 +  𝐶𝑎𝐻𝑃𝑂4 · 2𝐻2𝑂

+ 𝐶𝑎10(𝑃𝑂4)6(𝑂𝐻)2 
(4.4) 

For every reaction 5.00 mL of the selected phosphate precursor was pipetted into 

the chamber. The HPLC pump was then filled with the calcium precursor by repeating a 

pump-refill cycle three times with the solution. The magnetic stirrer was then placed in 
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the chamber and the reactor body assembled. The heating jacket was placed around the 

reactor and tightened. The stirring rate was constant for every reaction 600 rpm.  

The reactions were carried out at 25 (room temperature), 50, 100 and 200°C. Once 

the target temperature was achieved, it was maintained for 5 minutes prior injection to 

ensure stable conditions after mixing. 2.5 mL of the calcium precursor solution were 

injected by the HPLC. It was left to react for 10 minutes before it was switched off and 

left to cool down to room temperature. Once it was safe to open the reactor the product 

was decanted into a beaker and filtered via vacuum filtration. The product was washed 

three times before placed in a preheated oven at 75°C overnight.  

Table 4.2 Experimental precursors, concentration, and Ca/P ratio. 

Precursor 
Concentration 

 (M) 
Ca/P ratio 

(NH4)2HPO4 1.5 0.5 

(NH4)2HPO4 0.25 3 

(NH4)2HPO4 0.5 1.5 

Na2HPO4·7H2O 0.25 3 

(NH4)2HPO4 0.45 1.67 

Na2HPO4·7H2O 0.45 1.67 

Na2HPO4·7H2O 

(Buffered to pH 10.8) 
0.45 1.67 

4.2.2 Characterisation  

Every sample produced was analysed by XRD and FTIR. Raman spectroscopy 

was carried out only on certain samples to corroborate the results given by the rest of 

techniques. In order to quantify the amount of each compound in the samples, Rietveld 

refinement was performed. For visualising the possible trends from the different materials 

obtained, Principal Component Analysis (PCA) of the diffraction patterns was attempted.  

4.2.2.1 XRD  

The XRD patterns will be compared with the model patterns obtained from the 

Crystallographic Open Database (COD).75  
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Figure 4.5. Reference patterns for monoclinic HAP, brushite and monetite.76–79 

The XRD patterns were acquired by using a Bruker D2 Phaser with CuKα = 

1.5418 Å as the source of radiation. The angles chosen for the measuring range from 15 

to 85° 2θ with step-size of 0.01° at 1s per step, using a silicon zero background holder. 

 

4.2.2.2 Rietveld Refinement 

The XRD patterns were analysed to obtain the percentage of each mineral. Some 

anisotropic corrections were required for the refinement. Due to the high preferential 

orientation shown by these materials, March-Dollase (MD) corrections were considered 

as described extensively in Chapter 2. The software employed for the refinement was 

EXPGUI/GSAS80,81 using the built-in MD correction for a selection of planes. 

For simplicity only monoclinic HAP has been discussed as no features from 

hexagonal HAP have been observed during the analysis of the patterns. The lack of 

hexagonal HAP has been confirmed by the impossibility of Rietveld refinement to give 

any percentage result for this compound as no characteristic feature was found in the 

XRD patterns.  

4.2.2.3 FTIR 

To corroborate the formation of the different phosphates the FTIR spectra were 

obtained using a Perkin Elmer ATR-FTIR spectrometer with a Perkin Elmer Universal 

ATR Sampling Accessory. Spectra were measured from 4000 to 500 cm-1. Four recording 

iterations were collected and averaged. The main vibration modes and the assignment for 

brushite, monetite and hydroxyapatite are collected in Table 4.3, Table 4.4 and Table 4.5, 

respectively. 
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Table 4.3. FTIR wavenumbers for the modes of brushite.82 

Functional group 
Wavenumber  

(cm-1) 

O-H stretching of lattice water 3541, 3480, 3282, 3166 

(P)O-H stretching 2930 

Combination 2385 

H-O-H bending and rotation of residual water 1600, 1720 

H-O-H bending of lattice water molecules 1649 

P-O-H in-plane bending 1208 

P-O stretching 1135, 1065 

P-O stretching 987 

P-O(H) stretching 877 

P-O-H out-of-plane bending 795 

Water librations 661 

O-P-O(H) 576, 528 

 

Table 4.4. FTIR wavenumbers for the modes of monetite.82 

Functional group 
Wavenumber 

 (cm-1) 

O-H stretching of residual water 3447 

(P)O-H stretching 3190, 2849, 2360 

H O H bending and rotation of residual free water 1600-1700 (broad) 

P-O-H in-plane bending 1450-1300 (broad) 

P-O stretching 1170,1131,1081 

P-O stretching 996 

P-O(H) stretching 891 

O-P-O(H) 578, 532 

 

Table 4.5. FTIR wavenumbers for the modes of HAP.83,84 

Functional group 
Wavenumber 

 (cm-1) 

O-H stretch 3744 

Structural O-H 3565 

Water absorbed 3440 

Water absorbed (ν2) 1645 

PO4 asymmetric stretching(ν3) 1096, 1031 

PO4 symmetric stretching (ν1) 961 

Structural O-H 635 

PO4 bending (ν4) 604, 574, 565 

PO4 out-of-plane bending (ν2) 471 

 

4.2.2.4 Scanning Electron Microscopy (SEM) 

In order to corroborate the shape of the particles synthesised, SEM images were 

obtained by using a Zeiss Ultra TEM microscope running at 5.00 kV with in Lens 



137 

 

detection. All samples were prepared and deposited onto a carbon tab over an aluminium 

stub. 

4.3 Results and Discussion 

The data obtained from the samples will be shown and discussed in this section. 

XRD patterns and FTIR were obtained for all the samples, whereas only certain Raman 

spectra were recorded to corroborate the results and shown in Appendix A . The data will 

be presented following the order in Table 4.2. In order to quantify the amount of each 

compound in each XRD pattern presented, the results from Rietveld refinements are 

plotted side by side. In order to simplify the results obtained due to the large number of 

variables and the number of samples obtained, Principal Component Analysis was carried 

out. Some SEM images were taken to observe the change of shape of the particles when 

changing the synthetic conditions.  

4.3.1 Structural Characterisation 

4.3.1.1 Ca/P = 0.5 – (NH4)2HPO4 phosphate precursor 

 

 

Figure 4.6. a) XRD patterns for Ca/P ratio 0.5 using (NH4)2HPO4 as the phosphate precursor in the 

reaction. Vertical lines correspond to the position of the model patterns for HAP (blue), brushite 

(green) and monetite (pink). b) Sample composition as determined by Rietveld analysis of the XRD 

patterns.  

Figure 4.6 shows the XRD patterns obtained for the calcium orthophosphate 

samples obtained using a Ca/P ratio of 0.5 with ammonium hydrogen phosphate, 
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(NH4)2HPO4, as the phosphate precursor. The temperature of injection is increased from 

25°C to 200°C from top to bottom in Figure 4.6 a).  

Although XRD gives information relevant to the presence of the different 

minerals in the sample Rietveld refinement is required to obtain the real mathematical 

description of the sample composition, giving percentages of each of the phosphate 

phases present. In many of these cases the diffraction patterns also exhibited preferred 

orientation effects. As a general trend the planes that showed the larger preferred 

orientation will be mentioned in this section, nonetheless, all the refinements were treated 

the same way. Brushite shows preferred orientation evidenced by a change in the intensity 

for the (040) and (041) peaks. An example of the effect of that preferential orientation is 

seen in Figure 4.7. Monetite will be mainly corrected for the (002) and (201) peaks. 

Lastly, HAP shows weak texture at the (002) peak, which despite not being a strong effect 

must still be corrected. As already highlighted, these are the most common planes that 

needed to be addressed using the March-Dollase correction during the refinement. In case 

it was necessary, extra planes were adjusted when required to improve the fitting 

parameters.  

 

Figure 4.7. a) Comparison of the XRD pattern obtained for Ca/P = 0.5 using (NH4)2HPO4 

phosphate precursor at room temperature and the peak position for the brushite model. The 

arrows show the preferred orientation effect exhibited by the sample synthetised. b) Rietveld 

refinement with MD texture correction. Plotting of the graphical interface from 

EXPGUI/GSAS.80,81 

From Figure 4.6. brushite is the main component for every synthesis temperature 

studied except 100°C. It is evidenced by the sharp peaks at 21° and 29° 2θ corresponding 
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to the (021) and (041) directions, respectively. On the other hand, monetite is the most 

prevalent phase in the sample prepared at 100°C. Monetite content is increased from less 

than 10% of the total, to almost 60% under those conditions. It can be also acknowledged 

by the peak at 26° 2θ, corresponding to the (002) plane. Finally, the third calcium 

phosphate phase in the samples is hydroxyapatite (HAP). Following Figure 4.6 b) its 

presence never surpasses 40%. Its contribution increases from 25 to 50°C, lowers at 

100°C and reaches its highest percentage at 200°C – 35.65%. The Rietveld refinement of 

the sample obtained at 200 °C is plotted in Figure 4.8. 

 

Figure 4.8. Rietveld refinement for the sample obtained at 200 °C. The compound percentages 

obtained by Rietveld refinement are: brushite 53.67%, monetite 10.68% and hydroxyapatite 

35.65%. The pattern shows a good fitting for a mix of components in the sample.  

It was highlighted in Figure 4.4 that the presence of monetite is mainly expected 

at mild to high temperatures and low pH conditions. Brushite, in contrast, is observed at 

lower temperatures (50°C). The selective formation of these two compounds at the 

conditions described, is therefore very linked to the temperature of formation. Monetite 

seems to have a narrower optimal conditions range, whereas brushite is formed from 

reactions at room temperature to 200 °C.  
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Figure 4.9. FTIR spectra for Ca/P ratio 0.5 using (NH4)2HPO4 as the phosphate precursor in the 

reaction. The main features for the different calcium orthophosphate minerals are highlighted as 

(B) Brushite, (M) monetite and (HAP) hydroxyapatite. 

The results from the Rietveld refinement and the XRD patterns are corroborated 

by FTIR. At room temperature, characteristic features of brushite are observed such as 

the two double peaks in the 3000 – 3500 cm-1 region, corresponding to the characteristic 

stretching of water. The sharp peak at 1661 cm-1, the broader feature at around 1200 cm-

1, the peak at 1107 cm-1 and the lower in frequency observed at 875 cm-1 are characteristic 

of various vibrational modes of water and hydroxyl groups in brushite. This compound 

is known as dicalcium phosphate dihydrate (DCPD) which points out the presence of two 

characteristic waters in the structure. Those molecules are clearly seen at the FTIR, and 

they serve as a differentiator feature from the dehydrated compound. At 50°C, brushite 

is the main component of the sample. Although the main peaks at room temperature are 

kept the same, new features are observed. Due to the similarity of the structural bonds 

between brushite and monetite the phosphate region around 500 to 700 cm-1 will be 

similar to each other. Anyways there is a third lower-intensity shoulder next to the high 

intensity double peak in that region. It is reported as a peak around 630 cm-1 related to 

structural OH in HAP as enunciated in Table 4.5. Although in XRD peaks related with 



141 

 

HAP can be observed, the intensity of them is low compared to the ones for brushite, 

with calculated phase percentages of 27 and 66%, respectively. Therefore, no HAP 

features are expected to be clearly observed in the FTIR due to the low presence of this 

mineral from diffraction refinement. At 100°C monetite-related peaks are observed. A 

small but evident peak is seen at 1300 cm-1, associated to P-O-H in-plane bending for this 

compound. Finally, at 200°C the peaks at highest frequencies related to water appear 

weaker and broader. The double peak at 1000 cm-1 disappears and a single, very defined 

peak is then seen at slightly higher frequency, 1090 cm-1. It is related to the ν3 P-O 

bending mode of HAP. The presence of brushite is indicated by the characteristic water 

peaks. Nonetheless, the phosphate features for hydroxyapatite seem to overlap the 

brushite ones. 

The rise in temperature promotes the formation of anhydrous versions of the 

calcium orthophosphates, such as monetite at 100°C, although at the highest temperature 

brushite is yielded back again. HAP follows a similar percentage trend as brushite, but 

always in a lower presence. 

Selected calcium phosphate samples were chosen to be imaged to show the 

different shapes of the compounds present in the sample. Shape changes can be 

acknowledged along the different temperatures of formation with correlation to the XRD 

patterns 

The first set of images in Figure 4.10 correspond to the Ca/P = 0.5 using 

ammonium hydrogen phosphate as the precursor. The samples were obtained at 

temperatures of synthesis: 25, 100 and 200°C.  
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Figure 4.10. SEM images taken from Ca/P = 0.5 using ammonium hydrogen phosphate 

(NH4)2HPO4 as the precursor. 

From XRD analysis the main compound at room temperature is brushite. When 

observing the SEMs some loose particles with poorly defined features can be seen as the 

main shape obtained. It was observed that when looking closer at these futures, they are 

comprised of randomly oriented platelets creating a porous network as shown in Figure 

4.11. Brushite has been reported to show similar features in previous syntheses under 

hydrothermal conditions.85  

 

Figure 4.11. SEM images taken from Ca/P = 0.5 using ammonium hydrogen phosphate 

(NH4)2HPO4 as the precursor at room temperature. 
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As the temperature is raised up to 100°C monetite is the main component of the 

sample. The main shape for this compound, as shown in Figure 4.10, is the formation of 

condensed pinacoidal shapes as well as not fully defined rod-like particles which justifies 

the texture shown by the XRD patterns in Figure 4.6.  

For the highest temperature the percentage of monetite decreases, with brushite 

and HAP being the main components of the sample. It is observed as two types of 

particles can be distinguished in the sample as shown in Figure 4.12. SEM images taken 

from Ca/P = 0.5 using ammonium hydrogen phosphate (NH4)2HPO4 as the precursor at 

200°C. Main features for the particles are highlighted: a) brushite platelets and b) HAP 

rod-like particles.. Brushite exhibits less crystalline particles, shaped as platelets. HAP, 

on the other hand, shows very directional particles forming rods and whisker-like 

particles, justified by the corresponding XRD patterns’ preferential orientation effects. 

Similar features are reported for hydroxyapatite under similar hydrothermal conditions.86    

 

Figure 4.12. SEM images taken from Ca/P = 0.5 using ammonium hydrogen phosphate 

(NH4)2HPO4 as the precursor at 200°C. Main features for the particles are highlighted: a) brushite 

platelets and b) HAP rod-like particles.  
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4.3.1.2 Ca/P = 3 – (NH4)2HPO4 phosphate precursor 

 

Figure 4.13. a) XRD patterns for Ca/P ratio 3 using (NH4)2HPO4 as the phosphate precursor in the 

reaction. Vertical lines correspond to the position of the model patterns for HAP (blue), brushite 

(green) and monetite (pink). b) Sample composition as determined by Rietveld refinement of the 

XRD patterns. 

 

The data obtained from Figure 4.13 correspond to samples obtained at a higher 

Ca/P ratio than the previous one (Ca/P = 3) and using ammonium hydrogen phosphate as 

the phosphate precursor. It shows that at lower temperatures brushite is still the main 

component of the samples (almost 87%). At 50°C, although brushite is still the main 

component in the sample, some new features may be seen. A broad asymmetric peak can 

be observed at around 31 - 32 ° 2θ, corresponding to a cluster of various HAP peaks. 

Hydroxyapatite is reported to show 10 peaks with similar intensity in the angle range of 

31.26 to 32.64° 2θ. Due to the nature of the XRD measurement they can’t be resolved, 

generating the broad feature described. At a synthesis temperature of 100°C those peaks 

are centred at 32° 2θ increasing in intensity. HAP features are not as defined as for the 

other calcium orthophosphates, brushite and monetite. Nonetheless from refinement 

hydroxyapatite is the main component at that condition (78.2%). Two peaks at 25.9° and 

26.5° 2θ further evidence (002) HAP direction and the cluster of (002) and (200) monetite 

planes, respectively. At higher temperatures (200°C) monetite features are more clearly 

seen. It is calculated to be the main component in the sample (73.5%).  
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Figure 4.14. FTIR spectra for Ca/P ratio 3 using (NH4)2HPO4 as the phosphate precursor in the 

reaction. 

 

The infrared spectra of these samples are shown in Figure 4.14. The sample 

prepared at room temperature shows two sets of peaks at 3534 and 3474 cm-1 as well as 

3273 and 3154 cm-1. Those features correspond to lattice water stretching modes for 

brushite. It corroborates the presence of brushite at those synthesis conditions. Two extra 

features are seen in the spectrum at 1055 and 985 cm-1. They are related to phosphate 

stretching modes for brushite. At 50°C the water stretching modes are kept similar, 

although the phosphate modes start to overlap forming a single peak, in the region ranging 

from 800 to 1200 cm-1. It is due to the increase of HAP in the sample showing a phosphate 

stretching (ν3) at 1030 cm-1. In the case of samples prepared at 100 and 200°C the features 

of the spectra are similar. The main peaks observed correspond to the already mentioned 

phosphate related stretching (ν3) at 1030 cm-1 and phosphate bending (ν4) at 557 cm-1 for 

HAP. Due to the XRD analysis features from monetite would be expected to arise. 

Nonetheless, the FTIR spectra only show clear signs of the presence of HAP and almost 

no peaks from monetite can be clearly evidenced. A low intensity broad peak from 1300 

to 1400 cm-1 might be related to the P-O-H in plane bending for monetite.  
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Overall, HAP is obtained at a high percentage at higher ratios than the exact Ca/P 

ratio for the mineral composition as shown in Table 4.2 (1.67). It further supports the idea 

that mild synthetic conditions, as 100°C, is the optimum temperature for the larger 

presence of HAP. Brushite is the preferred calcium orthophosphate at lower temperatures 

while monetite is formed at the higher temperatures. It additionally shows that FTIR 

seems to be more specific to show the presence of HAP than monetite. Although from 

XRD, at higher temperatures monetite seems to be the main component, in FTIR only 

HAP features can be clearly seen.  

4.3.1.3 Ca/P = 1.5 – (NH4)2HPO4 phosphate precursor 

 

Figure 4.15. a) XRD patterns for Ca/P ratio 1.5 using (NH4)2HPO4 as the phosphate precursor in 

the reaction. Vertical lines correspond to the position of the model patterns for HAP (blue), 

brushite (green) and monetite (pink). b) Sample composition as determined by Rietveld refinement 

of the XRD patterns. 

The XRD patterns and the results of the corresponding Rietveld refinement are 

shown in Figure 4.15 for the samples obtained at a Ca/P ratio = 1.5 and using ammonium 

hydrogen phosphate as the phosphate precursor. It shows that at room temperature 

brushite is the main component of the sample. It is evidenced by the presence of the sharp 

peaks at 21° and 29° 2θ corresponding to the (021) and (041) planes, respectively. At 

50°C monetite (57.1%) increases to be the main component in the sample along with 

HAP (40.0%) as the second most abundant one. Monetite is revealed in the XRD by two 

sharp peaks at 26.5° and 30.2° 2θ which are the addition of (200) and (002), and (-120) 

planes, respectively. On the other hand, HAP shows, a sharp peak at 26° 2θ which 
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overlaps with the main feature of monetite. It is related to the (002) plane for this 

compound. HAP presence is also shown by a broad characteristic set of peaks in the range 

of 31 – 32° 2θ. At 100°C brushite (39.8%) and monetite (45.6%) are present in the 

sample. Brushite’s main peaks are seen at 21° and 29° 2θ. They show a similar intensity 

with the main monetite peak at 26.5° 2θ. A really intense peak at around 23.4° 2θ gains 

importance in the pattern. It corresponds to a low intensity brushite peak that, due to 

preferential orientation, increases in intensity. It is correlated to the (040) plane for 

brushite. This feature is seen at a lower degree at room temperature. Hydroxyapatite is 

also evidenced at a lower presence (14.6%) by the congregation of peaks in the 31° to 

32° 2θ region. At 200°C, the highest temperature, monetite is the main component of the 

sample (76.7%). A clear sharp peak at 26.4° 2θ shows the presence of monetite. It 

corresponds to monetite’s (200) and (002) orientations. Its intensity is unambiguously 

higher than the calculated for this compound showing a clear preferential orientation for 

that orientation.  

 

Figure 4.16. FTIR spectra for Ca/P ratio 1.5 using (NH4)2HPO4 as the phosphate precursor in the 

reaction. 

From FTIR spectra, at room temperature, brushite features can be seen by the 

water stretching modes in the 3000 – 3500 cm-1 region. Three phosphate stretching modes 
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are seen at 1126, 1052 and 984 cm-1 also related to brushite. Finally at 790 cm-1 there’s a 

characteristic broad peak that corresponds to P-O-H out of plane bending for brushite. At 

50°C water stretching modes fade away, evidencing the presence of anhydrous 

orthophosphates such as monetite and hydroxyapatite in the sample. There’s also the 

formation of a larger peak at 1030 cm-1, characteristic of the asymmetric phosphate 

stretching (ν3) for HAP. An additional characteristic feature is seen at 560 cm-1 where 

PO4 bending (ν4) for HAP is usually seen. Regarding the 100°C FTIR spectrum, although 

the features are not as sharp as for room temperature, the three phosphate modes for 

brushite gain importance along with the water modes in the higher frequency region 

(3000 to 3500 cm-1). At 200°C the water modes are absent and only one peak is seen in 

the phosphate characteristic region. In particular, at 1030 cm-1 the ν3 phosphate mode for 

HAP is clearly seen. It evidences the presence of anhydrous phases, in particular 

hydroxyapatite and monetite.  

Monetite at these synthetic conditions is the most abundant component at 

intermediate to high temperatures. Brushite is obtained at lower temperatures, while HAP 

shows a preference to be formed at intermediate ones showing a higher presence at 50 

°C. 

4.3.1.4 Ca/P = 3 - Na2HPO4·7H2O phosphate precursor 

 

Figure 4.17. a) XRD patterns for Ca/P ratio 3 using Na2HPO4 as the phosphate precursor in the 

reaction. Vertical lines correspond to the position of the model patterns for HAP (blue), brushite 

(green) and monetite (pink). b) Sample composition as determined by Rietveld refinement of the 

XRD patterns. 
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From Figure 4.17 at lower temperatures brushite is the main component of the 

sample (78.0%). It is seen by the main brushite peaks at 21° and 29° 2θ corresponding to 

the (021) and (041) planes, respectively. There is an increase of the peak intensity for the 

(040) direction at 23.4° 2θ, relative to the predicted pattern, arising from preferential 

orientation effect for brushite. No extra peaks of any additional compound can be 

highlighted from the plot. As the synthesis temperature is increased to 50°C monetite 

(36.7%) starts competing in intensity with brushite (31.2%) as shown by the comparable 

intensity of the peaks around 26.5° 2θ corresponding to the overlapping (200) and (002) 

planes of monetite and the peak situated at 21° 2θ that is the (021) plane of brushite. 

Hydroxyapatite (32.1%) can be observed in this sample by the broad peak in the range of 

31 – 32° 2θ. There is an additional HAP sharp peak at 26° 2θ linked to the (002) plane 

for this compound. At 100°C brushite (66.6%) is the main component of the sample 

showing analogous features to the room temperature pattern. Nonetheless the preferential 

orientation effect in the (040) is not as critical as for the lower temperature equivalent. 

Finally, at 200°C monetite (49.6%) is the main component along with HAP (49.1%). The 

presence of monetite is again shown by a sharp peak at 26.5° 2θ which is linked to the 

(200) and (002) planes.  Hydroxyapatite can be observed by the broad peak in the range 

of 31 – 32° 2θ. 

 

Figure 4.18. FTIR spectra for Ca/P ratio 3 using Na2HPO4 as the phosphate precursor in the 

reaction. 
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From Figure 4.18 at room temperature the two sets of two peaks for H2O 

stretching peaks for brushite are evidenced in the 3000 to 3500 cm-1 area. The three 

additional modes for phosphate are seen at 1126, 1052 and 984 cm-1 related to brushite. 

There’s an additional lower frequency peak at 790 cm-1 that corresponds to P-O-H out of 

plane bending for brushite. At 50°C a sharp peak appears in the phosphate region (800 – 

1200 cm-1) corresponding with the characteristic ν3 phosphate mode for HAP. It broadens 

the brushite phosphate modes still present in the spectrum. The previously mentioned 

water modes seem to broaden and lower in intensity, although they are still present, 

showing that a certain percentage of brushite is still being formed. At 100°C the highly 

intense hydroxyapatite phosphate mode fades as the characteristic phosphate modes of 

brushite intensify. Two phosphate modes can be seen separately back again. The water 

modes for brushite at higher intensity (3000 – 3500 cm-1) can be noticed. That 

corroborates the increasing presence of brushite at this temperature although HAP is still 

acknowledged. Finally, at 200°C all the mentioned brushite modes vanish showing a 

clear, single HAP phosphate related mode at 1030 cm-1, corresponding to the ν3 stretching 

mode. The water modes at higher frequency are not perceived. It shows the increase of 

anhydrous phases like monetite and hydroxyapatite at this synthetic conditions. 

Overall brushite keeps appearing at lower temperatures as it is the dihydrate 

version of the calcium orthophosphates. As the temperatures increases the water 

molecules are lost to yield the monohydrate calcium phosphate equivalents, monetite and 

HAP, at the highest temperature attempted. 

In the previous set of reactions SEM imaged (calcium orthophosphate samples 

obtained using a Ca/P ratio of 0.5 with ammonium hydrogen phosphate, (NH4)2HPO4, as 

the phosphate precursor) the different shapes adopted for the three different calcium 

phosphate compounds were shown. The preferential orientation effect was also justified. 

Nonetheless, the three compounds can coexist in the same sample. The next conditions 

chosen to show the SEMs shows the most similar content of the three calcium 

orthophosphates from Rietveld analysis. The conditions to be analysed are Ca/P = 3 using 

Na2HPO4 as the phosphate precursor. The samples analysed were the synthesised at 50 

and 200°C, Figure 4.19 and Figure 4.21, respectively. 
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Figure 4.19. SEM images taken from the sample synthetised at Ca/P = 3 - Na2HPO4 at 50°C. 

The SEM images shown in Figure 4.19 correspond to the sample synthesised at 

50°C using Na2HPO4 as the phosphate precursor in a Ca/P = 3 ratio. Although from XRD 

the three compounds are expected to be in a similar concentration the sample at SEM 

looks homogeneous. It is comprised of rod-like particles randomly organised and stacked. 

There exists the possibility of the non-hydrated compounds monetite and hydroxyapatite 

to adopt the rod- and plate- like conformation.86 The formation of these kind of particles 

have been extensively studied as they can be applied in the reinforcement of bone 

structures.87 Brushite on the other hand is reported to have not as defined conformation, 

conventionally forming a flat-plate type of particles.85  

 

Figure 4.20. SEM image taken from the sample synthetised at Ca/P = 3 Na2HPO4 at 50°C. Brushite 

flat-plate like particle. 

As the temperature is increased to 200 °C, monetite and hydroxyapatite content 

in the sample is increased to a similar percentage, as seen at the XRD analysis in Figure 
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4.17. From Figure 4.20, the sample at higher temperatures remains homogeneous but 

shows more defined shapes than at 50°C. Monetite and HAP adopt a more directional 

growth showing clear rods than can be agglomerated around the sample. No plate-like 

particles are clearly seen in the sample due to the low amount of brushite content. The 

higher intensity of the XRD pattern along the (002) plane is clearly evidenced for HAP. 

Very homogeneous rods are seen for that compound.  

 

Figure 4.21. SEM images taken from the sample synthetised at Ca/P = 3 Na2HPO4 at 200°C. 

4.3.1.5 Ca/P = 1.67 - (NH4)2HPO4 phosphate precursor 

 

Figure 4.22. a) XRD patterns for Ca/P ratio 1.67 using (NH4)2HPO4 as the phosphate precursor in 

the reaction. Vertical lines correspond to the position of the model patterns for HAP (blue), 

brushite (green) and monetite (pink). b) Sample composition as determined by Rietveld refinement 

of the XRD patterns. 
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After several attempts, very little sample was obtained at 200°C, therefore no 

XRD data was collected from that condition.  

At every condition brushite is the main component in the sample. The percentages 

are 67.5, 78.8 and 44.4% at 25, 50 and 100 °C, respectively. It is manifested by two main 

peaks at 21° and 29° 2θ assigned to (021) and (041) planes, respectively. At 25°C a small 

amount of hydroxyapatite (21.4%) can be seen by the distinctive cluster of peaks from 

31 – 32° 2θ. Nonetheless brushite is the main phosphate at that temperature showing clear 

crystalline features. At 50°C the peak for the (040) plane at 23° 2θ shows an increase of 

intensity arising from a preferred orientation effect, already mentioned in previous 

samples. Apart from that fact, the sample shows a high brushite content. At 100°C some 

new features can be perceived showing the increasing content of monetite (31.3%) in the 

sample from the peak around 26.5° 2θ corresponding to the (200) and (002) directions of 

monetite. There are also arising features of HAP (24.3%) by the broad peak situated at 

the region of 30 – 32° 2θ.  

 

 

Figure 4.23. FTIR spectra for Ca/P ratio 1.67 using (NH4)2HPO4 as the phosphate precursor in the 

reaction. 
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The IR spectra of these samples are shown in Figure 4.23. At 25°C brushite 

features are observed by the water modes at the higher frequency region 3000 to 3500 

cm-1. The phosphate peaks are also visible although they appear to be not as defined due 

to the presence of HAP ν3 phosphate mode in the same region (800 – 1200 cm-1). At 50°C 

all the features clearly correspond to brushite as the main component of the sample by 

the two sets of two peaks for H2O stretching modes shown from 3000 to 3500 cm-1. As 

well as the three extra modes for phosphate observed at 1126, 1052 and 984 cm-1 related 

to brushite. Finally, at 100°C brushite features are visible but not as defined.  

4.3.1.6 Ca/P = 1.67 - Na2HPO4·7H2O phosphate precursor 

 

Figure 4.24. XRD patterns for Ca/P ratio 1.67 using Na2HPO4 as the phosphate precursor in the 

reaction. Vertical lines correspond to the position of the model patterns for HAP (blue), brushite 

(green) and monetite (pink). b) Sample composition as determined by Rietveld refinement of the 

samples. 

The XRD patterns and the corresponding Rietveld refinement are shown in Figure 

4.24 for the samples obtained at a Ca/P ratio = 1.67 and using monosodium hydrogen 

phosphate as the phosphate precursor. At 25°C features from brushite (40.1%), monetite 

(36.4%) and HAP (23.6%) are distinguished. Brushite is evidenced by the by two main 

peaks at 21° and 29° 2θ related to (021) and (041) orientations, respectively. Monetite 

main features are acknowledged from the peak around 26.5° 2θ corresponding to the 

mixing of (002) and (200) direction of monetite. And HAP is seen by the broad peak from 

31 to 32° 2θ. So that all the three compounds show clear features at that temperature. At 

50°C brushite (41.0%) characteristic peaks are kept constant although monetite (22.6%) 
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and hydroxyapatite (36.4%) presence in the sample is changed. At this condition, HAP 

related peaks grow in intensity while monetite feature at around 26.5° 2θ is lower when 

compared to room temperature. At 100°C monetite peaks are the most intense ones. The 

broad characteristic peak from HAP situated at the 31 – 32° region is still visible. Brushite 

(021) and (041) peaks, although with a lower intensity, are still defined. Finally at 200°C, 

monetite (66.6 %) peaks are more intense and crystalline, being the major component of 

the sample. 

 

Figure 4.25. FTIR spectra for Ca/P ratio 1.67 using Na2HPO4 as the phosphate precursor in the 

reaction. 

From Figure 4.25, room temperature, the peaks from FTIR are not very well 

defined but there is evidence of monetite presence. The main feature is situated at around 

2850 cm-1 which corresponds to a hydroxyl stretching mode for monetite. Around 1400 

cm-1 the monetite hydroxyl bending mode can be acknowledged. The phosphates modes 

are not clearly defined. It is explained by the presence of several different calcium 

orthophosphate minerals. There is expected to coexist several peaks situated in the same 

region and clustered. Brushite presence is justified by the water bands from 3000 to 3500 

cm-1. At 50°C the water features can be visualised showing that brushite is still part of 

the sample. Monetite hydroxyl main band at 2850 cm-1 fades away. On the other hand, at 
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the phosphate region (800 – 1200 cm-1), although the features are not very detailed, a 

single growing peak can be acknowledged. It corresponds to the HAP ν3 phosphate mode. 

It justifies the trend shown on XRD where the presence of monetite is decreased as the 

HAP content increases with temperature. At 100°C the hydration water molecules for 

brushite are still present in the spectrum. The phosphates features are more defined 

although some presence of the single peak for HAP can be confirmed. From XRD data 

monetite characteristic peaks would be expected to be observed for this sample. But, as 

shown in previous spectra, FTIR is not as specific from monetite as for the rest of calcium 

orthophosphates. Finally, at 200°C the peak centred at 2850 cm-1 corresponds to a 

hydroxyl stretching mode for monetite. It shows the presence of monetite in the sample. 

The characteristics water bands for brushite are not clearly defined. In the phosphate 

region a single most intense peak at 1030 cm-1 is linked to the ν3 phosphate mode for 

HAP.   

 

4.3.1.7 Ca/P = 1.67 - Na2HPO4·7H2O phosphate precursor buffered pH = 10 

 

Figure 4.26. XRD patterns for Ca/P ratio 1.67 using Na2HPO4 as the phosphate precursor in the 

reaction, buffered to pH = 10.8. Vertical lines correspond to the position of the model patterns for 

HAP (blue), brushite (green) and monetite (pink). b) Sample composition as determined by 

Rietveld refinement of the samples.  

From Figure 4.26, at room temperature, two different set of peaks can be 

observed. The most intense and crystalline ones correspond to brushite (36.1%), while 
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the broader ones are closely related with hydroxyapatite (43.6%). Brushite’s 

characteristic features are two peaks at 21° and 29° 2θ related to (021) and (041) 

orientations. The characteristic broad HAP peak from 31 – 32° 2θ is observed as well. 

An additional feature for this calcium orthophosphate is a broad peak at around 25.7° 2θ 

which is related to the (002) plane. At 50°C the hydroxyapatite (61.5%) features a rise in 

intensity compared to the rest of the peaks corresponding to other calcium 

orthophosphates, brushite (22.7%) and monetite (15.8%). It shows an increase in 

presence of HAP at this temperature. At 100°C hydroxyapatite (55.4%) peaks are the 

most prominent maintaining that mentioned broader shape. Brushite (19.8%) peaks are 

still observed. Monetite (24.8%) start to gain importance evidenced by the peak around 

26.5° 2θ related to the (200) and (002) planes of monetite. At 200°C monetite (50.1%) 

peaks increase, showing a sharper shape than HAP (49.7%) ones, although they have a 

similar presence in the sample. 

 

Figure 4.27. FTIR spectra for Ca/P ratio 1.67 using Na2HPO4 as the phosphate precursor in the 

reaction buffered to pH = 10.8 with NaOH. 

From Figure 4.27. at room temperature the main feature is related to the presence 

of hydroxyapatite with a sharp peak around 1090 cm-1. It corresponds to phosphate ν3 

mode for HAP. At 50°C the phosphate feature for HAP is maintained. Some broad peaks 
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are shown in the water-related region of the spectrum (3000 – 3500 cm-1). It evidences 

the presence of water, closely related to brushite mineral. Although they can be discerned, 

the intensity is still low. The peak centred at 2850 cm-1 corresponds to a hydroxyl 

stretching mode for monetite. At 100°C the shapes described for the 50°C spectrum are 

kept constant, showing a similar composition for the sample. At 200°C HAP features are 

kept similar to the previous ones, though the monetite hydroxyl peak at 2850 cm-1
 

increases in intensity. Although from the XRD calculations there is a low presence of 

brushite in the sample, the broad water related peaks (3000 – 3500 cm-1) are observed in 

the sample with low intensity.   
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4.3.2 PCA Analysis of the XRD patterns 

So far, the samples have been analysed by XRD and FTIR. Additionally, the 

percentage of the compounds forming each one has been calculated by Rietveld 

refinement. Nonetheless, due to the large amount of data processed in which different 

synthetic parameters influence the outcome, such as temperature, ratio and precursor, the 

data needs to be simplified to show any kind of trend in a simple way.   

Principal Component Analysis (PCA) is a powerful statistical transformation of 

the data, capable of distinguishing and reducing the variables or dimensions that 

comprises a measurement. Given the XRD patterns that we will subject to analysis, it can 

be understood as the mix of different variables or dimensions loaded in a different 

percentage to make the whole pattern observed. The difference between two patterns will 

rely on the variability that each single parameter gives to the final picture. For example, 

XRD will depend on the compounds present, showing characteristic peak positions which 

will give the variability to the final diffraction pattern. Nonetheless, there are some other 

factors such as peak shifting due to external effects (e.g. sample loading) or internal 

effects (strain). Broadening is an aspect that can change the overall shape of the patterns 

and it is mainly due to the size of the particles conforming the sample. All these factors 

are defined in this analysis as directions or components. PCA defines what components 

give a maximal variation of the data. By defining the most important directions the data 

can be expressed in a few variables instead of the initial thousands. It helps to generate a 

shorter, significant, dataset, that when it is plotted its conversion is clear and relevant 

enough to show differences and similitudes between samples.  

From our samples, PCA which will estimate what set of parameters gives the most 

variability to the patterns and rate them in percentages. The first step will be getting rid 

of the redundant information of the patterns, as it gives zero variability, and then it 

establishes the different “Principal Components” (PCs) that shape the XRD. The most 

redundant information in the calcium orthophosphate patterns are brushite peaks. It is the 

compound that is present in a larger percentage in the most samples obtained.   
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Table 4.6. Three main Principal Components Analysed  

Number of Principal Component (PC) 
Percentage of Variance 

(%) 

Cumulative 

(%) 

1 55.12426 55.12426 

2 21.10233 76.22658 

3 9.25577 85.48235 

From Table 4.6 the two main Principal Components percentages (PC) are PC1 

(55.12%) and PC2 (21.10%). The combination of both components gives an overall of 

76.22% of the total variability of the XRDs. Once the importance of them is rated, it is 

necessary to define what the real physical significance of the principal components is.  

 

Figure 4.28. Principal components (PC) plot. The vertical lines below represent the XRD position 

of two calcium orthophosphates, HAP (blue) and monetite (pink).  

In Figure 4.28 the three main PCs are plotted along with the peak position of the 

two more “unique” calcium orthophosphates present in the samples synthesised. By the 

shape and position of the features in the plots PC1 corresponds mainly to HAP. PC2 

corresponds mainly to monetite peak positions in the XRD. This denotes that the 

variability expressed by those PCs are closely related to the presence of that compound 

in the XRD pattern. Therefore, the higher the variability expressed by that PC, at that 

sample the higher amount of that compound is present.  

PC3 does not correspond to any XRD pattern for the calcium orthophosphates but 

to the position of the peaks. The plot consists of “derivate-like” peaks which are 
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symmetric at both sides of the axis. This shape classically corresponds to peak shifting. 

When some of the samples move towards right or left the difference pattern will show 

this kind of characteristic peaks, as shown in Figure 4.29.  

 

Figure 4.29. Representation of the difference between the experimental (black) and expected 

(purple) peak position. 

Nonetheless, this asymmetry corresponding to the shifting of the peaks only 

comprises the 9% of the total variance of the sample. So, it can be concluded that there 

is no major loss of information when only PC1 and PC2 are considered.   

When PCA is plotted, by convention, the x-axis corresponds to the magnitude that 

gives the largest variability of the sample, therefore PC1. Secondly, the y-axis is linked 

to the second largest, PC2. Therefore, along the x-axis HAP content will be represented 

and at the y-axis, monetite. Finally, the samples clustered around (0,0) will be related to 

the presence of brushite, giving the least amount of variability as shown in Figure 4.30. 
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Figure 4.30.Principal Component Analysis of the normalised XRD patterns of the calcium 

orthophosphates. The numbers next to the data points represent the temperature of synthesis. The 

colour the precursor used for the synthesis and the symbols the Ca/P ratio, as shown in the legend. 

Brushite is referred as DCPD and monetite as DCPA. 

It is worth mentioning that the relative position from an axis and the compound 

percentage calculated is not necessary linearly related. PCA is capable of giving trends 

and significant relationship between variables but not absolute numbers. Therefore, when 

doing a PCA of the XRD patterns a previous Rietveld refinement is required to 

corroborate the percentage of the compound or the polymorph present in the sample and 

obtaining the real percentages to justify the trends observed. Anyway, when looking at 

the dataset from Rietveld and the PCA graph it can be seen that the relative position to 

the axis is related to the percentage of the compound in the sample at those conditions, 

so it is a valid representation to obtain trends. 

From Figure 4.30 it is evident that the vast majority of the samples are clustered 

around the centre of the axis, at the brushite corner. The second largest number of samples 

is situated along the y-axis and the rest along the x-axis. It means that although HAP is 

giving the most variability to the patterns, a lower number of those samples show HAP 

features, as previously suggested by XRD and Rietveld refinement.  
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Brushite is mainly seen at low temperature samples, 25°C. No room temperature 

samples are observed in the other corners. A similar trend is observed for 50°C where, 

although it shows a higher presence of the rest of calcium orthophosphates, 4 out of 6 of 

the samples at that temperature are closer to brushite corner. 

For 100°C there is a change in behaviour. Only two samples are seen at brushite 

area for that temperature. They are plotted either at monetite or HAP zones. The highest 

presence of HAP is seen at that temperature, only showing milder conditions in that 

corner (50 and 100°C). It supports the idea that hydroxyapatite is preferably obtained at 

milder conditions, whereas DPCA is obtained at higher temperatures evidenced by its 

presence in a larger number of 200°C samples. The correlation of the temperature of 

synthesis and their relative position in the PCA plotting is highlighted in Figure 4.31. It 

serves to demonstrate the higher temperature expressed by the red colour to obtain 

monetite and the milder temperatures required to yield HAP. 

 

Figure 4.31. Heat-map of the linearly temperature distribution for PCA. This figure shows 

graphically the temperature distribution in PCA for different compounds. The black dots 

represent the sample positions where the data is extracted. Ca/P and precursor selection is 

excluded from this graph. Brushite is referred as DCPD and monetite as DCPA. 
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Once the effect of the temperature is described, the calcium orthophosphate 

selection related to the precursor used, must be described. For ammonium hydrogen 

phosphate, (NH4)2HPO4, there is a trend to yield either brushite at lower temperatures or 

monetite at higher ones. Only one sample has a significant presence of HAP at 

intermediate temperatures, 100°C. The pH measured for this precursor at a concentration 

0.45M is 8, having a typical buffer range at pH 7.5 – 8. Therefore, after the incorporation 

of a salt like Ca(NO3)2 the pH change must be minimal. HAP at the precise ratio (Ca/P = 

1.67) or higher must be seen as it is suggested by Figure 4.4. Nonetheless, no HAP or 

very little is seen in these samples. A similar effect is seeing when incorporating 

Na2HPO4. On the other hand, when the pH of the phosphate solution is forced above the 

buffer limit of the solution by using a strong base like NaOH reaching pH = 10, HAP is 

the major component at intermediate temperatures.  

Finally, the Ca/P ratio used for the synthesis will play an important role at the 

compound selection. To explore this factor the Ca/P ratios chosen were 0.5, 1.5, 1.67 and 

3. Firstly it is worth mentioning that the formation of monetite and brushite does not seem 

to depend as much on the ratio employed, while it is critical for yielding HAP. The exact 

ratio at which hydroxyapatite is often reported to be formed is at the stoichiometric 1.67. 

The Ca/P ratio chosen is not relevant for the formation of brushite, as it was obtained at 

every calcium to phosphate ratio attempted. On the other hand, monetite and, specially, 

HAP show a more selective behaviour around the ratio of formation. Ca/P = 0.5 mainly 

forms brushite compounds. When it is increased to close-to-stoichiometric conditions for 

HAP at Ca/P = 1.5 there is a larger selection of monetite formation. Finally, 

hydroxyapatite is only formed at the stoichiometric or calcium-in-excess conditions for 

Ca/P ratio of 1.67 and 3.   

To sum up, brushite is the major component in the largest number of samples, 

being the major component overall. Monetite is mainly obtained at high temperatures, 

such as 200°C and higher ratios are preferred for the formation of monetite, from Ca/P = 

1.5 onwards. Finally, hydroxyapatite is the compound with the narrowest accessibility 

range from the three compounds encountered at temperatures of 50 and 100°C. The Ca/P 

required for the formation of this orthophosphate acts as the major selective factor only 

observed at stoichiometric or over-stoichiometric conditions, Ca/P = 1.67 and 3. 
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A summary of the results for the different compounds relating the ratio of 

synthesis, temperature, the compound formed and the morphology exhibited is given in 

Table 4.7. 
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Table 4.7. Phosphate reactions conditions with the corresponding mineral percentage calculated by Rietveld refinement. The morphology of the samples are 

described for the selected conditions that were SEM imaged. 

PO4
3-Source Ca/P Ratio T (ºC) Brushite (%) Monetite (%) Hydroxyapatite (%) Morphology from SEM 

(NH4)2HPO4 0.5 25 77.09 5.6308 17.279 Random oriented platelets   

  50 65.885 7.0557 27.059 
 

  100 26.596 58.666 14.738 Pinacoidal and not-well defined rod-shaped particles 

  200 53.674 10.678 35.648 Brushite platelets and directional rod- and whisker-like HAP 

 1.5 25 77.089 17.047 5.8644 
 

  50 2.8983 57.13 39.972 
 

  100 39.847 45.58 14.573 
 

  200 3.1851 76.65 20.165 
 

 1.67 25 67.483 11.079 21.438  

  50 78.8 11.851 9.2774  

  100 44.351 31.333 24.316  

 3 25 86.684 5.6551 7.6605  

  50 57.058 2.5278 40.414  

  100 3.2922 18.439 78.269  

  200 3.8717 73.521 22.607  

Na2HPO4 1.67 25 40.11 36.37 23.618  

  50 41.032 22.575 36.393  

  100 17.222 58.151 24.627  

  200 7.5276 66.648 25.825  

 1.67 (pH 10.8) 25 36.102 20.324 43.574  

  50 22.666 15.79 61.543  

  100 19.832 24.753 55.415  

  200 0.23205 50.117 49.65  

 3 25 77.964 8.3793 13.657  

  50 31.216 36.67 32.114 Rod-particles randomly organised t-plate type brushite 

  100 66.631 16.762 16.607  

  200 1.3211 49.602 49.077 Well-defined rods  
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4.4 Conclusions and Future Work 

Various calcium orthophosphates have been effectively synthesised by using the 

hydrothermal injection reactor designed by the Dunne group. It was possible to obtain 

three different calcium orthophosphates when varying the synthetic conditions: 

temperature, Ca/P ratio, phosphate precursor and pH. The minerals obtained were 

brushite, monetite and hydroxyapatite. The XRD and FTIR of the samples suggest a 

preferred synthesis of the hydrated compound, brushite, at lower temperatures. Monetite 

obtention on the other hand, is enhanced at higher temperatures. Finally, the formation of 

HAP is closely related to the Ca/P ratio of the precursors employed. Hydroxyapatite 

exhibits a specific ratio of calcium to phosphate equal to 1.67. This compound was only 

encountered at that ratio or higher of calcium to phosphate. Nonetheless, the samples 

showed the presence two or more species regardless of the conditions employed. 

Although XRD and FTIR are sufficient to recognise the presence of the different 

minerals, they are qualitative techniques. Rietveld refinements with preferential 

orientation correction of the XRD patterns was carried out to quantitively demonstrate 

the presence of the different calcium orthophosphates.  

Due to the number of samples obtained, driven by the number of synthetic 

conditions that were tuned for the different reactions, extracting trends is extremely 

challenging by comparison of the different XRD patterns or the Rietveld refinement. The 

statistical technique Principal Component Analysis was carried out to plot the presence 

of the different phosphates in relation to their synthetic conditions. The XRD patterns 

were subjected to this analysis. From PCA it can be established that the position of the 

XRD patterns for the different phosphates accounts for 76% of the total variability of the 

XRD patterns. Brushite pattern was the most redundant for the information load, as it is 

obtained for the largest number of synthetic conditions. Secondly, HAP features are the 

ones that give the maximum variability of the XRD patterns, defined as PC1. When 

observing the PCA plot this compound’s presence is restricted to Ca/P ≥ 1.67. 

Intermediate temperatures are required for its synthesis (50 – 100°C). Finally, the 

synthesis of monetite is preferred when the synthesis is carried out at higher temperatures 

and higher ratios. From this analysis, PCA has proven to be a powerful tool for the 

analysis of large sets of XRD patterns in order to reveal the relationship between the 
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different synthetic conditions and the samples that can be yielded. The optimum synthetic 

conditions for the formation of the different calcium orthophosphates were described.  

From the SEM images it is highlighted that brushite shows poorly defined 

particles, apparently formed from non-oriented platelets creating networks within the 

structure. Monetite is shown to form more directional structures intermediate between 

plates and rods. Finally, hydroxyapatite shows the more defined shapes for the calcium 

orthophosphates exhibiting some whisker- and rod-like particles, perfectly evidenced by 

the anisotropic behaviour of its XRD peak intensities.  

Although a great number of conditions were attempted, once the optimum 

conditions for the formation of the different calcium orthophosphates have been proved, 

more variability can be introduced in the system. The injection of the phosphate precursor 

to the pre-heated solution of calcium can be attempted to test how the system behaves 

when the availability of the calcium is greater when the phosphates is injected, increasing 

the saturation of calcium in solution at the first stages of nucleation. Secondly, different 

precursors of calcium and phosphate can be introduced in the system in order to identify 

how the different nature of the precursors interplay with the phosphate selection when 

they get formed. Thirdly, HAP can be obtained at a second step. The formation of HAP 

from the reaction of calcium carbonate with phosphate sources such as phosphoric acid 

reacting with a calcium carbonate colloid has been reported.88 Additionally the reaction 

of solid calcium carbonate with different phosphates such as ammonium dihydrogen 

phosphate has been also published.89 Therefore, the different polymorphs of calcium 

carbonate can react with phosphates to yield apatites. It might serve as a great test to 

prove how the system evolved in these processes in nature. There is extensive research 

on the doping of phosphate materials for biomedical applications,90 e.g. in vivo 

observation of the bones by replacing calcium with rare earth metals. It can be tested in 

the reactor, by choosing the best conditions for the formation of these new materials and 

later testing their properties. 
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5.1 Introduction  

Calcium carbonate (CaCO3) is a naturally occurring material studied widely 

due to its importance in geological processes and its medical and industrial 

applications. The huge flexibility of this material lies, in part, in its polymorphism — 

the ability of the substance to form solids with different crystal structures — and 

consequently the different properties and behaviours that they exhibit. Calcium 

carbonate can be found in three different anhydrous ploymorphs:1,2 calcite, aragonite 

and vaterite in decreasing order of stability;3 as well as hydrated versions such as ikaite 

(CaCO3·6H2O), which is naturally found in polar areas (only stable at lower 

temperatures than 5 °C),4 and monohydrocalcite (CaCO3·H2O) 5–7 that is formed in 

Mg-rich environments.8 Vaterite is known to be the least thermodynamically stable 

anhydrous polymorph,9 appearing as a metastable conformation. Calcite, on the other 

hand, is the thermodynamically favoured structure.10 Aragonite formation is not as 

well-known as for calcite, but it plays huge role in biomineralisation.11–15 

In addition to the crystalline phases, amorphous calcium carbonate (ACC) is 

also known. Even though it is not strictly classed as a polymorph it has been reported 

to be critical in geological and biological processes.11,16–20 The crystal structures, and 

selected crystallographic data of the anhydrous CaCO3 polymorphs, calcite, vaterite, 

and aragonite are given below in Figure 5.1 and Table 5.1. 

 

Figure 5.1. Calcium carbonate anhydrous phases structure models (calcite, vaterite and 

aragonite). 
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Table 5.1.Selected crystallographic data of the polymorphs.21–23 

Polymorph Calcite Vaterite Aragonite 

Space Group 𝑅3̅𝑐 𝐶2/𝑐 𝑃𝑚𝑐𝑛 

Lattice Parameter a(Å) 4.98760 12.17000 4.96183 

Lattice Parameter b (Å) 4.98760 7.12000 7.96914 

Lattice Parameter c (Å) 17.05750 9.47000 5.74285 

Unit-cell Volume (Å3) 367.476219 722.025649 227.081102 

Calcium carbonate mineralisation occurs in geological environments. From 

that perspective, it is studied as a geomineralisation component, with applications 

including use as a trapping material for uranium in groundwaters24 to CO2 

sequestration under supercritical conditions in natural mineralisation processes.25,26 In 

addition, the study of stromatolites (Ca-Mg carbonates) precipitated from the 

transformation of atmospheric CO2 shows that this material played a huge role in the 

formation of the current atmosphere increasing the oxygen content to the present 

levels.27  

Calcium carbonate is not only produced massively in geological 

transformations but in biochemical processes. It has been found to be a key component 

in specific biological structures and functions: e.g. diatom shells, spicules,19,28 larval 

shell formation,11 or bone regeneration.29 The exquisite interplay of morphology and 

function found in calcium carbonate biominerals led to an explosion of research over 

the past several decades in an effort to achieve even a fraction of the precision and 

control found in natural systems. These efforts have resulted in significant 

advancements in biomimetic crystal engineering and associated technological 

advancements. 

Due to its abundance and its properties, calcium carbonate, in the form of 

limestone, has been used extensively throughout human history as a building material. 

More recently, the addition of calcite to Portland cement, has shown an enrichment in 

its properties by altering the distribution of lime, alumina and sulphate in the 

structure.30 Other industrial fields in which calcium carbonate is used, among others, 

are plastic, rubbers, paper making and drug delivery.31 
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Figure 5.2. Applications of CaCO3 in various fields 

Most of the processes and applications highlighted above are strongly 

dependent on the CaCO3 properties, which are determined by the phase present in the 

structure.31 Thus, during recent years, researchers have focused on replicating the 

capability of mineralisation and biomineralisation processes to control the polymorph 

selection of these carbonates at the nanoscale and beyond, and taking advantage of 

their properties.32–34 They work not only as a model for phase control, but to 

orientational growth such as in sea urchin teeth.35 As the understanding of calcium 

carbonate formation and biomineralisation increases, the higher the scope to design 

and develop carbonate based materials for specific applications,1 such as in medicine 

employed as a targeted container of drugs, which requires the high solubility of vaterite 

versus the rest of the more stable polymorphs (calcite and aragonite)36 or tumour 

treatment using rare earth doped CaCO3.
37 The polymorph selection therefore will 

influence the applicability of the carbonates synthetised. 

5.1.1 Nucleation and Growth of Calcium Carbonate 

To understand this phase selection and the conditions required to yield each 

polymorph of this material some models are needed to understand its nucleation and 

growth. These models go from more simplistic way of understanding it (LaMer model 

that comprises the Classic Nucleation Theory) to more specific and complicated 

explanations to unveil how solids are obtained (e.g., CaCO3 amorphous prenucleation 
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precursors). Calcium carbonate nucleation and growth has been reported to be an 

illustrative example of non-classical nucleation and growth. Therefore, each stage 

prior to the formation of calcium carbonate crystalline polymorphs needs to be 

acknowledged.  

5.1.1.1 Non-Classical Nucleation 

As previously explained, from the classical view, nucleation occurs when the 

supersaturated system needs to relieve the ion concentration by precipitating it into 

solid state where the cluster has a thermodynamically determined critical size.38 That 

simplistic point of view has gradually evolved to non-classical descriptions, which 

allow for the formation of stable oligomeric or polymeric clusters, prior to the solid 

nucleation, which drive the solid precipitation from solution.39,40 It is worth 

mentioning that these clusters can be seen in both under- and over-saturated 

conditions. These “pre-nucleation clusters” often exhibit well-defined structural 

features, which are closely related to crystal structures adopted by the material in the 

solid state, though the clusters themselves strictly speaking remain as solutes. As a 

result, it has been suggested that the nature of the pre-nucleation clusters formed can 

exert a significant influence on the particular polymorph formed in these 

multistructural systems. 

In the case of calcium carbonate, it is suggested that these pre-nucleation 

clusters lead to the formation of solid amorphous calcium carbonate (ACC).41 It is 

conceived as an amorphous material comprised of a Ca-rich framework with water and 

carbonate ions in its pores with only short range local order up to 1.5 nm, which may 

form spherical particles with sizes ranging from 50-200 nm.42,43 There is strong 

evidence that multiple phases of ACC exist, each leading to a different crystalline 

phase, and it is suggested that they are formed by different stable pre-nucleation 

clusters.44,45 These different prenucleation clusters have a low, but important, degree 

of order shown by variations in the binding strength between the carbonate and 

calcium ions in different conformations.46 Determination of the binding strength is 

based on the constant titration of the carbonates in the structure with dilute NaOH. 

This binding strength is therefore pH dependent. At lower pH, the binding strength is 

larger, so that it is obtaining calcite at those conditions. At intermediate pH both calcite 

and vaterite are formed with no aragonite traces. At higher pH, i.e. lower binding 
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strength, vaterite is formed with only traces of calcite.47 This model was studied for a 

really narrow pH range (due to the low amount of carbonate at pH lower than 9 and 

precipitation of the hydroxide at pH higher than 10), however even within this narrow 

range great changes in the obtained phase were observed. These different 

conformations modelled as prenucleation clusters for calcium carbonate are 

represented in Figure 5.3. No mechanism of growth or aggregation has been described 

yet although the stoichiometry and the possible conformations has been effectively 

proposed. 

 

Figure 5.3. Four stable clusters simulated by Gebauer et al.48 after 1 ns at conditions of 𝑪𝑪𝒂𝟐+ = 

0.4 mM , 𝑪𝑯𝑪𝑶𝟑−  = 10 mM and pH = 10. The colours of the atoms are assigned as calcium 

(green), carbon (blue) and oxygen (red). 

5.1.1.2 Post-Nucleation: Amorphous Calcium Carbonate (ACC) 

Later, these prenucleation clusters evolve to solid-state amorphous phases with 

atomic scale order related to one of the three structures. These pre-crystalline phases 

are often called ACC-I and ACC-II.47 It has been concluded by pH-variation in the 

absence of additives for ACC nucleation that those amorphous phases have structural 

order in low range, corresponding to proto-calcite ACC (pc-ACC) and proto-vaterite 

ACC (pv-ACC), which promote the formation of either calcite or vaterite depending 

on the respective amorphous phase. The short-range order and crystallisation is closely 

related to level of hydration of the structures,49,50 even though the whole mechanism 
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remains unclear. The content of water can vary,51,52 but it has been concluded that the 

main stoichiometric composition is CaCO3·H2O.53–55 This close interaction of the 

water molecules with the calcium carbonate framework leads to the understanding of 

the aragonite formation. Proto-aragonite ACC (pa-ACC) has been found to appear, in 

larger amounts, above 50 °C at pH = 9.80, additive free solution. The dipole-dipole 

interaction of the carbonate end with at pa-ACC formation has been suggested as a key 

component for facilitating the kinetic pathway for its mineralisation, driven by the 

heating of pv-ACC and later crystallisation at high temperatures.56 

5.1.1.3  Crystallisation: Calcite, Vaterite and Aragonite  

ACC is highly unstable and transforms very fast (less than 2 min. at room 

temperature).10 It crystallises into any of the crystalline polymorphs through the 

amorphous clusters, which are highly dependent on external factors such as 

temperature, pressure, ion activity, pH,… The formation of solid and well-structured 

calcium carbonate polymorphs is not limited to the thermodynamically driven 

transformation of ACC but can also arise from the interconversion of each polymorph. 

Since the 1970s vaterite was established as the precursor of the calcite phase calcium 

carbonate found in sediments.57 The transformation from ACC to vaterite has been 

reported by cryo-TEM studies, and has been shown to proceed by a solid-state 

transformation, where ACC aggregates into larger particles and gets dehydrated 

yielding classical spherical, randomly oriented, spheres related to vaterite.58,59 

Nonetheless, many reports on this topic assert that this process consists of the 

dissolution of the amorphous phase, followed by vaterite formation.60 More recent 

research has shown that the phase crystallisation is pH-dependent. Neutral pH 

promotes the transformation of ACC to calcite, but basic pH promotes the generation 

of calcite via intermediate vaterite step. In basic conditions it starts with the dissolution 

of the amorphous phase that promotes spherulitic growth of vaterite.61,62  

Spherulitic growth consists of the nucleation of particles with structural 

relation on an already nucleated core surface. This process is described in Figure 5.4. 

This non-classical growth requires great saturation of the system. Spherulitic growth 

in calcium carbonate systems takes place when there exists a great difference of 

solubility between the amorphous phase and the crystalline phase. This type of growth 

is not exclusive for vaterite, but also calcite62 and aragonite.63  
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Figure 5.4. Spherulitic growth. Category 1 (a) correspond to multidirectional attachment of the 

particles on the core (spheres). Category 2 (b) directional attachment of the particles leaving two 

“eyes” in both directions (dumbbells).64 

The kinetics of vaterite to calcite transformation have been shown to be 

temperature dependent. It is a surface related process slower than the spherulitic 

growth (6h versus minutes at room temperature). It is reported to be a dissolution-

recrystallisation process driven by the dissolution of vaterite in the solution, 

reprecipitating into calcite.10 However, calcite can be formed directly from the 

amorphous phase, at neutral pH and high-supersaturations, in spherulitic form.62,64 A 

summary of all the processes followed for the non-classical nucleation of calcium 

carbonate are shown in Figure 5.5.  

 

Figure 5.5. Schematic comparison of the classic nucleation theory and multiple-step theory 

suggested for calcium carbonate.47 

The factors that influence the formation of calcite from ACC or vaterite in a 

pure system (in absence of additives) are two: the low-range ordered precursors 

(explained above) and the solubility of ACC. As it has been previously explained, 

basic media promotes vaterite formation over calcite. While neutral and acid promotes 

direct transformation of ACC into calcite. The second factor is explained by the pH at 
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which each phase is formed. At high pH ACC is more soluble, promoting the 

dissolution and recrystallisation process in vaterite, not only transforming into it, rising 

the saturation in solution of the amorphous phase. For calcite, acid media prevent the 

dissolution of the ACC, transforming into calcite directly.48,65,66 The mechanism of 

aragonite formation remains unclear despite the huge body of work on CaCO3 systems. 
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5.2 Experimental 

5.2.1 Synthesis Methods 

For the controlled synthesis of the different calcium carbonate polymorphs the 

hydrothermal injection reactor was employed. The standard procedure shown in 

Chapter 2 was followed to carry out these experiments.  

The source used for calcium precursor is Ca(NO3)2 1.5 M with constant 

concentration for every reaction, injecting a total of 2.5 mL into the reactor chamber. 

In the reactor 5 mL of either sodium carbonate (Na2CO3) or sodium bicarbonate 

(NaHCO3) were pipetted in. The ratios chosen to study the influence of the 

concentration (defined as 𝑅 = 𝑚𝑜𝑙𝑒𝑠𝐶𝑂32−  /𝑚𝑜𝑙𝑒𝑠𝐶𝑎2+) on the reaction were 0.5, 1, 

1.5 and 2 that corresponds to 0.375, 0.75, 1.125 and 1.5 M solutions of the carbonate 

source respectively. The total volume in the reactor after injection is 7.5 mL. The 

temperatures chosen for the synthesis were room temperature (25), 50, 100 and 200 

°C.  

The overall equations for the reactions are: 

𝐶𝑎(𝑁𝑂3)2 + 𝑁𝑎2𝐶𝑂3 → 𝐶𝑎𝐶𝑂3 (calcite, vaterite and/or aragonite) (5.1) 

𝐶𝑎(𝑁𝑂3)2 + 𝑁𝑎𝐻𝐶𝑂3 → 𝐶𝑎𝐶𝑂3 (calcite, vaterite and/or aragonite) (5.2) 

The standard injection procedure consists of: Firstly, the HPLC pump is filled 

with the metal solution, getting rid of the cleaning water from the system. Secondly, 5 

mL of the carbonate precursor either carbonate or bicarbonate are pipetted in the 

reactor. A magnetic stirrer is introduced, and the tube gets assembled to the reactor 

and sealed. Finally, the heating jacket is placed around the reactor tube. All the system 

is finally positioned in the middle of the stirring plate. The stirring rate is set to 600 

rpm.  

The temperature controller is set to heat up to the desired temperature. Once 

the temperature is reached, the heating is maintained for 5 minutes, in order to stabilize 

the temperature and pressure. Then, 2.5 mL are injected from the HPLC pump. The 

reaction proceeds for 10 minutes at that temperature before cooling down by turning 
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off the heating jacket. At room temperature the reaction product is filtrated and washed 

and then dried at 75°C in the oven overnight.  

By varying the reaction ratios, carbonate precursor, and injection temperature, 

a total number of 35 reactions were successful in obtaining a final product. Details are 

given in Table 5.3 in the results section. 

5.3 Characterisation Methods 

5.3.1 X-Ray Diffraction (XRD) 

X-ray diffraction patterns were obtained using a Bruker D2 Phaser. The source 

employed was Cu Kα = 1.5418 Å. A zero-background holder was used for the 

measurements. 

 

Figure 5.6. XRD patterns of the three CaCO3 polymorphs.67  

The calculated X-ray diffraction patterns are shown in Figure 5.6 They are used 

to analyse and assign the peaks observed in the samples’ patterns.  
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5.3.2  Fourier-Transformed Infrared Spectroscopy (FTIR) 

Infrared spectra were recorded using a Perkin Elmer ATR-FTIR spectrometer 

with ATR single reflection diamond accessory from Specac. Spectra were collected 

from 4000 to 200 cm-1. 

5.3.3 Raman Spectroscopy 

Raman spectra were recorded using a Renishaw Raman Microscope with 

785nm laser, three lenses and automated xyz stage. The measurement ranged from 100 

to 1300 cm-1 with an exposure time of 10 seconds for 50 cycles. The reported active 

IR and Raman bands for the different polymorphs are shown in Table 5.2. 

Table 5.2. IR/Raman band assignment.68–74 

Frequency (cm-

1) 

IR/Raman 

active 
Assignment Phase 

105 Raman Lattice Mode Vaterite 

150-155 Raman Lattice Mode Calcite 

180 Raman Lattice Mode Aragonite 

206 Raman Lattice mode Aragonite 

265 Raman Lattice Mode Vaterite 

278 Raman Lattice Mode Calcite 

300 Raman Lattice Mode Vaterite 

700 IR In plane bending (Rod-shaped) Aragonite 

703 Raman 
Asymmetric bending mode 

(𝑣4) 
Aragonite 

712-714 IR In plane bending (𝑣4) Calcite + Aragonite 

711-715 Raman 
Asymmetric bending mode 

(𝑣4) 
Calcite 

746 IR Asymmetric Stretching (𝑣4) Vaterite 

749 Raman Asymmetric Stretching (𝑣4) Vaterite 

854 IR Carb. Out of plane bending (𝑣2) Aragonite 

874 IR Carb. Out of plane bending (𝑣2) Calcite + Vaterite 

1074 Raman Symm. Carb Stretching (𝑣1) Vaterite 

1084 IR Symm. Carb. Stretching (𝑣1) Calcite 

1085 IR/Raman Symm. Carb. Stretching (𝑣1) Aragonite 

1086 Raman Symm. Carb. Stretching (𝑣1) Calcite 

1088 IR Symm. Carb Stretching (𝑣1) Vaterite 

1090 Raman Symm. Carb Stretching (𝑣1) Vaterite 

 

5.3.4  Scanning Electron Microscopy (SEM) 

SEM images were obtained by using a Zeiss Ultra TEM microscope running 

at 5.00 kV with in Lens detection. All samples were prepared and deposited onto a 

carbon tab over an aluminium stub and coated with a thin gold/palladium film.  
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5.4 Results and Discussions 

5.4.1 XRD, Raman and IR from selected samples 

XRD patterns, Raman and IR spectra were obtained for all the synthesised 

samples. Due to the large amount of data obtained, only four representative samples, 

which contain varying amounts of each polymorph will be discussed in detail to 

highlight relevant qualitative features of data obtained through each characterisation 

technique. These samples are named as AS103, AS104, AS105 and AS106, prepared 

at a CO3
2-:Ca2+ ratio, R = 1, using Na2CO3 as the carbonate source and temperatures 

from 25 °C to 200 °C.  

 

Figure 5.7.  Powder XRD patterns from samples AS103 (25 °C) to AS106 (200 °C) - prepared at 

a CO3
2-/Ca2+ ratio, R = 1, Na2CO3 as precursor. The vertical lines below represent the XRD 

model for each polymorph: red-calcite, blue-vaterite and green-aragonite. Data have been 

normalised and offset for clarity.  

The XRD patterns of the selected samples are shown in Figure 5.7. It can be 

seen that each pattern is comprised of peaks corresponding to each of the anhydrous 

polymorphic phases: calcite, vaterite, and aragonite (the predicted patterns of which 

are denoted by the vertical lines) in different proportions. AS103, prepared by injection 

of 2.5 mL of a 1.5 M calcium nitrate solution into 5 mL of the 0.75 M sodium carbonate 
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solution at room temperature, 25 °C, shows a significant proportion of highly 

crystalline calcite, as evidenced by the sharp peak at 29.4° 2θ, as well as a high amount 

of vaterite, which exhibits peaks at 24.9 and 27.1° 2θ, the broadness of which is 

indicative of lower crystallinity, with only slight traces of aragonite. At a higher 

synthetic temperature (50 °C), AS104 shows a higher proportion of vaterite, with some 

calcite and only traces of aragonite. Further increasing the reaction temperature to 100 

°C results in a sample which is dominated by aragonite (major peaks at 26.2 and 

27.2°2θ) and calcite, with only a slight contribution from vaterite. At the highest 

reaction temperature of 200 °C, the product AS106 is predominantly calcite with traces 

of aragonite. Extensively every XRD pattern obtained is shown in the Appendix 

section (Figure A. 4 and Figure A. 5). 

The infrared spectra of these samples are shown in Figure 5.8 ranging from 

1250 cm-1 to 500 cm-1. In each spectrum the most intense absorption bands are 

observed at 854 cm-1 and 874 cm-1, which are assigned to the out-of-plane bending of 

carbonates in aragonite and calcite/vaterite, respectively. Additional bands are 

observed at 1088 cm-1 and 746 cm-1 in samples AS103 and AS104 prepared at 25°C 

and 50°C. They are attributed to the symmetric and asymmetric carbonate stretches of 

vaterite. Bands at 1084 cm-1 and 700 cm-1 are present in samples AS105 and AS106, 

prepared at 100 °C and 200 °C, assigned to the asymmetric stretching and in-plane 

bending of aragonite carbonates. It is worth pointing out that sample AS106, which by 

XRD shows almost exclusively calcite, with only small amounts of aragonite, in IR 

shows almost equal intensities of the major bending mode bands of aragonite and 

calcite at 854 cm-1 and 874 cm-1, suggesting that this spectroscopic technique can be 

more highly sensitive to the presence of aragonite.  
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Figure 5.8. IR spectra from AS103 (25oC) to AS106 (200oC) - prepared at a CO3
2-/Ca2+ ratio, R = 

1, Na2CO3 as precursor.  Each peak is assigned to its frequency (cm-1) and the corresponding 

polymorph is highlighted as: (C) calcite, (V) vaterite and (A) aragonite. Data have been 

normalised and offset for clarity. 

The Raman spectra of the samples are shown in Figure 5.9 (a). The carbonate 

stretching region is highlighted at the right of the figure (Figure 5.9 (b)). The 

symmetric stretch of calcite carbonate is observed at 1086 cm-1, with aragonite 

appearing at 1085 cm-1. Bands assigned to vaterite appear at 1074 cm-1 and 1091 cm-

1. Similar trends can thus be observed from the Raman spectra, as were seen in both 

XRD patterns and IR spectra: samples prepared at 25 °C and 50°C, AS103 and AS104, 

are a mix of calcite and vaterite, sample AS105, prepared by injection at 100 °C is 

predominantly aragonite, while AS106, prepared at 200 °C is mostly calcite. The 

literature assignments of all IR and Raman active bands observed are given in Table 

5.2. Every Raman and IR spectrum measured is shown in the Appendix section 

(Raman in Figure A. 6 and Figure A. 7; and FT-IR in Figure A. 8 and Figure A. 9). 
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Figure 5.9. a) Raman spectra from AS103 (25oC) to AS106 (200oC) - prepared at a CO3
2-/Ca2+ 

ratio, R = 1, Na2CO3 as precursor. Each peak measured as Raman shift is shown in cm-1 and its 

corresponding polymorph is highlighted as: (C) calcite, (V) vaterite and (A) aragonite. b) Main 

Raman features from 1045 to 1125 cm-1. Data have been normalised and offset for clarity. 

As a summary of all the techniques at higher synthesis temperatures calcite is 

the predominant structure, as expected, being the most stable calcium carbonate 

polymorph. Nonetheless, at intermediate to higher temperatures (100-200 °C) 

aragonite coexists as a metastable polymorph with the already mentioned calcite. 

When approaching lower temperatures aragonite decreases as vaterite appears. This 

transformation suggests a strong correlation between the polymorph selection and 

temperature in the reactor. The alternated appearance of each polymorph is due to the 

selection of each one depending on the synthesis conditions, where higher ratios and 

intermediate temperatures yields aragonite and lower temperatures and ratios forms 

vaterite. 

From IR (Figure 5.8) and Raman (Figure 5.9), the trend highlighted from XRD 

(Figure 5.7) can be corroborated. This analysis allowed the identification of the 

different polymorphs present at the sample, nevertheless, for quantification, analysis 

techniques must be carried out. The extrapolation from a calibration line, for example, 

from IR, Raman and XRD intensities have been used before,75 even though Rietveld 

refinement has been found in this research to be a perfect method to quantify 

numerically the presence of each polymorph. 
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5.4.2  Rietveld Refinement 

Calcium carbonate has shown from the X-ray measurements (Figure 5.7) to 

have simple and well-resolved patterns, therefore, Rietveld refinement quantification 

is suitable for this compound. Examples of Rietveld refinements fits are shown in 

Figure 5.10. The refinement parameters are tabulated in the Appendix section (Table 

A. 5.).  

 

Figure 5.10. Rietveld refinement obtained of the samples AS104, AS105 and AS106 by GSAS.78 

The principal polymorph in the sample is highlighted. The red-line is the calculated refinement 

for the experimental scattering. The green line is the baseline and the blue graph underneath 

shows the difference between the calculated and the experimental pattern. 

Figure 5.10 shows GSAS/EXPGUI78 software interface. It evidences how 

accurate the refinement to the experimental data is. The disparity between the data and 

the calculated pattern is minimal, represented by the blue line below the graph and, 

numerically, by the Rp value calculated in Table 5.3 (Rp < 0.15 is considered a good 
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fit). The phase percentage wasn’t calculated for samples where only one polymorph is 

present (calcite in all cases) noted as NC in Table 5.3. The data obtained can be plotted 

in relation to the experimental parameters in order to observe some trend between the 

polymorph formation and synthesis conditions.  

Table 5.3. Phase percentage calculated by Rietveld refinement. Samples in bold are those used 

as exemplars throughout this chapter. The goodness of fitting as well as the refined parameters 

are included in Table A.5 at the Appendix section.  

CO3
2- Source Ratio (CO3

2-/Ca2+) T (ºC) Calcite Vaterite Aragonite 

Bicarbonate 0.5 50 67.54 24.9 7.56 

  100 100 0 0 

  200 83.79 12.99 3.21 

 1 25 85.88 13.72 0.4 

  50 93.27 6.73 0.01 

  100 85.82 8.15 6.03 

  200 99.97 0 0.03 

 1.5 25 64.1 34.49 1.41 

  100 71.33 11.34 17.34 

  200 100 0 0 

 2 50 29.95 70.03 0.01 

  100 64.2 6.68 29.12 

  200 36.89 0 63.11 

Carbonate 0.5 25 17.83 79.82 2.36 

  50 9.72 83.76 6.52 

  100 97.73 0 2.27 

  200 63.71 0 36.29 

 1 25 26.29 72.29 1.42 

  50 7.88 78.19 13.94 

  100 24.78 2.41 72.81 

  200 77.2 0 22.8 

 1.5 25 51.59 48.41 0 

  50 85.73 14.27 0 

  100 59.56 0 40.44 

  200 93.6 0 6.4 

 2 25 55.07 42.24 2.7 

  50 81.16 18.84 0 

  100 45.43 6.64 47.93 

  200 78.25 0 21.75 
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Figure 5.11. Phase percentage calculation by Rietveld refinement. 

From Figure 5.11 completely different trends can be observed from using 

sodium carbonate (top) and sodium bicarbonate (bottom) as precursor. 

Regarding to the use of the carbonate as a precursor at lower ratio and lower-

intermediate temperatures (25 and 50 °C) vaterite is predominant over the rest of the 

polymorphs. At R = 2 it gets switched with higher calcite content on both of them. 

When the reaction temperature is increased (100 °C) calcite is the major component at 

R=0.5 with no appearance of the other polymorphs. When R gets higher there’s and 

alternating predominance between aragonite and calcite, with little or no vaterite in 

any case. Finally, at 200 °C a mix between aragonite and calcite (40:60 % respectively) 

is seen at lower ratios, with almost only calcite at R=1.5.  

When bicarbonate is used as the carbonate ion precursor the result is radically 

different. For the lowest temperature (25°C) calcite is predominant. At mid-lower 

temperature (50°C) and lower ratios there is a mix phase between calcite (around 70 

%) and vaterite (around 25%). At ratio R = 1 calcite is predominant in the sample, but 

at R = 2 vaterite is predominant over calcite. So, it can be concluded that by using 

bicarbonate, low temperatures and increasing the saturation calcite and vaterite 

presence gets switched. A similar behaviour is seen at the highest temperature (200 

°C), but in this case with calcite and aragonite.  
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Looking at both precursors, vaterite is only yielded at lower temperatures, 

while aragonite is yielded at intermediate temperatures. Even though, vaterite is 

predominant at lower carbonate ratios for carbonate as a precursor, while it is mainly 

formed at R =2 at 50°C when using bicarbonate in the reaction. A similar trend is seen 

for aragonite at 200°C. At intermediate ratios, for both precursors there is always a 

mix between aragonite and calcite. 

The variables affecting the polymorph selection is rather large. The presence 

of the three crystals structures of calcium carbonate in different percentages will 

depend on magnitudes such as temperature, calcium to carbonate ratio, saturation, 

precursor, … Therefore, multiple plotting arises combining all of the factors and how 

they interplay to each other. Nonetheless, it is very difficult to generate an idea of how 

they play a role in the polymorph selection. For that mean the dimensionality of the 

data load needs to be reduced by Principal Component Analysis (PCA) of the XRD, 

FTIR and Raman data collected. The PCA analysis from the XRD patterns is shown 

below (Figure 5.12). The percent of variance expressed by the different components is 

given in Table 5.4.  

Table 5.4. Percentage of variance represented by the three main components for XRD patterns 

PCA analysis. 

Principal Component 
Percentage of variance  

(%) 

Cumulative  

(%) 

1 58.37 58.37 

2 19.23 77.60 

3 13.43 91.03 
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Figure 5.12. PCA from XRD patterns from carbonate and bicarbonate as a CO3
2- precursor. 

The empty symbols represent the use of bicarbonate as the precursor, the filled symbols are the 

samples obtained by using carbonate as the precursor.  

Figure 5.12 shows that samples are well distributed, representative of the 

presence of the three different polymorphs in different percentages. The total 

variability plotted in Figure 5.12 is 71.8%. It is calculated as a combination of the 

variability composed by PC1 and PC2, as shown in Table 5.4. 

Even though they get fairly clustered on each of the extremes, they don’t 

represent accurately the small differences in polymorph composition. It must be 

remembered that PCA is a mathematical analysis with not physical explanation. 

The total percentage of variability, although it is a decent value, can be 

improved. The resting variability not presented can be caused by the incapability of 

the method to discern small peaks with the background, where only when the peaks 

are much more intense than the baseline is recognised as a main component. Another 

factor that can play a role reducing the variability shown by the 2D plotting is the peak 

shape and shifting. Variations in the peak positioning and changes in the morphology 
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of the peak can be viewed as variations by PCA as well, reducing the percentage of 

variability represented by the polymorphs.  

 

Figure 5.13. Plot of the loadings of the PCs for the PCA analysis of the normalised XRD 

patterns. 

When looking at the loadings in Figure 5.13 the real physical meaning of each 

PC can be analysed. PC1 is the compound that gives the most variability to the sample 

(58.37%) which will be either vaterite or aragonite. As calcite is present in every 

pattern it is treated as redundant information. The loadings show a positive value for 

peak positions at 27, 33 and 25° 2θ in order of intensity. Those three main features are 

characteristic features for vaterite, corresponding to the (-121), (-3-21) and (-3-11), 

respectively. Therefore, PC1 corresponds to the variability given by vaterite. The 

samples that show vaterite features will be represented along the x–axis. Secondly, 

PC2 and PC3 show a similar value for the percentage of variance expressed. It can be 

acknowledged that PC2 corresponds to shifting in the peak position for calcite. The 

main peak for PC2 has a derivative-shape or -/+ kind of peak, showing a local 

minimum and local maximum next to each other. As shown in Chapter 4, it is usually 

related to a change in the position towards either higher or lower angles. That main 
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shifting corresponds to the most intense peak at 29° 2θ, corresponding to the (-114) 

orientation for calcite.  

Finally, PC3 is related to aragonite as shown by the peak at 26° 2θ that is the 

(111) plane for aragonite. Therefore, PC3 will be plotted at the y – axis. The relative 

position of the samples to the coordinate axis are closely linked to the percentages 

obtained by Rietveld refinement. AS104 which is analysed by Rietveld as 83.76% of 

vaterite is plotted further in the x – axis. On the other hand, AS105 that has a higher 

presence of aragonite is plotted at higher numbers in the y – axis. It can be concluded 

that the poor separation of the samples along the axis is reflected at the low difference 

between the PC2 and PC3, where PC2 is a shifting effect of the peaks, while PC3 

shows aragonite variability. Due to their similar value, it can be concluded that shape 

effects are close to pattern positioning, which leads to a poor selectivity of shape-to-

polymorph difference. To avoid these effects, the Pair Distribution Function (PDF) 

was calculated for the XRD patterns of the carbonates.  

5.4.3 Conversion to the Pair Distribution Function (PDF) 

The pair distribution function (PDF) can be obtained from the XRD patterns. 

The PDF diagram of a compound tells the weighted interatomic distances, where the 

maxima correlate to the interatomic distance and the intensity is related to the number 

of atom pairs at that given distance. Therefore, a description of the intermolecular 

surroundings in the crystals can be obtained from the PDF.  

PCA has been widely used for different techniques, including Raman and IR. 

The reliability of PCA on these techniques is therefore, already proven. XRD patterns 

on the other hand, have rarely been subjected to PCA. A powder XRD pattern is 

defined by three main variables: peak positions, relative peak intensities, and peak 

shapes. The peak position is a function of the underlying unit cell of the compound, 

i.e. the d-spacing, which is inherent to a given crystal structure. The peak intensity 

results from the identity of the scattering atoms and their spatial relationship. Thirdly, 

peak shape arises from broadening due to incomplete destructive interference, i.e. 

small crystal domain sizes, as well as crystal strain. In an ideal, infinite crystal the 

peaks would occur at exact Bragg angles, with intensities directly determined by the 

crystal structure, and would have zero width. In reality peak positions can shift slightly 
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with strain, and peak intensity and shape can be altered by crystal size, shape, and 

strain effects — XRD data are susceptible to external macroscopic effects. While 

Rietveld refinement is capable of overcoming these limitations, thanks to non-uniform 

corrections introduced when calculating the percentages, PCA, as a statistical method, 

is effectively “blind” to the physical significance of these effects. By obtaining the pair 

distribution function the influence of these external macroscopic effects can be limited 

as it is only dependent on the identity and relative position of atoms in the structure — 

the phase. Thus, by transforming XRD data to PDFs the phase composition becomes 

the dominant influence and then can be more readily distinguished by PCA. 

 

Figure 5.14. PDFs from samples AS103-106. 

The PDF of the four samples already studied for XRD, IR and Raman are 

shown in Figure 5.14. All PDF conversions were performed using PDFgetX2.79 

5.4.4 PCA of PDF calculations 

The PCA representation from the calculated PDFs is presented below (Figure 

5.15) and the calculated variability in Table 5.5. 
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Table 5.5. Percentage of variance represented by the three main components for the PCA 

analysis of the PDF analysis of the XRD patterns for calcium carbonate. 

Principal Component 
Percentage of variance 

 (%) 

Cumulative  

(%) 

1 61.86 61.86 

2 28.77 90.63 

3 4.94 95.57 

 

 

Figure 5.15. PCA of the PDF analysis of the XRD patterns for the calcium carbonate samples. 

The empty symbols represent the use of bicarbonate as the precursor, the filled symbols are for 

carbonate as precursor. 

The limit of accuracy for real space measurements for the data acquired in 

Figure 5.14 resides in a Qmax = 55 A-1. Although this approach can lead to errors in the 

interpretation of the structure of the polymorphs due to a large and unrealistic Q 

employed, the target of this analysis is not obtaining a structural description of the 

material but to show characteristic features for the relative disposition of the atoms 
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within the structure. PCA by statistical means will minimise the effects due to 

inaccuracies, only analysing the features related to the polymorph. The effective use 

of this approach is proven by the good representation of the different polymorphs 

obtained depending on the synthesis conditions shown for the PCA in Figure 5.15.   

The loading patterns for the different PCs are plotted in Figure 5.16.  

 

Figure 5.16. Plot of the loadings of the PCs for the PCA analysis of the PDF obtained from the 

XRD patterns. 

By comparing the PCA above to the one obtained straight from the XRD 

patterns a better position-phase percentage relationship can be obtained. Therefore, by 

using the calculated PDFs the plotting is really improved. The difference between PC2 

and PC3 is larger than when using XRD and there is a reduction of the shape effects 

to less than 5% for PC>2. T The loadings of the PDF is plotted in Figure 5.16. The use 

of PDF analysis is then justified for this analysis once the representation has a real 

physical meaning when comparing with the Rietveld is calculated. The total variability 

plotted in this sample is 90.7% which shows a great improvement compared to the 

normalised XRD PCA. The sample distribution shows that vaterite can be directly 

related to PC1 and aragonite to PC2. The comparison of the loadings with the 
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corresponding extreme sample with the highest content of that component is plotted in 

Figure 5.17. It is observed that the PCs describe the specular image of the samples. 

This explains why the plots are represented along the negative values of the axis of the 

PCs. 

 

Figure 5.17. Direct comparison of the PCs with the corresponding extreme samples. 

Analysing the PCA distribution, in conjunction with the results from Rietveld 

refinement, it can be concluded that calcite is the most common phase. Most of the 

samples in the calcite region are 100 and 200°C. Nonetheless, it is not a general rule 

as some 25 and 50°C samples are in the calcite region or close to it. More interestingly, 

for vaterite only low and mid-low temperature samples gets clustered in the vaterite 

region. In the aragonite region, there are only mid-high and high temperature samples. 

Therefore, there is a clear trend of obtaining vaterite at lower temperatures and 

aragonite at higher temperatures as seen for XRD. When analysing the ratio that yields 
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the greatest number of extreme samples, at 1:1 with only a 50°C difference in the 

synthesis temperature there is a jump between obtaining AS104 (50 °C), clearly 

vaterite based, to AS105 (100°C) aragonite based. On the other hand, the samples with 

1:2 ratio (R=0.5) are the samples with less aragonite content. Therefore, it can be 

concluded, that lower carbonate saturation ratios don’t promote aragonite 

crystallisation.  

Finally, focusing on the effect of precursor choice on polymorph selection, 

carbonate shows to be pushing the crystallisation to higher vaterite and aragonite phase 

percentages. Thus, for obtaining greater phase selection, carbonate must be chosen. 

There are very few samples between the vaterite and aragonite region. The polymorph 

selection between both is corroborated by PCA. When vaterite is formed, aragonite is 

minimal or inexistent, which would suggest that there’s a polymorph selection between 

vaterite and aragonite. It can be either because at the conditions of aragonite formation 

vaterite is unstable, or vaterite is formed at early stages but evolves into aragonite at 

those conditions.  

5.4.5 PCA of Raman 

Table 5.6. Percentage of variance represented by the three main components for Raman PCA 

analysis. 

Principal Component 
Percentage of variance 

 (%) 

Cumulative 

 (%) 

1 93.65 93.65 

2 2.93 96.58 

3 1.14 97.72 
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Figure 5.18. Principal Component Analysis of Raman spectra from selected calcium carbonate 

samples. The empty symbols represent the use of bicarbonate as the carbonate precursor, filled 

symbols are the carbonate as precursor samples. Due to the clustering selected samples were 

plotted.  

The plotting of the PCA of the Raman spectra can be seen in Figure 5.18. From 

Table 5.6. PC1 represents the 93.65% of the variability of the samples. On the other 

hand, PC2 is much smaller, which contributes with a 2.93% of the total variability. 

Therefore, the total number represented by the plotting is 96.5%. Nonetheless, the 

difference between the two main components can be seen at Figure 5.19. 
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Figure 5.19.  Plot of the loadings of the PCs for the PCA analysis of the Raman spectra. 

The main features that are observed for PC1 are the main peak around 1086 

cm-1 and smaller peaks at around 278 and 710 cm-1 which are related to various modes 

for calcite. For PC2, the peaks are centred at around 1088 and 300 cm-1 which are 

related to carbonyl stretching and lattice modes for vaterite. PC3 implies a low 

variability for the pattern, with a combination of vaterite and calcite features. 

Therefore, the polymorphs feature that are most commonly seen is aragonite. This 

would imply that Raman preferable shows more intense and defined peaks for 

aragonite than for the rest of the polymorphs of calcium carbonate, as it has been 

already discussed.  

The use of PCA analysis for Raman spectra is an extensive practice, widely 

used for recognition of several substances80,81 but barely used for polymorphic 

minerals.82–84 The main limitation arrives from the selectivity of Raman showing 

greater sensitivity to the features for the polymorphs in the order of aragonite > calcite 

> vaterite. It shows the requirement of knowing the interaction of the phase of the 

material with the spectroscopic technique.  
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The selection rule of the different bonds corresponding to different atomic 

arrangements and the spectroscopic technique will be further understood when looking 

at the PCA analysis of the FTIR.   

5.4.6 PCA of FTIR 

Table 5.7. Percentage of variance represented by the three main components for FTIR PCA 

analysis. 

Principal Component 
Percentage of variance  

(%) 

Cumulative 

 (%) 

1 57.38 57.38 

2 20.52 77.90 

3 1.27 79.17 

 

 

Figure 5.20. Principal Component Analysis of FTIR spectra from selected calcium carbonate 

samples. The empty symbols represent the use of bicarbonate as the carbonate precursor, filled 

symbols are the carbonate as precursor samples.   

The main Principal Component obtained from the PCA of the FTIR spectra 

(PC1) expresses 57.38% of the total variance of the spectra analysed, where PC2 

entails the 20.5% of the variability. The total percentage of variance shown by Figure 

5.20 is 77.9%. When looking at the plotting of the PCA the disposition of the samples 
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in the graph is improved when compared to the analysis of Raman spectra. 

Nonetheless, it is worse than the PCA for normalised XRD patterns which reaches 

values of 90% when using the Pair Distribution Function of the patterns. Expressing 

the variation of the pattern is not sufficient. When observing the relative position of 

the samples with the coordinate axis, the percentage difference doesn’t fully 

correspond with the values obtained from the PCs. The sample AS104 which contains 

the highest amount of vaterite is close to AS103 which is almost pure calcite. To assign 

the PCs to the corresponding polymorph expressed by them, the plot of the loadings 

can be observed. The different loadings used for the PCA are shown in Figure 5.21. 

 

Figure 5.21. Plot of the loadings of the PCs for the PCA analysis of the FTIR spectra. 

When observing Figure 5.21, PC1 and PC2 are observed to have similar 

features. The three most intense peaks are highlighted. The peaks shown correspond 

to all the three polymorphs in different intensities and iterations. Therefore, although 

PC1 has a higher calcite component, it doesn’t fully express the polymorph content in 

the sample, as vaterite and aragonite play some part in the spectra as well. Similarly, 

with PC2, which expresses in a better way the features for vaterite, although is not 

specific enough to be directly correlated. Therefore, although FTIR expresses in a 
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better way than Raman the variability in the samples features, its analysis is not 

sufficiently specific to be assigned to any polymorph.  

5.4.7  SEM from the extreme samples 

From the previous Rietveld refinement calculations it is concluded that AS103 

and AS104 are predominantly vaterite based, AS105 aragonite and AS106 calcite. 

Therefore, different shapes are expected from these three samples. 

 

Figure 5.22. Corresponding SEM images from AS103 to AS106. 

The SEM images show how the particle shape is strongly correlated to the 

predominant polymorph in the particle. For AS103 where vaterite is the main structure 

present, spherulitic nanoparticles are seen. Similar particles are present in AS104. 

Even though, in AS104 aragonite rods are interconnected to those spheres breaking 

the sphere-like shape. Calcite rhombohedra and aragonite rods coexists in AS105. In 

AS106 only calcite rhombohedra exist. These SEM images corroborate the phase 

percentage calculation and suggests some kind of interconnection between vaterite and 

aragonite polymorph selection. That interconnecting trend was previously suggested 

by the phase percentage graphs and was clearly highlighted by the PCA results.   
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5.5 Conclusions and Future Work 

CaCO3 has been successfully synthesised from two different carbonate 

sources, using the newly developed hydrothermal injection reactor. The relationship 

of the reaction temperature, relative concentration of the precursors, carbonate source 

employed and the polymorph selection have previously been highlighted. Few 

synthetic studies have been performed on the calcium carbonate system under 

hydrothermal conditions, as in this thesis. Importantly it has been shown that under 

these hydrothermal injection conditions different polymorphs may be obtained, despite 

the expectation that only calcite would form at higher temperatures, due to its 

thermodynamic stability. Phase percentage calculations on samples prepared in this 

work shows that this assumption cannot be taken as an imperative in every condition. 

It was found here that aragonite presence increases at higher CO3
2-:Ca2+ ratios, even at 

the highest synthetic temperature of 200 °C. This proves that this compound is 

promoted at higher saturation ratios. 

The synthesis at temperatures over the standard conditions reaches to 

unexpected results. Polymorph stability is then more closely linked to the carbonate 

saturation in solution than it was previously thought, influencing on thermodynamic 

properties of the crystal structures. It is crucial for mineralisation understanding of 

CaCO3 at extreme conditions, where not only calcite is yielded. The next step for this 

approach would be to obtain the pure versions of each polymorph by extrapolating the 

optimal conditions the PCA representation of the synthetic landscape explored, 

varying temperature and saturation, as well, as with different precursors. Shape control 

has been easily reached with clear correlation between different techniques and 

synthesis conditions.  

Principal component analysis (PCA) has been successfully employed for XRD 

diffraction patterns, that has been very rarely previously used.85 It is a useful tool for 

obtaining trends and managing a huge dataset. By plotting the PCA graph the 

relationship between polymorph formation and condition of synthesis can be easily 

tracked. PDF correction has been needed to avoid clustering caused by the 

complexities of real XRD patterns and giving a better percentage of variability 

representation by these PCs. The main limitation for this technique is that clear sharp 
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peaks are needed for the calculations to discern the variability between the polymorphs 

present in the system. Nevertheless, by testing the system with many different ratios a 

map of polymorph formation and synthesis conditions (temperature, pressure and 

ratios) can be created. The PCA pattern has shown, as major conclusions, that 

carbonate precursor and 1:1 ratio is the best in order to obtain various different phase 

percentages with the minimal temperature variation. It not only has a scientific 

importance, but an industrial impact, as the calcium carbonate properties are closely 

related to the polymorph synthesised. Therefore, when a polymorph composition is 

needed, by just looking at the graph, the perfect conditions can be chosen.  

Looking specifically at the statistical analysis of the different characterisation 

techniques it can be concluded that Principal Component Analysis of the XRD not 

only expresses the variability of the patterns in a greater way, but it is specific for each 

polymorph. Although PCA has been extensively employed for Raman and FTIR 

spectra, more so than XRD, these reported results shows that it carries some limitations 

that need to be considered when analysing different polymorphs of the same 

compound. When observing the Raman spectra of calcium carbonate, aragonite can be 

clearly distinguished as well as calcite, nonetheless, vaterite shows rather low intensity 

peaks which are difficult to be analysed by PCA. This lower intensity makes the 

differentiation for PCA analysis of the polymorphic features from the background of 

the measurement more difficult. For FTIR, although the intensity of the peaks is 

sufficient to discern one polymorph from the others, the position of the peaks is very 

similar, causing a greater coalescence of the samples in the PCA plot. Therefore, the 

PCA of the XRD patterns and in particular that one performed on the PDF has been 

proven to be a more precise methodology to qualitatively plot large amounts of 

datasets of different polymorphs.  

Furthermore, from the Rietveld phase calculation and the SEM images, some 

relationship between aragonite and vaterite polymorph selection can be suggested 

where they switch on appearance depending on the conditions, showing a strong 

dependence on each other. There are no samples at the fourth corner of PCA where 

vaterite and aragonite would coexist, proving the polymorph selection between both. 

Therefore, the synthesis conditions for each one is extremely opposite.  
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Finally, for future approaches, some work on changing the component order 

(carbonate injected and calcium already in the reactor) has been started, as this is 

expected to change the saturation relationship in the early nucleation stages.  
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6.1 Conclusions and Future Work 

Hydrothermal synthesis has been effectively employed for the synthesis of several 

materials: silicates, phosphates, and carbonates. It shows the versatility of this synthetic 

method, capable of yielding such different minerals following similar reaction 

methodologies. The synthesis of the silicates was carried by the used of standard “batch” 

hydrothermal synthesis. The hydrothermal injection reactor was employed for the 

synthesis of the phosphates and carbonates.  

Firstly, for the synthesis of zircon-type silicates the optimum conditions for the 

synthesis of pure zircon (ZrSiO4) and stetindite (CeSiO4) have been reported in this 

thesis. The common ground for the mineralisation of the pure compounds was achieved 

at acidic conditions (pH = 1), longer reaction times than 1 day and lower temperatures 

than 200°C. From the zircon XRD pattern analysed an anisotropic behaviour of the peak 

shape was acknowledged. That differentiator feature was never seen for the samples of 

pure stetindite. When observing the TEM images zircon showed a directional growth 

evidenced by platelets and sharp-looking rods. Stetindite, on the other hand, only 

exhibited spherical-looking crystals. The different behaviour was justified by the 

presence of structural water in along the tunnels allocated in the (001) direction. The 

presence of these water molecules was supported by FTIR spectra water bands for zircon. 

In order to obtain a better idea of the effect water in these two materials DSC-TGA 

measurements of the different sample need to be carried in order to corroborate the 

presence of structural water at the silicate structure and what is the temperature require 

to extract it. From this methodology it may be estimated if the water belongs to the 

structure or is only superficially bonded. By XRD analysis of the resultant samples could 

show if the anisotropic behaviour of zircon is persistent or cease after the water removal 

from the lattice. Therefore, the mechanism by which the water affects the growth of the 

zircon particles could be established. 

The formation of mixed silicates, CexZr1-xSiO4, was attempted following the same 

optimum reaction conditions for zircon and stetindite. It was found that only 

Ce0.2Zr0.8SiO4 could be yielded as an intermediate silicate. This presence of cerium atoms 

in a mainly zirconium silicate was justified by the higher stability of zircon versus the 

corresponding oxides, zirconia (ZrO2) and silica (SiO2). On the other hand, stetindite is 
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known to be metastable to the oxides, therefore the introduction of an additional metal in 

the reaction will destabilise the formation of the silicate only yielding the oxides, ceria 

(CeO2) and SiO2, or not accommodating the metal and forming pure stetindite. Similar 

behaviour has been reported for the (Zr,Pu)SiO4 system. Understanding the ability of 

zircon to accommodate other metals in the structure is essential as it has been proposed 

as a promising repository for SNF due to the chemical and thermal stability. As well, it 

is highly used in geochronology studies for dating rocks where it is capable to store 

different metals within its structure for an extended period of time. Therefore, more 

synthetic conditions are required to understand the loading capacity of zircon. The 

presence of actinides and lanthanides in the reaction can be a promising future outlook to 

understand the most effective way for them to be stored in the zircon structure. Finally, 

the conditions proposed can be attempted to the synthesis of other metal silicates and 

compounds that appear in similar environments, such as SNF repositories as the window 

of stability must be similar due to be formed in similar conditions. Other silicates could 

be synthesised such as the never acknowledged either in nature or synthetically PbSiO4 

or more complicated silicate containing minerals such as cuprosklodowskite, 

Cu[(UO2)2(SiO3OH)2]·6H2O. 

As the optimum conditions for obtaining zircon and stetindite were unveiled, the 

synthesis of another silicate, thorite (ThSiO4), was carried out. The best version of pure 

thorite was similarly achieved at pH = 1. The temperature was slightly higher than the 

optimal 150°C to avoid the presence of water in the structure. The XRD pattern for that 

sample was subjected to Le Bail refinement to obtain the cell parameters of the material. 

From comparison of the pattern with the model an evident peak shifting to lower angles 

is observed. This was reflected by a bigger unit cell than the reported values. In order to 

obtain a precise pattern of the samples high-energy X-Ray and neutron diffraction will 

be carried for the thorite sample. Measurement of the diffraction pattern under high-

pressure in order to unveil a potential structural transition from thorite to huttonite at 

those extreme conditions. Furthermore, the sample is proposed to be sent for SEM 

imaging and FTIR measurements to recognise the morphology of the particle yielded as 

well as to gain more knowledge about the presence of structural water to compare with 

the other silicates in this project.  



213 

 

Although coffinite was not obtained pure, some promising results were obtained 

for the synthetic conditions attempted. The synthesis at pH = 1, 150°C and 3 days of 

reaction showed similar peaks to the ones reported for coffinite. More attempts need to 

be carried out to obtain pure coffinite, as well as additional parameters in the reaction 

need to be tweaked. It is supported by the idea of the easy formation of UO2 directly from 

reaction and the metastability of coffinite versus the oxides. Therefore the optimum 

stability conditions must be narrower than for the silicates attempted. The use of a 

reducing agent that hinders the oxidation of uranium in solution, such as hydrazine has 

been proposed in the group along with the use of different uranium precursors such as 

uranium (IV) triflates in order to promote the stabilisation of the required U(IV).  

Secondly, calcium phosphate was synthesised by using the newly-designed 

hydrothermal injection reactor at different conditions (temperature, Ca/P ratio, …). The 

samples were characterised by XRD and FTIR in order to deduce the components present 

in the samples synthetised. To obtain the exact concentration of the minerals in the 

structure, Rietveld refinement was carried against the XRD patterns. Due to the large 

number of samples obtained and the different synthetic conditions that intervene in the 

outcome of the reactions, Principal Component Analysis of the XRD patterns was 

conducted. These refinements were capable of showing the relationship of the 

compounds obtained and the optimal conditions for their synthesis in a visual and simple 

way. Brushite was acknowledged to be the phosphate mineral present at the largest 

number of samples. Monetite was obtained preferentially for temperatures higher than 

50°C. HAP required a Ca/P ratio larger than 1.67 and it was successfully obtained at 

intermediate temperatures (50 and 100°C). PCA simplified the obtention of trends for 

such a large dataset of reactions. The use of the reactor also permitted to obtain a large 

number of samples in a shorter time than for the batch reaction. The mapping of the 

correlation of conditions vs. the selection of compound synthesised was readily more 

accessible by this technique. It goes in contrast with the classic methodology (as followed 

for the silicates) where several reactions are carried out and later analysed to obtain the 

optimal synthetic conditions. Regarding the phosphates, a large dataset of samples was 

obtained by the synthesis in the injection reactor at every condition. The optimum 

conditions for the synthesis of the target compound were then stabilised by PCA of the 

XRD graphically. It is less time-consuming and as precise as analysing each X-ray 
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diffraction pattern individually. PCA correlates the different variables making it easier to 

show the different trends of samples synthesis. This procedure is therefore a great 

candidate to screen the most advantageous conditions for the synthesis of any material. 

It needs to be considered that PCA is a statistical approach with no physical meaning that 

require of a numerical analysis, such as Rietveld refinement, to corroborate the trend 

shown by the graph.  

Thirdly, similarly to the calcium orthophosphates, calcium carbonate was 

synthesised by the hydrothermal injection reactor. The main different lies on the fact that 

calcium carbonate exhibits different polymorphs rather than different compounds as the 

orthophosphate when the conditions are modified. Calcite, vaterite and aragonite were 

synthesised at ratios for different conditions. The samples were analysed by XRD, FTIR 

and Raman. Additionally, to obtain the percentages of the different polymorphs present 

in the sample, Rietveld refinement was performed for the diffraction patterns. Again, due 

to the large number of samples synthesised by this technique PCA was required to obtain 

the correlation of the polymorph selection with the synthetic conditions. The process of 

analysis of the samples was extremely simplified by PCA. Although the PCA of the XRD 

patterns precisely represented the variability of the patterns, and therefore the relative 

position of the polymorph content along the two axes, it was remarkably improved when 

applying PCA to the Pair Distribution Function (PDF) calculated from the patterns. The 

improvement was justified as PDF is a more specific representation of the atomic position 

of the atoms in the unit cell discriminating against other features that might appear in 

XRD patterns. XRD is influenced in a greater way by some external macroscopic effects 

relative to the measurement or the sample itself: such as background effect, shape 

broadening by crystal size or shifting of the peak position due to strain. Therefore, the 

representation of the variability by the PCA of the PDF increased from 77.6% by the use 

of only the XRD patterns to 90.63%. From the graphs it was shown that calcite is the 

pattern that is obtained in a larger number of samples as it is the thermodynamically more 

stable structure for calcium carbonate. Vaterite was obtained at milder temperatures and 

aragonite is more influenced by the carbonate to calcium ratio employed for the synthesis. 

Additionally, it was proven that using sodium carbonate as the precursor yields the largest 

differences in polymorph content of the two precursors attempted. The carbonate to 

calcium ratio 1:1 promotes the most prominent differences. Additional variables can be 



215 

 

introduced for the synthesis, such as pH control and/or changing the precursor injected. 

As well, it could be compared to the “batch reactions” to prove how effective is the 

injection reactor controlling the polymorph formed. The PCA analysis of the Raman and 

FTIR compared to the one exhibited by XRD showed less precise representation of the 

polymorph content by the variability expressed by their spectra. Raman has been proven 

to show preferentially the features for aragonite, while FTIR is more specific for vaterite 

presence. Therefore, it is ratified that when analysing the polymorph composition by 

PCA, XRD is the best candidate.   

Additionally, in these complicated nucleation processes where the different 

polymorphs are correlated and there’s a continuous evolution from prenucleation clusters 

to crystalline materials, in situ measurements could be carried out. Real-time diffraction 

tracking of the carbonates evolution is proposed as a great candidate. As well, in situ 

Raman measurements in the reactor can be carried on testing the features along the 

reaction. It would show the nucleation and growth pathways of carbonates and the 

polymorph selection. At the same time Raman or IR tracking combined with the known 

principal components in real time could achieve a representation of the polymorph 

content at different times. It is a process that can be carried out industrially to effectively 

test the outliers form the target composition calculated by PCA. 

Among the multiple results, this thesis has shown some conclusions which 

establish a novel procedure for the easy plotting and analysis of the XRD pattern data by 

PCA. Although it is a mere statistical approximation, when it is coupled with a physical 

meaning, like polymorph composition determined by Rietveld Refinement, it has been 

shown to be a very powerful technique to understand the processes followed by the 

material synthetised. To understand the novelty of this technique previous literature can 

be acknowledged and compared to our work. PCA has arisen as a powerful technique for 

the analysis of multicomponent systems by various techniques: FTIR,1,2 Raman,3–5 X-ray 

absorption,6 among many others. Nonetheless PCA usually drives to complicated systems 

to be analysed, the requirement of using various complementary techniques to understand 

the results and low selectivity of the peaks in the case of powder-XRD.7  The results 

obtained in Chapter 4 show that PCA was capable of describing the relationship between 

the synthetic conditions and the phosphate formed from the analysis of the XRD patterns. 

Although PCA has been previously performed for the analysis of the composition of 



216 

 

phosphates,8 to the best of our knowledge it has never been employed for the correlation 

of the phosphate formation conditions and the XRD patterns. This serves as a great 

approach in order to predict and design a targeted synthesis where a certain composition 

is required. By an already trained matrix, the conditions for the synthesis of a specific 

material can be acknowledged. As well it serves as a great analytical technique to 

recognise the composition from the XRD without any further complicated analysis,9 just 

by introducing the pattern in the matrix the different components are discriminated and 

plotted in reference with the rest of the already analysed samples within seconds.  

Secondly, the main limitation for the use of PCA for the XRD patterns, as already 

mentioned, is the inability to discriminate overlapping peaks and high background in 

respect to the peaks from the material. In Chapter 5 those limitations are overcome by 

employing the PDF of the XRD patterns as the subject of the principal component 

analysis. By obtaining a structural description of the atoms in the crystal a better 

description is achieved by PCA. This approach has been successfully performed already 

for various materials,10,11 nonetheless the novelty resides on the description of the 

polymorphic content expressed for calcium carbonate by tracking the optimum synthetic 

conditions by the novel hydrothermal injection reactor tracking feature. As the conditions 

of synthesis could be tracked there is a direct correlation of the polymorphic content with 

the conditions of synthesis. This could describe the processes followed for the formation 

of each material and describe the trends of preferential formation related to the conditions 

of synthesis. This is critical for the industrial application of these materials. Each 

polymorph will exhibit different characteristics that can be industrially explored. By this 

analysis, just by looking at the map of components the optimal synthetic conditions can 

be extrapolated in an easy and understandable way. Additionally, it is the first time, to 

the best of our knowledge, that PCA shows such a great selectivity for the plotting of the 

PDFs obtained from a low-energy source X-ray diffractometer, proving it to be accessible 

to a larger number of researchers. Finally, PCA showed the greater sensitivity when 

analysing diffraction patterns rather than spectroscopic methods. It describes in a greater 

way the polymorphic relationship between samples when plotting the PCA. Raman 

scattering and FTIR suffer an evident limitation by preferentially describing rather one 

or the other polymorph, while in this thesis it is shown that XRD is the most optimal 

technique to obtain this description.  
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In terms of publications, which manuscripts are already being written, the ones 

chosen are the following: 

 Chapter 3: “Mild Hydrothermal synthesis of Zircon-type silicates (MSiO4) 

as analogues to radioactive species”.  

There’s already planned work on obtaining coffinite by the conditions 

tested in this chapter as well as the potential formation of PbSiO4 with 

some promising results. So depending on the outcome of those 

experiments rather one or two publications could be extracted from this 

chapter.  

 Chapter 4: “Principal Component Analysis for the Hydrothermal Injection 

Synthesis of Calcium Orthophosphates”.  

It will contain a full description of the synthesis of the calcium 

orthophosphates (brushite, monetite and hydroxyapatite) as described in 

the chapter. As well, the corresponding PCA analysis to obtain the trends 

for the synthetic conditions.  

 Chapter 5: “Hydrothermal Injection for the Phase-Controlled Synthesis of 

Calcium Carbonate and its polymorphic mapping by Principal Component 

Analysis (PCA)”.  

In this publication a full description of the calcium carbonate synthesis 

will be included by the novel reactor. As well the analysis by PCA of the 

results by PDF and comparison to the XRD, Raman and FTIR to show the 

advantages of using the structural description rather than the other 

techniques.  
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Appendix A Hydrothermal Injection Synthesis of Calcium 

Orthophosphates 

Raman 

All the Raman spectra can be compared to the reported using the data provided 

by the RRUF™ Project.91  

 

Figure A. 1. Model Raman spectra for the calcium orthophosphates. 

Raman spectra were obtained using a Renishaw Raman Microscope with a 785 

nm laser. The measurement ranged from 300 to 1300 cm-1 with an exposure time of 10 

seconds for 50 cycles. 

All the Raman active modes for brushite, monetite and HAP and the 

corresponding assignments are summarised in Table A. 1, Table A. 2, and Table A. 3, 

respectively. 

Table A. 1. Raman shifts and assignments for brushite.92 The intensity of the peaks is expressed as 

(w) weak, (m) medium, (s) strong, (vs) very strong and (br) broad. 

Raman Shift  

(cm-1) 
Assignment 

1119 (w) O-H in-plane bending 

1083 (m) O-H in-plane bending 

1060 (m) PO stretching 

998 (vs) PO stretching 

880 (m) P-O(H) stretching 

784 (w, br) Water libration 

588 (m) Water libration 

525 (m) PO bending 

414 (m) PO bending 

383 (m) Water translation 

323 (w) PO bending 
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Table A. 2. Raman shifts and assignments for monetite.92 The intensity of the peaks is expressed as 

(m) medium, (s) strong and (vs) very strong. 

Raman Shift  

(cm-1) 
Assignment 

1133 (m) PO stretching (ν3) 

1095 (m) PO stretching (ν3) 

988 (vs) PO stretching (ν1) 

901 (s) P-O(H) stretching (ν3) 

591 (m) PO bending (ν4) 

562 (m) PO bending (ν4) 

420 (m) PO bending (ν2) 

395 (m) PO bending (ν2) 

 

Table A. 3. Raman shifts and assignments for HAP.93 The intensity of the peaks is expressed as 

(vw) very weak, (w) weak, (m) medium, (vs) very strong. 

Raman Shift  

(cm-1) 
Assignment 

1076 (w) PO asymmetric stretching (ν3) 

1054 (w) PO asymmetric stretching (ν3) 

1046 (m) PO asymmetric stretching (ν3) 

1030 (w) PO asymmetric stretching (ν3) 

961 (vs) PO Symmetric stretching (ν1) 

620 (vw) PO bending mode (ν4) 

610 (w) PO bending mode (ν4) 

594 (m) PO bending mode (ν4) 

582 (w) PO bending mode (ν4) 

447 (m) PO bending mode (ν2) 

433 (w) PO bending mode (ν2) 

  

 

The corresponding Raman spectra recorded for the samples are shown below in 

Figure A. 6 and Figure A. 7. 
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Ca/P = 0.5 – (NH4)2HPO4 phosphate precursor 

 

Figure A. 2. Raman spectra for Ca/P ratio 0.5 using (NH4)2HPO4 as the phosphate precursor in the 

reaction.  

Ca/P = 1.67 - Na2HPO4·7H2O phosphate precursor buffered pH = 10 

 

Figure A. 3. Raman spectra for Ca/P ratio 1.67 using Na2HPO4 as the phosphate precursor in the 

reaction, buffered to pH = 10.8. 
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Appendix B Hydrothermal Injection for the Phase-

Controlled Synthesis of Calcium Carbonate 

XRD 

 

Figure A. 4. Powder XRD patterns of the samples used for principal component analysis. 

Bicarbonate was used as precursor in the vessel and calcium was injected through the HPLC. The 

ratio is written as CO3
2-/Ca2+. The vertical lines below represent the XRD model for each 

polymorph: red-calcite, blue-vaterite and green-aragonite. 
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Figure A. 5. Powder XRD patterns of the samples used for principal component analysis. 

Bicarbonate was used as precursor in the vessel and calcium was injected through the HPLC. The 

ratio is written as CO3
2-/Ca2+. The vertical lines below represent the XRD model for each 

polymorph: red-calcite, blue-vaterite and green-aragonite. 
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Raman 

 

Figure A. 6. Raman spectra obtained for bicarbonate as a CO3
2- precursor. 
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Figure A. 7. Raman spectra obtained for carbonate as a CO3
2- precursor. 
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FTIR 

 

Figure A. 8. FT-IR spectra from bicarbonate as a source of CO3
2- . 
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Figure A. 9. FT-IR spectra from carbonate as a source of CO3
2- . 
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Reactor Profiles 

 

Figure A. 10. Reactor profiles for samples AS103-106 showing the reactor and heating jacket 

temperature on the right axis and the pressure for the reactor vessel at the left axis. The cyan blue 

vertical solid line shows the injection point, and the dashed pink line is aligned to the target 

temperature.  
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Appendix C Rietveld Refinement Parameters 

Chapter 3. Calcium Orthophosphates  

Table A. 4. Synthesis conditions and sample coding used for the hydrothermal injection samples of 

calcium orthophosphates. 

PO4
3-Source Ca/P Ratio T (ºC) Sample name 

(NH4)2HPO4 0.5 25 FD001 

  50 FD002 

  100 FD003 

  200 FD004 

 1.5 25 FD005 

  50 FD006 

  100 FD007 

  200 FD008 

 1.67 25 FD009 

  50 FD010 

  100 FD011 

 3 25 FD012 

  50 FD013 

  100 FD014 

  200 FD015 

Na2HPO4 1.67 25 FD016 

  50 FD021 

  100 FD022 

  200 FD023 

 1.67 (pH 10.8) 25 FD025 

  50 FD026 

  100 FD027 

  200 FD028 

 3 25 FD029 

  50 FD030 

  100 FD031 

  200 FD032 
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Table A. 5. Rietveld Refinement parameters for the hydrothermal injection samples of calcium 

orthophosphates. 

Sample name Rwp = 0.1488 Rp = 0.1195 Rχ2 = 9.036 Brushite Monetite Hydroxyapatite 

FD001 

Unit Cell Parameters (Å) 

6.37 (a), 

15.20 (b), 

5.82 (c) 

6.92 (a), 

6.63 (b), 

6.99 (c) 

9.40 (a), 

18.99 (b), 

6.86 (c) 

Unit Cell Angles (°) 

90.00 (α), 

118.52 (β), 

90.00 (γ) 

96.52 (α), 

104.02 (β), 

88.20 (γ) 

90.00 (α), 

90.00 (β), 

119.20 (γ) 

FD002 

Rwp = 0.1193 Rp = 0.0943 Rχ2 = 6.463 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 

6.37 (a), 

15.20 (b), 

5.82 (c) 

6.92 (a), 

6.62 (b), 

6.94 (c) 

9.43 (a), 

18.84 (b), 

6.88 (c) 

Unit Cell Angles (°) 
90.00 (α), 
118.51 (β), 

90.00 (γ) 

96.15 (α), 
103.90(β), 

88.32 (γ) 

90.00 (α), 
90.00 (β), 

119.91 (γ) 

FD003 

Rwp = 0.1733 Rp = 0.1412 Rχ2 = 14.26 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 
6.37 (a), 

15.19 (b), 

5.82 (c) 

6.90 (a), 
6.63 (b), 

6.98 (c) 

9.46 (a), 
18.88 (b), 

6.87 (c) 

Unit Cell Angles (°) 
90.00 (α), 
118.52 (β), 

90.00 (γ) 

96.26 (α), 
103.90 (β), 

88.42 (γ) 

90.00 (α), 
90.00 (β), 

120.00 (γ) 

FD004 

Rwp = 0.1635 Rp = 0.1345 Rχ2 = 12.24 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 
6.38 (a), 

15.20 (b), 

5.82 (c) 

6.93 (a), 
6.59 (b), 

7.01 (c) 

9.41 (a), 
18.90 (b), 

6.87 (c) 

Unit Cell Angles (°) 
90.00 (α), 
118.53 (β), 

90.00 (γ) 

98.25 (α), 
103.81 (β), 

89.00 (γ) 

90.00 (α), 
90.00 (β), 

119.64 (γ) 

FD005 

Rwp = 0.1730 Rp = 0.1404 Rχ2 = 13.71 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 
6.36 (a), 

15.17 (b), 

5.81 (c) 

6.91 (a), 
6.63 (b), 

6.89 (c) 

9.43 (a), 
18.98 (b), 

6.87 (c) 

Unit Cell Angles (°) 

90.00 (α), 

118.53 (β), 
90.00 (γ) 

94.82 (α), 

103.14 (β), 
89.40 (γ) 

90.00 (α), 

90.00 (β), 
119.70 (γ) 

FD006 

Rwp = 0.1693 Rp = 0.1326 Rχ2 = 11.37 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 

6.37 (a), 

15.18 (b), 

5.81 (c) 

6.92 (a), 

6.66 (b), 

6.95 (c) 

9.43 (a), 

18.98 (b), 

6.87 (c) 

Unit Cell Angles (°) 

90.00 (α), 

118.51 (β), 
90.00 (γ) 

97.04(α), 

103.08 (β), 
88.16 (γ) 

90.00 (α), 

90.00 (β), 
120.25 (γ) 

FD007 

Rwp = 0.1556 Rp = 0.1282 Rχ2 = 9.343 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 

6.40 (a), 

15.20 (b), 
5.86 (c) 

6.91 (a), 

6.61 (b), 
6.98 (c) 

9.46 (a), 

18.94 (b), 
6.87 (c) 

Unit Cell Angles (°) 

90.00 (α), 

119.02 (β), 
90.00 (γ) 

96.44(α), 

104.03 (β), 
88.21 (γ) 

90.00 (α), 

90.00 (β), 
120.23 (γ) 

FD008 

Rwp = 0.1653 Rp = 0.1284 Rχ2 = 9.301 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 

6.40 (a), 

15.13 (b), 
5.83 (c) 

6.90 (a), 

6.62 (b), 
6.97 (c) 

9.42 (a), 

18.86 (b), 
6.88 (c) 

Unit Cell Angles (°) 

90.00 (α), 

119.11 (β), 

90.00 (γ) 

96.21(α), 

103.95(β), 

88.40 (γ) 

90.00 (α), 

90.00 (β), 

119.70 (γ) 

FD009 

Rwp = 0.1771 Rp = 0.1404 Rχ2 = 12.72 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 

6.37 (a), 

15.20 (b), 

5.82 (c) 

6.90 (a), 

6.61 (b), 

6.97 (c) 

9.40 (a), 

18.88 (b), 

6.86 (c) 

Unit Cell Angles (°) 

90.00 (α), 

118.50 (β), 

90.00 (γ) 

95.89 (α), 

103.92(β), 

88.71 (γ) 

90.00 (α), 

90.00 (β), 

119.48 (γ) 
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FD010 

Rwp = 0.1290 Rp = 0.1014 Rχ2 = 6.261 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 

6.32 (a), 

16.70 (b), 

5.73 (c) 

6.91 (a), 

6.64 (b), 

7.00 (c) 

9.40 (a), 

18.87 (b), 

6.86 (c) 

Unit Cell Angles (°) 

90.00 (α), 
116.95 

(β), 

90.00 (γ) 

96.28 (α), 

103.93(β), 
88.44 (γ) 

90.00 (α), 

90.00 (β), 
119.34 (γ) 

FD011 

Rwp = 0.1873 Rp = 0.1455 Rχ2 = 14.33 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 

6.37 (a), 

15.19 (b), 

5.83 (c) 

6.91 (a), 

6.64 (b), 

6.99 (c) 

9.49 (a), 

18.96 (b), 

6.86 (c) 

Unit Cell Angles (°) 

90.00 (α), 

118.48 

(β), 
90.00 (γ) 

96.29 (α), 
103.96 (β), 

88.41 (γ) 

90.00 (α), 
90.00 (β), 

120.23 (γ) 

FD012 

Rwp = 0.1678 Rp = 0.1328 Rχ2 = 10.94 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 

6.48 (a), 

15.16 (b), 

5.92 (c) 

6.91 (a), 

6.63 (b), 

6.99 (c) 

9.40 (a), 

18.85 (b), 

6.87 (c) 

Unit Cell Angles (°) 

90.00 (α), 

119.87(β), 

90.00 (γ) 

96.21 (α), 

103.96 (β), 

88.40 (γ) 

90.00 (α), 

90.00 (β), 

119.42 (γ) 

FD013 

Rwp = 0.1848 
Rp = 

0.1398 
Rχ2 = 13.67 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 
6.37 (a), 

15.17 (b), 

5.81 (c) 

6.90 (a), 
6.61 (b), 

6.94 (c) 

9.43 (a), 
18.79 (b), 

6.85 (c) 

Unit Cell Angles (°) 

90.00 (α), 

118.52 
(β), 

90.00 (γ) 

94.87 (α), 

103.37 (β), 

88.55 (γ) 

90.00 (α), 

90.00 (β), 

119.04 (γ) 

FD014 

Rwp = 0.1550 Rp = 0.1309 Rχ2 = 10.50 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 
6.37 (a), 

15.20 (b), 

5.82 (c) 

6.90 (a), 
6.63 (b), 

6.98 (c) 

9.39 (a), 
18.92 (b), 

6.87 (c) 

Unit Cell Angles (°) 

90.00 (α), 
118.52 

(β), 

90.00 (γ) 

96.25 (α), 

103.99 (β), 
88.44 (γ) 

90.00 (α), 

90.00 (β), 
119.32 (γ) 

FD015 

Rwp = 0.1710 Rp = 0.1341 Rχ2 = 11.72 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 

6.37 (a), 

15.19 (b), 

5.82 (c) 

6.94 (a), 

6.62 (b), 

7.00 (c) 

9.51 (a), 

19.05 (b), 

6.87 (c) 

Unit Cell Angles (°) 

90.00 (α), 
118.50 

(β), 

90.00 (γ) 

96.66 (α), 

103.85 (β), 
87.95 (γ) 

90.00 (α), 

90.00 (β), 
119.90 (γ) 

FD016 

Rwp = 0.1371 Rp = 0.1105 Rχ2 = 6.91 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 

6.58 (a), 

15.20 (b), 
6.00 (c) 

6.91 (a), 

6.63 (b), 
6.98 (c) 

9.42 (a), 

18.87 (b), 
6.88 (c) 

Unit Cell Angles (°) 

90.00 (α), 

121.56 

(β), 
90.00 (γ) 

96.21 (α), 
103.97 (β), 

88.38 (γ) 

90.00 (α), 
90.00 (β), 

119.80 (γ) 

FD021 

Rwp = 0.1441 Rp = 0.1181 Rχ2 = 12.57 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 

6.37 (a), 

15.20 (b), 

5.82 (c) 

6.92 (a), 

6.64 (b), 

6.97 (c) 

9.49 (a), 

19.04 (b), 

6.86 (c) 

Unit Cell Angles (°) 

90.00 (α), 

118.51 
(β), 

90.00 (γ) 

96.94 (α), 

102.33 (β), 

88.91 (γ) 

90.00 (α), 

90.00 (β), 

120.86 (γ) 

FD022 

Rwp = 0.1773 Rp = 0.1324 Rχ2 = 13.43 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 
6.37 (a), 

15.20 (b), 

5.82 (c) 

6.93 (a), 
6.63 (b), 

6.99 (c) 

9.43 (a), 
19.26 (b), 

6.84 (c) 
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Unit Cell Angles (°) 

90.00 (α), 
118.49 

(β), 

90.00 (γ) 

96.15 (α), 

103.94 (β), 

88.29 (γ) 

90.00 (α), 

90.00 (β), 

120.68 (γ) 

 

 

FD023 

Rwp = 0.1509 Rp = 0.1267 Rχ2 = 11.47 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 
6.37 (a), 

15.18 (b), 

5.81 (c) 

6.90 (a), 
6.64 (b), 

6.99 (c) 

9.44 (a), 
18.77 (b), 

6.87 (c) 

Unit Cell Angles (°) 

90.00 (α), 
118.52 

(β), 

90.00 (γ) 

96.24 (α), 

103.99 (β), 
88.42 (γ) 

90.00 (α), 

90.00 (β), 
119.18 (γ) 

FD025 

Rwp = 0.1749 Rp = 0.1386 Rχ2 = 11.72 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 

6.36 (a), 

15.17 (b), 

5.80 (c) 

6.90 (a), 

6.62 (b), 

6.98 (c) 

9.42 (a), 

18.83 (b), 

6.85 (c) 

Unit Cell Angles (°) 

90.00 (α), 
118.53 

(β), 

90.00 (γ) 

96.36 (α), 

104.04 (β), 
88.45 (γ) 

90.00 (α), 

90.00 (β), 
119.22 (γ) 

FD026 

Rwp = 0.1843 Rp = 0.1453 Rχ2 = 13.57 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 

6.37 (a), 

15.19 (b), 
5.82 (c) 

6.93 (a), 

6.62 (b), 
7.00 (c) 

9.65 (a), 

19.21 (b), 
6.85 (c) 

Unit Cell Angles (°) 

90.00 (α), 

118.49(β), 

90.00 (γ) 

96.38 (α), 

104.13 (β), 

88.15 (γ) 

90.00 (α), 

90.00 (β), 

121.41(γ) 

FD027 

Rwp = 0.1816 Rp = 0.1510 Rχ2 = 13.86 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 

6.37 (a), 

15.18 (b), 

5.81 (c) 

6.90 (a), 

6.63 (b), 

6.98 (c) 

9.40 (a), 

18.89 (b), 

6.85 (c) 

Unit Cell Angles (°) 

90.00 (α), 

118.55(β), 

90.00 (γ) 

96.22 (α), 

104.01 (β), 

88.45 (γ) 

90.00 (α), 

90.00 (β), 

119.34 (γ) 

FD028 

Rwp = 0.1639 Rp = 0.1366 Rχ2 = 11.92 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 

6.83(a), 

14.36 (b), 

7.49 (c) 

6.91 (a), 

6.64 (b), 

7.00 (c) 

9.43 (a), 

18.90 (b), 

6.87 (c) 

Unit Cell Angles (°) 

90.00 (α), 
126.05 

(β), 

90.00 (γ) 

96.21 (α), 

104.00 (β), 
88.38 (γ) 

90.00 (α), 

90.00 (β), 
119.64 (γ) 

FD029 

Rwp = 0.1554 Rp = 0.1256 Rχ2 = 7.03 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 

6.37(a), 

15.19(b), 

5.82 (c) 

7.08 (a), 

6.53 (b), 

7.20 (c) 

9.40 (a), 

19.00 (b), 

6.88 (c) 

Unit Cell Angles (°) 

90.00 (α), 

118.50 

(β), 
90.00 (γ) 

96.39 (α), 
100.00 (β), 

85.57 (γ) 

90.00 (α), 
90.00 (β), 

119.64 (γ) 

FD030 

Rwp = 0.1730 Rp = 0.1455 Rχ2 = 10.02 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 

6.37(a), 

15.21(b), 
5.81 (c) 

7.00 (a), 

6.76 (b), 
7.00 (c) 

9.54 (a), 

19.22 (b), 
6.84 (c) 

Unit Cell Angles (°) 

90.00 (α), 

118.57 

(β), 

90.00 (γ) 

100.44 (α), 

100.80 (β), 

89.89 (γ) 

90.00 (α), 

90.00 (β), 

121.24(γ) 

FD031 

Rwp = 0.1707 Rp = 0.1397 Rχ2 = 10.78 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 
6.37(a), 

15.19(b), 

5.81 (c) 

6.89 (a), 
6.62 (b), 

6.98 (c) 

9.43(a), 
18.80 (b), 

6.86 (c) 

Unit Cell Angles (°) 

90.00 (α), 

118.53 
(β), 

96.21 (α), 

103.94 (β), 
88.44(γ) 

90.00 (α), 

90.00 (β), 
119.16 (γ) 
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90.00 (γ) 

FD032 

Rwp = 0.2041 Rp = 0.1609 Rχ2 = 7.45 Brushite Monetite Hydroxyapatite 

Unit Cell Parameters (Å) 

6.39(a), 

14.54(b), 

5.85 (c) 

6.90 (a), 

6.62 (b), 

6.98 (c) 

9.41(a), 

18.87 (b), 

6.88 (c) 

Unit Cell Angles (°) 
90.00 (α), 
119.15 β), 

90.00 (γ) 

96.23 (α), 
103.95 (β), 

88.38 (γ) 

90.00 (α), 
90.00 (β), 

119.49 (γ) 

 

Chapter 4. Calcium Carbonate  

Table A. 6. Synthesis conditions and sample coding used for the hydrothermal injection samples of 

calcium carbonate. 

CO3
2- Source Ratio (CO3

2-/Ca2+) Sample name T (ºC) 

Bicarbonate 0.5 AS126 50 

  AS127 100 

  AS128 200 

 1 AS095 25 

  AS096 50 

  AS097 100 

  AS098 200 

 1.5 AS153 25 

  AS155 100 

  AS156 200 

 2 AS122 50 

  AS123 100 

  AS124 200 

Carbonate 0.5 AS133 25 

  AS134 50 

  AS135 100 

  AS136 200 

 1 AS103 25 

  AS104 50 

  AS105 100 

  AS106 200 

 1.5 AS157 25 

  AS158 50 

  AS159 100 

  AS160 200 

 2 AS129 25 

  AS130 50 

  AS131 100 

  AS132 200 
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Table A. 7. Rietveld Refinement parameters for the hydrothermal injection samples of calcium 

carbonate. 

AS095 

Rwp = 0.1918 Rp = 0.1474 Rχ2 = 4.31 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 

4.99 (a), 

4.99 (b), 

17.09 (c) 

4.95 (a), 

7.97 (b), 

5.80 (c) 

12.20 (a), 

7.17 (b), 

9.38 (c) 

Unit Cell Angles (°) 

90.00 (α), 

90.00 (β), 

120.00 (γ) 

90.00 (α), 

90.00 (β), 

90.00 (γ) 

90.00 (α), 

117.93 (β), 

90.00 (γ) 

AS096 

Rwp = 0.1935 Rp = 0.1650 Rχ2 = 6.55 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 

4.99 (a), 

4.99 (b), 

17.07 (c) 

4.99 (a), 

7.97 (b), 

5.80 (c) 

12.25 (a), 

7.17 (b), 

9.35 (c) 

Unit Cell Angles (°) 
90.00 (α), 
90.00 (β), 

120.00 (γ) 

90.00 (α), 
90.00 (β), 

90.00 (γ) 

90.00 (α), 
118.07 (β), 

90.00 (γ) 

AS098 

Rwp = 0.1709 Rp = 0.1341 Rχ2 = 3.35 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 
4.99 (a), 
4.99 (b), 

17.07 (c) 

4.96 (a), 
7.97 (b), 

5.74 (c) 

12.17 (a), 
7.12 (b), 

9.47 (c) 

Unit Cell Angles (°) 
90.00 (α), 
90.00 (β), 

120.00 (γ) 

90.00 (α), 
90.00 (β), 

90.00 (γ) 

90.00 (α), 
118.37 (β), 

90.00 (γ) 

AS103 

Rwp = 0.1510 Rp = 0.1208 Rχ2 = 3.19 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 
4.99 (a), 
4.99 (b), 

17.05 (c) 

4.95 (a), 
7.95 (b), 

5.75 (c) 

12.33 (a), 
7.16 (b), 

9.42 (c) 

Unit Cell Angles (°) 
90.00 (α), 
90.00 (β), 

120.00 (γ) 

90.00 (α), 
90.00 (β), 

90.00 (γ) 

90.00 (α), 
116.09 (β), 

90.00 (γ) 

AS104 

Rwp = 0.1896 Rp = 0.1586 Rχ2 = 6.37 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 
4.98 (a), 
4.98 (b), 

17.04 (c) 

4.93 (a), 
7.91 (b), 

5.75 (c) 

12.37 (a), 
7.13 (b), 

9.39 (c) 

Unit Cell Angles (°) 

90.00 (α), 

90.00 (β), 
120.00 (γ) 

90.00 (α), 

90.00 (β), 
90.00 (γ) 

90.00 (α), 

115.81 (β), 
90.00 (γ) 

AS105 

Rwp = 0.1500 Rp = 0.1154 Rχ2 = 12.72 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 

4.99 (a), 

4.99 (b), 

17.07 (c) 

4.62 (a), 

7.97 (b), 

5.75 (c) 

12.17 (a), 

7.17 (b), 

9.44 (c) 

Unit Cell Angles (°) 

90.00 (α), 

90.00 (β), 
120.00 (γ) 

90.00 (α), 

90.00 (β), 
90.00 (γ) 

90.00 (α), 

118.33 (β), 
90.00 (γ) 

AS106 

Rwp = 0.2173 Rp = 0.1727 Rχ2 = 13.81 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 

4.99 (a), 

4.99 (b), 
17.06 (c) 

4.96 (a), 

7.97 (b), 
5.74 (c) 

12.17 (a), 

7.12 (b), 
9.47 (c) 

Unit Cell Angles (°) 

90.00 (α), 

90.00 (β), 
120.00 (γ) 

90.00 (α), 

90.00 (β), 
90.00 (γ) 

90.00 (α), 

118.37 (β), 
90.00 (γ) 

AS122 

Rwp = 0.2036 Rp = 0.1577 Rχ2 = 6.38 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 

4.99 (a), 

4.99 (b), 
17.05 (c) 

4.84 (a), 

7.95 (b), 
5.82 (c) 

12.33 (a), 

7.14 (b), 
9.41 (c) 

Unit Cell Angles (°) 

90.00 (α), 

90.00 (β), 

120.00 (γ) 

90.00 (α), 

90.00 (β), 

90.00 (γ) 

90.00 (α), 

116.16 (β), 

90.00 (γ) 

AS123 

Rwp = 0.1958 Rp = 0.1473 Rχ2 = 5.19 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 

4.99 (a), 

4.99 (b), 

17.07 (c) 

4.96 (a), 

7.96 (b), 

5.75 (c) 

12.57 (a), 

7.16 (b), 

9.56 (c) 

Unit Cell Angles (°) 

90.00 (α), 

90.00 (β), 

120.00 (γ) 

90.00 (α), 

90.00 (β), 

90.00 (γ) 

90.00 (α), 

116.95 (β), 

90.00 (γ) 
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AS124 

Rwp = 0.2097 Rp = 0.1648 Rχ2 = 6.35 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 

4.99 (a), 

4.99 (b), 

17.06 (c) 

4.96 (a), 

7.97 (b), 

5.74 (c) 

12.17 (a), 

7.12 (b), 

9.47 (c) 

Unit Cell Angles (°) 
90.00 (α), 
90.00 (β), 

120.00 (γ) 

90.00 (α), 
90.00 (β), 

90.00 (γ) 

90.00 (α), 
118.37 (β), 

90.00 (γ) 

AS126 

Rwp = 0.1666 Rp = 0.1309 Rχ2 = 2.34 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 
4.99 (a), 
4.99 (b), 

17.06 (c) 

4.97 (a), 
7.97 (b), 

5.74 (c) 

12.24 (a), 
7.12 (b), 

9.56 (c) 

Unit Cell Angles (°) 

90.00 (α), 

90.00 (β), 
120.00 (γ) 

90.00 (α), 

90.00 (β), 
90.00 (γ) 

90.00 (α), 

118.99 (β), 
90.00 (γ) 

AS128 

Rwp = 0.2167 Rp = 0.1656 Rχ2 = 3.98 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 

5.00 (a), 

5.00 (b), 
17.09 (c) 

4.97 (a), 

7.98 (b), 
5.75 (c) 

12.35 (a), 

7.07 (b), 
9.73 (c) 

Unit Cell Angles (°) 

90.00 (α), 

90.00 (β), 
120.00 (γ) 

90.00 (α), 

90.00 (β), 
90.00 (γ) 

90.00 (α), 

119.76 (β), 
90.00 (γ) 

AS129 

Rwp = 0.2000 Rp = 0.1560 Rχ2 = 3.39 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 

4.99 (a), 

4.99 (b), 
17.06 (c) 

4.96 (a), 

7.95 (b), 
5.76 (c) 

12.16 (a), 

7.15 (b), 
9.42 (c) 

Unit Cell Angles (°) 

90.00 (α), 

90.00 (β), 
120.00 (γ) 

90.00 (α), 

90.00 (β), 
90.00 (γ) 

90.00 (α), 

118.12 (β), 
90.00 (γ) 

AS130 

Rwp = 0.1565 Rp = 0.1217 Rχ2 = 3.91 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 

4.99 (a), 

4.99 (b), 
17.06 (c) 

4.95 (a), 

7.95 (b), 
5.77 (c) 

12.36 (a), 

7.09 (b), 
9.36 (c) 

Unit Cell Angles (°) 

90.00 (α), 

90.00 (β), 

120.00 (γ) 

90.00 (α), 

90.00 (β), 

90.00 (γ) 

90.00 (α), 

115.57 (β), 

90.00 (γ) 

AS131 

Rwp = 0.1774 Rp = 0.1369 Rχ2 = 3.54 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 

4.99 (a), 

4.99 (b), 

17.06 (c) 

4.96 (a), 

7.97 (b), 

5.74 (c) 

12.19 (a), 

7.13 (b), 

9.45 (c) 

Unit Cell Angles (°) 

90.00 (α), 

90.00 (β), 

120.00 (γ) 

90.00 (α), 

90.00 (β), 

90.00 (γ) 

90.00 (α), 

118.26 (β), 

90.00 (γ) 

AS132 

Rwp = 0.1907 Rp = 0.1526 Rχ2 = 5.25 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 

4.99 (a), 

4.99 (b), 

17.05 (c) 

4.96 (a), 

7.97 (b), 

5.74 (c) 

12.17 (a), 

7.12 (b), 

9.47 (c) 

Unit Cell Angles (°) 
90.00 (α), 
90.00 (β), 

120.00 (γ) 

90.00 (α), 
90.00 (β), 

90.00 (γ) 

90.00 (α), 
118.36 (β), 

90.00 (γ) 

AS133 

Rwp = 0.1883 Rp = 0.1493 Rχ2 = 5.03 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 
4.99 (a), 
4.99 (b), 

17.06 (c) 

4.96 (a), 
7.95 (b), 

5.75 (c) 

12.27 (a), 
7.11 (b), 

9.35 (c) 

Unit Cell Angles (°) 
90.00 (α), 
90.00 (β), 

120.00 (γ) 

90.00 (α), 
90.00 (β), 

90.00 (γ) 

90.00 (α), 
115.79 (β), 

90.00 (γ) 

AS134 

Rwp = 0.2294 Rp = 0.1699 Rχ2 = 7.95 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 
4.99 (a), 
4.99 (b), 

17.06 (c) 

4.96 (a), 
7.97 (b), 

5.75 (c) 

12.37 (a), 
7.11 (b), 

9.38 (c) 

Unit Cell Angles (°) 
90.00 (α), 
90.00 (β), 

120.00 (γ) 

90.00 (α), 
90.00 (β), 

90.00 (γ) 

90.00 (α), 
115.88 (β), 

90.00 (γ) 
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AS135 

Rwp = 0.1791 Rp = 0.1413 Rχ2 = 4.56 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 

4.99 (a), 

4.99 (b), 

17.06 (c) 

4.96 (a), 

7.96 (b), 

5.74 (c) 

12.17 (a), 

7.12 (b), 

9.47 (c) 

Unit Cell Angles (°) 
90.00 (α), 
90.00 (β), 

120.00 (γ) 

90.00 (α), 
90.00 (β), 

90.00 (γ) 

90.00 (α), 
118.37 (β), 

90.00 (γ) 

AS136 

Rwp = 0.1778 Rp = 0.1388 Rχ2 = 4.25 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 
4.99 (a), 
4.99 (b), 

17.06 (c) 

4.90 (a), 
7.89 (b), 

5.87 (c) 

12.25 (a), 
7.15 (b), 

9.50 (c) 

Unit Cell Angles (°) 

90.00 (α), 

90.00 (β), 
120.00 (γ) 

90.00 (α), 

90.00 (β), 
90.00 (γ) 

90.00 (α), 

116.90 (β), 
90.00 (γ) 

AS153 

Rwp = 0.2226 Rp = 0.1582 Rχ2 = 7.14 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 

4.99 (a), 

4.99 (b), 
17.06 (c) 

4.90 (a), 

7.89 (b), 
5.87 (c) 

12.25 (a), 

7.11 (b), 
9.36 (c) 

Unit Cell Angles (°) 

90.00 (α), 

90.00 (β), 
120.00 (γ) 

90.00 (α), 

90.00 (β), 
90.00 (γ) 

90.00 (α), 

116.90 (β), 
90.00 (γ) 

AS155 

Rwp = 0.1869 Rp = 0.1377 Rχ2 = 3.32 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 

4.99 (a), 

4.99 (b), 
17.06 (c) 

4.96 (a), 

7.97 (b), 
5.75 (c) 

12.17 (a), 

7.12 (b), 
9.49 (c) 

Unit Cell Angles (°) 

90.00 (α), 

90.00 (β), 
120.00 (γ) 

90.00 (α), 

90.00 (β), 
90.00 (γ) 

90.00 (α), 

118.42 (β), 
90.00 (γ) 

AS156 

Rwp = 0.2375 Rp = 0.1893 Rχ2 = 7.71 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 

4.99 (a), 

4.99 (b), 
17.06 (c) 

4.96 (a), 

7.97 (b), 
5.75 (c) 

12.17 (a), 

7.12 (b), 
9.49 (c) 

Unit Cell Angles (°) 

90.00 (α), 

90.00 (β), 

120.00 (γ) 

90.00 (α), 

90.00 (β), 

90.00 (γ) 

90.00 (α), 

118.42 (β), 

90.00 (γ) 

AS157 

Rwp = 0.1741 Rp = 0.1337 Rχ2 = 3.76 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 

4.99 (a), 

4.99 (b), 

17.06 (c) 

4.95 (a), 

7.96 (b), 

5.76 (c) 

12.33 (a), 

7.11 (b), 

9.38 (c) 

Unit Cell Angles (°) 

90.00 (α), 

90.00 (β), 

120.00 (γ) 

90.00 (α), 

90.00 (β), 

90.00 (γ) 

90.00 (α), 

116.27(β), 

90.00 (γ) 

AS158 

Rwp = 0.1627 Rp = 0.1252 Rχ2 = 2.37 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 

4.99 (a), 

4.99 (b), 

17.08 (c) 

4.95 (a), 

7.94 (b), 

5.82 (c) 

12.32 (a), 

7.04 (b), 

9.55 (c) 

Unit Cell Angles (°) 
90.00 (α), 
90.00 (β), 

120.00 (γ) 

90.00 (α), 
90.00 (β), 

90.00 (γ) 

90.00 (α), 
119.28 (β), 

90.00 (γ) 

AS159 

Rwp = 0.2149 Rp = 0.1707 Rχ2 = 6.79 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 
4.99 (a), 
4.99 (b), 

17.04 (c) 

4.96 (a), 
7.97 (b), 

5.74 (c) 

12.17 (a), 
7.12 (b), 

9.48 (c) 

Unit Cell Angles (°) 
90.00 (α), 
90.00 (β), 

120.00 (γ) 

90.00 (α), 
90.00 (β), 

90.00 (γ) 

90.00 (α), 
118.41 (β), 

90.00 (γ) 

AS160 

Rwp = 0.1841 Rp = 0.1427 Rχ2 = 5.00 Calcite  Aragonite Vaterite 

Unit Cell Parameters (Å) 
4.99 (a), 
4.99 (b), 

17.06 (c) 

4.96 (a), 
7.97 (b), 

5.74 (c) 

12.17 (a), 
7.12 (b), 

9.47 (c) 

Unit Cell Angles (°) 
90.00 (α), 
90.00 (β), 

120.00 (γ) 

90.00 (α), 
90.00 (β), 

90.00 (γ) 

90.00 (α), 
118.37 (β), 

90.00 (γ) 
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