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Abstract 

This thesis explores how crystallisation can be used as a tool to synthesise and 

optimise the properties of composite materials for diverse applications. It also 

examines an important industrial process, the carbonation of calcium hydroxide to 

yield calcium carbonate. The first experimental chapter focuses on the incorporation 

and subsequent removal of organic additives in calcite single crystals for the purpose 

of creating highly scattering, porous crystals that exhibit structural colour. A particular 

goal was to create crystals that were extremely white, therefore satisfying the need 

to replace current TiO2 pigments with environmentally-friendly materials. 

Optimisation of the synthesis delivered porous single crystals of calcite with varying 

levels of porosity and pore sizes. The introduction of 25 – 200 nm pores into the 

calcite crystals increased their reflectance in a broadband fashion and delivered 

bright white particles. 

The second experimental chapter investigates the carbonation of Ca(OH)2 to gain 

insight into the mechanism of CaCO3 formation in industrial settings. Time-resolved 

conventional TEM, cryo-TEM and cryo-electron tomography (cryo-ET) were 

combined to obtain time-resolved information about how Ca(OH)2 crystals convert to 

CaCO3. Liquid-cell TEM (LCTEM) studies revealed the dynamics of the reaction in 

real time in solution, and confirmed that the conversion of Ca(OH)2 to crystalline 

CaCO3 occurred via a dissolution-precipitation reaction pathway. Skeletal hexagonal 

structures were observed as key intermediates and were attributed to the 

precipitation of pseudomorphic amorphous calcium carbonate (ACC) on the basal 

faces of hexagonal Ca(OH)2 plates. 

The synthesis of porous manganese oxide (MnOx) crystals and their application as 

photocatalysts in the water splitting reaction is described in the final chapter. Mn2O3 

was produced by thermal decomposition of precipitated manganese carbonate, 

where the porosity could be controlled by manipulating the heating regime, while 

highly porous core-shell MnO2 crystals were synthesised using a hydrothermal route.  

More complex porous materials were also synthesised using MnCO3 single crystals 

occluded with gold nanoparticles as a precursor.  Annealing these materials yielded 

porous Au-Mn2O3 and Au-MnO2 nanocomposites in which the nanoparticles were 

uniformly distributed throughout the crystal host. Porous Mn2O3 crystals were the 
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most efficient photocatalysts for water splitting, where the heating regime strongly 

influenced the catalytic efficiency, due to its effect on the composition, crystallinity 

and surface area of the crystal products. Manganese oxides containing Au 

nanoparticles were poor photocatalysts for water splitting, suggesting that the Au 

nanoparticles inhibited the recycling of electrons between the co-catalysts and 

charge carriers. Overall, this study demonstrates two facile and versatile strategies 

for synthesising novel photocatalyst materials with porosities that can be controlled 

and easily optimised. 
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Chapter 1 | General Introduction 

This chapter provides a general introduction to crystalline materials and 

crystallisation. Due to the diverse nature of the themes explored in this thesis, each 

of the experimental chapters is prefaced by a dedicated introduction and methods 

section that is tailored specifically to the work detailed in that chapter. As calcium 

carbonate is relevant to both Chapters 3 and 5, it is also introduced in this chapter. 

1.1 Crystalline Materials 

1.1.1 Defining Crystalline Materials 

A crystal consists of atoms or ions that are regularly arranged into a lattice. The 

smallest possible representation of the crystal is known as the unit cell (Figure 1.1), 

which is repeated to make up the overall crystal structure. A unit cell can take one of 

seven 3D shapes, which are described by the seven crystal systems (Table 1.1). 

Each crystal system can be distinguished by its symmetry elements. There are also 

different ways in which the atoms in these unit cells may be packed, which can be 

described using one of the fourteen permitted Bravais lattices. 

 

Figure 1.1 A 3D unit cell labelled with the crystallographic axes a, b, c, and the 

lattice parameters, including vectors a, b, c, and angles α, β, and γ. 
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Crystal System Axial Lengths and Angles 
Bravais 

Lattices 

Cubic a = b = c   α = β = γ = 90° P, I, F 

Tetragonal a = b ≠ c   α = β = γ = 90° P, I 

Orthorhombic a ≠ b ≠ c   α = β = γ = 90° P, I, C, F 

Rhombohedral/trigonal a = b = c   α = β = γ ≠ 90° R 

Hexagonal a = b ≠ c   α = β = 90 °, γ = 120° P 

Monoclinic a ≠ b ≠ c   α = γ = 90° β ≠ 90° P, C 

Triclinic a ≠ b ≠ c   α ≠ β ≠ γ ≠ 90° P 

Table 1.1 The seven crystal systems, where the Bravais lattices are P = 

primitive, I = body-centred, C = base-centred and F = face-centred. 

Virtually all crystals possess imperfections known as defects. This can occur when 

foreign atoms disrupt the lattice by incorporation as a substitutional or interstitial 

impurity. On the other hand, defects may also arise due to vacancies caused by 

missing atoms or ions in the lattice. A Schottky defect describes a pair of vacancies 

(anion and cation), whereas Frenkel defects are those created when a cation 

occupies an interstitial site, leaving its original site vacant. All of these defects are 

known as point defects. Extended defects such as dislocations can also occur, which 

consist of a line of defects through the lattice caused by applied shear stress. Edge 

dislocations are formed by an additional half-plane of atoms, which causes localised 

lattice distortion. Screw dislocations are produced by the displacement of atoms 

perpendicular to the applied shear stress, which forms a step on the surface by its 

dislocation. As a result, screw dislocations play a significant role in growth and 

dissolution (discussed in detail in Section 1.2.2.2), where growth at this step occurs 

in a helicoid fashion to produce a spiral hillock. Another type of extended defect 

found in crystalline materials are grain boundaries. They lie between crystallites and 

are associated with disorder and misorientation along this border. Crystals 

composed of two or more crystallites separated by grain boundaries are known as 

polycrystalline materials. Conversely, a single crystal is one which does not possess 

any grain boundaries.  
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1.1.2 Describing Crystalline Materials 

The structure of crystalline materials can be described using Miller indices to label 

expressed crystal faces, planes or crystallographic directions. The reciprocal of the 

positions at which a face or plane intercepts each axis is taken to yield h, k and l, 

which correspond to the a, b and c axes respectively. Depending on what is being 

described, different notations are used to frame the hkl values. A single plane is 

expressed as (hkl), whereas {hkl} is used when describing a family of symmetry-

related planes. A single direction can be conveyed using [hkl], while 

symmetrically equivalent directions are expressed as <hkl>. 

1.1.3 Polymorphism and Morphology 

Many crystalline materials can exist in more than one crystal structure, which is 

termed polymorphism1. While the chemical composition does not differ between 

polymorphs, they can exhibit contrasting physical properties such as melting point, 

solubility, density, electrical conductivity and optical activity. It is therefore important 

to understand the conditions that give rise to specific polymorphs such that pure 

forms of individual polymorphs can be synthesised for a desired application. Each 

polymorph has its own thermodynamic stability and kinetics of formation, and the 

polymorph that is obtained will depend on whether crystallisation is under kinetic or 

thermodynamic control. Under thermodynamic control, the most stable polymorph is 

obtained. If crystallisation is chiefly governed by the kinetics, metastable phases may 

form first, followed by a cascade of further transformations into phases with 

increasing thermodynamic stability. This is known as Ostwald’s step rule and is 

represented in Figure 1.2. Kinetic control can be induced by high supersaturations, 

elevated temperatures, confined crystallisation environments, additives, and mixed 

solvents2, 3, which can lead to the metastable or less stable polymorphs being 

obtained, though these will ultimately convert to the stable form. 
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Figure 1.2 Ostwald’s rule of stages, showing a one-step thermodynamic 

pathway and a multi-step kinetic cascade, where the free energy of activation, 

ΔG determines which route is followed. Adapted from ref.4 

Polymorphic crystals may or may not share the same morphology. Crystals with the 

same unit cell may take various morphologies, since morphology is affected by both 

crystal structure and the conditions experienced during crystal growth5. The faces 

that are ultimately expressed in a crystal are those that grow most slowly, whereas 

the fastest growing faces are lost completely. Therefore, any change in 

crystallisation conditions that results in the promotion or suppression of a growing 

crystal face can change the morphology. Such effects can be described using the 

term Tracht (the German word for costume), used to distinguish situations where the 

crystal shape is the same (i.e. the crystal habit), but the faces are developed to a 

different extent. 
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1.2 The Crystallisation Process 

1.2.1 Supersaturation 

In order for crystallisation to occur, there must be a sufficient driving force for this 

phase transition. This is termed the supersaturation. For crystallisation in a binary 

solution, this is achieved when the concentration of a solute surpasses the solubility 

limit, causing the equilibrium position to become unbalanced. The supersaturation, 

∆µ, can be described using Equation 1.1, 

∆𝜇 =  𝜇𝑠 − 𝜇𝑐  (1.1) 

which represents the difference in the chemical potentials of molecules in solution 

(µs) and molecules in a crystal (µc). In thermodynamic terms, supersaturation can be 

expressed in Equation 1.2, 

∆𝜇 =  𝑘𝐵𝑇 ln(𝑆) (1.2) 

where kB is the Boltzmann constant and T represents temperature, while S is 

supersaturation as defined by one of the following: 

𝑆 =  
𝐴𝑃

𝐾𝑠𝑝
  𝑜𝑟  𝑆 =

𝑐

𝑐 ∗
(1.3) 

where AP is the activity product of the constituents, Ksp represents the solubility 

product (which is different for each polymorph), c represents the molarity and c* 

represents the equilibrium concentration. 

A supersaturated system has ∆µ > 0 or S > 1, where the equilibrium position is ∆µ = 

0 or S = 1 and crystallisation is probable. Conversely, an undersaturated system will 

have ∆µ < 0 or S < 1 and crystallisation will not occur. The system can also exist in a 

metastable zone, where nucleation does not occur readily but growth would occur on 

a seed crystal exposed to the system6. In the saturation diagram shown in Figure 

1.3, the metastable zone occupies the region between the solubility and 

supersolubility curves, known as the Ostwald-Miers region. Control over the 

supersaturation of a system can allow a particular polymorph to be isolated, due to 

the difference in the solubility products. 
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Figure 1.3 Supersaturation as a function of temperature and concentration. 

1.2.2 Classical Crystallisation 

1.2.2.1 Classical Nucleation Theory 

Crystallisation begins with nucleation, where the new phase forms and a nucleus is 

established. It can be further defined as homogeneous or heterogeneous nucleation, 

where homogeneous nucleation occurs spontaneously in an impurity-free system 

whilst heterogeneous nucleation is induced by impurities or surfaces which lower the 

total energy cost of nucleation. Nucleation can also be described as primary or 

secondary, where secondary nucleation is typically used to describe a second burst 

of nucleation that occurs in a system. 

A nucleus is constructed by the assembly of atoms, ions or molecules into a cluster. 

However, the particles will associate and dissociate from the cluster until a critical 

size is reached. This occurs by chance and up to this point complete dissolution of 

the cluster can occur, so a higher supersaturation will increase the likelihood of such 

clusters forming due to the increased amount of solute. Once the critical size 

threshold has been passed, the cluster is stable and will undergo growth. 

The formation of a cluster above the critical nucleus size is associated with a certain 

critical Gibbs free energy7, which is the sum of two components, as shown by the 

following equation 

∆𝐺 =  ∆𝐺𝑣 + ∆𝐺𝑠  (1.4) 
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where ∆Gv reflects the energy reduction associated with assembling the particles 

and ∆Gs reflects the gain in energy associated with formation of the cluster surface. 

Each of these components can be substituted to give the following 

∆𝐺 =  −𝑛∆𝜇 +   4𝜋𝑟2𝛾 (1.5) 

where r is radius and γ is interfacial tension. Assuming clusters are spherical, this 

can be better represented by substituting the volume contribution to yield 

∆𝐺(𝑟) =  −
4

3
 
𝜋𝑟3

𝑉
 ∆𝜇 + 4𝜋𝑟2𝛾 (1.6)

where V is the volume. The volume and surface components are proportional with r3 

and r2, respectively, and the overall relation between Gibbs free energy and the 

cluster radius is depicted in Figure 1.4. 

 

Figure 1.4 Gibbs free energy as a function of cluster radius, where r* is the 

critical cluster radius and ΔG* is the critical Gibbs free energy. Adapted from 

ref.8 

Initial formation of the cluster is disfavoured due to the energy cost in forming the 

surface, as reflected in the steep curve for the surface component at small r. With 

growing r, the volume component will have a greater effect as its value sharply 

increases at higher r. The critical nucleus size is represented by r*, which has the 

critical energy ∆G* and is the highest Gibbs free energy experienced by the system. 

Beyond this critical size, the nucleus is stable and growth will occur since this wil l 

reduce the Gibbs free energy of the system and is thus favoured until the equilibrium 
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is balanced. The radius of the critical nucleus, rc, can be established by 

differentiation of Equation 1.6 to give 

𝑑∆𝐺

𝑑𝑟
=

4𝜋𝑟2

𝑉
 ∆𝜇 + 8𝜋𝑟𝛾 (1.7) 

which can set be to 0, since ∆G* is the maximum ∆G value, leaving Equation 1.8. 

𝑟𝑐 =
−2𝛾𝑉

∆𝜇
(1.8) 

Crystallisation is more likely to occur if the critical energy ∆G* involved can be 

reduced. By substituting ∆µ in Equation 1.6 using the relationship in Equation 1.2, 

Equation 1.9 can be derived. 

∆𝐺(𝑟) =  −
4

3
 
𝜋𝑟3

𝑉
 𝑘𝐵𝑇 ln(𝑆) + 4𝜋𝑟2𝛾  (1.9) 

This equation reflects the influence of supersaturation, whereby a higher 

supersaturation gives rise to a smaller critical nucleus. Temperature has a significant 

effect on ∆G* as it appears in the volume component and also inherently factors into 

the supersaturation of the system. A decrease in temperature therefore decreases 

the overall critical energy ∆G* required for the formation of a stable nucleus. On the 

other hand, the surface component becomes more favourable when smaller 

interfacial tensions are involved. This explains why heterogeneous nucleation occurs 

more readily than homogeneous nucleation, as the presence of a surface or an 

interface with foreign particles will reduce interfacial tension. The ability of a surface 

to effectively lower the energetic barrier for nucleation can be estimated by the 

wettability of the solution on the substrate. Nucleation will be promoted to a greater 

extent on surfaces that exhibit low contact angles with solution, indicating their high 

wetting ability which reduces the interfacial tension. 

An experimental measure of the efficiency of nucleation processes is the nucleation 

rate, as shown in Equation 1.10, and can be estimated experimentally by measuring 

induction time, which is the time required before crystals are observed. The 

nucleation rate (J) is commonly expressed as the number of nuclei formed per unit 

volume, per unit time, and can be calculated using the Arrhenius-type equation 

𝐽 = 𝐴 exp (−
∆𝐺∗

𝑘𝐵𝑇
) (1.10) 
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where A is a rate constant that is dependent on the nucleation rate mechanism. This 

equation shows that the nucleation rate is defined by the temperature of the system 

and the critical free energy ∆G*. As seen in Equation 1.9, the critical free energy ∆G* 

depends on the supersaturation of the system, and as a result faster nucleation rates 

occur at high supersaturation. 

1.2.2.2 Classical Growth Theory 

Once a stable nucleus is established, it is favourable for it to grow larger. In classical 

crystallisation theory, this is described as the attachment of growth units to a surface. 

This occurs first by diffusion of the atoms through solution to the growing crystals, 

followed by a series of surface processes. The crystal surfaces are classified into 

different “sites” using Kossel’s model9, based on the environment they provide and 

the surface energies associated with them. These are known as terrace, step and 

kink sites and are capable of forming 1, 2 or 3 bonds with the incoming growth unit, 

respectively. As kink sites will share 3 bonding surfaces with the new unit, this is the 

most stable site for attachment.  

 

Figure 1.5 Growth units adsorbed at terrace, step and kink sites. 

It is evident that the growth conditions are highly influential on the resulting crystal 

morphology10. The growing crystal faces can be classified using Hartman and 

Perdock’s periodic bond chain theory11, which defines the crystal faces as flat (F), 

stepped (S) or kinked (K). It states that the lattice consists of uninterrupted in-plane 

periodic bonding chains (PBCs) composed of growth units. The K, S and F faces 

contain 0, 1 and 2 or more PBCs, respectively, rendering the F faces the most stable 

and the K faces the least stable. As the incorporation of growth units will therefore 

occur rapidly at K faces, this face will grow at the fastest rate until it is completely 

removed from the crystal morphology. 
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After growth units have diffused through solution to the growing crystal, they can 

attach at terrace, step or kink sites. In order to improve the stability of the system, 

growth units attached at terrace or step sites may detach and reattach to kink sites. 

Once all kink sites are filled, growth units at terraces will detach and reattach at step 

sites. This process will eventually result in a complete layer being formed and is 

therefore termed the layer-by-layer growth model. 

At very low supersaturations, layer-by-layer growth is unlikely to occur due to the 

energetic cost of forming a new layer. It does occur in practice, however, via the 

spiral growth mechanism (also known as BCF model, named after Burton, Cabera 

and Frank who devised it)12 (Figure 1.6). This proceeds at screw dislocations, which 

provide a supply of step edges and kink sites and therefore lower the energetic 

barrier to growth. Sustained growth by this mechanism results in the formation of a 

spiral of steps on the crystal surface. 

In systems with moderate supersaturation, nucleation rates are higher and growth 

may occur by a birth and spread or polynuclear growth model. In this model, 

monolayers grow outwardly with additional growth units attaching to the surface of 

the spreading layers. 

 

Figure 1.6 The growth models followed at different levels of supersaturation. 

Adapted from ref.13 

Thus far, we have described crystal growth that is limited by kinetics, i.e. the supply 

of growth units to the crystal surface. At very high supersaturations, growth units are 

more abundant and therefore growth of the crystal is instead limited by diffusion, i.e. 
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the transport of the growth units to favourable surface sites. High supersaturation 

also cause the growing crystal to exhibit rough interfaces10. This is unlike the 

previous growth models discussed, in which interfaces are atomically smooth. The 

presence of rough interfaces facilitates adhesive growth, where the attachment 

energy required is isotropic14. The instability exhibited by the interface will therefore 

result in morphological instability, promoting the formation of increasingly 

polycrystalline dendritic and spherulitic crystals10. This is shown by Figure 1.7, which 

also shows that an intermediate stage exists between the conditions that yield 

polyhedral and dendritic crystal morphologies, where hopper crystals are obtained. 

These are formed when 2D growth is dominant but there is a large enough 

supersaturation for the reaction to be diffusion limited, causing anisotropic growth 

that occurs faster at crystal corners and edges than the faces15. This ultimately 

results in the central face of a crystal being lower than edges and corners, forming a 

unique hopper morphology10. 

 

Figure 1.7 The effect of reaction driving force on crystal morphology, showing 

(a) a polyhedral crystal, (b) a hopper crystal, (c) a dendritic single crystal, (d) a 

dendritic crystal with a single crystal centre and polycrystalline branches (e) a 

polycrystalline dendritic crystal. Reproduced from ref.16 

1.2.2.3 Dissolution 

Dissolution is often thought as the reverse of crystal growth, however this is not 

strictly true, as observed by comparing the rates of each process. Growth typically 

occurs at a much slower rate than dissolution, which readily proceeds at low 

supersaturations or undersaturation. However, there is still a symmetry between the 

mechanisms involved in growth and dissolution, particularly with respect to their 
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relationship with supersaturation17. As discussed in the previous section, classical 

growth models state that growth occurs by spiral growth, 2D nucleation, and birth-

and-spread mechanisms with increasing supersaturation of the system. In 

dissolution, the same general mechanisms are employed and occur in the same 

order with increasing undersaturation18, as shown in Figure 1.8. Instead of the 2D 

nucleation of growth units, the nucleation of vacancy “islands” takes place. These 

are formed by numerous etch pits created in the crystal surface during dissolution, 

which can only be produced by surpassing the associated energy barrier (as for 

growth)19. This energy barrier is reduced by increasing the undersaturation of the 

system. 

 

Figure 1.8 Dissolution and growth mechanism illustrated using AFM images of 

quartz (dissolution images) and calcite (growth images). Scale bars are equal 

to 1 µm. Adapted from ref.18 

Simultaneous dissolution and growth can occur amongst crystals of different sizes. 

This is known as Ostwald ripening20. Smaller crystals undergo dissolution due to the 
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unfavourable surface energy involved, making growth units freely available to 

participate in the growth of larger crystals, which is energetically favoured. Therefore, 

the average crystal size will increase over time. 

1.2.3 Non-Classical Crystallisation 

1.2.3.1 Non-Classical Nucleation Theory 

As discussed in the previous section, classical nucleation theory (CNT) relies on 

stochastic fluctuations in the composition of a system in order for a critical nucleus to 

be produced by the consecutive addition of atoms, ions or monomers21, 22. However, 

nucleation rates calculated using CNT have been found to be many magnitudes 

higher than rates obtained experimentally23, indicating that CNT is not an adequate 

model for describing crystallisation in real systems, particularly those with high or low 

supersaturations. It also leaves unclear how structural changes can occur during the 

phase transition in terms of density and order, for example when crystallisation is 

performed from a gaseous phase23. To address these shortcomings, non-classical 

nucleation theories have been developed. 

Non-classical nucleation is generally thought to proceed via two main pathways. In 

two-step nucleation, the nucleation event is preceded by the formation of a dense 

liquid phase24. This arises due to density fluctuations in the system, followed by the 

formation of a nucleus25. The second pathway proposed involves the formation of 

prenucleation clusters (PNCs) (Figure 1.9). PNCs consist of ions which are bound 

together in solution and possess a phase interface.  They are thought to aggregate 

and ultimately precipitate amorphous and crystalline phases22. 
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Figure 1.9 The proposed prenucleation cluster (PNC) pathway (bottom) 

compared to classical nucleation theory (top). Reproduced from ref.26 

Spinodal decomposition is a spontaneous phase transition that occurs when the 

composition of a fluid phase becomes unstable6. This occurs when the system 

approaches the solubility limit. There is no energy barrier to spinodal decomposition 

as the process is controlled by diffusion rather than being reliant on thermodynamic 

fluctuations.  In order for spinodal decomposition to proceed, the system must pass 

through the metastable region to the unstable region without nucleation, as 

illustrated by the points A, B and C on the arrow in Figure 1.10. Typically, this is 

unlikely to happen, so for spinodal decomposition to occur the system must be 

quenched. Heterogeneous nucleation can then proceed at the interface between the 

two phases formed in spinodal decomposition27. 
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Figure 1.10 Phase diagram for a two-phase system, illustrating the binodal and 

spinodal curves, where Tc is the lower critical solution temperature. 

1.2.3.2 Non-Classical Growth Theory 

Non-classical growth does not involve the attachment of individual growth units as 

for classical growth, but rather proceeds by the aggregation of nanoparticles28. 

Oriented attachment describes the alignment and assembly of nanoparticles to form 

a larger single crystal29. In order to achieve this common orientation, the 

nanoparticles rotate and align themselves prior to contact occurring and subsequent 

fusion (Figure 1.11).  

 

Figure 1.11 The oriented attachment growth mechanism compared with 

classical growth by addition of growth units. Adapted from ref.30 
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If oriented aggregation of nanoparticles occurs to generate single crystals in which 

the individual units maintain their individual surfaces and are not fused, they are 

termed “mesocrystals”.24  This is energetically unfavourable, so the mesocrystals 

exist as intermediates before fusion yields a perfect single crystal31. Polymers 

therefore often preserve the mesocrystal structure by adsorbing onto the surfaces of 

the precursor particles32, 33. Oriented attachment can give rise to a wide range of 

anisotropic morphologies34 that could not form via classical crystal growth 

mechanisms35-38. 

 

Figure 1.12 Formation of a mesocrystal by oriented attachment. Reproduced 

from ref.39 

1.3 Calcium Carbonate 

Calcium carbonate (CaCO3) is a highly versatile mineral which is important in many 

natural processes, and common in man-made materials. The formation of CaCO3 

deposits is a crucial step in the carbon lifecycle, which is essential in regulating both 

atmospheric CO2 and the pH of our oceans40. Numerous marine organisms 

mineralise CaCO3
41, such as molluscs, corals, crustaceans, and planktons42, making 

it one of the most predominant biominerals43. This has led to significant research 

interest into the crystallisation of CaCO3
44, to improve understanding of 

biomineralization and exploit the advantageous properties exhibited by these 

organisms through biomimicry45. Since the Stone Age, humans have used CaCO3 as 

a building material46, even using it to create works of cultural importance such as the 

Great Pyramid of Giza and the Colosseum47. Today, CaCO3 is a universal filler 

ingredient in paper, paint, plastic, and rubber, and has also found application in a 

range of household, medical and personal care products. 
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Calcium carbonate is commonly explored as a model crystallisation system and is 

used in two of the three chapters in this thesis. There are three polymorphs of 

anhydrous CaCO3, which are calcite, aragonite and vaterite. There is also an 

amorphous form (amorphous calcium carbonate, ACC), and two hydrated crystalline 

forms (ikaite, CaCO3.6H2O, and monohydrocalcite, CaCO3.H2O).  

1.3.1 Calcite 

Calcite is the most thermodynamically stable polymorph of CaCO3 and is most 

commonly observed experimentally during crystallisation in additive-free solutions 

under ambient conditions. It has a trigonal lattice and is described by either a 

rhombohedral unit cell (Figure 1.13) or a hexagonal unit cell. The structure of calcite 

can be described as a distorted rock salt (NaCl) structure. In the unit cell each Ca2+ 

ion is octahedrally co-ordinated to 6 CO3
2- ions, each of which bond with 1 oxygen 

atom, and a layered structure of Ca2+ and CO3
2- ions is apparent in the hexagonal 

unit cell. Calcite crystals produced experimentally typically possess rhombohedral 

morphologies, which are bound by non-polar (104) faces that contain equal numbers 

of Ca2+ and CO3
2- ions. 

 

Figure 1.13 The unit cell of calcite. Adapted from ref.48  

1.3.2 Aragonite 

Following calcite, the polymorph aragonite is next in terms of thermodynamic 

stability.  However, it is generally only formed in small quantities under ambient 
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conditions in the absence of additives as it is poorly stable. It can be precipitated at 

elevated temperatures of 50 °C or greater49. It is also more dense than calcite and 

therefore forms at high pressure50. However, following Ostwald’s rule of stages, it will 

eventually convert into calcite over time if left under ambient conditions. Precipitation 

in the presence of Mg2+ ions has also been shown to promote the formation of 

aragonite by suppressing calcite growth faces and increasing its solubility51. 

Aragonite possesses an orthorhombic unit cell (Figure 1.14) and has a 

pseudohexagonal arrangement of the cations52. Each Ca2+ is co-ordinated to 6 CO3
2- 

ions, as for calcite.  However, 3 of these are bonded with 2 oxygen atoms while the 

rest are bound through 1 oxygen, giving a coordination number of 9.  This results in 

two layers of carbonate ions rather than the alternating structure in calcite. Crystals 

of aragonite typically possess acicular morphologies. 

 

Figure 1.14 The unit cell of aragonite. Adapted from ref.48 

1.3.3 Vaterite 

Vaterite is the least stable of all the crystalline CaCO3 polymorphs and is rarely 

observed in nature53. Although it is highly metastable and rapidly transforms into 

calcite in solution, it is not unusual to observe experimentally that vaterite crystals 

have readily precipitated in the presence of organic molecules54. It is the least dense 

of all the crystalline CaCO3 polymorphs and cannot be stabilised relative to other 

crystalline polymorphs by controlling temperature or pressure during crystallisation55.  

Vaterite possesses a hexagonal unit cell with alternating layers of Ca2+ and CO3
2- 

ions, where the latter are oriented parallel to the c-axis rather than perpendicular, as 

occurs for aragonite and calcite45. Crystals of vaterite are most commonly observed 

as polycrystals with spherical morphologies. However, hexagonal plates of vaterite 
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may also be produced in the presence of ammonium ions, which can stabilise the 

high energy (00-1) faces56. 

 

Figure 1.15 The unit cell of vaterite. Adapted from ref.48 

1.3.4 Amorphous Calcium Carbonate (ACC) 

Amorphous calcium carbonate (ACC) may be formed as a precursor to the 

anhydrous CaCO3 polymorphs in aqueous solution. It precipitates rapidly at low and 

ambient temperatures and is highly unstable.  Left in solution it will dissolve and 

reprecipitate into calcite, aragonite or vaterite57. ACC exists in solution as spherical 

nanoparticles which possess no long-range order, with a chemical composition 

thought to be CaCO3.xH2O, where x is ≈ 1 – 1.545, 58.  

However, a distinction has been made between transient and stable ACC in 

biomineralization, where the former is dehydrated and the latter hydrated59. 

Experiments have shown that transient ACC phases may crystallise via structural 

arrangements occurring during dehydration, mediated by the expulsion of structural 

water60, 61. This has developed our understanding of biomineralization in sea urchin 

spicules, which grow using vesicles of transient ACC devoid of bulk water62, 63. 

Indeed, ACC has been shown to be an important phase in biomineralization64, where 

its amorphous, space-filling nature allows it to be moulded into any arrangement. 

This has led to the precipitation of anhydrous CaCO3 crystals which retain complex 

morphologies after being transformed from ACC held in constrained volumes65, 66. 

There is also interest in the stabilisation of ACC, which has been achieved using a 

number of additives67, 68, including ions such as Mg2+
,
69, 70 Sr2+,71 PO4

3-,72, 73 in 
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addition to proteins73, 74, and polymers75. The stabilisation of ACC using polymers 

was particularly significant as this led to the discovery of a polymer-induced liquid 

precursor (PILP)76, 77. 

The role of ACC in non-classical nucleation has also been explored78-81, where 

studies have indicated that aggregation of the prenucleation clusters (PNCs) results 

in the nucleation of ACC81, 82. Nanosized crystalline domains have been observed 

within ACC by Clark et al., who highlighted the similarity between the size of the 

domains with that of PNCs at 1 – 4 nm79, 83, 84. Furthermore, studies into the structure 

of ACC have shown that it can possess short-range order reminiscent to the 

anhydrous CaCO3 polymorphs85, 86. These ACC sub-types, or polyamorphs, are 

known as proto-calcite, proto-aragonite and proto-vaterite85, 87. Crystallisation is 

thought to occur by the aggregation and subsequent dehydration of the proto-

structures, resulting in precipitation of the corresponding polymorph80. 

1.3.5 The Hydrates of Calcium Carbonate 

There are two well-established hydrates of CaCO3, which are ikaite (CaCO3.6H2O)88 

and monohydrocalcite (CaCO3.H2O)89. Monohydrocalcite can be precipitated using 

additives such as Mg2+ in highly supersaturated solutions90. Both monohydrocalcite 

and ikaite have been discovered in marine sediments and sea ice, though ikaite is 

considered more common91, 92. Synthetic studies have shown that ikaite can be 

formed under high pH and low pressures and temperatures93 94, or using additives 

known to suppress calcite such as Mg2+ and PO4
2- (which also suppresses aragonite 

formation)92, 95. 

1.4 Investigating the Crystallisation of CaCO3 Using Cryo-TEM and 

LCTEM 

Calcium carbonate has been widely explored as a model crystallisation system and 

to broaden our understanding of biomineralization, with a large number of such 

investigations employing advanced transmission electron microscopy (TEM) 

techniques96. Cryogenic TEM (cryo-TEM) has allowed the structure and properties of 

CaCO3 phases to be examined at high magnifications while avoiding damage 

induced by the electron beam, in addition to facilitating time-resolved studies97, 98. By 

allowing samples to tolerate repeated imaging, cryogenic electron tomography (cryo-
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ET) can also be conducted to determine the spatial relationship between particles 

and gain additional information on their 3D structure99. Liquid cell TEM (LCTEM), 

also known as liquid phase TEM (LPTEM) allows us to monitor reactions in-situ, 

unlocking a wealth of information on the dynamics of a reaction or process100, 101. 

Furthermore, a combined approach harnessing several of these TEM techniques has 

been illustrated as a powerful strategy in elucidating the reaction pathways involved 

in crystallisation102, 103. In this section, the use of cryo-TEM and LCTEM for the study 

of CaCO3 formation will be summarised. 

The earliest reported cryo-TEM study of CaCO3 crystallisation was performed by 

Rieger et al., who used the technique to probe the role of polymeric additives in 

scale inhibition104. This was built upon in later work105, where the authors identified a 

spinodal phase separation prior to ACC formation. Further insight into the reaction 

mechanism was gained by Pouget et al., who studied the early stages of CaCO3 

formation on a stearic acid monolayer template using cryo-TEM79, 106. At high 

resolution, they observed ≈ 1 nm prenucleation clusters at the onset of aggregation 

(Figure 1.16)79. Further reaction yielded 30 nm amorphous nanoparticles, consistent 

with the formation of ACC. Intriguingly, PNCs were still observed following 

nucleation, which contrasted with previous studies conducted using titration22. The 

monolayer template had a stabilising effect on local ACC particles, which grew to 

larger sizes than the ACC in solution. At extended reaction times of 10 – 20 min, 

vaterite crystals were observed, whilst a template-free control yielded both vaterite 

and calcite. These observations allowed the authors to deduce the reaction pathway 

for template-directed CaCO3 crystallisation shown in Figure 1.16, deepening our 

understanding of the template-controlled precipitation strategies exhibited in 

biomineralization.  
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Figure 1.16 Template-directed crystallisation of calcium carbonate, (A) the 

particle sizes of the products formed at each stage, (B) the proposed stages 

involved, which are (0) the formation of PNCs, (1) the formation of ACC by 

aggregation of PNC clusters, (2) clustering and growth of ACC, (3,4) initial 

formation of poorly crystalline particles, (5) template-stabilised growth of a 

crystallisation domain, and (6) the formation of a single crystal. Reproduced 

from ref.79 

Cryo-TEM has made it easier to examine beam-sensitive phases at high 

magnifications99, and has therefore facilitated a number of in-depth studies involving 

ACC75, 107. Nudelman et al. investigated the effect of poly(α,β)-DL-aspartic acid 

(pAsp) on ACC stability and found that ACC particles with sizes under 100 nm could 

be stabilised107. They deduced that the coating of pAsp on ACC particles inhibited 

their growth, thus allowing them to remain stable for longer periods. Additionally, it 

was possible to identify PNCs in the vitrified solution using electron diffraction, due to 

the shift in their diffraction peaks relative to water. The interaction of ACC with pAsp 

was further studied by Xu et al. using cryo-TEM and cryo-ET to reveal new insights 

behind the polymer-induced liquid precursor (PILP)75. The authors examined the 

formation of PILP using pAsp, double-stranded DNA, and poly(allylamine) (pAH), 

and found that it consisted of polymer-ACC nanoparticles which contained ≈ 2 nm 

clusters of ACC. These clusters were formed via interaction of CO3
2- ions with Ca2+ 
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ions from solution that have bound to the polymeric chains, resulting in the 

precipitation of ACC within the matrix. Cryo-ET revealed the structure of the polymer-

ACC nanoparticles to be highly granular spheres with rough surfaces, accounting for 

the granular morphology of CaCO3 thin-films induced by PILP, as seen using SEM. 

Cryo-TEM has also been used to study the transformation pathway of ACC into 

anhydrous crystalline forms56, 108. The role of ACC in the formation of hexagonal 

vaterite particles using ammonium (NH4
+) ions was established by Pouget et al.56. By 

combining cryo-TEM and cryo-ET imaging techniques, they determined that ACC 

undergoes a solid-state transformation to form polycrystalline vaterite, where NH4
+ 

ions stabilise the (00-1) face. This inhibits growth at this face and induces the 

formation of hexagonal single crystals of vaterite. A solid-state transformation of 

ACC into aragonite has also been observed by Walker et al. in the presence of 

ethanol108. Initial formation of ACC occurred to yield interconnected networks in 

solution, which aggregated to form larger ACC particles of ≈ 300 nm. These formed 

linear arrangements and subsequently precipitated needle-like aragonite crystals 

through a solid-state transformation, rather than dissolution-precipitation.  

The advent of LCTEM has allowed the mechanism underlying CaCO3 crystallisation 

to be studied dynamically, and for further information on the earliest stages of 

reaction to be revealed. A LC with mixing capabilities was first used to investigate 

CaCO3 formation by Nielsen et al.,78 who performed a range of experiments directly 

mixing aqueous CaCl2 and NaHCO3 solutions in-situ, employing different solution 

concentrations and flow rates. Electron diffraction was used to confirm the identities 

of the products, though this was only possible when the liquid layer had thinned 

during an experiment and the scattering from solution was minimal. During the in-situ 

reactions, both direct and multistep pathways were observed. Although the direct 

pathway yielded ACC and all three of the anhydrous crystalline phases, the multistep 

pathway began with ACC and only transformed into aragonite or vaterite, with calcite 

never being observed. This study also highlighted different dissolution behaviours of 

ACC particles following continuous exposure to the beam. One dissolution 

mechanism involved shrinkage of the ACC particle until it was no longer visible, 

whereas another mechanism involved saw the ACC particles become solid-like, 

roughening and forming pits on the surface before eventually disappearing. 



 
 

24 
 

It should also be noted that confinement effects can influence LCTEM studies due to 

the small dimensions of the liquid cell109 (illustrated in Figure 1.17), which may result 

in reduced reaction kinetics102, altered polymorph selectivity and other changes to 

the crystal properties110. The effect of the confined environment provided by the 

liquid cell on CaCO3 crystallisation has been deduced by Kröger and Verch109, who 

used simulations to show that the ion transport was restricted. They deduced that 

this lowers the concentration of available ions, which in turn reduces the stability of 

CaCO3 phases. 

 

Figure 1.17 Schematic of a liquid cell TEM holder, showing the O-rings used to 

seal the cell in black, and the spacers in dark grey (typically 100 – 500 nm in 

depth depending on model) between the green silicon nitride chips. Adapted 

from ref.109  

LCTEM can also be used to explore the role of additives on CaCO3 formation. The 

effect of polystyrene sulfonate (PSS) on CaCO3 crystallisation was investigated by 

Smeets et al. using LCTEM in order to understand how a charged polymer matrix 

may influence biomineralization111. Upon mixing of PSS and CaCl2 solutions in the 

LC, globular hydrated Ca-PSS complexes were formed. Diffusing (NH4)2CO3 vapour 

through the cell led to the nucleation of ACC in or on the Ca-PSS globules, but not in 

solution (though vaterite eventually precipitated in solution after 2 hours of sustained 

diffusion). These findings were attributed to the generation of a high local 

supersaturation, caused by the complexation of Ca2+ ions with SO3
-
 groups on the 

immobilised PSS matrix.  

Further insight into biomineralization has been gained using LCTEM by investigating 

the effect of Mg2+, sodium citrate, and sodium poly-acrylate (PAA) on CaCO3 

crystallisation112, which are thought to regulate the transformation of transient ACC 
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during biomineralisation113, 114. The authors found that in the presence of sodium 

citrate and PAA, ACC transformed into anhydrous polymorphs via a dissolution-

reprecipitation process. However, the transformation pathway of ACC in the 

presence of Mg2+ varied with [Mg2+], where low [Mg2+] (≤ 2.5 mM) resulted in a direct 

transformation and larger [Mg2+] led to a dissolution-reprecipitation pathway being 

followed. Calcite precipitated by the direct transformation route was found to 

preserve the shape of the ACC precursor, imparting further insight into how 

morphology is controlled in biomineralization. 

It is challenging to ensure that the earliest stages of a reaction are captured during 

LCTEM, as the flow inlet is located away from the viewing window. A novel liquid cell 

design was reported by Kelly et al.,115 who created a 2D heterostructure mixing cell 

with two liquid pockets that are isolated by a thin layer of MoS2 that can be pierced 

by prolonged electron beam exposure (Figure 1.18). The authors used this method 

to initiate mixing of aqueous CaCl2 and Na2CO3 solutions directly at the viewing 

window, and observed the rapid formation of irregularly shaped, dense globules. It 

was deduced that these were products of spinodal decomposition, with further 

imaging showing dehydration and shrinkage of the globules to form smaller particles, 

indicating that the spinodal mixture was equilibrating towards a binodal composition. 

From these smaller particles, the authors observed the formation of smooth ACC 

particles with greater densities than the aforementioned precursors. In a beam-

blanked experiment, the authors also reported the formation of calcite from the 

dense globules, revealing an indirect pathway not previously seen in LCTEM studies 

of the CaCO3 system. 
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Figure 1.18 The 2D heterostructure-based liquid cell, (a) the beam induced 

pore, (b – d) time series images of the formation of a crack from the pore, (e) 

schematic of the cell after mixing. Adapted from ref.115 

Very recent studies of CaCO3 crystallisation using LCTEM have further evidenced a 

multistep pathway that begins with the formation of a dense liquid phase. In a study 

by Ramnarain et al., the effect of aspartic acid (Asp) on the early stages of CaCO3 

formation was investigated using LCTEM and correlated with hyperpolarised solid-

state NMR analysis116. In the absence of Asp, they found that nucleation occurred 

via a phase separation mechanism. The authors observed the formation and 

subsequent disappearance of droplets of a dense liquid phase. They determined that 

this was caused by dehydration of the droplets, resulting in the precipitation of ACC. 

However, in the presence of Asp a different pathway was observed, starting with the 

formation of PNCs. The aggregation of PNCs resulted in larger clusters that showed 

surprising stability and high conformational flexibility, which led the authors to 

deduce that they were DOLLOP-like in behaviour. This refers to simulation-based 

work by Demichelis et al. that proposed that PNCs consist of ionic polymer 

species83, the so-called ordered liquid-like oxyanion polymer (DOLLOP), which have 

highly dynamic structures that readily undergo structural rearrangement. Using 

hyperpolarised solid-state NMR, Ramnarain et al. showed that these effects were 

caused by the complexation of Asp with Ca2+ and CO3
2- ions, which stabilises the 

PNCs116. 

A LCTEM study by De Yoreo et al. also indicates that the early stages of CaCO3 

formation occurs via a dense liquid phase (currently available as a preprint)117. The 
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authors used in-situ liquid-state NMR techniques and IR spectroscopy to identify the 

species formed upon mixture of aqueous CaCl2 and NaHCO3 solutions in the 

presence of PAA or de novo-designed helical repeat (DHR) proteins. They observed 

the formation of dense liquid droplets, where certain solution concentrations resulted 

in an interconnected network. This dense liquid phase was found to undergo a 

solidification process to produce ACC by two different pathways. In the first pathway, 

hollow particles are produced with a thick shell, whereas the second pathway formed 

ACC by densifying from the centre of the dense liquid droplet outwardly. This 

occurred for both the additive and additive-free solutions, where the additives had a 

stabilising effect on the dense liquid phase. 

In summary, LCTEM has provided an ideal platform for conducting the numerous 

investigations of CaCO3 discussed in this section, which have led to substantial 

developments in our understanding of the mechanisms involved in biomineralization.  

1.4.1 An Overview of the Themes Explored in the Thesis 

The work described in this thesis broadly explores crystallisation as a tool for 

preparing functional crystals suitable for a range of applications. It also investigates 

the mechanism behind an important industrial crystallisation reaction using advanced 

electron microscopy techniques. Chapter 2 provides a description of the analytical 

and microscopy techniques used in the thesis. The work described in Chapter 3 

centres around the use of additives in calcite crystallisation to form porous crystals 

capable of exhibiting structural colour. Therefore, Chapter 3 begins with an 

introduction to additive-controlled crystallisation, synthesis routes for porous calcium 

carbonate, and structural colour. In Chapter 4, the mechanism behind the 

carbonation of calcium hydroxide for producing precipitated calcium carbonate 

(PCC) is investigated using conventional, cryo-, and liquid cell TEM. The introduction 

to this chapter reviews the industrial synthesis of PCC, the current understanding of 

the carbonation reaction mechanism, and the methods used to control PCC 

properties during synthesis. In Chapter 5, a range of porous manganese oxides were 

synthesised from precipitated manganese carbonate precursors as photocatalysts 

for the water splitting reaction. The chapter begins by reviewing photocatalytic water 

splitting and introduces the manganese carbonate system and its thermal 
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decomposition into manganese oxides. Finally, Chapter 6 concludes the thesis by 

drawing together the key findings and provides some original ideas for future study. 
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Chapter 2 | Characterisation and Analytical Techniques 

2.1 General Methods 

2.1.1 Cleaning Techniques 

All labware was thoroughly cleaned prior to use to eliminate impurities and cross-

contamination of experiments. Glassware was immersed in a base bath (1 M KOH in 

iPA), rinsed with water, then immersed within an acid bath (1 M HCl). Final rinsing 

was performed with deionised Milli-Q water before drying in an oven at 60 °C. Aqua 

regia was used to remove metallic impurities, which was typically required following 

water splitting experiments using heavy metal catalysts in Chapter 5. This was 

prepared using a mixture of HCl and HNO3 in a 70:30 ratio, which was left for several 

hours for reaction to cease before removing the mixture and rinsing thoroughly with 

DI water. 

Glass slides used as crystallisation substrates were prepared by cutting microscopy 

slides and cleaned using piranha solution. Piranha solution was prepared using a 

mixture of H2SO4 and H2O2 in a 75:25 ratio, and upon completion of the reaction, the 

slides were rinsed repeatedly with DI Milli-Q water and stored in DI Milli-Q water until 

required. 

2.2 Microscopy Techniques 

2.2.1 Optical Microscopy (OM) 

Optical or light microscopy has been used throughout this thesis as a rapid way of 

observing crystals. The sample is illuminated by a lamp and is made into an image 

by a system of lenses and apertures. A condenser lens and aperture are positioned 

close to the light source, and are used to focus and control the amount of light that 

reaches the sample. Positioned above the sample is an objective lens and aperture. 

A range of objectives with different focal lengths can be used which give the user a 

choice of magnifications while viewing. The image produced by the objective is 

inverted, and so furthest from the sample is the projector lens, which adjusts the 

image and projects it to the viewing piece or camera. 

This setup generally describes a microscope configured for illumination and viewing 

in transmission mode, which is best for observing thin translucent samples. For 
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larger samples whose surface is being examined, reflectance mode may be more 

appropriate. In this setup, a lamp is typically positioned above and to the side of the 

sample, using a beam-splitter to aim the light at the sample. The light reflected from 

the sample is received by the objective and passed through to the viewing binoculars 

or camera. 

In this work, a Nikon Eclipse LV100 was typically used, in both reflectance and 

transmission mode. 

2.2.2 Scanning Electron Microscopy (SEM) 

The scanning electron microscope (SEM) is used to examine samples at higher 

magnifications, with a spatial resolution approaching 1 nm for high-performance 

microscopes118. Instead of light, electrons are used to illuminate a specimen. 

Although this allows the resolution limit to be reduced, electrons are highly scattered 

in gases, so the microscope must be kept under vacuum with a pressure of at least 

10-10 Pa to ensure the electrons reach the sample. A beam of electrons is produced 

by a thermo-ionic gun or more commonly, a field emission gun (FEG). A FEG 

operates by applying a voltage to a sharp tip, producing a strong electric field that 

causes the emission of electrons. Like the light microscope, a series of lenses are 

used to focus the beam (Figure 2.1), but in this case the lenses are electromagnetic 

coils which can be easily manipulated using the microscope computer. The beam 

position is also controlled and will scan across a sample, producing signals from 

electron interactions which are collected using detectors. 
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Figure 2.1 The components of a SEM microscope. Reproduced from ref.119  

Electrons can interact with a sample in various ways, and by selectively detecting 

different interactions it is possible to examine different parts of a sample. The bulk of 

the interactions originate from electrons that have been inelastically scattered from 

the surface and top layer of the sample, and typically have low energies < 50 eV 118. 

By imaging with a secondary electron detector, topological features are more 

defined, and the surface of the sample can be observed in detail. Backscattered 

electrons can also be detected. These are primary electrons (part of the incident 

beam) that have interacted with a partial volume of the sample before leaving it, and 

so they still possess a high energy. These interactions are not as prevalent as 

secondary electron interactions, and so the signals produced are not as strong, but it 

is more sensitive to compositional changes within the material. Imaging with a 

backscattered electron detector can be useful for studying samples containing 

multiple elements and crystallographic orientations. 
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X-rays are also emitted by the sample following interaction with the electron beam. 

This allows the use of a qualitative technique called energy dispersive analysis of X-

rays (EDAX or EDX), which detects the emitted X-rays and their energies. This 

reveals the elements present, which can be interpreted to give the overall 

composition of the mixture of elements present or overlayed with SEM images to 

form an elemental map. 

Due to the vacuum conditions required when operating the microscope, samples 

must be dry and well-fastened to the sample stub. Samples can also be coated with 

a thin conductive layer to improve the interaction of electrons with the sample, as 

non-conductive samples can suffer “charging” effects that affect image quality. 

Iridium and platinum are widely used as coatings for this purpose, which can be 

applied to a desired thickness using a sputter coater.  

In this work, SEM samples were coated with iridium to a thickness typically 2 – 4 nm, 

using a Cressington 208HR High Resolution Sputter Coater. Samples were typically 

prepared on glass substrates, which were affixed to the stub using carbon paint or 

tabs. SEM images were taken using an FEI Nova NanoSEM 450 fitted with a FEG.  

2.2.3 Focused-Ion Beam Scanning Electron Microscopy (FIB-SEM) 

A dual-beam FIB-SEM allows for simultaneous modification and imaging of a 

sample. The SEM microscope is fitted with an ion beam which is produced by 

applying a voltage to a sharp gallium tip. Interaction of the ions with the sample 

produces secondary electrons and so images can be formed by collecting these 

signals as in SEM. By applying a stronger probe current, the ions possess enough 

energy to disrupt a sample by knocking out atoms118. As the beam can be precisely 

controlled, specific areas can be selectively milled to modify a sample as required. 

This process can be used to ablate entire regions of a sample, precisely etch upon a 

surface, or perform fine polishing steps. To prevent milling of regions outside of the 

selected area, a protective coating can be applied using the gas injection system. 

Organometallic gas is flowed through a needle positioned close to the sample, which 

will be deposited where the ion beam is directed. Commonly used GIS needles 

deposit metals such as platinum, tungsten and carbon, in addition to specific 

chemical mixes that can be used while etching semiconductors. These coatings can 

be used to protect a sample from excess beam damage and uneven ablation of 
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material, which can lead to defects known as curtaining. This is caused from the 

non-uniform redeposition of ablated particles, resembling irregular pillars or curtains 

that can hinder image analysis or result in uneven thickness across a lamella.  

Another component of the FIB-SEM is the micromanipulator. This is essential when 

using FIB to construct thin lamella as TEM samples; after using milling and polishing 

processes to create the lamellae, the micromanipulator is used in conjunction with 

the GIS needles to remove it from the bulk sample and attach it to a sample “chip”.  

An FEI Helios G4 CX DualBeam was used in this work to prepare cross-sections of 

crystals. FIB-SEM samples were attached to SEM stubs using carbon paint applied 

underneath the glass sample substrates, with edges and corners also coated to 

improve conductivity and ensure it was well fastened. Samples for FIB-SEM were 

coated with 20 nm of iridium using an Agar Scientific High Resolution Sputter Coater. 

Specific details regarding the probe currents and protocol used to obtain FIB-SEM 

cross-sections are provided in Chapter 3. 

2.2.4 Transmission Electron Microscopy (TEM) 

A TEM is used to examine the internal structure of a sample, and has many of the 

same components as an SEM (Figure 2.2). A FEG is used as the electron source, 

although the voltage applied to the tip is generally 10 times larger than for SEM. The 

beam is focused by 2 condenser lenses, referred to as the C1 and C2 lenses, and a 

C2 aperture. The sample is placed onto a holder which positions the specimen into 

the optical axis within the pole pieces of the objective lens. This is the strongest and 

most important lens, which produces the first image 120. Rays that pass through the 

sample form a diffraction pattern in the back focal plane, before forming an inverted 

image in the image plane. Depending on whether an imaging or diffraction mode is 

selected by the user, the intermediate lenses focus on either the image or the back 

focal plane, respectively. Additionally, apertures can be inserted to improve the 

image or pattern produced. The objective aperture can be inserted into the back 

focal plane to remove the contributions of electrons that have been scattered by 

large angles, which improves the contrast in the image. Alternatively, a selected-area 

electron diffraction (SAED) aperture can be inserted into the image plane. This is 

essential for viewing diffraction patterns, as the intensity of the diffraction pattern for 

a large area will damage the viewing screen or camera. The SAED aperture provides 
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an easy way to limit the number of electrons passing through, and hence reduces 

the chance of damaging the camera or screen.  

 

Figure 2.2 The components of a TEM microscope. Reproduced from ref.119 

The projected image is viewed on a fluorescent screen visible through a window at 

the bottom of the microscope. A camera is positioned below the screen, which is 

typically a CCD (charge-coupled device) camera. High-performance microscopes 

may also contain an energy filter, which will remove the contribution of inelastically 

scattered electrons. This is essential for imaging in high resolution, but can also be 

used for quantitative microscopy, e.g. to perform electron energy loss spectroscopy 

(EELS). EDX (mentioned above in Section 2.2.2) can also be used in conjunction 

with TEM. 

TEM samples are prepared on grids that are usually made of a conductive metal 

such as copper or gold. The grid is placed on a specimen holder which fits into the 
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objective lens pole pieces. Depending on the analysis required, different holders can 

be used, which allow the user to tilt the sample, or heat and cool in situ. 

For the majority of the work in this thesis, an FEI Tecnai TF20 was used, which is a 

FEG TEM operating at 200 kV. It is fitted with a Gatan Orius SC600A CCD camera 

and an Oxford Instruments INCA 350 EDX system with 80 mm X-Max SDD detector. 

For some of the work in Chapter 4, a Titan3 Themis 300 was used (typically where 

TEM work was performed on the dry liquid cell and in the additive study). This is an 

X-FEG S/TEM microscope which operates at 300 kV and is fitted with a Gatan 

OneView CCD, HAADF/ADF/BF STEM detectors and also an FEI Super-X EDX 

system. TEM samples were prepared on Quantifoil grids (either Cu or Au) with R 2/2 

film size and mesh size 200.  

2.2.5 Cryogenic Transmission Electron Microscopy (Cryo-TEM) 

In standard TEM, the specimen must be dry as the sample is placed directly within 

the vacuum of the microscope. This is a problem if the user wishes to examine wet 

or aqueous samples, as structural changes often occur during dehydration. Cryo-

TEM was developed to solve this problem, allowing many biological and liquid-based 

samples to be analysed using TEM by freezing the sample in a hydrated state.  

Sample preparation is crucial for attaining high quality images using cryo-TEM. In 

light of this, recent developments in this area have transformed the ability to study 

biological specimens. The 2017 Nobel prize in Chemistry was jointly awarded to 

Dubochet, Frank and Henderson for their developments in cryo-TEM121, where 

Dubochet’s research was focused on sample preparation techniques122.  

Freezing a sample involves careful consideration of the different polymorphs of ice. 

Crystalline ice will produce a diffraction pattern, which will interfere with the 

diffraction pattern of the sample. Therefore, vitreous ice is required and is made by 

rapid freezing of water. This is typically achieved using commercial or homemade 

plunge freezing devices (Figure 2.3). The TEM grid is held using a pair of tweezers 

that connect to a moving arm. This arm is moved up into a chamber with controlled 

temperature and humidity, allowing the sample to be pipetted onto the grid through a 

side door. This is blotted between filter papers for a set time using a set amount of 

force, before the grid is plunged downwards into a bucket of liquid ethane, which is 

kept cold by liquid nitrogen. Liquid ethane is used for vitrification as it has a higher 
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boiling point than liquid nitrogen. This avoids an insulating layer of gas being 

produced upon plunging, which delays the freezing process and can affect sample 

quality. The sample must then be kept cold by storing under liquid nitrogen, as any 

change in temperature will introduce cubic ice contamination and may even destroy 

or thaw the sample.  

 

Figure 2.3 Overview of the plunge-freezing process used to prepare grids for 

cryo-TEM. Reproduced from ref.123 

For cryo-TEM, a commonly used TEM grid style is the Quantifoil grid, which has a 

set mesh size, coated with a holey thin carbon film. Alternatively, a lacey carbon film 

can be used where the size of the sample varies or is unknown, as the holes have a 

wide distribution of sizes. 

In this work, a Thermo Fisher Titan Krios G2 with X-FEG and autoloader was used. 

This was operated at 300 kV and fitted with a Thermo Fisher Falcon 4 direct electron 

detector and a TFS Ceta (used for diffraction). All cryo-TEM samples were prepared 

on Au Quantifoil grids with R 2/2 film size and mesh size 200, and vitrified using an 

FEI Vitrobot Mk. IV, using a blot time of 6 s and blot force of 6. 
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2.2.6 Liquid Cell Transmission Electron Microscopy (LCTEM) 

To visualise dynamic processes, it is important to examine samples in solution. This 

can be done by using LCTEM, which uses a specialised specimen holder to contain 

liquid samples in a fully closed cell or flow cell (Figure 2.4). A standard cell design 

consists of two silicon chip “walls” with transparent windows, with a spacer placed 

between the chips to form the cell 100. It can be sealed with adhesive or using O-

rings depending on whether a closed or flow cell is desired. Samples are loaded into 

the cell during assembly, which will then be tested for leaks under vacuum. This will 

identify if there is a break or any misaligning parts before the cell holder is put into 

the TEM. 

 

Figure 2.4 A liquid-cell TEM holder with flow setup. Adapted from ref.98 

Several considerations must be made when using the TEM to examine a liquid 

sample. Exposure of water-based samples to the electron beam can cause radiolysis 

which may result in a rise in pH, changing the sample environment124. Additionally, 

the liquid layer scatters the beam to some extent and so the resolution is not as high 

as achievable in dry or cryo-TEM. Imaging of the LC is usually conducted in STEM 

mode, which offers the best resolution for liquid samples125. 
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In this work, a Titan FEI Titan3 Themis 300 was used in both STEM and TEM modes 

(for full microscope specification see Section 2.2.4 above). A Hummingbird Scientific 

LCTEM holder with dual-flow capabilities was used, which was fitted with SiN chips 

with windows (also SiN) that are 200 x 50 µm in size and 50 nm thick. The spacers 

between the chips were 250 nm. Plasma cleaning of the chips was conducted under 

Ar/O2 using a Henniker Plasma HPT-100 for 60 s to initially clean them and then 20 

s after loading the sample to help it adhere onto the chip. Leak-checking was 

performed using a Hummingbird Scientific Pfeiffer Vacuum DCU, where a pressure 

of 10-6 mbar had to be achieved to pass. After installing the LC holder into the TEM, 

the tubing was connected to a syringe pump in order to perform in-situ experiments. 

2.3 Analytical Techniques 

2.3.1 Raman Spectroscopy 

Raman spectroscopy allows molecules to be identified by the distinct way they 

interact with light. When photons collide with a molecule, there are several ways they 

can scatter depending on whether this occurs elastically or inelastically. Rayleigh 

scattering describes the elastic scattering of light, where the molecule is excited to a 

higher state before relaxing to the original state126. Inelastic scattering occurs when a 

molecule reaches a final energy state that was higher or lower than the original 

energy state. This can be further classified into Stokes and anti-Stokes scattering. 

Stokes scattering occurs when the emitted photon has less energy than the incident 

photon. When a photon is emitted with more energy, this is described as anti-Stokes 

scattering.  Raman spectroscopy measures Stokes scattering, so for a molecule to 

be “Raman-active” it must undergo a change in polarizability after interaction with 

light127. The data obtained in Raman can be compared with reference values to 

characterise the peaks and identify a material. 

Early work in this thesis that used Raman for basic confirmation of chemical 

composition was performed using a Renishaw 2000 Raman microscope with a 785 

nm laser. The majority of the Raman data, particularly that presented in Chapter 3, 

was obtained using a Horiba LabRam HR Evolution Raman instrument with confocal 

optical microscope, fitted with both 532 and 785 nm lasers. Data was typically 

collected with the 532 nm laser, using an edge filter and an 1800 grooves/mm 

grating. 
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2.3.2 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) gives information on the compositional changes 

of a material during heating. The sample is continually weighed during heating under 

air or an inert atmosphere, generating a thermogravimetric curve graph. From this 

curve, the step heights can be used to calculate the stoichiometry and reaction 

conversion, in addition to the moisture content128. TGA is particularly useful for 

investigating thermal decomposition reactions, where the exact temperature that 

transitions occur at can be identified, as well as exploring the effect of the heating 

rate during a decomposition reaction. TGA instruments are often coupled with 

differential scanning calorimetry (DSC) capabilities to give information such as the 

heat flow, which is useful for identifying phase changes. This technique can also be 

coupled with mass spectroscopy (TGA-MS), to determine the identity of any gaseous 

species that are formed during decomposition. 

In this work, a TA Instruments SDT Q600 instrument was used and samples were 

heated in air or under nitrogen. 

2.3.3 Powder X-ray Diffraction (pXRD) 

Powder X-ray diffraction (pXRD) is an important technique in solid state chemistry 

that is used to identify crystalline materials. By measuring the interaction of X-rays 

with a crystalline solid, the arrangement of the lattice in space can be determined 

(Figure 2.5).  
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Figure 2.5 Interaction of X-rays with the crystal lattice, demonstrating Bragg’s 

Law, where d represents the atomic spacing between crystal planes and θ 

represents the angle between the atomic plane and the beam. 

This is shown by the relationship outlined by the Bragg equation (Equation 2.1), 

where n represents an integer, λ the beam wavelength, d the atomic spacing 

between crystal planes, and θ the angle between the atomic plane and the beam. 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 (2.1) 

For Braggs Law to be satisfied, n must be an integer. This reflects the fact that for 

the scattered X-rays to be detected, they must undergo constructive interference 

during interaction with the lattice to ensure the waves are in-phase. This can only 

occur when the path lengths between X-rays scattered by adjacent planes differ in 

value by an integer129. In powder X-ray diffraction, many differently oriented crystals 

are exposed to the X-rays, and reflections are obtained from a range of different 

planes, allowing a characteristic pattern to be obtained. This can be indexed by 

comparing the pattern to reference patterns. Although pXRD is mainly used to 

identify crystalline materials, it can also be used to establish purity or to determine 

crystallite size130. 

In this work, powder XRD measurements were obtained using a Bruker D2 Phaser, 

fitted with a copper K-α anode (λ = 1.5406 Å) and a LynxEye detector operating in 

Bragg-Brentano reflection geometry. The range of 2θ values collected was varied 
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depending on the material being measured (generally between 5 – 80°), while the 

step size was generally fixed at 0.02°. 
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Chapter 3 | Porous Calcium Carbonate Crystals for Structural 

Colour 

3.1 Introduction 

3.1.1 Aims and Overview 

The development of porous crystalline materials is of significant interest due to their 

potential for diverse applications such as water treatment, energy storage, and drug 

delivery. An exciting, new potential application of porous crystals is their use as 

highly scattering materials that exhibit structural colour, whereby colouration is 

achieved by the interaction of light with micro- or nano-scale features. However, the 

synthesis of porous crystals often requires complex templating strategies. The aim of 

the work outlined in this chapter was to develop a facile method for creating porous 

single crystals of calcite by the occlusion of organic additives and their subsequent 

removal via thermal decomposition. It was also important to identify and optimise the 

influential parameters behind these processes, such as additive concentration and 

heating temperature, to highlight how the porosity could be controlled. The final goal 

of study was to demonstrate that the generation of porosity greatly increased the 

light scattering ability of the crystals, exhibiting structural colouration to appear bright 

white. This has exciting implications for calcite applications such as paper and paint, 

which typically require additional pigments to achieve a desired finish, where porous 

calcite may provide a cheap, non-toxic alternative. 

In order to meet these objectives, single crystals of calcite were occluded with a 

range of organic additives including aspartic acid (Asp), glycine (Gly), polystyrene 

microspheres (PS) and PMAA-PBzMA vesicles (Ves), and the incorporation 

efficiency was optimised. The composite crystals were heated to remove the 

occluded organic material using a variety of temperatures, heating rates and 

annealing times in order to establish their effect on the porosity. Cross-sections of 

the porous crystal were prepared using FIB-SEM and the porosity was quantified in 

terms of both pore size distribution and filling fraction using image analysis 

techniques. Finally the reflectance of the porous crystals was measured using a 

spectrometer, which showed that intense, broadband reflectance of > 70 % was 
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observed for Asp-, Gly- and Ves-calcite crystals, making them suitable as structurally 

coloured pigments. 

3.1.2 The Effect of Additives on CaCO3 Crystallisation 

For many synthetic chemists, crystallisation is a purification tool to be used for the 

expulsion of impurities from the bulk phase. However, the presence of impurities 

often has profound effects on the crystallisation process and the properties of the 

crystals produced. This has led to the purposeful addition of such impurities, 

repurposed as functional additives, during crystallisation in order to control the 

polymorph, morphology, size, and both nucleation and growth rates131. Additives 

have therefore become essential in many industrial crystallisation processes where 

specific crystal properties are crucial for their application3, 132. For example, 

polymorph control is imperative for the crystallisation of active pharmaceutical 

ingredients (APIs), since different polymorphs may possess drastically different 

stabilities, solubilities, and bioavailabilities that may alter the overall efficacy of the 

drug133, 134. 

As more is revealed about biomineralization processes, we see that additives also 

play a key role in the formation of biominerals with advantageous properties for the 

host organism135. In fact, the process of biomineralization is reliant on soluble 

macromolecules to direct crystallisation to control morphology and polymorph135, 136. 

These reactions occur within the structural matrix, which consists of insoluble 

organic molecules that provide a confined crystallisation environment where the 

composition of the system can be controlled by the organism137. The fascinatingly 

complex hierarchical structures formed during biomineralization serve as strong 

motivation to mimic Nature’s crystallisation strategy synthetically138. In order to 

successfully achieve this, first there must be an understanding of how different 

additives influence crystallisation. 

For centuries it has been known that the presence of additives during crystallisation 

can induce a change in the crystal Tracht139. This is brought about by a change in 

the growth rate of one or more crystal faces compared to their growth rate under 

normal conditions140. Considering only crystals that grow via the spiral growth 

mechanism (since it is via this mechanism that the expected Tracht is obtained), the 

growth rate of crystal faces are dictated by the step height, separation, and 
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advancement rate (step velocity). Additives can interfere with these factors by 

interacting with the crystal surfaces, and may do so selectively if they have varying 

affinities for different crystal faces. The adsorption of an additive onto a crystal face 

reduces its surface energy and suppresses the growth rate of the face. As discussed 

in Chapter 1, the faces that are ultimately exhibited by the crystal are those which 

grow most slowly, therefore the selective adsorption of additives can be used to 

control morphology. 

On a crystal face, additives may interact with the surface at step or kink sites and 

there are several established effects this may have upon the crystal, such as step 

pinning and kink blocking. Step pinning occurs when an adsorbed additive prevents 

further growth of the step edge, which is the case when the growing step cannot 

advance (or proceeds more slowly) around an additive that is adsorbed onto the 

adjacent surface. According to the Cabrera-Vermileya (C.V) model141, whether 

growth around the additive can continue depends on whether the spacing between 

additive ions/molecules exceeds the critical radius of the step curvature142. If the 

additive spacing is smaller, dissolution of the step is favoured. If the additive spacing 

is greater, then growth may continue. The spacing of the additive is dictated by its 

concentration, where higher concentrations result in smaller spacings. On the other 

hand, the critical radius of the step is influenced by supersaturation, where a low 

supersaturation results in a larger critical radius. Therefore, low supersaturations and 

high additive concentrations favour step pinning. The range of supersaturations at 

which growth cannot proceed is known as the “dead zone”. Where the step can 

advance, this often gives rise to a curved step edge that appears roughened. 

As the C.V model relies on rapid thermal fluctuations to continually generate kink 

sites141, further explanation has been sought for systems where the solute is poorly 

soluble (such as calcite)143, 144, and so has fewer fluctuations and there is a low kink 

density145. This is because the formation of kink sites is rate-limiting in these 

systems, rather than the attachment of growth units at kink sites, which occurs 

relatively rapidly145. This finding has highlighted the significance of additive 

interactions at kink sites on crystal growth146, namely kink blocking. Kink blocking 

occurs when additives become adsorbed at or temporarily occupy kink sites147, and 

can result in total inhibition of growth if both sides of the kink site are blocked, which 

is more likely to occur at increased additive concentrations146. Adsorption of 
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additives at kink sites can also change the properties of the step edges, such as step 

height, separation, and step velocity. This gives rise to an effect known as step 

bunching or pile-up148, that presents as roughening of the crystal surface. These 

effects are clearer in crystals with large sizes, which possess a greater number of 

kink sites, and so kink blocking can be more important149.  

Incorporation of an additive occurs following adsorption at kink sites, step edges or 

terraces, when growth can advance around the additive causing it to become 

entrapped in the host crystal142. The result is a composite, or hybrid crystal, which 

may possess elevated properties relative to the individual components, such as 

increased mechanical strength150-152 or optical properties153, 154, and so occlusion has 

become an exciting strategy for the engineering of novel crystalline composites for 

diverse applications. Generally, the incorporation efficiency of an additive is 

increased at increased supersaturation due to the greater density of steps that are 

formed at higher supersaturations155. The occlusion of additives is known to induce 

strain in the crystal lattice156, which makes it increasingly soluble. This reduces the 

effective supersaturation and lowers the step velocity compared to an additive-free 

system142. 

In addition to adsorption and incorporation, a final, less invasive way in which 

additives may affect crystallisation is by changing the properties of the liquid phase. 

This can occur if an additive alters the supersaturation of the system, changing the 

solubility characteristics of a phase 6, or by complexation of ions in solution157. 

Finally, there is also interest in studying the combined effects of different additives, 

where two or more additives may have cooperative or antagonistic influences on the 

growing crystal, or one can act as a chaperone158, 159. 

Focusing now on the role of additives in controlling the crystallisation of calcite, it is 

first necessary to understand the faces and steps exhibited by pristine calcite. Pure 

calcite crystals are bound by six {104} faces, with two acute steps (in the [-441]- and 

[48-1]- directions) and two obtuse steps (in the [-441]+ and [48-1]+ directions), which 

have heights of ≈ 3 Å (Figure 3.1).  Calcite crystals exhibit glide-plane symmetry 

along the c-axis, about which the acute and obtuse steps are paired. In an additive-

free system, the growth of calcite proceeds via spiral growth from dislocations at 

supersaturations lower than 0.8, where much higher supersaturations of ≈ 1.5 results 

in 2D island nucleation160. Once calcite crystals reach a size greater than 1 µm, 
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spiral growth is favoured over 2D island nucleation as the reduced diffusion kinetics 

result in a reduction of the supersaturation161. 

 

Figure 3.1 AFM image of a spiral hillock on a calcite (104) face. Reproduced 

from ref.160 

Small inorganic ions such as Mg2+, Sr2+, Li+ have been shown to interact with 

growing calcite crystals, where they are of special interest due to their presence in 

natural CaCO3 deposits and biominerals50, 162. Crystallisation of calcite in the 

presence of Mg2+ ions leads to incorporation of the ions163, increasing the width of 

terraces and reducing the step density164. The occlusion of Mg2+ increases the 

solubility of calcite and as a result inhibits the growth of calcite faces165.  At low 

[Mg2+], where growth is not inhibited, roughening of the acute crystal step edges is 

observed due to the preferential binding of Mg2+ at these sites166, and elongation of 

the c-axis leads to a significant change in the calcite morphology167. Conversely, Sr2+ 

ions bind preferentially to the obtuse step edges and can also increase the growth 

rate of calcite at low concentrations168. Calcite crystals with tabular morphologies are 

precipitated in the presence of Li+ ions, due to the stabilisation of the {001} faces169. 

AFM studies have shown that Li+ ions adsorb onto the obtuse steps, causing them to 

curve and resulting in a fan-shaped hillock170. The Li+ ions also reduce the step 

density along the acute directions ([-441]- and [48-1]-, by decreasing the free energy 

of these steps and subsequently increasing the terrace widths170. 
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It has been demonstrated that a broad range of organic additives can be 

incorporated within single crystals of calcite149, 171, including polymers172, 173, single 

organic molecules174, dyes175-177 and gels178, 179. The incorporation of organic soluble 

additives such as amino acids within calcite has been extensively studied to gain 

insight into biomineralization174, 180-182. One of the most well-explored amino acids, 

that is utilised in this chapter, is aspartic acid (Asp). Mollusc shells are composed of 

biogenic calcium carbonate containing acidic macromolecules that are rich in Asp 

within their organic matrix183, where the negatively charged Asp domains have been 

shown to be crucial for interacting with calcium ions184. The effect of aspartic acid 

(Asp), a chiral amino acid, as an additive in synthetic calcite crystallisation has been 

investigated in detail by Orme et al. using atomic force microscopy (AFM)185 (Figure 

3.2). The authors showed that Asp binds to the acute <44-1> and <44-8> steps 

preferentially, which appear roughened at high concentrations of Asp and form the 

curved edge of the cap facets. Asp can interact with calcite steps by direct bonding 

of the carboxyl groups with Ca2+ ions and hydrogen bonding between the protonated 

amino group and the carbonate sites186. As Asp does not interact with the obtuse 

steps, these remain straight in the cap facets, exhibited at the apex of the crystal. 

Molecular dynamics simulations have suggested that disordered water at the acute 

steps may stabilise Asp by interacting with the carboxyl groups187. Depending on 

whether the D- or L-enantiomer of Asp is present, binding occurs at the (01-4) or (-1-

14) step edges respectively to maximise the stereochemical fit and allow 

coordination of both carboxyl groups188.  

 

Figure 3.2 AFM images of hillocks on calcite (104) faces with amino acids, (a) 

pure calcite, (b) glycine, (c) D-aspartic acid and (d) L-aspartic acid. Adapted 

from ref.185 

In contrast, the other amino acid utilised in this chapter, glycine (Gly), is a non-polar 

amino acid which has only a hydrogen atom as a side chain. However, it exhibits a 
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similar adsorption free energy to Asp189. X-ray diffraction (XRD) and modelling 

studies have indicated that Gly does not directly interact with the surface, but does 

participate in the hydration layers of water surrounding the crystal190. Regardless, 

effective incorporation of Gly within calcite crystals has been achieved151, which 

suggests that some direct absorption does occur following displacement of water, 

though this requires further study to clarify the underlying mechanism159. Compared 

to Asp, Gly does not pack as efficiently174, and induces stronger inhibitory effects at 

high additive concentrations151. 

The effect of amino acids on the early stages of calcite precipitation has been 

investigated to identify their potential interactions with ACC191 and prenucleation 

clusters (PNCs)192, 193. Tobler et al. found that the addition of Asp or Gly prolonged 

the lifetime of ACC by adsorbing onto the surface of ACC particles, and 

subsequently delayed the precipitation of crystalline phases. At very high 

concentrations of Asp, ACC formation was inhibited and direct precipitation of calcite 

and vaterite was observed. This was not observed for Gly using the concentrations 

tested, which binds less strongly. The influence of amino acids on the formation of 

prenucleation clusters was explored by Picker et al., who found that several of them 

(glutamic acid, aspartic acid, serine, threonine and tyrosine) stabilised the clusters by 

interaction with the carboxylate/hydroxide side chains192. Gly was found to retard 

nucleation and increased the solubility of ACC, which was thought to occur due to 

potential incorporation of Gly within ACC. Molecular dynamics simulations performed 

by Finney et al. looked further into the role of Asp, arginine (Arg) and Gly on calcite 

crystallisation, and found that Asp bound more strongly with Ca2+ ions than Gly or 

Arg, which are neutral and positively charged respectively193. However, HCO3
2- 

bound more strongly with Arg than Gly and Asp, emphasising the role of the charge 

on the amino acid for interaction with clusters. 

The occlusion of amino acids within calcite with high incorporation efficiencies has 

been investigated as a method of synthesising hybrid materials with increased 

functionality174, such as enhanced mechanical strength151. Kim et al. showed that 

occlusion of Asp and Gly elevated the hardness of synthetic calcite to those of 

biogenic calcite151. Mijowska et al. showed that occlusion of Asp was elevated to 

6.12 mol% by crystallising Asp-calcite under hydrothermal conditions (134 °C, 0.4 

MPa)194. The authors also found that incorporation of Asp within calcite increased 



 
 

49 
 

the thermal expansion coefficient, resulting in twice the volumetric expansion 

coefficient of pure calcite. This lead to the formation of cracks in Asp-calcite 

annealed at 350 °C.  

A vast number of polymer-calcite composites have been synthesised due to the ease 

with which polymeric structures with diverse shapes and properties can be prepared. 

Aside from their use in colloidal crystal templating195 (described in detail later in 

Section 3.1.3), polystyrene microspheres have been shown to incorporate effectively 

within calcite when their surfaces are functionalised with high acid-content 

carboxylate chains196. Carboxylate-coated PS microspheres without the high acid-

content showed that particles were only entrapped in the surface and outer region of 

the crystals, indicating poor interaction between the growing crystal and the additive 

particles197. Removal of the organic beads, which was achieved by dissolving them 

in tetrohydrofuran (THF) or calcination at 500 °C, created pores on the surfaces of 

the calcite crystals.  

Block-copolymers with varied compositions, shapes and functionalisation have been 

shown to efficiently incorporate with single calcite crystals 198-200. There is particular 

interest in di-block copolymer micelles and vesicles due to their potential in 

encapsulation201-203. The occlusion of such vesicles within calcite was explored by 

Ning et al., who found that the level of incorporation was increased for vesicles which 

were functionalised with negatively charged carboxylate groups204, 205. Three key 

steps have been proposed for the occlusion of anionic di-block copolymer vesicles 

within calcite: (i) desorption following initial attachment to {104} faces, (ii) hovering 

above growing step edges and (iii) final incorporation within the growing crystal206. 

The incorporation step was studied using AFM to reveal some preference for 

adsorption onto acute steps, and also that they underwent compression during 

occlusion and eventually extended towards the free surface to form ellipsoidal 

shapes155. 

However, it should be noted that despite recent focus on the use of anionic 

functional groups for efficient occlusion in additives, positively charged functional 

groups have also been found to facilitate high levels of incorporation207. Although 

they interact relatively weakly with the growing calcite crystals208, positively charged 

additives do not complex with Ca2+ ions, unlike negatively charged additives, which 

means that higher supersaturations and additive concentrations can be explored 
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without aggregation occurring207. By lifting these restrictions on crystallisation 

conditions, exceptionally high levels of occlusion have been achieved for a range of 

cationic additives207. 

3.1.3 Synthesis of Porous Calcium Carbonate 

Calcium carbonate is an attractive crystalline material for biomedical and food 

applications due to its biocompatibility and biodegradability. Facile routes of 

synthesising porous calcium carbonate crystals have therefore been explored for 

their use in bone-scaffolding209-211, drug delivery212, 213, and waste water treatment214. 

Porous vaterite crystals have been most widely studied due to its inherent porosity 

and polycrystallinity215-217, and control over the porosity has been achieved using 

polymers and solvents as additives in the crystallising solution218-220. 

An exciting use of porous calcium carbonate materials is for the encapsulation of 

active compounds for specific applications where direct application or ingestion is 

undesirable. Calcium carbonate is a non-toxic material which is stable at 

physiological pH221 and will dissolve at gastrointestinal pH. Such high 

biocompatibility has made porous calcium carbonate an ideal candidate for drug 

delivery applications. To exploit this advantageous property, functionalised calcium 

carbonate was synthesised by Ridgeway et al.222 and been commercialised as a 

highly versatile pharmaceutical excipient, where the porous framework provides a 

surface for loading drug molecules onto223-225. The highly porous (60 % v/v) particles 

were synthesised from ground calcium carbonate (GCC), which was reprecipitated in 

the presence of inorganic mineral salts to create a new porous surface226.  

In addition to facilitating encapsulation, the pores can provide additional benefits. 

This was demonstrated by researchers loading CaCO3 with flavouring compounds 

such as vanillin, who exploited the confined environment within the pores to avoid 

unwanted crystallisation of the flavouring compound227. Another example where the 

porosity was advantageous was in the delivery of powder-form insulin, which was 

more rapidly absorbed when simultaneously administered with porous CaCO3 

particles compared to non-porous CaCO3
228. The prospect of using porous calcium 

carbonate for slow-release of a loaded compound has been explored not only for 

drug molecules229, but also herbicides, where porous CaCO3-starch composites 
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allow better adhesion to the plants and reduced undesired leaching of the herbicide 

into the soil230.  

Fewer studies focus on creating porosity within calcite crystals. This has typically 

been achieved using templates such as colloidal crystals. Li and Qi formed porous 

single crystals of calcite by adding ACC to a colloidal dispersion of polymer 

microspheres and drying, before removing the template by dissolving the beads in 

THF and heating at 450 °C195. The ACC filled the interstitial areas between the 

polymer beads before crystallising with an inverse opal structure to yield a highly 

porous, mesh-like single crystal. A similar study by Hetherington et al. employed a 

wedge setup to form larger prismatic porous single crystals of calcite via direct 

precipitation, demonstrating that both methods can be used to form structurally 

complex crystals231. 

Highly porous calcite crystals have also been prepared using the naturally porous 

sea urchin skeleton to make a polymer template, then using a U-tube apparatus to 

perform crystallisation inside the membrane template via double diffusion232, 233. The 

template was removed by dissolution in solvents (chloroform or a hot mixture of 1:1 

THF:EtOH) or heating at 500 °C to generate single crystals of calcite with sponge-

like porosity.  

In addition to templating strategies, additive incorporation is also a viable method of 

producing porous calcite. As highlighted in Section 3.1.2, the incorporation and 

subsequent removal of functionalised PS particles in calcite created pores on the 

crystal surfaces197. The occlusion of agarose hydrogel within calcite crystals was 

found to cause porosity via the incorporation of gel fibres throughout the crystal 

structure179. A mixture of calcite and vaterite was obtained by Li et al. who used 

performed the crystallisation in gelatin234.  The vaterite was converted into the stable 

calcite polymorph on annealing at 550 °C to remove occluded gelatin, yielding 

porous calcite crystals. The porosity facilitated a higher loading of doxorubicin and 

the controlled, slow release of the drug compared to the non-porous control. 

However, the incorporation of additives is not essential for the formation of porosity 

within calcite. Yu et al. decomposed calcium carbonate at 1000 °C to yield porous 

calcium oxide, which slowly reacted with air upon cooling to form porous calcium 

carbonate235. The same strategy was used with calcium citrate (C12H10Ca3O14·4H2O) 
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and calcium lactobionate (C24H42CaO24·2H2O), where larger pores were observed 

with increasing size of the organic side chains236.  

In the present study, porous calcium carbonate is produced by thermal 

decomposition of organic additives occluded within calcite. The thermal behaviour of 

calcium carbonate has been well-studied as calcination is a key stage for the 

formation of calcium oxide from natural sources such as limestone237, 238. As 

highlighted previously, many animal shells comprise biogenic calcium carbonate, 

which contains organic macromolecules. While studying the thermal decomposition 

of avian eggshell, Tsuboi et al. showed that delicate structural features and pores 

were created by heating biomineralized CaCO3
239.  

A detailed study of the evolution of porosity during thermal decomposition of sea 

urchin spine and plate sections by Albéric et al. provided insight into the mechanism 

of pore formation240. They found that pores were formed during two main processes: 

(1) crystallisation of residual ACC at 170 – 300 °C and (2) the decomposition of 

organic molecules occluded within the crystals at 300 – 400 °C. The authors 

hypothesised that the formation of pores by removal of organics in the spine and 

plate proceeded via different mechanisms. They suggested that both the micro- and 

nano-porosity in the spines relied on bulk diffusion, whereas the plate pores which 

were controlled by surface diffusion. This was explained by identifying a “percolation” 

threshold, which dictated the pore density required for surface diffusion to be the 

predominant mechanism. The plates possessed a far greater pore density which 

surpassed this threshold, providing a lower activation energy for surface diffusion. 

This was not the case for the spines, suggesting that bulk and surface diffusion 

possess similar activation energies. 
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Figure 3.3 SEM images of fractured laminar stereom and septa regions of P. 

lividus sea urchin annealed at (a) 170 °C, (b) 200 – 250 °C, (c) 300 – 400 °C, 

where the arrows in (c) highlight the outer layer that has no observable pores. 

Reproduced from ref.240 

Overall, porous calcium carbonate has been produced for a range of applications, 

but the porosity has not been explored for enhancing optical properties. In this 

chapter, the ability of porous calcite to scatter light and yield a bright white colour via 

structural colouration is investigated. 

3.1.4 Structural Colour 

Structural colour describes a fascinating phenomenon whereby colour is produced 

through the interaction of light with nanoscale features on the surface of an object. 

Structural colour is prevalent within Nature, and a multitude of flora and fauna use 

this phenomenon to display bright colours or iridescent effects (Figure 3.4). 
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Figure 3.4 Examples of structural colour in nature, (a) iridescent H. trionium 

petal, (b) the blue iridescent fern Selaginella, (c) green photonic crystals in the 

elytra of the diamond weevil beetle Entimus imperialis, (d) iridescent structural 

colour in a male peacock tail feather, (e) blue structural colour in the butterfly 

Morpho rhetenor, (f) thin-film interference in the wings of the insect 

Clostereocerus coffeellae, (g) iridescence in the shell of the mollusc Haliotis 

glabra, (h) iridescent structural colour in the bristles of the sea mouse 

Aphrodita aculeata, (i) in male Siamese fighting fish Betta splendens. 

Reproduced from ref.241 

There are a number of mechanisms by which structural colour is achieved, which 

can be broadly categorised into six main, non-exclusive types (Figure 3.5). The first 

two mechanisms are thin-film and multi-film interference. These occur when light is 

reflected by each interface of a thin-film or multiple thin-film layers, where increasing 

the number of layers will boost reflectance and can create a metallic appearance242. 

The third mechanism involves periodically grooved surfaces known as diffraction 

gratings. This occurs by constructive interference, as for the film interference 

mechanism, but unlike film interference, the wavelength of light reflected is different 
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at each reflector site (or each groove in a diffraction grating). The fourth and fifth 

mechanisms describe coherent and incoherent scattering. Coherent scattering 

broadly includes the mechanisms already discussed, in which the incident and 

scattered light are related to each other241. Incoherent scattering describes the 

reflection or refraction of light which is caused by randomly oriented features. This is 

the case for Mie, Rayleigh and Tyndall scattering, which involve incoherent 

scattering by small particles and molecules243. Disordered, anisotropic scatterers are 

also key in producing a bright white appearance in Nature244. This can be optimised 

by maximising the difference between the refractive indices of the scatterer and 

surrounding medium242. The final way in which structural colour is achieved is 

through periodically structured photonic crystalline materials. Photonic crystals are 

1D, 2D or 3D composites built using materials with contrasting refractive indices245. 

These include opal and inverse opal structures exhibited by some beetle and 

butterfly species241. The photonic bandgap of these materials dictates their optical 

activity. 

 

Figure 3.5 Structural colour can be produced by (a) thin-film interference, (b) 

multi-film interference, (c) diffraction grating, (d) coherent scattering, (e) 

incoherent scattering, (f – h) 1D, 2D and 3D photonic crystals. Reproduced 

from ref.241 

It is common for both animals and plants to exhibit not just one but a combination of 

these mechanisms to achieve their iconic visual effects. Using mechanisms which 

reflect light at different periodic distances, such as in multi-film inference and 
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diffraction gratings, will cause the resulting optical effect to have an angular 

dependence. This means that depending on the illumination and viewing angle of the 

feature surface, different colours or iridescence may be observed. 

In this chapter, the mechanism used to create structural colour was incoherent 

scattering, with the aim of creating bright white calcite crystals by exploiting the 

contrasting refractive indices of calcite with the air-filled pores (λ590 nm = 1.658 and 

1.00 respectively246). Calcite is widely employed as a filler compound in products 

such as paper, plastic, rubber and paint. Highly scattering calcite with bright white 

appearance could remove the need to use additional white pigments in these 

products, the most popular of which (TiO2) has been newly classified as a 

carcinogen by the European Chemicals Agency247, due to recent findings on its 

toxicity248-250. Additionally, the optical properties of highly reflective materials can be 

exploited in thermal protection systems and solar cells. 

A desire to mimic the optical effects shown in Nature has led to researchers 

exploiting structural colour mechanisms through the fabrication of nanoscale 

features245, 251-253. However, few of these efforts have focused on creating bright 

white materials. In the literature, polymers have typically been used to prepare 

porous structures which are capable of scattering light in a broadband fashion to 

appear white254-256. Drawing inspiration from the Cyphochilus sp. beetle, PMMA films 

with bright white appearance were prepared by Syurik et al. using a solvent-

evaporation method to create highly disordered networks capable of scattering 

light257 (Figure 3.6). Indeed, the chitinous scales of the Cyphochilus sp. reflect 

diffuse, broadband light so effectively that they appear brilliant white despite being 

only half the thickness of comparable synthetic materials258, 259. Further replication of 

the disordered chitin network has been achieved using cellulose nanofibrils, where a 

wide range of pore and nanofibril sizes were crucial for ensuring superior 

reflectance.  
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Figure 3.6 Mimicking the Cyphochilus insulanus beetle using microstructured 

PMMA films (a). After wetting, the beetle is the same colour whereas the 

polymer film becomes transparent (b). SEM images of a cross-section of a 

Cyphilochilus sp. scale (c) and the PMMA film. Reproduced from ref.257 

Structural colour has also been observed in calcium carbonate crystals in nature. 

The coccolithophore Emiliania huxleyi produces calcite crystal plates called 

coccoliths that cover the cell. Stacks of coccoliths appear iridescent and when 

subjected to a magnetic field, the periodicity between discs will change to give rise to 

different colours260. In some molluscs, the shells possess multiple layers with a thick 

layer of nacre (which is composed of 95% aragonite261). Interaction of light with the 

spacings between the plates in this layer creates either a white or iridescent 

appearance, depending on their thicknesses242. A similar phenomena is displayed in 

the single-celled organisms Foraminifera, which contain layers of calcium carbonate 

material with voids, resulting in structural colouration to yield a bright white 

appearance262. 

The present study investigates the optical properties of porous calcite prepared via 

occlusion and removal of organic additives, namely their ability to scatter broadband 

light efficiently to achieve a bright white colour. This relies on the incoherent 

scattering mechanism of creating structural colour. By using different additives, 

porous calcite could be produced with varying pore size distributions and filling 

fractions. This allowed the effect of these pore properties on the crystal reflectance 

to be studied. Inspired by the use of calcium carbonate in Nature to give a bright 
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white appearance, this chapter aims to demonstrate how porous calcite may offer an 

exciting alternative to pigments for achieving optical effects. 

3.2 Experimental 

3.2.1 Synthesis and Preparation of Materials 

3.2.1.1 Materials 

The following materials were obtained from Sigma Aldrich: calcium chloride 

dihydrate CaCl2.2H2O, ammonium carbonate (NH4)2CO3, L-aspartic acid (Asp), 

glycine (Gly). High-acid content carboxylate-functionalised 0.51 µm polystyrene (PS) 

microsphere dispersions were obtained from Bangs Labs Inc. and the size 

distribution was measured as 445 ± 21 nm. Anionic diblock copolymer vesicles 

composed of poly(methacrylic acid)-poly(benzyl methacrylate) (PMAA-PBzMA) (Ves) 

with size distributions 365 ± 120 nm were synthesised and supplied by Dr Ouassef 

Nahi. Chemical structures of the additives used are shown in Figure 3.7. All aqueous 

solutions were prepared using deionised water from a Millipore Q Water system 

operating at 18 Ω. 
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Figure 3.7 Chemical structures of the additives occluded within calcite, (a) 

aspartic acid, (b) glycine, (c) polystyrene, (d) poly(methacrylic acid)-

poly(benzyl methylacrylate (PMAA-PBzMA). 

3.2.1.2 Synthesis of Additive-CaCO3 Composite Crystals 

In this project, Asp-, Gly- and PS-calcite composites were prepared by precipitating 

calcite in the presence of additives using the ammonia diffusion method. Aqueous 

solutions of CaCl2 of were pipetted into a multi-well plate containing several glass 

slide pieces in each well. Additive solutions were then added to the well plate and 

gently mixed. A range of [Ca2+] and additive concentrations were used to prepare 

Asp-, Gly- and PS-calcite (Table 3.1, Table 3.2 and Table 3.3, respectively). The well 

plate was placed in a desiccator accompanied by a petri dish containing ≈ 3 g 

ammonium carbonate powder, which was covered with Parafilm and pierced several 

times. The desiccator was left undisturbed for a minimum of 48 hours. Following 

crystallisation, the glass slides were removed from the solution and rinsed thoroughly 

with DI water and EtOH. The glass substrates were subsequently dried in a 60 °C 

drying cabinet. 
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The amino acids Asp and Gly were firstly chosen as an additive as they are both 

well-known to occlude effectively within single calcite crystals with high incorporation 

efficiencies. Additionally, Asp and Gly are cheap and readily available chemical 

compounds, and therefore would demonstrate the most potential for application 

purposes. PS microspheres were chosen as an additive as they have uniformly 

spherical sizes which facilitated and simplified simulations of the ideal void size and 

filling fraction. Vesicles were then chosen as an unfilled analogue of the PS 

microspheres, in order to avoid the undesired absorbance effects caused by carbon 

remnants that persisted inside the crystals following heat treatment. A combination of 

PS and Gly was trialled in an attempt to obtain porosity with mixed pore sizes and 

shapes. Finally, sea urchin spine provided a natural analogue to the Asp- and Gly-

calcite composites and were subjected to the same heat treatment to allow 

comparison. 

[Ca2+] / mM [Asp] / mM 

1.25 

10 

20 
50 

5 

10 

20 
50 

10 
10 
20 

50 

Table 3.1 The range of final [Ca2+] and [Asp] used for the crystallisation of Asp-

calcite via ADM. 

[Ca2+] / mM [Gly] / mM 

1.25 
100 

200 

5 
100 

200 

10 
100 

200 

Table 3.2 The range of [Ca2+] and [Gly] used to crystallise Gly-calcite. 
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[PS] / wt.% 

0.005 

0.01 
0.1 

0.5 

1 
2 

3 
4 

5 

Table 3.3 The range of [PS] used to obtain PS-calcite. 

Calcite incorporating PMAA-PBzMA vesicles were synthesised using a direct mixing 

strategy. 10 mM CaCl2 solutions were prepared and mixed with the vesicle 

dispersion (Table 3.4), before adding 20 mM Na2CO3 solution. The well-plate was 

left undisturbed for 48 hours and the glass slide substrates were removed and 

washed as before. 

[Ves] / wt.% 

0.05 

0.1 

0.25 

0.5 

Table 3.4 The range of [Ves] used to obtain Ves-calcite. 

3.2.1.3 Thermal Decomposition of Occluded Additives in Calcite 

The glass substrates supporting the crystals were placed on a ceramic tray crucible 

and heated in a muffle furnace at a controlled rate. The heating parameters were 

varied to determine their effect on porosity and whether the pore properties could be 

controlled via heating rate, temperature, and heating time (Figure 3.8). It should be 

noted that the heating time refers to the time spent at the target temperature, and is 

not inclusive of the time spent heating up to it. 
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Figure 3.8 The heating parameters investigated for thermal degradation of 

occluded organic additives in calcite crystals. 

Preliminary work was undertaken using TGA to confirm the temperature at which 

CaCO3 transforms into CaO (Equation 3.1), cited in literature typically at 600 °C 

(Figure 3.9).  

𝐶𝑎𝐶𝑂3(𝑠)

∆
→  𝐶𝑎𝑂(𝑠) + 𝐶𝑂2 (𝑔) (3.1) 
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Figure 3.9 Thermogravimetric profile for calcite, heated using a rate of 5 °C 

min-1. 

The TGA profile for calcite shows a major weight loss that occurs at 600 °C until 750 

°C. The reduction in weight to 56 % of the initial weight reflects the change in molar 

mass from 100 to 56 gmol-1 as CaCO3 decomposes into CaO, releasing CO2. This 

confirmed that the calcination process occurs at 600 °C, and so this was considered 

the upper temperature limit for heating calcite to create porosity. The degradation of 

organic additives was expected at temperatures > 200 °C200, 263, 264.  Therefore, this 

formed the lower bound of suitable heating temperatures. The full range of heating 

parameters used are shown in Table 3.5. It should be noted that the annealing time 

refers to the time that samples were subjected to the target temperature for, and is 

not inclusive of the time required to achieve the target temperature. 

Heating Rate / °C min-1 Temperature / °C Length of time / min 

5 300 30 

5 400 30 

5 500 30 
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5 600 30 

5 500 10 

5 500 4 h 

5 500 8 h 

1 500 30 

10 500 30 

Table 3.5 Heating parameters investigated for their effect on porosity 

formation within Asp-Calcite. 

3.2.2 Analytical Techniques 

3.2.2.1 Amino Acid Quantification via Fluorometric Assay 

The amount of Asp and Gly occluded within AA/calcite crystals was quantified using 

a plate reader, using a modified version of the high-throughput quantification strategy 

outlined by Green et al. 265 Firstly, the crystals were cleaned using NaOCl to remove 

organic material, chiefly the surface-bound amino acids but also any remnants of 

ammonia which can react with the derivatisation solution. The crystals were 

immersed in NaOCl solution and left overnight. The crystals were then washed 

thoroughly, filtered under vacuum and left to dry in air overnight prior to loading into 

a 96 well plate. Each of the [Asp]/[Gly] and [Ca2+] conditions were measured and had 

a total of 3 repeats per condition, with 2 mg of AA/calcite loaded per well. A 

microbalance was used and the exact mass was recorded for each well to use later 

in the mole calculations. In order to release the occluded amino acid molecules, the 

calcite crystals were dissolved in 150 µl of 200 mM EDTA solution and shaken on a 

microplate mixer at 600 rpm for 2 hours.  

The well plate was also loaded with Asp and Gly control solutions of known 

concentration (0.02 – 5 mM), in order to create calibration curves for both amino 

acids. The resulting solution was loaded with 100 µl IBLC (isobutyryl-L-

cysteine)/OPA (o-phthaldialdehyde) derivatisation solution. OPA is a fluorescent 

molecule which reacts with nucleophiles such as primary amines and thiols (e.g. 

IBLC), the latter of which has been shown to boost fluorescence when mixed with 

OPA prior to addition of amino acids266. The IBLC/OPA was prepared using 1 M 

potassium borate solution at pH 10.4, to further ensure optimum fluorescence 
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intensity, with final concentrations of 26 mM IBLC and 17 mM OPA. Following 

derivatisation, the well-plate was loaded into a Perkin Elmer EnVision 2103 well plate 

reader and the fluorescence intensity was measured using λex = 230 nm, λem = 445 

nm. 

By comparing the fluorescence of the amino acid solutions against a calibration 

curve, the moles of occluded amino acid could be obtained. This allowed the 

efficiency of the occluded additive across different [Ca2+] and [Asp]/[Gly] to be 

evaluated in terms of mol% (where the total moles of AA-calcite was calculated from 

the recorded masses loaded into the well-plate). 

3.2.2.2 Measurement of Optical Properties using a Spectrometer 

The optical properties of the crystals were measured in the Bioinspired Photonics 

Lab at the University of Cambridge by Dr Gianni Jacucci, under the supervision of 

Professor Silvia Vignolini. 

A Zeiss Axio Scope A1 microscope, configured with an Avantes HS2048 

spectrometer and Avantes FCUV50-2-SR (50 µm core size) optical fibre, was used 

to measure the optical properties of the crystals. The fibre size used was chosen to 

allow a single crystal to be measured, which typically ranged from 10-100 µm in size. 

The reflection spectrum across the visible light wavelength region (400 – 700 nm) in 

bright field was collected for 3-5 crystals for each sample set. A silver mirror (PF05-

03-P01, Thorlabs) was used to normalise the reflectance values. Microscope images 

were taken and annotated to record the crystal measured, so that they could be 

located with SEM using a tilted stage to measure the z-height or “thickness” of the 

crystal. The crystal thickness was recorded in order to determine whether it was 

attributable for changes in optical behaviour between different samples. 

3.2.2.3 FIB-SEM for Cross-Section Preparation and Imaging 

In order to examine the porosity within the crystals, cross-sections were prepared 

and imaged using FIB-SEM. The glass substrates were fixed to SEM stubs using 

carbon paint and coated with 20 nm of iridium before placing into the microscope 

chamber. After taking low magnification SEM images, a single crystal was selected 

and high magnification images were collected. The stage was tilted to 52° to bring 

the crystal substrate perpendicular to the ion beam. Using the GIS needle, platinum 

was deposited selectively onto a central region perpendicular to the long axis of the 
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crystal using an ion beam current of 0.23 – 0.43 nA. This was applied to form a layer 

of 0.5 – 2 µm thickness depending on the size of the crystal, in order to protect the 

crystal surface and outer regions from the ion beam during milling. The unwanted 

edge of the crystal was removed using ion beam currents of 21 – 2.5 nA, milling into 

the platinum coated region. This was followed by polishing steps using lesser ion 

beam probe currents of 0.79 nA – 7.7 pA until a smooth, curtain-free cross section 

was obtained. Images of the cross-section were taken using the electron beam and 

backscatter detector to mitigate charging, which was prevalent around pore edges. 

3.2.2.4 Cross-Sectional Image Analysis 

After obtaining SEM images of the cross-sections, image analysis was conducted to 

investigate the properties of the pores. FIJI was used first to crop and select the 

crystal area from the image background267. The crystal area was measured and the 

contrast of the image was adjusted to clarify the pore regions against the crystal. The 

resulting image file was exported to ilastik and the object classifier programme was 

used268. The classier was first trained to recognise the pores, crystal and background 

as three separate objects. This was done by manually labelling these features until 

the object classifier was optimised and applied to the full image. This generated a 

segmented image which was exported into FIJI once more. The “Analyse Particles” 

function was used to select the pores and generate quantitative data describing the 

pore properties.  

The main data collected from the image analysis were the area of each pore. The 

distribution of the pore areas was graphically represented using violin box-plots. This 

method was chosen as it shows the kernel density plot, which helps to identify 

clusters of data points amongst the population, unlike typical box-plots. Additionally, 

the data did not possess a normal distribution and was highly positively skewed. This 

suits a non-parametric statistical method such as the kernel density estimation. 

Though both were calculated, the median pore area was preferred over the mean, as 

the median provides a better reflection of the central tendency for skewed data such 

as this269. The interquartile range (IQR), which is the range where 25 – 75 % of the 

data population lies, was also calculated as a measure of the spread. The filling 

fraction of the porosity was quantified by calculating both the pore area and the pore 

density, where the pore area describes the proportion of the crystal area occupied by 
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pores (%) and the pore density represents the number of pores per unit area of 

crystal (µm-2). 

3.3 Results 

3.3.1 Crystallisation of Calcite with Additives 

A range of organic additives were trialled for the formation of porous calcite. For 

ease of reference, a nomenclature will be used to differentiate between samples 

prepared using different Ca2+ and additive concentrations. The sample names take 

the form “X, Y additive-calcite”, where X indicates [Ca2+]/ mM, Y indicates [additive]/ 

mM and “additive” will be replaced with Asp/Gly/PS/Ves. For example, “10, 20 Asp-

calcite” refers to the calcite samples occluded with aspartic acid using [Ca2+] = 10 

mM and [Asp] = 20 mM. 

3.3.1.1 Crystallisation of Asp-Calcite 

Calcium carbonate crystals were grown in the presence of Asp via the ammonia 

diffusion method, using [Ca2+] = 1.25, 5, and 10 mM and [Asp] = 10, 20 and 50 mM. 

While a perfect rhombohedral shape was observed at low [Ca2+] and [Asp], the 

crystal morphology showed increasingly pronounced {104} faces, surface 

roughening and slight elongation along the [001] direction with increasing [Asp] and 

[Ca2+] (Figure 3.10). 
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Figure 3.10 SEM images of Asp-calcite, prepared with varying [Asp] and [Ca2+]. 

Raman spectroscopy confirmed that calcite was obtained (Figure 3.11), with all 

characteristic peaks present (Table 3.6). 
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Figure 3.11 Raman spectrum of Asp-calcite, compared with a reference 

spectrum for calcite obtained from RRUFF270 (RRUFF ID: 040070). 

Peak Position / cm-1 Peak Assignment 

1083 ν1, CO3
2- stretching mode 

710 ν4, CO3
2- out-of-plane bending mode 

280 L, CO3 external mode 

154 T, CO3 external mode 

Table 3.6 Raman peaks observed for calcite crystals and their assignments. 

The amount of Asp occluded within the calcite crystals was quantified using a 

fluorescence assay, using a calibration curve of known concentrations as described 

in Section 3.2.2.1. The efficiency of amino acid occlusion was determined in mol% 

and compared across the range of [Ca2+] and [Asp] (Figure 3.12). 
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Figure 3.12 The incorporation efficiency of Asp within calcite crystals in mol% 

across different [Asp] and [Ca2+]. 

Asp-calcite showed greater occlusion of Asp at higher [Asp] and [Ca2+], indicating 

that incorporation scales with both addition concentration and supersaturation. This 

was expected as the greater number of step edges created at higher supersaturation 

facilitates greater interaction and occlusion155. However, there was little increase in 

Asp incorporation between the 1.25, 20 mM and 1.25, 50 mM samples, or the 5, 20 

mM and 5, 50 mM samples. This could be attributed to the steep increase in 

[Asp]/[Ca2+] between these conditions. Overall, the highest level of incorporation was 

achieved for [Ca2+] 10 mM, [Asp] = 50 mM, which had 1.2 mol% of Asp occluded 

within the crystals. 

3.3.1.2 Crystallisation of Gly-Calcite 

Gly-calcite was precipitated using [Ca2+] = 1.25, 5, 10 mM and [Gly] = 100 and 200 

mM. Rhombohedral calcite crystals were obtained, which also showed increasingly 

pronounced {104} faces at each apex with [Gly] and [Ca2+] (Figure 3.13). 
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Figure 3.13 SEM images of Gly-calcite prepared using varying [Gly] and [Ca2+]. 

Raman spectroscopy confirmed that calcite was obtained (Figure 3.14). 

 

Figure 3.14 Raman spectra of Gly-calcite, compared with a reference spectrum 

for calcite obtained from RRUFF270 (RRUFF ID: 040070). 



 
 

72 
 

The incorporation efficiency of Gly within calcite crystals was quantified, as for Asp-

calcite, in mol% for crystals prepared with a range of [Ca2+] and [Gly]. 

 

Figure 3.15 The incorporation efficiency of Gly within calcite crystals in mol% 

across different [Gly] and [Ca2+]. 

Higher Gly incorporation occurred with increasing [Gly], though there was a more 

complicated relationship with [Ca2+]. There was little increase in Gly incorporation 

with increasing [Ca2+] at [Gly] = 100 mM. However, there was a drastic increase in 

incorporation between [Ca2+] = 1.25 – 5 mM for [Gly] = 200 mM, before ultimately 

decreasing between [Ca2+]  5 – 10 mM. This change suggests that at [Ca2+] = 10 mM 

the Ca2+ ions are so freely available that there is a competition effect, and so less 

occlusion of Gly is observed. It was also noted during synthesis that very low yields 

of calcite were obtained using [Ca2+] = 1.25 mM, indicating that nucleation was 

inhibited by the Gly molecules. Overall, the highest level of occlusion (1.89 mol%) 

was obtained for 5, 200 Gly-calcite, which is slightly greater than for Asp-calcite (1.2 

mol%). 

3.3.1.3 Crystallisation of PS-calcite 

Functionalised polystyrene microspheres are commercially available in a variety of 

sizes.  Initial simulations were therefore performed by Dr Gianni Jacucci to determine 
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the most appropriate size for enhancing light scattering. The amount of scattering 

generated by a 3D box filled with spherical voids of varying diameter was modelled 

(Figure 3.16). This showed that the ideal diameter of the voids for maximum 

scattering was 500 nm. Further simulations testing the ideal packing efficiency 

showed that the optimum filling fraction of the voids within the simulated crystal was 

30 %. Various concentrations of PS were therefore tested to attain this filling fraction 

experimentally. 

 

Figure 3.16 Simulated scattering of voids in a 3D, where R represents the radii 

of the voids and ff represents the filling fraction, (a) scattering by voids with 50 

nm radii and filling fractions of 10 – 30 %, (b) scattering by voids with 100 and 

200 nm radii and a filling fraction of 30 %, (c) scattering by voids with 200 and 

250 nm with a filling fraction of 30 %. 
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Calcium carbonate was precipitated in the presence of PS, using [PS] = 0.005, 0.01, 

0.1, 0.5, 1, 2, 3, 4, 5 wt.% and fixed [Ca2+] = 1.25 mM.  All conditions produced 

crystals with PS microspheres incorporated onto the external faces (Figure 3.17). At 

low concentrations of 0.005 and 0.01 wt.%, rhombohedral calcite crystals were 

obtained. Above these concentrations, the particles became elongated along the 

[001] direction. 

 

Figure 3.17 SEM images of PS-calcite prepared with varying [PS]. 

The Raman spectrum showed that calcite was produced, however there were 

several additional peaks present that could be attributed to the occluded PS beads 

(Figure 3.18). 
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Figure 3.18 Raman spectra of PS-calcite, compared with a reference spectrum 

for calcite obtained from RRUFF270 (RRUFF ID: 040070). 

Quantification using TGA was not performed for PS-calcite as surface bound 

additives could not be removed from the crystals, which prevented accurate analysis 

of the incorporation using this method. However, the level of incorporation can be 

gauged using the porosity analysis described later in this chapter, since the sizes of 

the pores and the size of individual PS microspheres are comparable. 

3.3.1.4 Crystallisation of Ves-calcite 

Ves-calcite was synthesised by precipitating calcium carbonate in the presence of 

poly(methacrylic acid)-poly(benzyl methacrylate) (PMAA-PBzMA) diblock copolymer 

vesicles with sizes 365 ± 120 nm using a direct mixing strategy.  Vesicles 

concentrations of [Ves] = 0.05, 0.1, 0.25 and 0.5 wt.% were employed. 

Rhombohedral crystals were obtained with modified morphologies and polycrystals 

were obtained for [Ves] = 0.5 wt.% (Figure 3.19), as shown at lower magnification in 

Figure 3.20. 
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Figure 3.19 SEM images of Ves-calcite prepared using varying [Ves]. 

 

Figure 3.20 SEM image of Ves-calcite polycrystals using [Ves] = 0.5 wt.%, 

taken after heating. 
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Raman spectroscopy confirmed that calcite was obtained, with some minor 

additional peaks present due to the occluded vesicles (Figure 3.21). 

 

Figure 3.21 Raman spectra for Ves-calcite, compared with a reference 

spectrum for calcite obtained from RRUFF270 (RRUFF ID: 040070). 

As for PS-calcite, the incorporation of Ves-calcite was gauged by porosity analysis 

described later in the chapter, as surface bound additives could not be removed. 

3.3.1.5 Crystallisation of PS/Gly-calcite 

Calcite was precipitated in the presence of both PS and Gly to determine whether a 

wider range of pore sizes could be achieved by occluding two additives with 

contrasting sizes. A fixed [PS] of 1 wt.% was used with [Gly] = 100, 200 mM (Figure 

3.22).  
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Figure 3.22 SEM images of PS/Gly-calcite crystals prepared with varying [Gly]. 

3.3.2 Investigation into the Effect of the Heating Parameters on Porosity 

The annealing temperature is critical to the generation of porosity, where it initiates 

the decomposition of organic additives while avoiding the breakdown of the crystal 

into calcium oxide. Feasible temperatures fall in the range 200 – 600 °C, as identified 

using TGA (Figure 3.9) and the literature on thermal degradation of the organic 

additives used here (discussed in Section 3.2.1.3). Experiments were therefore 

conducted to determine how the porosity can be controlled within this temperature 

range, where the ability to tune the pore size distribution and filling fraction is 

valuable for multiple applications. The effect of the heating rate and annealing time 

was also investigated.  

The annealing experiments were conducted using crystals prepared with [Ca2+] = 10 

mM and [Asp] = 10 mM, using the heating parameters shown in Table 3.5. Briefly, 

this explored the effect of 4 different temperatures (300, 400, 500 and 600 °C), 4 

different annealing times (10 min, 30 min, 4 hr and 8 hr) and 3 heating rates (1, 5 

and 10 °C min-1). 

Following heating, the samples were allowed to cool to ambient temperature inside 

the furnace. Cross-sections of the crystals were prepared and imaged using FIB-

SEM to assess the porosity, and to analyse the pore size distribution and filling 

fraction in terms of pore density and pore area. 
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3.3.2.1 Effect of Temperature 

The cross-section images in Figure 3.23 show that pores were formed at all 

temperatures tested. However, they were only uniformly distributed across all areas 

of the crystal at temperatures above 500 °C. A small number of pores are observable 

at 300 °C, which are only located within a small region near the top face of the 

crystal. At 400 °C, the pores are more prevalent, but are localised to the top face and 

one side. The remaining heating conditions resulted in porosity which presented 

uniformly across the cross-section. 

 

Figure 3.23 FIB-SEM images of Asp-calcite heated using different 

temperatures, with a fixed heating rate and heating time length of 5 °C min -1 

and 30 min. 

The annealing temperature is therefore critical to the generation of uniform porosity. 

At low temperatures, the pores are only present near the top face of the crystal. They 

become more abundant in the central and bottom areas of the cross-section as the 

temperature increases. This indicates that the porosity begins to form at the top face 

of the crystal. At higher temperatures, this process will occur rapidly such that pores 

are generated across the entire cross-section within the annealing time. This 

indicates that for low temperatures, a longer heating time is necessary for 

widespread pore formation. 
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The pore size distributions were plotted using violin box plots. The violin box plot 

incorporates a standard box plot with a population density to provide additional 

insight into the spread of data271. This produces a violin-shaped curve around the 

box-plot that reflects the shape of the distribution, allowing bimodal, uniform and 

normal distributions to be distinguished from one another even if the IQR, mean and 

median are identical. A key advantage of using violin box plots is that they show 

whether a data population clusters at different values within the IQR, so in this 

context would reveal whether two distinct pore sizes were formed. Standard box 

plots were also used to show clearly the IQR and median, which was chosen over 

mean and standard deviation as a measure of central tendency due to the skewness 

of the pore size data. 

The pore size distribution increases at higher temperatures (Figure 3.24a) as seen in 

the increase in median pore size with temperature in the range 300 – 500 °C (Figure 

3.24b). The IQRs vary between 500 and 600 °C, while there is negligible change in 

the median in this temperature range. This can be explained using the filling fraction 

(Figure 3.24c). The pore density increases with temperature until it plateaus at 500 

°C, while the pore area increases with every temperature increase. This indicated 

that additional pores formed but coalesced. 
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Figure 3.24 The effect of heating temperature on porosity, (a) violin plot 

showing the population spread of pore size, (b) box plots of the pore sizes and 

(c) the filling fraction of pores within the crystal, in terms of pore density (µm-2) 

and pore area (%).  

3.3.2.2 Effect of Annealing Time 

The effect of annealing time (the amount of time that the sample was kept at the 

target temperature) was studied using a temperature of 500 °C and a fixed rate of 5 

°C min-1. Initial observations of the FIB-SEM cross-sections showed that all crystals 

had pores located uniformly through the internal structure, even after only 10 

minutes (Figure 3.25). 
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Figure 3.25 FIB-SEM images of Asp-calcite heated at 500 °C for different time 

lengths, using a fixed heating rate of 5 °C min-1. 

Comparison of the pore size ranges showed a clear distinction for short and long 

time periods (Figure 3.26a). Crystals heated for 4 – 8 hours possessed a much 

broader range of pore sizes than those heated for 10 – 30 minutes. This was also 

the case when comparing median pore sizes (Figure 3.25b), which differed for 

samples heated for short and long times. This shows that the heating time has a 

strong influence on the pore size distribution. 

The filling fraction also shows two types of behaviour (Figure 3.26c). The pore 

density and pore area were fairly similar for samples heated for 10 – 30 minutes. 

Between 30 minutes and 4 hours, the pore density drops and pore area increases. 

This indicates that both growth and coalescence of the pores occurred. This likely 

proceeds by the initial growth of pores which eventually merge with neighbouring 

pores to form a smaller number of larger pores. Between 4 and 8 hours of heating, 

there is a large increase in the pore area but little change in pore density, suggesting 

that the pores grew without further coalescence. 
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Figure 3.26 The effect of heating time on porosity, (a) violin plot showing the 

population spread of pore size, (b) box plots of the pore sizes and (c) pore 

density (µm-2) and pore area (%). 

3.3.2.3 Effect of Heating Rate 

The effect of the heating rate was firstly investigated using TGA, comparing rates of 

1, 5 and 10 °C min-1. In the literature, the heating rate has been found to affect the 

thermal decomposition of CaCO3, where different conversion values occurred 

between 625 – 850 °C when different heating rates was used272. This is a 

phenomenon known as thermal lag that is underpinned by Newton’s Law of 

Heating/Cooling, which describes the proportional relationship between the 

temperature rate and the temperature of the sample and environment273. It implies 

that at faster heating rates the sample experiences greater thermal lag. This was 

also found to be the case for Asp-calcite, where a complete transformation of CaCO3 

to CaO occurred at different temperatures depending on the rate used (Figure 3.27). 

When Asp-calcite was heated at 1 °C min-1, this transition began at 570 °C and 
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completed at 675 °C, compared to 630 – 740 °C for 5 °C min-1 and 645 – 770 °C for 

10 °C min-1. Therefore, the transition occurred at lower temperatures when slower 

heating rates were used. This behaviour was also observed for the transition that 

occurred at 450 – 490 °C due to the release of CO2 from the decomposition of 

occluded Asp molecules. The thermal lag exhibited here, which worsens with 

increased heating rate, will also be shown when other heating devices are used 

(such as the muffle furnace) unless there is excellent thermal conductivity and 

diffusivity274.  

 

Figure 3.27 The effect of heating rate on the thermal decomposition of Asp-

calcite shown using TGA. 

Calcite was heated at 1, 5 and 10 °C min-1 to 500 °C and held at this temperature for 

30 minutes. Widespread porosity was observed in crystals prepared at all heating 

rates (Figure 3.28). 
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Figure 3.28 FIB-SEM images of Asp-calcite heated at different heating rates to 

500 °C and held for 30 min. 

The slowest heating rate yielded the widest range of pore sizes, with similar ranges 

obtained using 5 and 10 °C min-1 (Figure 3.29a). However, there was little difference 

in median pore size between heating rates (Figure 3.29b). The pore density 

increased significantly as the heating rate increased, while there was minimal 

change in pore area at different rates (Figure 3.29c).  

The contrasting pore density and area values combined with the different distribution 

curves in the violin plots suggest that the heating rate chiefly influences the 

proportion of large and small pores formed. At slow heating rates, a smaller number 

of larger pores are formed, whereas at fast heating rates, a larger number of small 

pores are formed. 
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Figure 3.29 The effect of heating rate on porosity, (a) violin plot showing the 

population spread of pore size, (b) box plots of the pore sizes and (c) the filling 

fraction of pores within the crystal, in terms of pore density (µm -2) and pore 

area (%). 

3.3.2.4 Overview of Heating Conditions 

In summary, the properties of the pores formed could be controlled by tuning the 

heating parameters. Temperatures of 500 °C or greater were required to form 

uniform porosity (using a heating rate of 5 °C min-1 and held for 30 minutes). The 

sizes of the pores can be controlled via the heating time, where the greatest 

distribution of pore sizes was formed using long heating periods of 4 – 8 hours 

(Figure 3.30a). The median pore size roughly doubled in crystals annealed for hours 

rather than minutes (Figure 3.30b). 

The smallest pore size distribution was found for crystal heated at 300 – 400 °C, 

though both these conditions yielded a non-uniform distribution of pores across the 

crystal cross-section (Figure 3.30a). The porosity of the crystals obtained using all 
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other heating conditions had similar pore size distributions and had median pore 

sizes of 0.05 – 0.1 µm2 (220 – 320 nm diameter) (Figure 3.30b). The pore density 

was chiefly controlled by the heating rate, where the largest pore density of 2.2 µm-2 

was obtained using the fastest rate of 10 °C min-1 (Figure 3.30c). The pore area 

increased with annealing time, where the largest pore area of 22 % was observed in 

crystals heated for 8 hours.  

 

Figure 3.30 Pore properties for all heating properties tested, (a) violin plot 

showing the population spread of pore size, (b) box plots of the pore sizes and 

(c) the filling fraction of pores within the crystal, in terms of pore density (µm-2) 

and pore volume (%). 
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Insight into the transformation of the pores during heating can be obtained by 

considering the change in pore density and area with heating time. The pore density 

decreased by a third between 30 minutes and 4 hours of heating, while the pore area 

increased by roughly a third. This could be explained by the expansion of pores over 

time until neighbouring pores coalesce. Further heating caused the pore area to 

increase, but gave little change in pore density, indicating that further pore growth 

occurred between 4 – 8 hours. 

As the method of heating is crucial to pore formation, a fixed heating protocol was 

used to investigate the effect of occluded additives. The chosen protocol was 500 

°C, for a period of 30 min using a rate of 5 °C min-1, as this condition had the best 

balance between pore density and area. 

3.3.2.5 Low Temperature Heat Treatment 

Finally, a low temperature heat treatment was trialled to determine whether long 

heating periods at low temperatures would also provide uniform porosity. Crystals 

were heated at 5 °C min-1 to 250 °C and were then held at this temperature for 3 

hours.  

The cross-section for this sample showed that pores were uniformly distributed 

across the crystal (Figure 3.31). This shows that uniform porosity can be achieved by 

substituting a low temperature and long heating time for a high temperature and 

short incubation time. 

 

Figure 3.31 SEM images of Asp-calcite cross-sections prepared by FIB-SEM, 

comparing low and high temperature heating regimes. 

The porosity was compared with that of crystals prepared using the high temperature 

regime (500 °C, 30 min, 5 °C min-1). The pore size distributions were very different 
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between the high and low temperature regimes (Figure 3.32a), where the low 

temperature regime yielded much smaller pores with a very narrow size distribution 

(Figure 3.32b). The filling fractions were also very different, where the pore density 

was much higher for the low temperature regime.  At 4.5 µm-2 this was almost twice 

the value of all other heating conditions trialled. However, the pore area was much 

larger for the high temperature heating regime. This suggests that although the low 

temperature heating regime generates a higher pore density, they are so small that 

the pore area is not comparable to that of the high temperature sample. 

 

Figure 3.32 Comparison of pore properties for high and low temperature 

heating regimes, (a) violin plot showing the population spread of pore size, (b) 

box plots of the pore sizes and (c) the filling fraction of pores within the 

crystal, in terms of pore density (µm-2) and pore area (%). 

In summary, judicious balancing of the heating parameters can ensure that porosity 

is uniform throughout the calcite crystal even at low temperatures. Contrasting pore 

properties were obtained between the high and low temperature heating regimes, 

demonstrating how the porosity can be controlled by tuning the heating parameters. 
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3.3.3 Analysis of Porosity of Annealed Additive/Calcite Crystals 

3.3.3.1 Annealed Asp-calcite 

The crystals were heated to remove Asp using a heating rate of 5 °C min-1 until they 

reached 500 °C where they were incubated for 30 mins. After heating, the crystals 

were inspected using OM in reflectance mode (Figure 3.33) and FIB-SEM to 

examine their porosity (Figure 3.34). The OM images showed that crystals with 

higher [Asp] and [Ca2+] appeared bright white, though there was a yellow hue to the 

10, 50 mM Asp-calcite crystals. The cross-section images showed that all conditions 

yielded porous crystals in which the pores were uniformly distributed.  

 

Figure 3.33 OM images of Asp-calcite after heating, taken in reflection mode. 
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Figure 3.34 SEM images of Asp-calcite cross-sections prepared using FIB-

SEM, annotated with [Ca2+], [Asp].  

Porosity analysis showed that the pore size distribution varied in crystals prepared at 

different [Ca2+] and [Asp] (Figure 3.35). However, it is difficult to identify clear trends 

in the pore size with [Ca2+] and [Asp]. Increasing [Asp] for samples with [Ca2+] = 1.25 

mM led to an increase in median pore size, whilst this brought about a decrease in 

median for those with [Ca2+] = 5 and 10 mM.  



 
 

92 
 

 

Figure 3.35 The effect of [Ca2+], [Asp] on pore properties of Asp-calcite heated 

at using the high temperature heating regime, (a) violin plot showing the 

population spread of pore size, (b) box plots of the pore sizes and (c) the filling 

fraction of pores within the crystal, in terms of pore density (µm -2) and pore 

area (%). 

The pore density and pore area generally increased with increasing [Asp] for [Ca2+] = 

5 and 10 mM. This indicates that more pores were formed with increasing [Asp]. 

Once again, this trend does not fit with the data for [Ca2+] = 1.25 mM, where the pore 

density and area decreased with increasing [Asp]. The decrease in pore area and 

volume with [Asp] for [Ca2+] = 1.25 mM suggests that fewer pores are formed with 

increasing [Asp] at this [Ca2+]. 

Considering the effect of [Ca2+] on samples with fixed [Asp], the pore area increased 

with increasing [Ca2+]. However, the pore density increased with [Ca2+] between 1.25 
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and 5 mM, while decreasing between 5 and 10 mM. This could be due to higher 

levels of occlusion at 10 mM, increasing the likelihood of pores forming and 

coalescing. 

Overall, increasing [Asp] created more pores when higher [Ca2+] was used, but the 

opposite trend was observed at low [Ca2+]. There was no clear trend for the 

relationship of [Ca2+] with pore size, but the evidence suggested that increasing 

[Ca2+] led to more pores until [Ca2+] = 10 mM. At this concentration the pore area 

increased while the pore density fell, indicating that additional pores were formed but 

that some coalescence also occurred. 

The composition of the Asp-calcite crystals following heating was checked using 

Raman spectroscopy (Figure 3.36). This was not possible for all samples due to the 

highly scattering nature of the crystals, which caused saturation of the detector at > 

50,000 counts using low laser power settings (at very low laser power, the signal 

became inadequate with an unacceptably low signal to noise ratio). The Raman 

spectrum obtained for Asp-calcite after heating showed a very small increase in the 

contribution from Asp around 550 cm-1 and all calcite peaks were present. There 

would not be any indication of whether calcite had begun to decompose and produce 

CaO, as CaO is not Raman active. However, this is not expected according to the 

thermal decomposition profile obtained using TGA, which shows decomposition 

occurring at 630 – 740 °C when heating at a rate of 5 °C min-1 (Figure 3.27). In future 

work, in-situ heating in TEM of calcite composite crystals could be conducted to 

determine if CaO was produced and whether this occurred locally at pore sites.  
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Figure 3.36 Raman spectrum of Asp-calcite, prepared using [Ca2+] = 1.25 mM 

and [Asp] = 10 mM, after heating for 30 min at 500 °C using a heating rate of 5 

°C min-1, compared with a reference spectrum for calcite obtained from 

RRUFF275 (RRUFF ID: 040070). 

3.3.3.2 Annealed Gly-calcite 

Gly-calcite was annealed and observed using OM (Figure 3.37) and the cross-

section examined using FIB-SEM (Figure 3.38). As for Asp-calcite, the annealed 

crystals appeared white under OM but the 10, 200 mM Gly-calcite crystals appeared 

slightly yellow. The porosity was widespread through the crystal for all samples 

excluding 1.25, 200 Gly-calcite, where pores were localised towards the base and 

one side of the crystal. 
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Figure 3.37 OM images of Gly-calcite after heating, measured in reflection 

mode. 

 

Figure 3.38 SEM images of Gly-calcite cross-sections prepared using FIB-SEM, 

annotated with [Ca2+], [Gly]. 

Overall, the spread of pore sizes did not vary much between different [Ca2+] and 

[Gly] (Figure 3.39a). The median pore size generally decreased with increasing [Gly] 

and [Ca2+] (Figure 3.39b)  while both pore density and area increased with 

increasing [Ca2+] (Figure 3.39c). This shows that more pores formed at higher [Ca2+]. 

On the other hand, increasing [Gly] resulted in a smaller pore area, while the pore 

density differed with [Ca2+]. At [Ca2+] = 1.25 and 5 mM, pore density increased with 

[Gly], whereas it decreased with [Gly] for [Ca2+] = 10 mM. This suggests that greater 
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numbers of smaller pores were obtained by increasing [Gly], with the exception of 

[Ca2+] = 10 mM where increasing [Gly] led to fewer, smaller pores. 

 

 

Figure 3.39 The effect of [Ca2+], [Gly] on pore properties of Gly-calcite 

annealing using the high temperature heating regime, (a) violin plot showing 

the population spread of pore size, (b) box plots of the pore sizes and (c) the 

filling fraction of pores within the crystal, in terms of pore density (µm-2) and 

pore area (%). 

3.3.3.3 Annealed PS-calcite 

Annealed PS-calcite was examined using OM (Figure 3.40) and cross-sections were 

obtained using FIB-SEM (Figure 3.41). The crystals observed were yellow in colour 

for all [PS] ≥ 0.1 wt.%. The cross-sections showed that uniform occlusion was 

achieved for all samples but those prepared using [PS] of < 0.1 wt.%. Very few 
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microspheres are incorporated into crystals with rhombohedral morphologies, while 

successful occlusion occurred in crystals with elongated morphologies. 

 

Figure 3.40 OM images of PS-calcite after heating, taken in reflection mode. 
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Figure 3.41 SEM images of PS-calcite cross-sections prepared using FIB-SEM, 

annotated with [PS]. 

The spread of pore sizes in PS-calcite precipitated with different [PS] fall into 2 

distinct groups (Figure 3.42a). For [PS] ≤ 1 wt.%, the pore sizes are mostly within a 

small range centred around the mean and median. However for [PS] ≥ 2 wt.% there 

are two clear clusters of pore sizes, leading to a wider IQR and larger median 

(Figure 3.42b). The second larger cluster of pore areas can be attributed to two or 

more pores having coalesced. This results in a lower pore density but preserves the 

pore area. This is shown in Figure 3.42c, where the number density of pores is 

highest for [PS] = 0.1 wt.% and decreases as [PS] increases. This is due to 

increased incorporation of PS microspheres with increasing [PS], leading to their 

closer packing within the crystal structure and a higher likelihood of multiple particles 

being in contact. The similarity in pore properties at [PS] ≥ 2 wt.% indicates that the 

occlusion of [PS] within calcite is saturated at this level, and increasing the 

concentration beyond this point does not improve incorporation or porosity formation.  
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Figure 3.42 The effect of [PS] on pore properties of annealed PS-calcite, (a) 

violin plot showing the population spread of pore size, (b) box plots of the 

pore sizes and (c) the filling fraction of pores within the crystal, in terms of 

pore density (µm-2) and pore area (%). 

Compared to porous calcite created using Asp and Gly, the pores in PS-calcite 

occupy a much higher proportion of the crystal area. The highest pore area for PS-

calcite was obtained at [PS] = 2 wt.% with 36 % of the crystal cross-section being 

occupied by pores. This is more than twice the highest proportion obtained for Asp-

calcite, which was 16 % for [Ca2+] = 5 mM, [Asp] = 20 mM, and only 13 % for Gly-

calcite, prepared using [Ca2+] = 10 mM, [Gly] = 100 mM. The pore density was also 

much higher in PS-calcite than Asp- and Gly-calcite. In PS-calcite, the largest pore 

density was 25 µm-2 for [PS] = 0.1 wt.% compared to 13 µm-2 for 5, 50 Asp-calcite 

and 15 µm-2 for 10, 100 Gly-calcite. This shows that higher filling fractions of pores 

were generated using PS microspheres than the amino acids Asp and Gly. 
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However, a limitation of using cross-sections to determine the porosity is that it is just 

reveals the porosity across one slice of the crystal. If a crystal is full of pores with 

500 nm diameter, taking a slice across through the crystal will invariably segment the 

pores at different points along their circumferences and yield a range of different 

pore sizes. Depending on the shape, size and uniformity of the pores, the pore size 

measured can vary considerably from the maximum value. For uniformly spherical 

pores, it can be assumed that the pore sizes displayed in a cross-section will almost 

always be smaller than the true value of the mean pore diameter. They will never be 

larger unless the pores are interconnected, such that two or more pores that are 

touching will contribute to a larger pore area. This is not the case for non-uniform 

particles, and if pores possess a quadrilateral shape, the pore size measured may 

provide a more accurate representation of the overall pore size. 

This approach was taken due to the large number of samples involved and 

prohibitive cost of capturing full FIB tomograms of each crystal. However, the cross-

sections obtained in this chapter typically include hundreds or thousands of pores 

each, and therefore still provide a large sampling volume of the overall crystal to be 

analysed.  

3.3.3.4 Annealed Ves-calcite 

The annealed Ves-calcite was observed using OM (Figure 3.43) and FIB-SEM was 

used to examine the porosity (Figure 3.54). The crystals appeared bright white under 

OM and the FIB-SEM showed that pores were widely distributed across the cross-

section. 
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Figure 3.43 OM images of Ves-calcite after heating, taken in reflection mode. 
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Figure 3.44 SEM images of Ves-calcite cross-sections prepared using FIB-

SEM, annotated with [Ves]. 

The pores within Ves-calcite were much more irregular in shape than those obtained 

for PS-calcite (Figure 3.44). This is to be expected given the hollow structure of the 

vesicles. The broad pore size distribution reflects the range of vesicle sizes, which 

were 365 ± 120 nm. 
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Figure 3.45 The effect of [Ves] on pore properties of annealed Ves-calcite, (a) 

violin plot showing the population spread of pore size, (b) box plots of the 

pore sizes and (c) the filling fraction of pores within the crystal, in terms of 

pore density (µm-2) and pore area (%). 

The IQR and median was markedly higher for [Ves] = 0.05 wt.% than [Ves] = 0.1, 

0.25 wt.%, which were very similar. The filling fraction also showed two different 

behaviours amongst the three [Ves] trialled. At low [Ves], the pore density is low 

while the pore area is high, indicating that fewer large pores are present. Upon 

increasing [Ves] to 0.1 wt.%, the pore density increases but pore area drops. This 

suggests that more, small pores are obtained. However as [Ves] increases further to 

0.25 wt.%, both pore density and area increase, indicating that more pores are 

created. 
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3.3.3.5 Annealed PS/Gly-calcite 

The annealed PS/Gly-calcite showed widespread porosity across the cross-section 

(Figure 3.46).  

 

Figure 3.46 SEM images of PS/Gly-calcite cross-sections prepared using FIB-

SEM. 
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Figure 3.47 The effect of [Gly] on pore properties of annealed PS/Gly-calcite, 

(a) violin plot showing the population spread of pore size, (b) box plots of the 

pore sizes and (c) the filling fraction of pores within the crystal, in terms of 

pore density (µm-2) and pore area (%). 

The violin plot of pore sizes showed two main clusters; one cluster at 0.01 µm2 and a 

larger cluster at 0.1 µm2 (Figure 3.47). This is attributable to the two different additive 

sizes. Both [Gly] had similar median pore sizes but [Gly] = 200 mM had a narrower 

IQR. The filling fraction for [Gly] = 200 mM was lower than [Gly] = 100 mM, in terms 

of both the pore number density and proportion of pore to crystal area. 

3.3.3.6 Annealed Sea Urchin Spine 

As discussed in the chapter introduction (see Section 3.1.2), biogenic calcium 

carbonate is occluded with acidic macromolecules such as Asp183. It is therefore a 

natural analogue of our Asp-calcite composite. Sea urchin spine sections were 
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ground into a powder and annealed using the high temperature heating protocol (500 

°C, 30 min, 5 °C min-1). Unlike the test plates of sea urchin, the spine is not porous 

and thus was used in the present study. The annealed spine was examined using 

FIB-SEM (Figure 3.48) and uniform porosity was observed.  

 

Figure 3.48 SEM image of a sea urchin spine cross-section prepared using 

FIB-SEM. 

The IQR of pore sizes was similar to those for the Asp- and Gly-calcite and the pore 

density and area was comparable to mid-range Asp- and Gly-calcite samples. This 

confirms that biogenic calcite specimens become porous after heating, as was 

recently reported by Albéric et al. 240 They showed that both ACC crystallisation and 

degradation of organic material formed porosity at 170 – 250 °C and 300 – 400 °C 

respectively.  

It is possible to compare the present data with their serial FIB-SEM analysis of the 

septum of the spine heated at 450 °C for 1 hour (the heating rate was not disclosed). 

They reported pore sizes of 30 nm – 2.6 µm, which is much larger than the IQR 

found here which spanned 60 – 110 nm. The pore density and volume was found to 

be 10 µm-3 and 5.5 vol.%, compared to the 2D data collected here which yielded a 

pore density of 3.7 µm-2 and pore area of 6 %. Overall, the porosity observed was 

similar, despite differences in the heating conditions. It should also be noted that 

Albéric et al. explicitly sampled the septum of the spine, whereas this study did not 

distinguish between the septum and stereom.  
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Figure 3.49 The pore properties of annealed sea urchin spine, (a) violin plot 

showing the population spread of pore size, (b) box plots of the pore sizes and 

(c) the filling fraction of pores within the crystal, in terms of pore density (µm-2) 

and pore area (%). 

3.3.4 Low Temperature Heat Treatment for Porosity Formation 

3.3.4.1 Asp-Calcite Annealed Via Low Temperature Heating Route 

The low temperature heating protocol described in Section 3.3.2.5 was trialled on 

Asp- and Gly-calcite. The heating rate was kept at 5 °C min-1, but instead of heating 

at 500 °C for 30 mins, samples were annealed at 250 °C for 3 hours. As previously, 

the cross-sections were examined using FIB-SEM and showed widespread porosity 

for all conditions (Figure 3.50). 
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Figure 3.50 SEM images of Asp-calcite cross-sections prepared using FIB-

SEM, heated using a low-temperature heat treatment, annotated with [Ca2+], 

[Asp]. 

The pore sizes were at least an order of magnitude smaller in samples prepared 

using the low temperature heating regime compared to the high temperature protocol 

(Figure 3.51a). Increasing [Asp] generally resulted in larger pore sizes, a greater size 

distribution and larger median values, where this was particularly evident at [Asp] = 

50 mM. Similar IQR and median values were observed when [Ca2+] was varied. 

For samples prepared with [Ca2+] = 5 and 10 mM, both pore density and area 

increased with increasing [Asp], indicating that more pores formed at higher [Asp]. 

This is not the case for [Ca2+] = 1.25 mM, where pore density peaked at [Asp] = 20 

mM while the pore area increased with [Asp]. This suggests that initially more pores 

are produced, in keeping with the above trend, but that their close proximity results in 

their eventual coalescence, reducing the overall pore density. 

Different filling fractions in annealed Asp-calcite were generated using the high and 

low temperature heating regimes. All samples had higher pore densities when 

heated using the low temperature regime. However, the high temperature heating 

protocols led to greater pore areas in the majority of the samples. Both of these 
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properties reflect the difference in pore sizes obtained using the different heating 

regimes. 

 

Figure 3.51 The effect of [Ca2+], [Asp] on pore properties of Asp-calcite using 

the low temperature regime (a) violin plot showing the population spread of 

pore size, (b) box plots of the pore sizes and (c) the filling fraction of pores 

within the crystal, in terms of pore density (µm-2) and pore area (%). 

3.3.4.2 Gly-calcite Annealed via Low Temperature Heating Route 

The low temperature heating regime was also used to anneal Gly-calcite. Samples 

prepared at [Ca2+] = 1.25 mM exhibited localised porosity as seen using the high 

temperature regime (Figure 3.52). The porosity was generally uniform for all other 

conditions. 
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Figure 3.52 SEM images of Gly-calcite cross-sections prepared using FIB-SEM, 

heated using a low-temperature heat treatment, annotated with [Ca2+], [Gly]. 

As for Asp-calcite, the pore sizes were much lower for Gly-calcite after annealing at 

the low temperature rather than the high temperature regime (Figure 3.53a). The 

pore sizes increased with both [Gly] and [Ca2+] (Figure 3.53b), while the pore density 

decreased with [Gly] whereas the pore area generally increased with [Gly] (Figure 

3.53c). This indicates that increasing [Gly] creates more pores that are close enough 

to coalesce. Compared to the high temperature regime, a higher pore density and 

lower pore area was achieved. Interestingly, this was the opposite to Asp-calcite. 
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Figure 3.53 The effect of [Ca2+], [Gly] on pore properties of Gly-calcite heated 

at T2, (a) violin plot showing the population spread of pore size, (b) box plots 

of the pore sizes and (c) the filling fraction of pores within the crystal, in terms 

of pore density (µm-2) and pore area (%). 

3.3.5 Effect of Crystal Orientation 

The calcite crystals were present in a range of orientations on the glass substrate. 

When choosing a crystal to create a cross-section from using FIB-SEM, it is possible 

to select differently oriented crystals due to their defined morphologies. This was 

done for crystals of Asp-calcite, comparing crystals that had grown with the [001] 

plane parallel to the substrate against those with it perpendicular to the substrate. 

Two crystals with these orientations were chosen for cross-section preparation and 

the resulting images were analysed to compare the effect of crystal orientation on 

the properties of the pores (Figure 3.54). 
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Figure 3.54 SEM images of Asp-calcite cross-sections prepared using FIB-

SEM, slicing through crystals with different orientations, with the [001] 

direction parallel (a) or perpendicular (b) to the glass substrate. 

A broader range of pore sizes were obtained for the parallel section despite both 

orientations having similar median pore sizes (Figure 3.55 a, b). Comparison of the 

filling fractions shows that there is negligible difference between the pore densities, 

while the pore area was lower for the perpendicular section. This was due to the 

difference in pore size, since the parallel section had a broader IQR which included 

larger pores. Overall, this suggests that the prevalence of the pores was relatively 

unaffected by the change in orientation, but that the size range of the pores varied 

somewhat. 
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Figure 3.55 Pore properties measured from cross-sections with different 

orientations of 10, 50 mM Asp-calcite heated at T1, (a) violin plot showing the 

population spread of pore size, (b) box plots of the pore sizes and (c) the filling 

fraction of pores within the crystal, in terms of pore density (µm-2) and pore 

area (%). 

3.3.6 Optical Properties of Porous Calcite 

The reflectance of the porous crystals was measured using the setup described in 

Section 3.2.2.2.  

3.3.6.1 Optical Properties of Annealed PS-calcite 

Negligible reflectance was observed across all wavelengths in the reflectance 

spectrum of pure calcite (Figure 3.56). Calcite prepared with 1 wt.% PS and which 

had not been heated behaved similarly and reflected less than 20 % of the incident 

light across all wavelengths. 
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Figure 3.56 Reflectance spectra for (a) calcite control and (b) unheated PS-

calcite. 

Optical measurements of heated PS-calcite with different [PS] showed that a range 

of reflectance values was achieved (Figure 3.57). PS beads are not incorporated 

within calcite crystals at very low concentrations of PS (0.005 and 0.01 wt.%) (see 

Section 3.3.3.3). The internal structures of these crystals are therefore very similar to 

those of the control calcite, and thus the reflectance is also very similar to the 

control. Uniform occlusion of PS beads throughout the crystal was achieved using 

[PS] = 0.1 wt.% and gives rise to an increase in the reflectance.  

For annealed calcite with [PS] ≤ 0.1 wt.% and both the calcite and unheated PS-

calcite controls, the reflectance profile is mostly broadband with a small slope 

decreasing from the blue to red wavelengths region. Annealed calcite crystals 

prepared with [PS] ≥ 0.5 wt.% exhibited an increase in reflectance from the blue to 

red wavelengths, which was steeper for the high concentrations of 2 – 5 wt.% than 

for 0.5 and 1 wt.%. The broadband reflectance was lost at [PS] ≥ 2 wt.% as although 

reflectance intensity increased in the red region with increasing [PS], the maximum 

intensity observed at λ = 400 nm was for [PS] = 0.1 wt.%. This is likely due to 

samples with [PS] ≥ 0.5 wt.% absorbing blue light. The absorption of blue light at 

high [PS] can be explained by the presence of carbon remnants, which are left by 

the PS microparticles after annealing PS-calcite. Organic carbon is known for 

absorbing strongly in the 200 – 500 nm wavelength range276. 
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Additionally, there was no change in the reflectance behaviour when water was 

added to the crystals, confirming the lack of interconnection between the pores and 

the crystal surface. Due to the change in refractive index between water and air, the 

optical behaviour would be expected to change if the pores were filled with water. 

This is further evidence that pores on the crystal surfaces do not contribute towards 

the reflectance. 

 

Figure 3.57 Reflectance spectrum for PS-calcite. 

3.3.6.2 Optical Properties of Annealed Asp-calcite 

Diverse reflectance behaviour was observed across the range of [Ca2+] and [Asp] 

tested (Figure 3.58). The highest reflectance was observed for crystals prepared with 

[Asp] = 10 mM, and increasing reflectance occurred with decreasing [Ca2+]. The 

reflectance intensity for Asp-calcite prepared with [Asp] = 20 and 50 mM decreased 

from [Ca2+] = 1.25 – 5 mM and increased from 5 – 10 mM. Broadband reflectance 

was observed for all samples apart from 1.25, 10 mM and 10, 50 mM, which had a 



 
 

116 
 

negative and positive slope respectively. These samples also had the lowest and 

highest amount of Asp incorporation, respectively (see Section 3.3.1.1). The positive 

slope for 10, 50 mM was due to absorbance of blue light by carbon remnants 

following decomposition of Asp molecules, as seen for high [PS] PS-calcite samples. 

A negative slope was observed for the calcite control, and both unheated and low 

[PS] PS-calcite, which indicates that the negative slope observed for crystals 

prepared with 1.25, 10 mM was due to low incorporation of Asp. 

 

Figure 3.58 Reflectance spectrum for Asp-calcite heated using the high 

temperature annealing regime. 

3.3.6.3 Optical Properties of Annealed Gly-calcite 

As for Asp-calcite, the reflectance spectra varied for different Gly and Ca2+ 

concentrations (Figure 3.59). Interestingly, the most reflective Gly-calcite sample 

(1.25, 200 mM) also exhibited a negative slope, as was seen for the most reflective 



 
 

117 
 

Asp-calcite sample. Few trends were observed between the reflectance and the 

concentrations at which the samples were prepared. The lowest reflectance values 

were seen in samples prepared at [Ca2+] = 5 mM for both [Gly] = 100 and 200 mM, 

and were comparable to pure unannealed calcite.  

 

Figure 3.59 Reflectance spectrum for Gly-calcite heated using the high 

temperature regime. 

3.3.6.4 Optical Properties of Annealed Ves-calcite 

The reflectance spectra of Ves-calcite samples showed two types of behaviour 

(Figure 3.60). The lowest [Ves] displayed the highest reflectance, which was much 

greater than any other [Ves] tested. The reflectances for [Ves] = 0.1 and 0.25 wt.% 

were almost identical in the blue region but a negative slope was observed for 0.1 

wt.% but not 0.25 wt.%. Importantly, unlike PS-calcite at high [PS], there were no 

signs of absorbance in the blue region for any of the Ves-calcite spectra. 
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Figure 3.60 Reflectance spectrum for Ves-calcite. 

3.3.6.5 Optical Properties of Low Temperature Annealed Asp-calcite 

The reflectance of Asp-calcite annealed using a low temperature protocol was 

generally lower than Asp-calcite heated using the high temperature treatment (Figure 

3.61). However, samples prepared using [Ca2+] = 1.25 mM, [Asp] = 20 and 50 mM, 

and [Ca2+] = 10 mM, [Asp] = 50 mM and the high temperature heating regime 

showed superior reflectance. The change in reflectance was particularly interesting 

for calcite prepared at [Ca2+] = 10 mM and [Asp] = 50 mM; the reflectance in the red 

wavelength region was lower for the low temperature regime compared to the high 

temperature regime, despite being higher in the blue wavelength region. As the 

spectra for the high temperature samples showed signs of absorbance in the blue 

region, while the low temperature samples do not, this shows that the low 

temperature heating protocol was more effective at removing all remnants of the 

additives. 

It is also interesting to note that some samples prepared using the low temperature 

heating regime exhibited very low reflectances, which were similar in intensity to the 

pure calcite control. This is expected as the pores for many of the samples obtained 
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by heating with the low temperature regime had IQR’s of < 0.0025 µm2. Therefore, 

many conditions did not yield pores greater than the 50 nm size threshold for 

interacting with visible light. 

 

Figure 3.61 Reflectance spectrum for Asp-calcite, prepared using the low-

temperature heating regime. 

3.3.6.6 Optical Properties of Low Temperature Annealed Gly-calcite 

All Gly-calcite crystals exhibited lower reflectance after heating using the low 

temperature regime compared to the high temperature regime (Figure 3.62). In fact, 

many of the low temperature samples exhibited spectra with similar reflectance to 

pure unannealed calcite. Again, this was expected due to the small pores, which 

were incapable of interacting with light. There were few differences between the 

samples prepared under different conditions, and the only condition that displayed a 

boost in reflectance above the pure calcite control was that with [Ca2+] = 10 mM and 

[Gly] = 200 mM. 
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Figure 3.62 Reflectance spectra of Gly-calcite, heated using a low-temperature 

heating regime. 

3.3.6.7 Optical Properties of Annealed PS/Gly-calcite 

Porous crystals prepared using both PS and Gly showed promising reflectance 

intensities of 0.6 at red wavelengths but showed a steep positive slope towards the 

blue wavelengths (Figure 3.63). This indicated that blue light was absorbed by the 

residual carbon left after annealing, as seen for PS-calcite. PS/Gly-calcite prepared 

with [Gly] = 100 and 200 mM had similar reflectance at red wavelengths, but the 

higher Gly concentration brought about further absorption of blue light.  
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Figure 3.63 Reflectance spectra of PS/Gly-calcite, with varying [Gly]. 

3.3.6.8 Optical Properties of Annealed Sea Urchin 

Annealed sea urchin spine was highly scattering, and yielded a broadband 

reflectance intensity of 70 % for wavelengths 400 – 700 nm (Figure 3.64). 

 

Figure 3.64 Reflectance spectrum of annealed sea urchin spine. 
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3.3.6.9 Summary of Optical Properties of Porous Calcite 

In summary, porous calcite prepared using different additives and heating methods 

exhibited diverse reflectance behaviours. PS-calcite showed increasing broadband 

reflectance with [PS], however increased absorption of blue light by organic 

remnants caused uneven reflectance across visible light wavelengths in samples 

with [PS] ≥ 0.5 wt.%. This is shown by the yellow colour of annealed PS-calcite at 

these concentrations (see Section 3.3.3.3). This detrimental effect was also seen in 

the reflectance behaviour of PS/Gly-calcite. The absorption of blue light was avoided 

by substituting PS for Ves, which showed broadband reflectance and appeared white 

in OM images. The most reflective Ves-calcite sample also showed a similar 

intensity to that for PS-calcite in the red wavelength region. 

It was difficult to establish a consistent trend between the reflectance and porosity in 

Asp- and Gly-calcite. This is likely due to absorption of blue light by crystals with high 

[Ca2+] and [Asp] or [Gly], which did appear yellow under OM. This resulted in crystals 

with less occlusion exhibiting greater reflectance. Interestingly, when Asp- and Gly-

calcite was heated using the low temperature regime, broadband reflectance 

occurred at all conditions. This suggested that the low temperature regime was more 

effective at removing the occluded organic. However, this regime generally resulted 

in less intense reflectance. This is because the pores formed using the low 

temperature heating regime were too small to interact with light effectively, as 

decreasing the size of a scatterer will reduce the intensity of light scattered 277. 

Interestingly, the annealed sea urchin spine exhibited intense broadband reflectance 

of 70 %, which was comparable with the most reflective samples obtained for Asp-, 

Gly- and Ves-calcite. 

Overall, the formation of porosity within calcite enhanced its scattering ability. The 

complete removal of organic material was crucial for ensuring that reflectance was 

broadband, due to intense absorbance of blue light by carbon-rich compounds. The 

impact of this effect on the spectra made it difficult to relate the reflectance values to 

the porosity or initial composition of the amino acid crystals. However, the choice of 

heating regime had a drastic effect on the reflectance of these samples, where the 

small pore size created by the low temperature regime yielded low reflectance. This 

demonstrated that the pore size must be sufficiently large (beyond a few 

nanometres) to scatter light effectively. 
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3.4 Discussion 

In this study, the heating regime used to remove the organic additives had a 

significant influence on the crystal porosity. A sufficiently high heating temperature (≥ 

500 °C) was crucial in forming uniform porosity throughout the crystals, though low 

temperatures (250 °C) could be utilised by prolonging the heating time. The size of 

the pores could typically be increased by using higher temperatures or longer 

heating times. With increasing temperature, more pores formed with greater sizes, 

until their close proximities resulted in coalescence at 600 °C. The observed 

increase in pore size with temperature was in agreement with the data of Albéric et 

al. comparing sea urchin spine heated at 350 and 450 °C 240. Two different effects on 

the pores were observed by changing the heating time. Although heating the crystals 

for 4 h rather than 30 min led to growth and eventual coalescence of the pores, 

extending the heating time further to 8 h led to the formation of new pores rather 

than growth. The continued generation of pores with increasing temperature and 

heating time suggests that removal of the occluded organics was still underway.   

The heating rate influenced the pore density and range of pore sizes, where a 

smaller number of larger pores formed at lower heating rates. Both literature and 

initial TGA data showed that heating at different rates led to different conversion 

fractions during decomposition due to the delay in thermal conduction at faster 

rates272. The occluded additives can therefore be decomposed at lower 

temperatures if slower heating rates are employed, so the removal of the additive is 

more complete than for samples prepared using fast heating rates at equivalent 

temperatures and annealing times.  

It is well-known that changing the additive concentration affects the level of 

incorporation. The efficiency of amino acid occlusion was quantified in this study 

using fluorometric assay, and generally increased at higher [Asp] or [Gly] and [Ca2+], 

in agreement with other studies151, 265. The difference in porosity between crystals 

prepared using different [Ca2+] and additive concentrations could also be linked to 

the efficiency of occlusion, particularly pore density. This was not a straightforward 

relationship due to coalescence occurring at the highest levels of occlusion as pores 

form and grow in close proximity. 
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A clearer relationship between the crystallisation conditions and porosity was 

observed when a low temperature heating regime was used, where pore size 

generally correlated with the level of incorporation. The size of the pores formed 

using the low temperature regime were at least an order of magnitude smaller than 

those formed via the high temperature regime. This indicated that the annealing 

protocol was more suitable for tuning pore size than the crystallisation conditions.  

As porosity measurements were conducted via image analysis of cross-sections, this 

relies heavily upon the accuracy of the segmentation method. Image segmentation 

of FIB-SEM cross-sections can be particularly challenging due to the presence of 

pore-back (also known as pore shine) artefacts. These arise when the back wall of a 

pore has similar grayscale values to the rest of the crystal volume, rather than 

appearing as a dark void. The lack of contrast between the pore and background 

therefore obscures the pore from standard filters used to segment the image. As a 

result, under-segmentation can occur where obvious pores are overlooked or over-

segmentation can occur when adjustment of the threshold to include overlooked 

pores then includes unacceptable amounts of noise. As for all image segmentation 

methods, a balanced approach was used for filtering and edge features were used to 

improve the segmentation of the pores. 

The introduction of porosity into the calcite crystals was shown to enhance their 

reflectance. As the pore properties were influenced by both [Ca2+] and additive 

concentration, the reflectance was also affected. Higher levels of occlusion were 

found to increase crystal reflectance. However, this was limited by the presence of 

residual carbon left after incomplete decomposition of the additive during annealing, 

which worsened as the additive concentration increased. Carbon compounds absorb 

light at low wavelengths in the UV and near-UV visible light range (~400 nm), which 

corresponds to the drop in reflectance exhibited by crystals with high additive 

concentrations. This effect was particularly evident in PS- and PS/Gly-calcite, as PS 

was the most carbon-dense additive trialled, but was also noted in Asp- and Gly-

calcite crystals with the highest levels of Asp/Gly. The affected crystals tended to 

appear yellow under OM rather than bright white, further evidencing the absorbance 

of blue light. 

Two ways in which this effect could be mitigated were identified; the use of a low 

temperature annealing regime for Asp- and Gly-calcite and the substitution of the 
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densely-filled PS microspheres with vesicles. The reflectance spectra for Asp- and 

Gly-calcite annealed using the low temperature heating regime showed constant 

reflectance intensity at blue wavelengths for all the [Ca2+] and [Asp/Gly] trialled. 

Although using the low temperature regime rectified this issue, it led to the formation 

of smaller pore sizes than the high temperature regime. This reduced the median 

pore size for some conditions to less than 50 nm, lessening their ability to scatter 

light effectively and resulting in reflectance intensities similar to pure calcite.  

Using polymeric vesicles as a low-carbon analogue of PS microspheres also avoided 

unwanted absorbance of blue light. The vesicles are expected to contain less 

carbon-based material since they are not filled with polymer chains and were also 

generally smaller in size than the PS microspheres. 

The reflectance modelling indicated that the highest level of reflectance could be 

achieved with voids of 250 nm radius and a filling fraction of 30 %, therefore these 

criteria were treated as target porosity properties to produce synthetically. PS 

microspheres were used as an additive to recreate the simulated pore shapes, which 

were uniformly spherical voids. The desired pore size was achieved by incorporating 

PS microspheres with a size distribution of 445 ± 21 nm, creating pores with an 

average radius of 223 nm. This was acceptable compared to the original target of 

250 nm, as the 200 nm simulated voids had similar reflectance intensity but was less 

broadband. The simulated filling fraction of 30 % (which is the percentage of the 

crystal area occupied by the voids) was achieved by using [PS] = 0.5 wt.%. Calcite 

crystals precipitated with [PS] of 0.1, 1 and 2 wt.% also had similarly high filling 

fractions, of 25, 25 and 36 %, respectively. 

Though both of the target porosity properties were met synthetically, it is difficult to 

directly compare the simulated and measured reflectance as the residual carbon 

absorbed light and affected the reflectance spectra of PS-calcite. The measured 

reflectance increased with [PS] in the red wavelength region, but suffered increasing 

absorbance in the blue wavelength region from [PS] = 0.5 wt.%. While the 

simulations showed that reflectance increased as the filling fraction increased from 

10 to 30 %, this was not found to be the case for the measured reflectance spectra. 

Considering only the regions of the measured reflectance spectra unaffected by 

absorbance, reflectance intensity increased with [PS] while the filling fraction peaked 

at 25 – 36 % for mid-level [PS] of 0.5 – 2 wt% and decreased at high [PS] of 3 – 5 
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wt.%. This discrepancy in the dependence of reflectance on filling fraction between 

the simulations and experimental work may be explained by the fact that the filling 

fraction simulations were conducted using a smaller void radius size of 50 nm, 

compared to the average pore radius size of 223 nm. This could be addressed in 

future work by conducting filling fraction simulations using larger pore sizes which 

more closely match those obtained experimentally. 

This study identified several ideal pore properties for achieving high levels of 

broadband reflectance in porous calcite; (i) the pore size should be within the range 

of 50 – 500 nm, and should have a broad size distribution within this range to ensure 

that sufficiently intense light may be scattered, (ii) the pores should be free of any 

organic remnants that may contribute to absorbance and detract from the overall 

scattering performance, and finally (iii) the porosity should be uniformly distributed 

throughout the crystal. Excellent broadband reflectance of 70 % or more was 

exhibited by Asp-, Gly- and Ves-calcite produced using at least one of the 

crystallisation conditions tested. The high level of reflectance for porous synthetic 

calcite was similar to that exhibited by annealed sea urchin spine, which 

demonstrated that this strategy could also be utilised to remove organic molecules 

within biogenic calcite for the purpose of creating highly scattering materials.  

It is also intriguing that despite relatively small amounts of an additive being 

incorporated into the crystal, the resulting crystal is highly porous. This could be due 

to partial decomposition of the calcite at the pore sites and other defects present 

within the crystal. It is also possible that decomposition of the additive and the 

subsequent generation of CO2 within the crystal could create sufficient internal 

pressure to bring about expansion. This could also be worsened by the occlusion of 

water molecules alongside additives such as Asp and Gly. The TGA profile for Asp-

calcite showed that at 500 °C, 97.72 % of the initial weight remained (Figure 3.27). 

Taking into account the loss of 0.12 % at 100 °C that can be attributed to residual 

water, this means that only 2.16 % is lost during heating up until 500 °C. It should be 

noted that this is not directly equivalent to the furnace heat treatment, where 

samples are kept at 500 °C for 30 minutes, as the temperature continued to increase 

during TGA tests to 1000 °C without a holding period at 500 °C. The incorporation 

study revealed that crystals prepared with [Ca2+] = 1.25 mM and [Asp] = 10 mM 

contained 0.7 mol% of Asp, which equates to 0.93 wt.%. This leaves 1.23 % of the 
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TGA weight loss unaccounted for, indicating that material other than occluded Asp 

decomposed during heating to 500 °C. This may be attributable to decomposition of 

calcite to calcium oxide, which may occur on a small scale locally at the pore sites. 

Further investigation using an in-situ technique, such as in-situ heating in TEM as 

previously discussed, is needed to observe the process and confirm whether CaO is 

evolved. This will also allow the effect of cooling, which may facilitate rearrangement 

of the crystal into a stable configuration, to be deconvoluted from the heating 

process. Future work could also include evaluating the strain on the crystal lattice 

using Raman spectroscopy or XRD, which would allow the initial strain caused by 

occlusion of the additive to be compared with the further strain created during 

heating and formation of the porosity. 

3.5 Conclusions 

In summary, porous calcite has been generated via the thermal decomposition of 

organic additives occluded within calcite crystals. This chapter has shown how 

simple molecules like amino acids and particles such as functionalised polymers can 

be used for this purpose. The porosity achieved using different heating regimes and 

additive systems was analysed and their effect on pore properties was explored. 

Control over the heating parameters used to heat the composite crystals was 

paramount in creating porosity. In order to ensure uniform porosity, the temperature 

and heating time had to be well-balanced. The heating parameters were also highly 

influential on the pore size distribution. Increasing temperature increased the pore 

size, whilst slower heating rates led to a broader range of pore sizes. Varying the 

heating time provided useful information about the pore behaviour during heating; 

initial growth of the pores was followed by coalescence between 30 minutes – 4 

hours, with continued heating leading to further expansion of the pore. 

The crystal composition also affected porosity, as porous calcite produced by 

occlusion of Asp, Gly, PS and Ves each showed different pore size distributions and 

filling fractions that varied with both [Ca2+] and additive concentration. These 

properties could be linked to the degree of Asp/Gly occlusion for Asp- and Gly-

calcite, which was quantified by fluorometric assay. The efficiency of occlusion for 

PS and Ves could be adequately established from FIB-SEM cross-sections alone 

due to their large sizes. 
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Finally, the porosity within calcite crystals was found to enhance scattering relative to 

non-porous calcite. The reflectance of the crystals varied across the range of 

occluded additives, with broadband reflectance behaviour and a bright white 

appearance exhibited by many of the porous calcite samples that would render them 

suitable for application as white pigments. The results in this chapter showed that all 

additives trialled led to optically-active porous calcite at an optimised [Ca2+] and 

additive concentration, using the high temperature heating regime. Overall, a facile 

strategy of preparing highly scattering porous calcite was demonstrated, which can 

be easily applied using organic additives that readily incorporate within the crystal 

and decompose using temperatures of ≤ 500 °C. The versatility of this approach 

implies that it could be employed across a diverse range of crystalline materials to 

form novel porous composites with functional optical properties. 
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Chapter 4 | An Investigation into the Mechanism of Formation of 

Precipitated Calcium Carbonate 

4.1 Introduction 

4.1.1 Aims and Objectives 

Precipitated calcium carbonate (PCC) is an important mineral for production of 

numerous materials, such as paper, plastic and rubber, in addition to being a 

ubiquitous component of many household products. In order to synthesise the vast 

quantities required, industrial manufacturers synthesise PCC by the carbonation of 

calcium hydroxide (Ca(OH)2). However, the underlying mechanism of the 

carbonation reaction is still debated, and clarification is needed on whether a solid-

state or dissolution-precipitation pathway is followed. The aim of this chapter was to 

use TEM techniques such as cryo-TEM, LCTEM and conventional TEM to study the 

reaction mechanism involved in the carbonation reaction. By combining insight 

obtained from both static (cryo-TEM) and dynamic (LCTEM) microscopy techniques, 

the goal was to monitor and capture the carbonation reaction to elucidate whether it 

proceeded by a solid-state or dissolution-precipitation mechanism. 

In order to achieve these aims, synthesis of the starting reagent, Ca(OH)2, was 

optimised to yield thin, hexagonal plates which would be easily recognised and of a 

compatible size for TEM techniques. The carbonation reaction was first investigated 

using conventional TEM to characterise the products at different stages of the 

reaction and establish the reaction timescale. Cryo-TEM studies revealed that the 

morphology of calcite varied with [Ca2+]/[CO3
2-], where scalenohedral calcite was 

obtained at excess [Ca2+] and became increasingly rhombohedral-like in 

environments with higher [CO3
2-]. Cryo-ET was used to examine the structure of 

partially-dissolved Ca(OH)2 plates and calcite crystals at an early growth stage. The 

dynamics of the carbonation reaction was investigated using LCTEM, which showed 

that the dissolution of the Ca(OH)2 occurred first at the basal faces of the plates. This 

led to the formation of hexagonal, skeletal structures by the pseudomorphic 

replacement of Ca(OH)2 by precipitated ACC, when then dissolved prior to calcite 

precipitation. Finally, the effect of two common PCC additives, citric acid and 
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gypsum, on the carbonation reaction was explored using conventional TEM and 

cryo-TEM, demonstrating how these techniques can be used to further our 

understanding of additives in PCC production. 

4.1.2 Industrial Production of Precipitated Calcium Carbonate (PCC) 

Calcium carbonate is a versatile mineral that is essential as a filler in paper, plastic, 

paint, sealants and construction materials278, in addition to being a ubiquitous 

component in numerous household products279. Industrial manufacturers of calcium 

carbonate supply it in two main forms: “ground calcium carbonate” (GCC) and 

“precipitated calcium carbonate” (PCC). GCC is formed via an elementary 

processing method by crushing limestone rock to a desired particle size280. Natural 

limestone contains ions such as Mg+ and Mn2+, which therefore remain as impurities 

in GCC particles281. In addition to the low purity, GCC typically has irregular particle 

sizes and shapes. However, this is a cheaper material which is suitable for most filler 

applications where further refinement of the CaCO3 is not necessary for the end 

use282. 

 

Figure 4.1 Applications of GCC and PCC. 

In contrast, PCC production involves multiple processing steps in which several 

chemical reactions are performed on the mined limestone to re-precipitate CaCO3. 

This eliminates impurities and refines properties such as particle size and 

morphology282. A three-step synthesis route known as the “carbonation” or “milk of 

lime” process is used that follows a solid-liquid-gas crystallisation reaction. 
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Compared to the gas-liquid and liquid-liquid crystallisation pathways used elsewhere 

in this thesis, industry favours this approach due to the high yield and low cost278. 

The first step in producing PCC occurs at lime quarries, where limestone is extracted 

from the ground.  Limestone is a biogenic sediment that is rich in skeletal remains 

and thus contains a range of impurities283. Large impurities can be separated from 

the rock mass during crushing, a process which reduces the particle size in 

preparation for calcination46. This step involves heating the crushed limestone 

particles in a kiln at temperatures > 800 °C, where 900 – 1000 °C is typically used by 

manufacturers284. A large amount of CO2 is released to form CaO, known as 

“quicklime” (Equation 4.1). 

𝐶𝑎𝐶𝑂3(𝑠)

∆
→ 𝐶𝑎𝑂(𝑠) + 𝐶𝑂2(𝑔)  (4.1) 

Limestone provides an ideal feedstock for PCC production over other natural CaCO3 

sources such as marble and chalk, due to the problems that can occur during 

calcination of the latter materials. Marble is the hardest and fracturing can occur 

during heating, which can block the CO2 exit channel within the kiln283. In contrast, 

chalk is a very soft material due to the higher content of skeletal remains present, 

and readily disintegrates during heating. Both of these calcination behaviours 

present serious production issues for manufacturers, whereas limestone possesses 

intermediate properties and behaves manageably in the kiln285. The difference in 

decrepitation behaviour between these CaCO3 materials can be attributed to 

differences in the porosity and crystal size286.  

Following calcination, CaO is mixed with water in a process known as slaking 

(Equation 4.2). The resulting Ca(OH)2 suspension is commonly referred to as 

“slaked lime” or “milk of lime”. To aid full conversion of the oxide, the reaction is 

initiated at 35 °C; due to its exothermic nature the end temperature can reach 75 

°C287. Additives may also be used at this point in the manufacturing process. 

𝐶𝑎𝑂(𝑠) + 𝐻2𝑂(𝑙) ⟶ 𝐶𝑎(𝑂𝐻)2(𝑎𝑞) +  Δ (4.2) 

The final step of PCC production is carbonation of the slaked lime, which is generally 

performed using CO2 produced in the calcination step to improve the sustainability 

and cost-efficiency of the process288. This CO2 constitutes a proportion of the 

required gas for the reaction, while the rest is typically requisitioned through 
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calcination of limestone to make CaO that is sold commercially, rather than being 

processed further. Carbon dioxide is bubbled through the slaked lime in an 

exothermic reaction yielding CaCO3 and water (Equation 4.3).  

𝐶𝑎(𝑂𝐻)2(𝑎𝑞) + 𝐶𝑂2(𝑔) ⟶ 𝐶𝑎𝐶𝑂3(𝑠) + 𝐻2𝑂(𝑙) + Δ (4.3) 

The overall reaction depicted in (4.3) proceeds via a series of steps, shown below in 

reactions (4.4), (4.5) and (4.6). Firstly, dissolution of Ca(OH)2 occurs to generate 

Ca2+ and OH- ions, followed by the dissolution of bubbled CO2 gas. This is the rate 

limiting step, so effective gas distribution methods must be utilised to encourage 

dissolution of CO2
289. Initially, dissolution of CO2 generates carbonic acid, which 

further dissociates to form bicarbonate and carbonate ions (Equation 4.4 and 4.5). 

Finally, the Ca2+ and CO3
2- ions combine to precipitate CaCO3 (Equation 4.6). 

𝐶𝑎(𝑂𝐻)2(𝑎𝑞) ⟶ 𝐶𝑎(𝑎𝑞)
2+ + 2𝑂𝐻(𝑎𝑞)

−  (4.4) 

𝐶𝑂2(𝑔) + 𝐻2𝑂(𝑙) ⟶ 𝐻2𝐶𝑂3(𝑎𝑞) ⟶ 𝐻(𝑎𝑞)
+ + 𝐻𝐶𝑂3(𝑎𝑞)

− ⟶ 2𝐻(𝑎𝑞)
+ + 𝐶𝑂3(𝑎𝑞)

2+  (4.5) 

𝐶𝑎(𝑎𝑞)
2+ + 𝐶𝑂3(𝑎𝑞)

2− ⟶ 𝐶𝑎𝐶𝑂3(𝑠)  (4.6) 

The carbonation reaction is continually monitored to ensure that the end point is 

reached. The influx of ionic species formed during the dissolution of CO2 and 

dissociation of its products results in an initial increase in electrical conductivity that 

reduces over time as CaCO3 is formed290. A final increase in conductivity is observed 

after all Ca(OH)2 has dissolved and reacted, as the ions produced by the dissolution 

of CO2 accumulate and are no longer being consumed by Ca2+ to form CaCO3. 

Therefore, monitoring the electrical conductivity of the reaction allows the end point 

of the reaction to be determined. Additionally, pH can be used to monitor the 

reaction290. OH- ions are formed by dissolution of Ca(OH)2 creating an alkaline pH, 

but as CO2 dissolves into the solution the pH decreases and becomes neutral due to 

the generation of H+. This fall in pH is only seen towards the very end of the reaction 

when Ca(OH)2 is depleted and all OH- ions are consumed. In the industrial 

manufacturing process, once the end point has been reached the reaction is usually 

continued for a short period of time to “over-carbonate” and ensure pH stability of the 

end product291. The resulting slurry may then undergo several refining steps, 

including “dewatering” and milling to a desired particle size278.  
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4.1.3 Current Understanding of the Mechanism of Formation of CaCO3 

via Carbonation of Ca(OH)2 

This chapter focuses on the final PCC synthesis step, the carbonation of Ca(OH)2 to 

form calcite. This reaction is of significant interest due to the diverse applications of 

Ca(OH)2; it is used as a cementitious material in construction, a restorative treatment 

for protecting cultural heritage sites292, and also has a promising role in carbon 

capture and storage due to its reactivity with CO2
289, 293-295. Insight into the 

mechanism behind the carbonation of Ca(OH)2 is also crucial in optimising the 

industrial manufacture of CaCO3.  However, there has been considerably fewer 

studies into the formation of CaCO3 by this method compared to direct mixing and 

diffusion methods discussed in Chapter 3.  

Ca(OH)2 has the mineral name portlandite and belongs to the trigonal crystal system 

in the hexagonal scalenohedral class. Each calcium ion is octahedrally coordinated 

by 6 hydroxide ions as shown in the unit cell (Figure 4.20). Portlandite crystals have 

hexagonal morphologies consisting of {10-10} prismatic facets and layered {0001} 

basal facets296, with weak hydrogen bonds between layers stacked on the basal 

(0001) plane297, 298. The crystals are typically precipitated as micron-sized hexagonal 

prisms or thin plates, commonly referred to as “nanolime” due to their 10 – 100 nm 

thicknesses. 

 

Figure 4.2 The unit cell of portlandite. Adapted from ref.299 
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Research into the mechanism behind the carbonation reaction has brought about 

contrasting findings, namely whether the reaction proceeds via a solid-state 

transformation300 or a coupled dissolution-precipitation process301. An interface-

coupled dissolution-precipitation reaction consists of several key steps which are 

outlined in Figure 4.3. Firstly, a solid must undergo some degree of dissolution in an 

aqueous fluid. This may only occur for a few monolayers, and will result in the 

creation of an interfacial layer of fluid around the dissolving solid. If this layer is 

supersaturated with respect to another phase, then this phase will precipitate and 

typically nucleates on the surface of the solid phase. This reaction will eventually be 

limited as formation of the product phase blocks contact of the interfacial fluid with 

the reaction front302. This can be avoided in cases where a volume deficit is created; 

this can be achieved when a product phase has a smaller molar volume than the 

parent phase, or if the parent phase has a lower solubility303 and can therefore 

evolve intracrystalline porosity304. Fractures can also provide another route for mass 

transport between the interfacial fluid and the reaction front, and may be generated 

when the change in molar volume between the parent and product phase induces 

sufficient local stress. This may also give rise to pseudomorphism, which occurs 

when a crystalline material takes the crystal system of another crystalline species. 

This can only be achieved when the dissolution and precipitation processes occur 

locally to each other and within similar timeframes302.  

 

Figure 4.3 Coupled dissolution-precipitation reaction schematic, where AB is a 

dissolving mineral, and A is a cation that can bind with C and precipitation to 

form a new mineral AC. Adapted from ref.305 
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On the other hand, a solid-state transformation is one which typically occurs in the 

absence of any solvent, whereby the internal atomic or molecular structure of a solid 

rearranges to form a new phase306, 307. This process relies on the solid-state diffusion 

of ions and a diffusive front that is able to move freely through the parent phase. In 

the case of two parent phases forming a product phase (as solid-state 

transformations are found in a broad range of reactions), the requirements for a 

solid-state diffusion reaction are similar to those for dissolution-precipitation 

reactions to occur. Additionally, pseudomorphic replacement can occur in both 

interface-coupled dissolution-precipitations and solid-state transformations304, 308. 

However, the kinetics of solid-state transformations are much slower than those for 

dissolution-precipitation reactions, in the absence of high temperatures or indeed a 

fluid302. These slow dynamics generally allow the retention of a textured 

microstructure that would otherwise coarsen with time, which can provide evidence 

of the solid-state diffusion mechanism.  

The carbonation of Ca(OH)2 was first hypothesised to occur via a dissolution-

precipitation mechanism by Powers, while investigating Portland cement paste301. 

Carbonation of the paste led to shrinkage rather than expansion, despite the 

increase in molar volume associated with the transformation from Ca(OH)2 to 

CaCO3. Therefore Powers deduced that the reaction must first occur via dissolution 

of Ca(OH)2 rather than a solid-state transformation. This was later supported by 

carbonation studies performed by Johnstone and Glasser,  which also showed that 

CaCO3 formed at the surface of Ca(OH)2 crystals309.  

More recent examination of the dissolution and carbonation reaction of Ca(OH)2 has 

been conducted using AFM310, 311. One such study by Ruiz-Agudo et al. confirmed 

that the reaction progressed via a coupled dissolution-precipitation process, and that 

calcite precipitated in a pseudomorphic fashion on the basal face of the Ca(OH)2 

crystal310. In order to determine the feasibility of this mechanism, the requirements 

for an interface-coupled dissolution precipitation reaction were considered. Due to 

the increase in molar volume during the transformation, no porosity is evolved during 

the reaction. However, it is clear from the AFM results that the growth of calcite 

occurs via a 3D island growth model rather than layer-by-layer, which permits the 

continued mass transport required for the reaction308. Additionally, Ruiz-Agudo et al. 

hypothesised that the increase in molar volume during the reaction generates stress 
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that accumulates and leads to fracture through the prismatic faces of Ca(OH)2, which 

facilitates further transport of the ions to the reaction site. 

Dissolution of Ca(OH)2 crystals occurs fastest at the prismatic {1010} faces, which 

possess a higher surface energy than the {0001} basal plane and are therefore more 

soluble312. However, the reaction is passivated by the formation of ACC on the 

surface of the Ca(OH)2 basal faces which hampers diffusion of CO2 to the reaction 

front313. In summary, the reaction is initially controlled by the interface, before the 

diffusion of CO2 becomes the rate-limiting step after the Ca(OH)2 surfaces become 

passivated after precipitation of ACC289. 

The role of water in catalysing the reaction has also been well-documented 314-317. 

Beruto and Botter showed that Ca(OH)2 had up to 7 monolayers of absorbed water 

at 20 °C, where only 4 were necessary for a catalytic effect. Ruiz-Agudo et al. 

calculated that 7 monolayers of water was sufficient for the interfacial fluid to become 

supersaturated with respect to calcite310. 

In contrast, multiple studies have found evidence indicating that the carbonation of 

Ca(OH)2 is a solid-state reaction. Gillott hypothesised that the reaction occurred via 

a topotactic process300, whereby the crystal lattice rearranges whilst retaining at least 

some of the original crystal orientations318. Stepkowska studied the reaction using a 

combination of pXRD, TGA, IR and mass spectroscopy and interpreted results as 

the reaction occurring via a solid-state transformation319. The author proposed that 

ageing of Ca(OH)2 paste resulted in a solid-state transformation into hydrated 

calcium carbonate species, which occurred by the replacement of OH- ions by CO3
2- 

ions in the basal face. Conversely, a study by Montes-Hernandez et al. conducted 

using TGA of the carbonation reaction found that a solid-state transformation 

occurred at high temperatures (> 200 °C) if the relative humidity was ≈ 0%294.  

The carbonation reaction has also been studied to determine whether crystallisation 

proceeds via a classical or non-classical pathway. The evidence that suggests 

growth of calcite occurs via a dissolution-precipitation mechanism also indicates that 

a non-classical route is followed, due to the formation of nanoparticles which later 

merge and become a layer320. Rodriguez-Navarro et al. studied the evolution of ACC 

via the carbonation of Ca(OH)2, and found that it formed via a dense liquid phase321. 

This phase formed almost instantaneously upon exposure of the Ca(OH)2 solution to 
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air. The authors deduced that the transition from dense liquid phase to ACC 

occurred by the expulsion of water, which created “shapeless” ACC structures 

similar to those found by Rieger et al. using the direct mixing route (with CaCl2 and 

Na2CO3)105. Spinodal decomposition, which is the spontaneous demixing of two 

phases, has been found to occur chiefly in systems with high supersaturations322. 

The carbonation reaction inherently generates a supersaturated system with respect 

to CaCO3 phases321, so it is plausible that the threshold could be met for spinodal 

decomposition to occur323. Further study is required as new techniques for identifying 

such phases are developed. 

4.1.4 Controlling Properties of PCC During the Carbonation Reaction 

PCC with the desired properties can be produced by controlling the reaction 

conditions or using additives during the carbonation step. Firstly the effect of various 

reaction parameters on PCC properties will be considered. 

One of the most important properties is the polymorph of CaCO3 produced. Calcite is 

readily obtained over a range of reaction conditions and typically possesses 

scalenohedral or rhombohedral morphologies, which can be further defined into 

“fine” or “coarse” grades of particle size. “Ultra-fine” rhombohedral calcite is typically 

used as a filler material in sealants and plastics, or as a paper coating, whilst 

scalenohedral calcite is chiefly used as a filler in paper and paint324. High 

temperatures and low CO2 flow rates during carbonation favour the formation of 

aragonite, which precipitates as needle-like crystals with high aspect ratios that can 

be used in cosmetics, rubbers and plastics325. The metastable polymorph vaterite 

has found applications in drug delivery and personal care products215, 326. However, it 

must be thoroughly dried within 24 – 48 hours of production or the crystals will 

transform into a more stable polymorph.  

Another crucial property of PCC is the crystal morphologies. An intriguing aspect of 

the carbonation reaction is that the calcite crystals obtained typically possess 

scalenohedral morphologies, which are readily formed in the absence of additives. 

Although scalenohedral or “dog-tooth” calcite is the prevalent form found in nature, 

the rhombohedral form bounded by {104} is the dominant morphology obtained via 

synthetic methods such as the gas-liquid diffusion and direct mixing (liquid-liquid) 

routes explored in Chapter 3.  
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The preferential formation of the scalenohedral morphology has been attributed to 

two possible situations by Cizer et al.327. The first relies again on periodic bond 

theory as devised by Hartman and Perdok 11, 328. This assigns crystal facets as flat 

(F), stepped (S) or kinked (K) to explain the anisotropic behaviour of different faces 

due to their different energies. Here, the rhombohedral {104} faces are classified as 

flat (F) while the scalenohedral {214} faces are stepped (S)329.  This means that the 

rhombohedral faces are lower in energy and these typically bound the growth 

form327. The authors suggested that under an excess of Ca2+ ions, the scalenohedral 

{214} faces become a stable growth form, due to adsorption of Ca2+ at the obtuse 

steps [-441]+ and [48-1]+329 which disrupt the growth of {104} faces327. The second 

explanation given by Cizer et al. was that the excess Ca2+ ions present attach to the 

polar scalenohedral {214} faces over the non-polar {104} faces, which stabilises the 

{214} faces and allows them to become the dominant growth form327. 

This was further explored by García Carmona et al., who investigated the effect of 

the [Ca2+]/[CO3
2-] content of a slaked lime suspension on the resulting calcite 

morphology330, 331. The [Ca2+]/[CO3
2-] content was monitored by conductivity, where a 

larger conductivity value indicates a higher ratio of [Ca2+] to [CO3
2-]. Scalenohedral 

calcite was obtained at high conductivities (7 mS/cm) and lowering the conductivity 

caused the calcite crystals to become more rhombohedral, where amalgamated 

scaleno-rhombohedral and rhombo-scalenohedral morphologies formed before the 

pure rhombohedral morphology at 1 mS/cm (Figure 4.4). 
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Figure 4.4 The morphological change of PCC observed with temperature and 

conductivity, with illustrations of the scalenohedral, scaleno-rhombohedral, 

rhombo-scalenohedral, and rhombohedral morphologies. Reproduced from 

ref.330 

Similar observations were made in the aforementioned study by Cizer et al., where 

calcite with different morphologies formed at different depths in carbonated lime 

paste. Rhombohedral crystals were present in the outermost layer, scaleno-

rhombohedral crystals in an intermediate layer and purely scalenohedral crystals 

were observed at the base of the sample. This was the case regardless of whether 

carbonation was performed in air or in a CO2 atmosphere. However, the authors 

attributed this to dissolution-precipitation of scalenohedral calcite into rhombohedral 

calcite, which is more stable at high relative humidity and a CO2 atmospheres. 

The morphology of PCC can also be controlled using temperature, where 

rhombohedral calcite is usually obtained at low temperatures (20 °C) compared to 

scalenohedral calcite at mildly elevated temperatures (40 °C)332-334. 
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Other important properties of manufactured PCC are the particle size and specific 

surface area (SSA). High supersaturation levels can lead to increased SSAs, as 

greater numbers of small crystals nucleate. Control over the supersaturation can be 

achieved by maintaining an optimum reaction temperature; as CO2 has reduced 

solubility with increasing temperature, the supersaturation generally decreases with 

temperature. As a result, maintaining a low temperature during the exothermic 

reaction can allow PCC with small particles sizes and high SSA to be produced334. 

The particle size is also affected by the gas sparging method and efficiency, as 

shown by Xiang et al. who found that a radial-shaped sparger that provided more 

efficient gas dispersion led to finer particle sizes than a round gas sparger335. This is 

in agreement with studies employing microbubble generators in the carbonation 

reaction, which produced smaller calcite crystals and larger SSAs relative to ordinary 

sparging methods336, 337. 

Additives are commonly used in combination with optimised reaction conditions to 

control the properties of PCC crystals278. Citric acid is a complexing agent that is 

often used in the production of calcite to supress the formation of aragonite, reduce 

particle size and increase the SSA338, 339. Other complexing agents such as 

ethylenediaminetetraacetic acid (EDTA), diethylenetriaminepentaacetic acid (DTPA) 

and pyromellitic acid have also been explored and were found to retard the growth of 

aragonite and calcite, though did not fully inhibit the formation of aragonite as for 

citric acid340. Polysaccharides such as starch and carboxymethyl cellulose (CMC) 

may also be used to increase particle size and favour the formation of rhombohedral 

calcite over scalenohedral calcite338. The addition of sucrose or glucose has also 

been shown to favour the formation of vaterite341, 342. 

Inorganic additives have also been explored as a method of controlling PCC 

properties. Xiang et al. found that PCC particle size was reduced in the presence of 

ZnCl2. The use of Mg2+
 is well-established as a method for crystallising aragonite by 

hindering the growth of calcite165, and has also been shown to affect the morphology 

of the aragonite crystals produced, where high concentrations of MgCl2 led to 

pyramidal morphologies rather than acicular343. Gypsum, a polymorph of CaSO4, is 

also used as an additive during carbonation to control PCC particle size by retarding 

growth. 
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The effect of solvents such as ethylene glycol and glycerol on the carbonation 

reaction has been investigated by Konopacka-Łyskawa et al., who compared their 

effects with pure aqueous phase reactions344. The authors showed that the addition 

of ethylene glycol and glycerol both had an effect on morphology and particle size, 

where smaller particles with rhombo-scalenohedral morphologies and shorter c-axes 

were produced as compared to the scalenohedral calcite obtained in the control. 

After crystallisation, further additives may be used to control the properties of PCC 

mixture. These include drying agents such as MgSO4
345, or inorganic acids such as 

phosphoric acid, which is typically used to adjust the pH of alkaline PCC 

suspensions or partially react with PCC to form a protective layer of Ca(H2PO4)2 that 

inhibits dissolution during paper making346, 347. 
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4.2 Experimental 

4.2.1 Synthesis and Preparation of Materials 

4.2.1.1 Materials 

Ca(OH)2 was obtained from Fluorochem. NaOH, CaCl2.2H2O, citric acid (C6H8O7), 

Na2SO4 and Dowex Monosphere 550A (OH-) resin beads were obtained from Sigma 

Aldrich. Deionised (DI) water was used to prepare all aqueous solutions, which was 

prepared using a MilliQ system operating at 18 Ω. 

4.2.1.2 Ca(OH)2 Synthesis via Aqueous Precipitation 

Calcium hydroxide was precipitated via a synthesis route developed by Ambrosi et 

al.348 . An aqueous solution of NaOH (0.6 M) was added dropwise to an aqueous 

solution of CaCl2 (0.3 M) with stirring at 90 °C to produce Ca(OH)2 and NaCl 

(Equation 4.7).  

𝐶𝑎𝐶𝑙2 + 2𝑁𝑎𝑂𝐻 →  𝐶𝑎(𝑂𝐻)2 + 2𝑁𝑎𝐶𝑙 (4.7) 

The reaction was conducted whilst bubbling under nitrogen to reduce premature 

carbonation in air. Once all of the NaOH had been added, the flask was left to cool 

while stirring to ensure complete conversion of the reactants.  In order to remove the 

unwanted NaCl crystals, multiple washing steps with DI water were required. This 

inevitably led to a minor loss of product and repeated exposure of the aqueous 

Ca(OH)2 suspension to air. Final washing steps were performed to displace the 

water with EtOH, in order to prolong the stability of the suspension. 

4.2.1.3 Ca(OH)2 Synthesis via Anion Exchange Resin Method 

An aqueous solution of CaCl2 (0.2 M in all studies initially and later 0.02 M in LCTEM 

studies) was added to a beaker containing Dowex Monosphere 550A (OH) resin 

beads and it was stirred for 30 minutes. The resin beads consist of a styrene-

divinylbenzene gel with quaternary amine functional groups and hydroxyl counter-

ions. After adding CaCl2 solution to the resin beads, the resin OH- groups are 

exchanged for the dissolved Cl- groups (binding is 22 times stronger for Cl- than OH-

). The Ca2+
 and OH- groups form Ca(OH)2 which is poorly soluble and thus 

precipitates. The exhausted beads were removed using a sieve with 250 µm mesh 

size and the resulting suspension (1 – 2 ml) was added to a 15 ml vial containing 13 
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ml EtOH. This Ca(OH)2 suspension was used for the cryo-TEM studies described in 

Sections 4.3.5.1 and 4.3.5.2. 

In later studies, the stability of the suspension was improved by removing residual 

water. After removing the resin beads, the product was immediately filtered under 

vacuum using a 100 nm polycarbonate track-etched membrane filter. EtOH was 

used to rinse the glassware and dry the product on the filter, before fully drying it in a 

vacuum desiccator. The resulting powder was weighed and a suspension with 

controlled concentration (mg/ml) was prepared using EtOH, before sonicating for 1 – 

2 minutes to break up any aggregated particles. As a suspension of particles was 

desired the Ca(OH)2 concentration was much higher than the solubility limit of 1.6 

mg/ml. 

4.2.1.4 Synthesis of CaCO3 via Carbonation of Ca(OH)2 

In order to monitor the carbonation of Ca(OH)2 using TEM, the reaction was 

conducted via two methods: on-grid or in a centrifuge tube, from which aliquots were 

taken and deposited onto a grid. For conventional dry TEM work, the carbonation 

reaction was performed on-grid by depositing a known volume of Ca(OH)2 

suspension and DI water onto a TEM grid in a 1:1 ratio. The grids were left exposed 

to air for an allotted amount of time before manually back-blotting them. 

For cryo-TEM work, a Ca(OH)2 suspension was added to DI water in a 2.5 ml 

centrifuge tube in a known ratio (in this chapter the effect of using both a 1:10 and 

1:1 dilution ratio were investigated using cryo-TEM). The tube was left exposed to air 

for an allotted amount of time before removing a 3 µl aliquot and depositing it onto a 

TEM grid and plunge freezing. Plunge freezing of the grids was performed using a 

Vitrobot Mk. IV.  

4.2.1.5 PCC Additives 

Both gypsum and citric acid were used as additives in the crystallisation of CaCO3 

via the carbonation of Ca(OH)2. Gypsum was precipitated by mixing 3M CaCl2.2H2O 

with 3M Na2SO4, and was then vacuum filtered and washed with DI H2O and EtOH. 

The product was confirmed to be gypsum using Raman spectroscopy, and an 

aqueous suspension of CaSO4 was prepared. In order to study the effect of each 

additive on the carbonation reaction, aqueous additive suspensions were used as 

the water source for the reaction, which mixed in the same dilution ratio of 1:1 with 
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the Ca(OH)2 suspension. The amount of additive used was kept in-line with the 

amount that would be used in industry to control the product; this was 0.1 wt.% 

gypsum and 0.2 wt.% citric acid of the final PCC weight. 

4.2.2 Analytical Techniques 

4.2.2.1 LCTEM 

LCTEM is discussed in Chapter 2. The specific details of the LC experiments 

conducted in this chapter are detailed here. The lower chip component was plasma 

cleaned for 20 s and loaded with 2 doses of 2 µL. The EtOH was left to evaporate, 

leaving the Ca(OH)2 particles dried onto the chip. To improve the adherence of the 

particles to the chip, the loaded chip was plasma cleaned once more for a further 20 

s. The cell was finally assembled and filled with EtOH before leak-testing and placing 

the holder into the microscope.  Imaging of the LC was done in HAADF STEM mode. 

Water was flowed through the cell at 0.05 ml min-1 and the change in the 

composition of the solvent was monitored using EDX. In order to collect SAED 

patterns and characterise the particles, air was flushed through the LC to dry it and 

imaging and diffraction was performed in TEM mode. The LC was not rehydrated 

once dry. 

4.3 Results 

4.3.1 Bulk Precipitation of CaCO3 via Carbonation of Ca(OH)2 

The carbonation reaction was first performed in bulk using commercial calcium 

hydroxide powder. Preliminary tests were performed in litre-volumes and 

necessitated several hours of carbonation with highly effective gas sparging to 

ensure the end point was reached. Due to the difficulty in preventing blockages 

occurring in the gas sparger as CaCO3 crystallised, two smaller batch reactors were 

constructed to contain millilitre scale slurry volumes (30 ml and 3 ml), and allow 

shorter carbonation times to be used. The reaction was monitored via pH, where the 

end point corresponds to a pH of 7-8. The larger setup, which consisted of a 30 ml 

Ca(OH)2 slurry in a 100 ml glass beaker, allowed the reaction to be easily monitored 

using a conventional pH probe. The smaller setup housed 3 ml Ca(OH)2 slurry within 

a 20 ml glass vial, and the pH was monitored by taking aliquots of the reaction 

mixture and depositing them onto pH indicator paper (Figure 4.5).  
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Figure 4.5 Monitoring the reaction in the 3 ml reactor using pH. 

The final product obtained using the 30 ml setup was filtered and powder XRD was 

conducted (Figure 4.6). This confirmed that calcite was formed, with no residual 

portlandite peaks present.  

 

Figure 4.6 Powder XRD analysis of the product obtained in the 30 ml reactor 

confirming that calcite was produced, compared with reference spectra 

obtained from AMCSD349 (ID: 0000116 (portlandite) and 0000098 (calcite)). 

The crystals were observed using SEM which showed that large aggregates of 

polycrystals were obtained (Figure 4.7). Individual crystals possessed scalenohedral 
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morphologies typical of calcite produced via the carbonation method, and were 1 – 2 

µm in length. 

 

Figure 4.7 SEM images of the scalenohedral calcite obtained in the 30 ml 

reactor. 

The progress of the reaction was further characterised by taking aliquots of the 

reaction at set time points, filtering them and using Raman spectroscopy to 

characterise the products obtained. Spectra were collected in the 100 – 500 cm-1 

region, which captured the lattice vibration modes of calcite and portlandite and 

allowed the analyses to be performed quickly such that further reaction of the sample 

in air was avoided (Figure 4.8). The peaks at 152 and 278 cm-1 were present for all 

timepoints and can be attributed to the Eg phonons (T and L, respectively) for calcite. 

The peaks at 255 and 358 cm-1 that disappear over time belong to the Eg(T) and 

A1g(T) modes of portlandite. This showed that calcite was readily formed, but that 

longer carbonation periods were required for full conversion of the reactants. 
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Figure 4.8 Raman spectroscopy of the product obtained over time from the 30 

ml reactor, where peaks corresponding to calcite and portlandite are marked 

as C and P respectively. 

4.3.2 Synthesis of Calcium Hydroxide via Aqueous Precipitation 

4.3.2.1 Commercial Ca(OH)2 Powder 

Bulk reactions were conducted using commercial calcium hydroxide powder, shown 

in the SEM images in Figure 4.9. The particles had poorly-defined morphologies and 

formed micron-sized aggregates. 

 

Figure 4.9 SEM images of commercial calcium hydroxide powder, showing the 

aggregates formed. 

The commercial Ca(OH)2 powder was dispersed in ethanol and loaded onto a TEM 

grid for further characterisation (Figure 4.10). Due to the large size of the aggregates 

it was challenging to find thin particles ideal for TEM imaging. A representative 
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SAED pattern is shown in Figure 4.10 and contains rings of spots due to the multiple 

crystals were present. These corresponded to both portlandite and calcite, which 

shows that carbonation had already begun to occur. This is likely due to exposure of 

the sample to air on the grid or in the reagent bottle, which would worsen with time. 

Overall, the irregular morphology of the particles and the large size of the aggregates 

confirmed that commercial Ca(OH)2 would not be ideal for TEM studies. 

 

Figure 4.10 TEM image of commercial Ca(OH)2 particle aggregates (a) and the 

corresponding SAED pattern (b). 

4.3.2.2 Calcium Hydroxide Synthesis using an Aqueous Precipitation Method 

In order to further study the carbonation reaction using TEM, the particles should be 

well-dispersed, prepared freshly to avoid premature carbonation and ideally possess 

a recognisable morphology that can be easily distinguished from new phases. To 

achieve this, other routes of synthesising monodisperse calcium hydroxide particles 

were explored. 

Ca(OH)2 crystals were synthesised using the aqueous precipitation method as 

described in Section 4.2.1.2. The resulting Ca(OH)2 crystals were examined using 

SEM (Figure 4.11) by loading a glass slide with the final product and lightly blotting 

excess solvent. Hexagonal particles were observed, which had sizes of 0.2 – 2 µm. 

Unlike the commercial Ca(OH)2, the particles were not agglomerated and the 

individual hexagonal morphologies of the crystals were generally easily 

recognisable. 
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Figure 4.11 SEM images of calcium hydroxide particles prepared via aqueous 

precipitation and dispersed in ethanol. 

4.3.2.3 Carbonation of Ca(OH)2 Produced via Aqueous Precipitation 

The reaction was performed on a glass slide by adding 3 µl of the Ca(OH)2 ethanol 

suspension followed by 3 µl of deionised water and leaving it to carbonate in air until 

it was dry. Different stages of the reaction were observed at different areas on the 

substrate, as evaluated using SEM (Figure 4.12), which was likely due to the drying 

process occurring non-uniformly and less densely populated areas drying more 

quickly. One area contained hexagonal Ca(OH)2 prisms which were partially 

dissolved (Figure 4.12a), with regions on the basal plane missing while the outer 

hexagonal edge remained largely intact. Spherical particles with sizes 50 – 150 nm 

were also present, which is characteristic of amorphous calcium carbonate (ACC). 

There was also an emerging phase, which took the form of small, needle-like 

crystals with thicknesses of 20 nm. These were seen both as isolated particles and 

also protruded from the apexes of larger, rod-like crystals.  This suggested that these 

particles were indeed the early formation of scalenohedral calcite. In contrast, the 

reaction had reached completion in other areas of the substrate (Figure 4.12b). 

These regions were densely packed with 3 – 5 µm aggregates of polycrystalline 

scalenohedral calcite.  
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Figure 4.12 SEM images taken after adding water 1:1 to the calcium hydroxide 

in ethanol suspension on a glass slide and dried in air.   

The particles were also examined using TEM so that the various crystal 

morphologies present could be further characterised using SAED. Firstly, the 

unreacted Ca(OH)2 suspension was analysed and the hexagonal prisms (Figure 

4.13) were confirmed as single crystals of portlandite Ca(OH)2 using SAED.  

 

Figure 4.13 TEM image of a Ca(OH)2 particle (a) and the corresponding SAED 

pattern (b). 

The reaction was repeated for observation using TEM by loading a TEM grid with 3 

µl Ca(OH)2 suspension followed by 3 µl deionised water and leaving it to dry. The 

major product observed was scalenohedral calcite (Figure 4.14). The corresponding 

SAED pattern confirmed that the crystals were calcite and that they possessed a 

polycrystalline structure, due to the clusters of discrete diffraction spots in the same 
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position. The scalenohedral crystals appeared to be granular in structure, which 

suggested that small crystallites were commonly aligned within the scalenohedral 

rod structures. As previously seen in SEM, needle-like features at the apex of calcite 

crystals were observed, with some measuring as little as 5 nm at the tip. 

 

Figure 4.14 TEM image of calcite crystals exhibiting scalenohedral morphology 

(a), with corresponding SAED pattern (b). 

The ~200 nm spherical particles previously seen were also confirmed to be 

amorphous using SAED. This further demonstrated that the particles were ACC. 

 

Figure 4.15 TEM image of ACC particles present after reacting 1:1 Ca(OH)2 

suspension and water in air (a), with corresponding SAED pattern (b). 
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A small number of 500 nm spherical particles were additionally observed that were 

not smooth like the ACC particles, but which possessed highly granular structures 

(Figure 4.16). SAED showed that they were polycrystalline vaterite. 

 

Figure 4.16 TEM image of vaterite displaying a highly granular structure (a), 

and corresponding SAED pattern (b). 

4.3.3 Time-Resolved TEM Studies of the Carbonation of Ca(OH)2 

Synthesised via Aqueous Precipitation 

4.3.3.1 Dry TEM Studies using a 1:10 Suspension 

Initial time-resolved studies of the carbonation of Ca(OH)2 prepared via the aqueous 

precipitation method were performed using dry TEM. Firstly, samples were prepared 

by adding 200 µl of the Ca(OH)2 ethanol suspension to 1.8 ml DI water, creating a 

1:10 mixture. This was briefly mixed before taking 20 µl aliquots into centrifuge tubes 

and leaving them exposed to air for allotted times. The first study was conducted 

using carbonation times of 5, 10 and 15 minutes, after which 3 µl of the sample was 

added to the grid before back-blotting with filter paper. 

A mixture of amorphous material and dendritic crystals was observed after 5 minutes 

(Figure 4.17) and SAED of the dendritic crystals (Figure 4.17a) showed that they 

were crystalline calcite. SAED of the globular material present in the sample showed 

that they were amorphous (Figure 4.17b) and thus ACC. 
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Figure 4.17 TEM images of the products obtained after reacting 1:10 Ca(OH)2 

suspension and water in air for 5 minutes (a, c), with corresponding SAED 

patterns (b, d). 

Hexagonal plates remained in other areas of the sample, where they were 

surrounded by amorphous material (Figure 4.18). SAED demonstrated that the 

plates were portlandite while the other material showed only diffuse rings typical of 

amorphous materials. 
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Figure 4.18 TEM image of a Ca(OH)2 and amorphous material obtained after 

reacting 1:10 Ca(OH)2 suspension and water in air for 5 minutes (a), with 

corresponding SAED patterns (b, c). 

Further growth of the dendritic calcite crystals occurred after 10 minutes of exposure 

to air (Figure 4.19). The crystals emerging from the central nucleation site were 

thicker and less distinct from each other than after 5 minutes. SAED showed that 

calcite was produced but also contained diffuse rings indicating the presence of 

amorphous material. Images taken at high-magnification (Figure 4.18c) showed a 

central region along the crystal that was darker than the rest of the particle, which 

indicated that this area was crystalline. 
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Figure 4.19 TEM images of a Ca(OH)2 and amorphous material obtained after 

reacting 1:10 Ca(OH)2 suspension and water in air for 10 minutes (a, b, c), with 

corresponding SAED pattern (d) of image shown in (c). 

The dendritic structures became more dense after 15 minutes of carbonation, with 

the individual rods thickening and completely coalescing in the centre. SAED 

showed that these were crystalline calcite. 
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Figure 4.20 TEM image of a Ca(OH)2 and amorphous material obtained after 

reacting 1:10 Ca(OH)2 suspension and water in air for 15 minutes (a, b, c), with 

corresponding SAED pattern (d) for image (c). 

4.3.3.2 Dry TEM Studies using a 1:1 Suspension 

A concentrated dispersion of particles optimal for cryo-TEM was created by 

increasing the ratio of the Ca(OH)2 suspension to water from 1:10 to 1:1. This also 

slowed down the reaction by reducing the proportion of excess water to Ca(OH)2. 

The aliquots were removed after shorter time points and the time-resolution was 

improved by taking aliquots from one solution at intervals rather than preparing 

separate vials after mixing. A 2 ml 1:1 dispersion was created by adding 1 ml of the 
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Ca(OH)2 ethanol suspension to 1 ml DI water and mixing. Aliquots were taken at 0, 2 

and 5 minutes, deposited onto a TEM grid and back-blotted. 

The sample obtained after 0 minutes, which was prepared by taking an aliquot 

immediately after mixing, contained 0.5 – 2 µm crystals with prism morphologies and 

hexagonal basal planes (Figure 4.21). SAED pattern confirmed that they were 

portlandite single crystals. Spherical ACC particles were also observed, the majority 

of which were 30 nm in diameter with some larger 100 nm particles present. 

 

Figure 4.21 TEM image of a Ca(OH)2 and amorphous material obtained after 

mixing 1:1 Ca(OH)2 suspension and water (a, b, c), with corresponding SAED 

pattern (d) for image (c). 
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Rod-like particles were observed amongst the Ca(OH)2 crystals after 2 minutes of 

carbonation (Figure 4.22). SAED showed that portlandite and calcite were present, 

due to their close proximity in the SA. This confirms that the rod-like particles were 

the early growths of scalenohedral calcite. The ACC particles previously seen were 

also present after 2 minutes, and images suggested that some particles had 

coalesced. 

 

Figure 4.22 TEM image of a Ca(OH)2 and amorphous material obtained after 

reacting 1:1 Ca(OH)2 suspension and water in air for 2 minutes (a, b, c), with 

corresponding SAED pattern (d). 

Carbonating the suspension for 5 minutes also resulted in a mixture of Ca(OH)2, 

calcite and ACC particles (Figure 4.23). However the calcite crystals had grown 

further along their long axis, with some crystals being over 1 µm long with clear 
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scalenohedral shapes. Some of these crystals retained curved edges, as seen in the 

1:10 study, although the crystalline area in the centre of the rod was much larger. 

This area showed an outer layer of amorphous material, indicating that crystallisation 

was progressing from the centre of the particle outwards.  

In some instances the amorphous material adopted an hexagonal shape, suggesting 

that ACC formed on dissolution of the Ca(OH)2 template. This was in addition to the 

30 nm ACC spheres seen after 0 and 2 minutes of carbonation.  

 

Figure 4.23 TEM image of a Ca(OH)2 and amorphous material obtained after 

reacting 1:1 Ca(OH)2 suspension and water in air for 5 minutes (a, b, c), with 

corresponding SAED pattern (d). 
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4.3.3.3 Cryo-TEM Studies 

Cryo-TEM was used to achieve greater analysis without causing beam damage, and 

also to terminate the reaction via plunge freezing. The samples were prepared as 

previously described and 3 µl aliquots were loaded onto the grid inside the Vitrobot 

chamber before rapidly plunge-freezing it in liquid ethane.  

The 0 minute samples showed signs of premature carbonation as micron-sized 

scalenohedral calcite crystals were visible as well as the remnants of Ca(OH)2 

hexagonal prisms. 

 

Figure 4.24 Cryo-TEM images of the product obtained after 0 minutes of 

carbonation. 

Following 2 minutes of carbonation, the scalenohedral crystals had grown longer and 

at each apex thin, tendril-like growths were seen (Figure 4.25), as previously 

observed in SEM and dry TEM. Spherical ACC particles could be seen at calcite 

apexes that did not have the tendril-like crystal growths. However, it was challenging 

to distinguish between ACC and ice crystals in these samples due to their similar 

shapes and sizes.  
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Figure 4.25 Cryo-TEM images of the product obtained after 2 minutes of 

carbonation. 

The crystals obtained after 5 minutes of carbonation showed far more mature 

scalenohedral calcite crystals than those seen at 2 minutes (Figure 4.26). Each 

particle was highly polycrystalline and larger, with multiple growths occurring from 

one nucleation site, with the small needle-like features also clearly visible and more 

prevalent than at 2 minutes. ACC particles were also present around the crystals. 
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Figure 4.26 Cryo-TEM images of the product obtained after 5 minutes of 

carbonation, where the green circles in (a) and (c) indicate the region where (b) 

and (d) were captured, respectively. 

4.3.3.4 Difficulties in Cryo-TEM Imaging 

There were a number of challenges associated with studying the reaction products 

using cryo-TEM. Achieving a uniform ice layer with a reasonable thickness for 

imaging was difficult due to large aggregates of particles on the grid. This led to 

some areas having very thick ice with poor image contrast, whilst grid holes in other 

areas were dry (Figure 4.27a). This is caused by dewetting of the thin liquid layer, 

where movement of water molecules towards areas with greater thicknesses occurs 

to attain more favourable van der Waals’ interactions350. An extremely thin liquid 
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layer will evaporate over short times between blotting and plunge-freezing even 

under humid conditions, which inevitably leads to dry areas forming on the grid. 

Initial identification of the different components of the reaction was straightforward 

due to the distinct morphologies of each material. However, hexagonal ice crystals 

were occasionally found on sample grids (Figure 4.27b), and were difficult to 

distinguish from the hexagonal Ca(OH)2 crystals. This highlighted the importance of 

SAED to verify the composition of crystals. 

 

Figure 4.27 The challenges faced during cryo-TEM: (a) large particles on the 

grid causing a thick ice layer and dry areas, (b) a hexagonal ice crystal and (c) 

the corresponding SAED pattern. 

Because of the difficulty in consistently creating high-quality cryo-TEM grids using 

the Ca(OH)2 suspension prepared using via the aqueous precipitation route, SEM 

was used to further examine the grids. The SEM images show crystalline aggregates 

of 5 – 10 µm across much of the grid, which had caused warping and destruction of 

the holey carbon support film. Although these crystals would certainly be calcite and 

not the initial Ca(OH)2 particles, it was clear that further optimisation of Ca(OH)2 

synthesis was required. 
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Figure 4.28 SEM images of a TEM grid after being examined using cryo-TEM. 

4.3.4 Synthesis of Ca(OH)2 via Anion Exchange Resin Method 

Due to the large particle agglomerates and premature carbonation of the Ca(OH)2 

suspension prepared via aqueous precipitation, another synthesis method was 

trialled. The anion resin exchange method was used (as described in Section 

4.2.1.3) to create thin, well-dispersed hexagonal Ca(OH)2 plates which would remain 

stable for longer periods of time. This yielded well-dispersed suspensions of 

Ca(OH)2 particles, and avoided repeated exposure to air by negating the washing 

steps. The product was observed using TEM, which confirmed that ~200 nm 

hexagonal plates were produced with 20 – 50 nm thicknesses (Figure 4.29). 

 

Figure 4.29 TEM image of the Ca(OH)2 plates produced using the anion 

exchange resin method (a) and corresponding SAED (b). 
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4.3.5 Time-Resolved TEM Studies of Ca(OH)2 Synthesised via Resin 

Method 

Time-resolved TEM studies were conducted using Ca(OH)2 prepared with the anion 

exchange resin to establish whether the difference in thickness between Ca(OH)2 

produced by the two methods had an effect on the carbonation reaction.  

The grids were loaded with a 3 µl ethanol suspension of Ca(OH)2 and manually 

back-blotted after 0, 2 or 5 minutes. Thin hexagonal plates which often had central 

regions missing were present after 0 minutes (Figure 4.30). The holes in the particles 

were almost exclusively found in the centre of the plates, leaving their outermost 

edges intact. SAED confirmed that the plates were Ca(OH)2. In some instances, only 

a ring-like outer edge of the particle remained, which possessed enough of the 

hexagonal shape to distinguish these particles as Ca(OH)2 plates that had almost 

completely dissolved. The particles were also found amongst 10 – 20 nm spherical 

amorphous particles, which were consistent with ACC, with some present on the 

faces of Ca(OH)2. 
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Figure 4.30 TEM images of the Ca(OH)2 suspension prepared using the anion 

exchange method following 0 minutes of carbonation (a, b, c), and the 

corresponding SAED pattern (d) for image (c). 

Few intact Ca(OH)2 plates were visible after 2 minutes carbonation (Figure 4.31). 

Instead, only the outer edges of these particles remained, appearing as rings which 

often had a clear hexagonal shape. The spherical ACC particles present were larger 

than at 0 minutes and were up to 40 nm in diameter. Further, new 100 nm elliptical 

particles emerged after 2 minutes of carbonation that exhibited much greater 

contrast due to their crystallinity. These crystals correspond to the early growth 

stages of scalenohedral calcite. 
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Figure 4.31 TEM images of the Ca(OH)2 suspension prepared using the anion 

exchange method, following 2 minutes of carbonation. 

The product obtained after 5 minutes of carbonation was very similar to that obtained 

after 2 minutes. The early growth stages of calcite were observed, as well as the 

near completely dissolved Ca(OH)2 rings (Figure 4.32). These showed slightly more 

advanced dissolution than after 2 minutes, with only the outer edge left in most 

cases. 

 

Figure 4.32 TEM images of the Ca(OH)2 suspension prepared using the anion 

exchange method, following 5 minutes of carbonation. 

The reaction was repeated in the presence of water by adding a 1.5 µl droplet of DI 

water to a grid with 1.5 µl Ca(OH)2 suspension (100% EtOH). Following 2 minutes of 
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reaction, amorphous-like rings of partially dissolved Ca(OH)2 were observed in 

addition to calcite, which had needle-like growths emerging from the apexes (Figure 

4.33). SAED of these growths alone (highlighted in orange) showed that they were 

individual crystals of calcite, but when the SA was moved to include the central 

crystal (highlighted in green) a single crystal pattern was observed. 

 

Figure 4.33 TEM images of the 1:1 Ca(OH)2 suspension and water following 2 

minutes of carbonation (a, c), where the orange and green circles indicate the 

areas corresponding to each SAED pattern (b, d). 

In order to further probe this theory, a calcite crystal was analysed using dark-field 

imaging (Figure 4.34). Several spots were seen at each lattice point in SAED 

patterns which shows that several crystallites were present.  The diffraction spot 
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highlighted was selected and upon returning to imaging mode, the majority of the 

particle appeared bright. This indicated that this entire region of the crystal was 

responsible for that diffraction spot, further evidencing that the particle was mainly a 

single crystal with some additional crystallites present. 

 

Figure 4.34 TEM images of the 1:1 Ca(OH)2 suspension and water following 5 

minutes of carbonation (a), the obtained SAED pattern with highlighted 

diffraction spot used for dark field TEM (b), corresponding selected area (c) 

and dark-field TEM image (d) obtained using the diffraction spot circled in (b). 

The products obtained after 5 minutes of carbonation were again very similar to 

those obtained after 2 minutes. Scalenohedral calcite was observed as confirmed by 

SAED (Figure 4.35a) and the individual needle-like growths had consolidated in the 
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regions nearest to the central crystal, forming an aligned rod. What appeared to be a 

partially dissolved hexagonal Ca(OH)2 plate was analysed using SAED (Figure 

4.35b), which indicated that it was amorphous. This indicates that the structure was 

not Ca(OH)2, but was instead ACC that has precipitated by pseudomorphic 

replacement of the Ca(OH)2 plates. 

 

Figure 4.35 TEM images of the 1:1 Ca(OH)2 suspension and water following 5 

minutes of carbonation (a, c), where the green circles indicate the areas 

corresponding to each SAED pattern (b, d). 

Samples prepared after 10 minutes of carbonation showed advanced growth of the 

calcite crystals and no remaining Ca(OH)2 (Figure 4.36). The crystals were several 

microns in length and around 2 µm in thickness. 
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Figure 4.36 TEM images of the 1:1 Ca(OH)2 suspension and water, following 10 

minutes of carbonation. 

4.3.5.1 Cryo-TEM 

Time-resolved cryo-TEM was conducted using the new Ca(OH)2 suspension to 

better isolate each time point of the reaction. Two aliquots were taken for each time 

point; one from the top of the reaction solution and one after mixing the reaction vial 

(termed the top and the mixed aliquot respectively). The aim of this was to primarily 

prepare samples with different particle densities, as the top aliquot would avoid 

larger particles that settle to the bottom of the vial. However, the top aliquot was also 

closer to the air-solvent interface and thus the supply of CO2, so this study would 

determine the influence of this on the rate and products of the reaction. It should also 

be noted that this study was conducted using the 90% v/v EtOH/H2O Ca(OH)2 

suspension, which was diluted 1:1 with DI water for all samples but the 0 minute 

carbonation sample. 

Thin hexagonal plates were observed as the main product in the 0 minute samples, 

though some partially dissolved plates that retained their outer edges were also 

present (Figure 4.37). The SAED pattern confirmed that the plates were Ca(OH)2. At 

this time point there was no difference in the samples prepared using the two 

different aliquots. 
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Figure 4.37 Cryo-TEM images of the 90% v/v EtOH/H2O Ca(OH)2 suspension (a, 

b, c), with corresponding SAED pattern (d). 

The top aliquot obtained after 2 minutes of carbonation contained rhombo-

scalenohedral particles with obtuse apex angles of ≈ 105° (Figure 4.38). This 

contrasted with the scalenohedral particles observed in the 2 minute sample 

obtained from the mixed aliquot, which had acute apex angles of ≈ 60° (Figure 4.39). 

Both types of particle were around 450 – 600 nm in length, indicating that one was 

not a later growth stage of the other. This effect on morphology may therefore derive 

from a difference in the availability of CO2 between the two aliquots, as it has been 

seen previously in studies varying [Ca2+]/[CO3
2-]330, 332. 
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The 2 minute sample taken from the top aliquot is closest to the air-solvent interface 

and as a result the amount of dissolved CO2 will be greatest in this area. This 

reduces [Ca2+]/[CO3
-2], which as discussed in the introduction, leads to a more 

rhombohedral-like morphology, referred to as rhombo-scalenohedral332. The 2 

minute sample from the mixed aliquot yielded scalenohedral particles, as there is 

less available CO2 relative to the area local to the air-solution interface. This results 

in a Ca2+-rich environment where growth of the non-stoichiometric {21-1} faces is 

inhibited by adsorbed Ca2+ ions.  

 

Figure 4.38 Cryo-TEM images of the top aliquot sample of 1:1 90% v/v 

EtOH/H2O Ca(OH)2 suspension and water following 2 minutes of carbonation 

(a, b, c) and corresponding SAED pattern (d). 
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Figure 4.39 Cryo-TEM images of the mixed aliquot sample of 1:1 90% v/v 

EtOH/H2O Ca(OH)2 suspension and water following 2 minutes of carbonation. 

Further growth of the calcite particles was observed in both sample aliquots after 5 

minutes of carbonation (Figure 4.40 and Figure 4.41). Calcite crystals with rhombo-

scalenohedral morphologies were again observed for the top aliquot, in addition to 

granular vaterite particles. The sample from the mixed aliquot contained 

scalenohedral calcite, which had begun to form polycrystals. 

 

Figure 4.40 Cryo-TEM images of the top aliquot sample of 1:1 90% v/v 

EtOH/H2O Ca(OH)2 suspension and water following 5 minutes of carbonation. 
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Figure 4.41 Cryo-TEM images of the mixed aliquot sample of 1:1 90% v/v 

EtOH/H2O Ca(OH)2 suspension and water following 5 minutes of carbonation. 

4.3.5.2 Cryo-ET 

The mixed aliquot samples were studied using cryogenic electron tomography (cryo-

ET) to determine the spatial relationship between the partially dissolved Ca(OH)2 

plates and amorphous material, and to study the growing scalenohedral calcite 

crystals. Tomograms were collected by sequentially tilting and imaging the sample 

through -60° to +60° using a tilt step of 2°. 

To facilitate cryo-tomography, the sample had to tolerate repeated exposure to the 

electron beam. This was not an issue for the 2 and 5 minute samples which had 

been diluted with water 1:1, but the undiluted 0 minute sample suffered beam 

damage after a fluence of 20 e- Å-2, when the total fluence required for the 

tomograms was 144 e- Å-2. As both the sample and the carbon film were damaged, 

this was clearly due to the high EtOH content (~90%) rather than any beam-

sensitivity of the Ca(OH)2. The issue was resolved by diluting the 0 minute sample 

1:1 with water (only ~45% EtOH). 

The addition of water to the sample, compounded by the sample loading time using 

the Vitrobot (at least 13 s), inevitably led to initiation of the reaction prior to plunge-

freezing. This can be seen by the partial dissolution of the Ca(OH)2 hexagonal plates 

in the tilt series (Figure 4.42), whereas full plates were generally the main product in 
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the cryo-TEM images at 0 minutes (Figure 4.37). The remaining outer edge was 

reminiscent of the hexagonal Ca(OH)2 plate, which was 20 – 30 nm in thickness and 

retained 120° angles at each corner. The amorphous globular structures were 

confirmed as being connected to the hexagonal particle edges by examining the 

spatial relationship between the two over a range of tilt angles. There were also a 

number of instances where the outer edge of a Ca(OH)2 plate was preserved and a 

central region remained intact following partial dissolution (Figure 4.42b). This was 

previously unclear from the cryo-TEM images, but the tilt series showed that both the 

central region and outer edge were aligned across all tilt angles, which indicated that 

they were of the same plate, rather than two stacked plates. 

 

Figure 4.42 Cryo-TEM tilt series of 1:1 90% v/v EtOH/H2O Ca(OH)2 suspension 

and water. 

Calcite crystals were also present in the 0 minute sample, which was expected due 

to the dilution of the sample with water (Figure 4.43). The crystals were at an early 

stage of growth and were ~380 nm long with thicknesses of 200 nm. The particles 

had a granular appearance and individual 5 nm crystallites could be seen aligned 

along the long axis of the crystal, with the central crystallite being the longest. These 

were often associated with the amorphous networks seen after dissolution of 

Ca(OH2) plates. 
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Figure 4.43 Cryo-TEM tilt series of 1:1 90% v/v EtOH/H2O Ca(OH)2 suspension 

and water, where the green arrow highlights the central crystallite. 

Following 2 minutes of carbonation, the calcite crystals had grown further along the 

long axis to 800 nm but remained approximately 200 nm in thickness (Figure 4.44). 

This indicated that the formation of the aligned crystallites occurred faster than the 

growth of the crystallites along the long axis. 

 

Figure 4.44 Cryo-TEM tilt series of 1:1 90% v/v EtOH/H2O Ca(OH)2 suspension 

and water, following 2 minutes of carbonation. 

Calcite crystals obtained after 5 minutes of carbonation were very similar in size to 

those formed after 2 minutes, indicating that little growth had occurred between the 

two time points (Figure 4.45). However, the apex of the crystals had diverged into 

two separate crystals. This indicated that polycrystals had begun to form.  
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Figure 4.45 Cryo-TEM tilt series of 1:1 90% v/v EtOH/H2O Ca(OH)2 suspension 

and water, following 5 minutes of carbonation. 

4.3.6 Dynamic LCTEM Studies of the Carbonation of Ca(OH)2  

Time-resolved TEM and cryo-TEM studies revealed the phases present throughout 

the reaction, but could not directly observe the transformation of these phases. 

Liquid-cell TEM (LCTEM) was therefore employed to further probe the formation 

mechanism of calcite via the carbonation of Ca(OH)2 in real time. Briefly, 

experiments were conducted by loading the cell with Ca(OH)2 particles (from a 100 

% EtOH suspension) and filled with EtOH. After loading the holder, water was flowed 

through the cell at a rate of 0.05 ml min-1 until EDX monitoring confirmed that the 

EtOH was displaced by H2O. 

4.3.6.1 Dissolution of Ca(OH)2 

Initial imaging of the liquid-cell after flowing water into the cell showed the hexagonal 

Ca(OH)2 plates randomly oriented in solution (Figure 4.46). Continuous imaging of 

these areas showed that the Ca(OH)2 plates gradually dissolved, and then became 

brighter and spherical particles emerged. This could be due to the formation of ACC 

at the site of partially dissolved Ca(OH)2 remnants where there is a high local 

concentration of Ca2+. 
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Figure 4.46 HAADF STEM images taken from a video of the Ca(OH)2 

suspension dissolving in the LC, with 2 areas shown in (a-c) and (d-f), where 

the total fluence at each time point was (a) 32 e- Å-2, (b) 131 e- Å-2, (c) 262 e- Å-2, 

(d) 13 e- Å-2, (e)167 e- Å-2 and (f) 374 e- Å-2. 

The random orientations of the plates made it challenging to determine whether the 

dissolution occurred more readily on specific crystal faces, as it was difficult to 

visually identify the crystallographic planes of the Ca(OH)2 plates. However, an area 

was found with a Ca(OH)2 plate positioned with the basal face parallel to the chip 

window (Figure 4.47). Over time the Ca(OH)2 plate dissolved from the centre 

outwards. As observed previously, the Ca(OH)2 remnants initially faded from view 

during dissolution, but became brighter as ACC precipitated on the Ca(OH)2 

remnants. ACC also formed in solution as 20 nm spherical particles. 
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Figure 4.47 HAADF STEM images taken from a video of the dissolution of a 

Ca(OH)2 suspension in the LC, where the total fluence at each time point was 

(a) 4 e- Å-2, (b) 32 e- Å-2, (c) 281 e- Å-2 and (d) 465 e- Å-2. 

In order to ascertain that the dissolution of Ca(OH)2 and emergence of the spherical 

particles were not induced by continued beam exposure, “snapshot” images were 

taken of an area at set time intervals. This limited exposure to the electron beam as 

much as possible whilst monitoring the reaction.  

The “snapshot” images showed that the plates dissolved within 6 minutes (Figure 

4.48).  After 18 minutes, both spherical particles and the brightening of the Ca(OH)2 

remnants were observed. Although this confirmed that Ca(OH)2 dissolution and the 

subsequent formation of the amorphous phase were not beam-induced, these 

processes did occur faster during continuous imaging. This can be attributed to the 
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acidifying effect of the beam on aqueous solutions with initial pH > 3, which occurs 

due to radiolysis of water by irradiation with the beam124. As the dissolution rate of 

Ca(OH)2 increases with decreasing pH351, prolonged beam exposure will speed up 

the dissolution of Ca(OH)2 crystals. 

 

Figure 4.48 HAADF STEM images taken of the dissolution of Ca(OH)2 particles 

in a LC.  “Snapshot” images were recorded instead of continuous scans to 

minimise exposure to the electron beam, where the total fluence at each time 

point was (a) 10 e- Å-2, (b) 60 e- Å-2, (c) 102 e- Å-2 and (d) 143 e- Å-2. 

The liquid-cell experiment was repeated with fresh suspension and larger partially 

dissolved plates of Ca(OH)2 were observed (Figure 4.49). Despite the low resolution, 

the outer edges and undissolved central portion of the plates were clearly visible. 
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Larger intact plates were also found, and are likely to be thicker Ca(OH)2 particles 

that did not dissolve as quickly. 

 

Figure 4.49 HAADF STEM images of Ca(OH)2 suspension in the LC, where the 

fluence was (a) 17 e- Å-2, (b) 29 e- Å-2, (c) 33 e- Å-2 and (d) 16 e- Å-2
.   

4.3.6.2 Growth of Calcite 

In addition to the early stages of the carbonation reaction, it was also important to 

capture the growth of calcite crystals in the LC. Continuous imaging of calcite 

crystals was challenging due to their inherent susceptibility to beam damage352, 353 

and dissolution in acidic conditions. Beam damage was observed whilst capturing 

the video of calcite and ACC particles depicted in Figure 4.50, where the contrast of 

the image changed significantly in response to the changing conditions. During the 
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video the ACC particles densified in the centre, displaying the same pitting and 

roughening prior to dissolution as seen in similar LCTEM work by Nielsen et al.78, 

which they attributed to the ACC becoming solid-like. 

 

Figure 4.50 HAADF STEM images taken from a video of calcite crystals 

suffering from beam damage, where the total fluence at each time point was (a) 

7 e- Å-2, (b) 84 e- Å-2, (c) 189 e- Å-2 and (d) 300 e- Å-2. 

By carefully optimising the beam dose, continuous imaging was achieved on another 

area of calcite crystals for a sustained period with no observable beam effects 

(Figure 4.51). 
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Figure 4.51 HAADF STEM images taken from a video of calcite crystals with no 

beam effects, where the total fluence at each time point was (a) 1 e- Å-2 and (b) 

34 e- Å-2. 

Calcite crystals were continuously imaged using the optimised beam dose, and the 

growth of polycrystals was observed (Figure 4.52). This showed the growth of 

individual crystals along their long axis. 
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Figure 4.52 HAADF STEM images taken from a video of growing calcite 

crystals, where the total fluence at each time point was (a) 1 e- Å-2, (b) 15 e- Å-2, 

(c) 27 e- Å-2 and (d) 42 e- Å-2. Areas of growth are indicated by orange and 

green arrows. 

High-magnification imaging in the area where Figure 4.53 was captured showed the 

small crystallites growing from the crystal apexes (Figure 4.53). The large size of the 

aggregates made it challenging to achieve focus across the depth of the sample. 
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Figure 4.53 HAADF STEM image of calcite crystals in the area captured in 

Figure 4.52 at high magnification, showing the needle-like growths at the apex 

of scalenohedral calcite crystals, where the fluence was 3 e- Å-2. 

Although LCTEM allowed the reaction to be followed visually, it was difficult to 

confirm the composition of the species observed in the LC. EDX was not suitable 

due to the similar elemental composition of the reactants and products and electron 

diffraction could not be performed on the LC filled with solution. Therefore, air was 

flushed through the liquid cell at the end of individual experiments to dry it and allow 

SAED patterns to be collected. This could only be performed at the end of an 

experiment, as refilling the LC with solution was generally unsuccessful due to the 

windows sealing during drying. The scalenohedral crystals were confirmed to be 

calcite using SAED (Figure 4.54). 
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Figure 4.54 TEM images taken after drying the LC chip of calcite crystals (a, b), 

with corresponding SAED pattern (c) for circled area in image (b).  

4.3.6.3 Low [CaCl2] Synthesis of Ca(OH)2 via Anion Exchange for LCTEM 

The LCTEM studies were often challenging as densely-packed, micron-sized 

particles were sometimes present (Figure 4.55). This made it difficult to assemble 

the cell, as the chips would often crack. Further optimisation of the Ca(OH)2 

synthesis was therefore needed to ensure that the LC could be loaded successfully.  

 

Figure 4.55 HAADF-STEM image of the LC showing micron-sized particles 

packed within the viewing window, which were too large for proper 

characterisation using the LCTEM. 

In order to reduce the particle size of Ca(OH)2, the initial [CaCl2] was reduced, with 

the best size distribution being achieved at 0.02 M. Dispersions of the Ca(OH)2 in 
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EtOH were examined using both SEM (Figure 4.56) and TEM (Figure 4.57) and thin 

hexagonal plates with lengths of 0.1 – 1 µm were observed. SAED confirmed that 

single crystals of portlandite were obtained. 

 

Figure 4.56 SEM images of Ca(OH)2 plates prepared using a lower CaCl2 

concentration of 0.02M in the anion exchange resin method. 

 

Figure 4.57 Dry TEM of Ca(OH)2 prepared using a lower CaCl2 concentration of 

0.02M in the anion exchange resin method (a), with corresponding SAED 

pattern. 

The LCTEM studies were repeated with the Ca(OH)2 suspension synthesised  using 

low [CaCl2]. Despite there being a gas bubble in view of the window, continuous 

imaging showed two hexagonal Ca(OH)2 plates that were preferentially dissolving in 

the centre, leaving the outer edge intact (Figure 4.58). This confirmed that the 
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skeletal, hexagonal structures previously seen in static TEM images were formed by 

the dissolution of the Ca(OH)2. 

 

Figure 4.58 HAADF STEM images taken from a video of the Ca(OH)2 

suspension undergoing dissolution in the LC, where the total fluence at each 

time point was (a) 4 e- Å-2, (b) 45 e- Å-2, (c) 83 e- Å-2 and (d) 121 e- Å-2. The high 

contrast was due to the presence of a gas bubble over the viewing window. 

Another area on the window that was densely-packed with hexagonal plates was 

examined over a sustained period and the same preferential dissolution was 

observed (Figure 4.59). In the final frame in Figure 4.59, the gas bubble once again 

moved into the viewing window. The greater resolution achieved by imaging through 

gas rather than liquid highlighted the network of amorphous material between the 

remnants of different Ca(OH)2 particles. 
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Figure 4.59 HAADF STEM images taken from a video of the dissolving Ca(OH)2 

suspension in the LC with a gas bubble over the viewing window in the last 

image, where the total fluence at each time point was (a) 5 e- Å-2, (b) 106 e- Å-2, 

(c) 207 e- Å-2 and (d) 251 e- Å-2. 

Further imaging of this area revealed the transformation of the amorphous material 

into calcite crystals. This began with a reduction in the network of amorphous 

material, which occurred faster as the gas bubble caused the sample to be exposed 

to a greater beam dose (Figure 4.60). The LC partially rehydrated during the video, 

as evident by the brighter areas in the images, and rod-like calcite crystals could be 

seen after 5 minutes as highlighted by orange arrows in Figure 4.60b and c. The 

crystals appeared following the dissolution of the amorphous material. 80 nm 

spherical features also began to emerge and brightened over time, becoming 
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prevalent after 10 minutes (Figure 4.60c). This may be attributed to the formation of 

further ACC, which precipitated as the viewed area of the LC becomes hydrated 

again, which supplies the area with further ions. Overall, this confirmed that the 

dissolution of Ca(OH)2 resulted in the precipitation of ACC, which eventually 

dissolves to crystallise calcite. 

 

 

Figure 4.60 HAADF STEM images taken from a video of the Ca(OH)2 

suspension undergoing dissolution in the LC with a gas bubble over the 

viewing window, where the total fluence at each time point was 324 e- Å-2, 571 

e- Å-2 and 876 e- Å-2. The time-stamps correspond to the new video rather than 

continued from video in Figure 4.59, orange arrows highlight rod-like calcite 

crystals. 
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4.3.7 The Effect of Commonly Used PCC Additives on the Carbonation 

of Ca(OH)2 

In the industrial production of PCC, additives are used to control polymorph, 

morphology, and particle size. The effect of two commonly used additives - citric acid 

and gypsum - on the early stages of formation was studied using dry TEM, with 

further study of the citric acid system conducted using cryo-TEM. As discussed in the 

introduction, both gypsum and citric acid are employed in PCC production to reduce 

particle size and increase the SSA, while citric acid also suppresses the formation of 

aragonite.  

Suspensions of Ca(OH)2 particles in EtOH were synthesised using the low [CaCl2] 

route as for the optimised LCTEM samples, and diluted 1:1 with DI water. Samples 

for dry TEM were prepared using a Vitrobot to plunge-freeze the grids after the 

allotted carbonation time and brought to room temperature under vacuum. This 

method was used to pause the reaction as effectively as possible. 

4.3.7.1 Additive-Free Control 

Firstly, an additive-free sample was prepared to allow a direct comparison of the 

reaction products at each time point (Figure 4.61). Both 0 and 2 minute samples 

contained hexagonal Ca(OH)2 plates, with some showing pitted, dissolved regions 

on the basal faces. Small spherical and liquid-like particles were present at both time 

points, which can be attributed to the formation of ACC. The rod-like crystals were 

Ca(OH)2 plates oriented with the basal faces perpendicular to the grid. 
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Figure 4.61 Time-resolved TEM images of additive-free Ca(OH)2 suspensions 

after 0 min (a, b) and 2 min (c, d) of carbonation, prepared using a Vitrobot.  

Cryo-TEM was also used to observe the products after 0, 2 and 5 minutes of 

carbonation. The 0 minute sample consisted of thin hexagonal Ca(OH)2 plates 

(Figure 4.62 a, b). After 2 minutes of carbonation, micron-length scalenohedral 

calcite crystals were observed (Figure 4.62 c, d), which had grown further by 5 

minutes and were increasingly polycrystalline (Figure 4.62 e, f). High magnification 

imaging of the calcite obtained after 5 minutes showed the granular structure of the 

calcite, further evidencing the polycrystallinity of the crystals, as well as highlighting 

the network of amorphous material (ACC) surrounding them. 
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Figure 4.62 Time-resolved cryo-TEM images of additive-free 1:1 Ca(OH)2 

suspensions and water after 0 min (a, b), 2 min (c, d), and 5 min (e, f) of 

carbonation. 
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4.3.7.2 Gypsum 

The samples prepared using gypsum as an additive in the Ca(OH)2 suspension did 

not show any marked differences at 0 or 2 minutes (Figure 4.63 a-d). Dissolution of 

Ca(OH)2 was observed at both time points, but hardly any amorphous particles were 

visible in any of the gypsum samples. This could indicate that instead of the rapid 

precipitation of CaCO3 species, the additional Ca2+ supplied in solution by dissolved 

gypsum causes the equilibrium to shift and the dissolution of Ca(OH)2 to become 

less favourable. 

 

Figure 4.63 Time-resolved TEM images of Ca(OH)2 suspensions with gypsum 

after 0 min (a, b) and 2 min (c, d) of carbonation, prepared using a Vitrobot. 
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4.3.7.3 Citric Acid 

Using citric acid as an additive affected the phases present at 0 minutes, which 

consisted of Ca(OH)2 plates with varying degrees of dissolution and far more 

amorphous material (ACC) compared to the control and gypsum samples (Figure 

4.64 a, b). The ACC was still present in large amounts after 2 minutes of carbonation 

(Figure 4.64 c, d), suggesting that it is stabilised by the citric acid, as is consistent 

with the literature354. 

 

Figure 4.64 Dry TEM of Ca(OH)2 suspensions with citric acid after different 

periods of carbonation, prepared using a Vitrobot to pause the reaction. 

Further study was conducted using cryo-TEM (Figure 4.65). As for the dry TEM 

sample, the presence of citric acid stabilised ACC. Networks of ACC were present 

after 0 and 2 minutes of carbonation, which clearly retained the hexagonal 
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framework left by the dissolution of Ca(OH)2 in several areas (Figure 4.65 a-d). The 

ACC particles were also larger than previously seen for the additive-free sample, 

reaching almost 100 nm. This agrees with Tobler et al., who found that citrate 

increased the size of ACC particles354. This occurs due to the complexation of Ca2+ 

ions by citrate, which reduces the activity of Ca2+ and thereby lowers the 

supersaturation with respect to ACC. Scalenohedral calcite crystals were not 

observed until 5 minutes of carbonation (Figure 4.65 e, f), indicating that the 

induction time is longer for calcite precipitation in the presence of citric acid.  
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Figure 4.65 Time-resolved cryo-TEM images of 1:1 Ca(OH)2 suspensions with 

citric acid and water after different periods of carbonation. 
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4.4 Discussion 

The work in this chapter has explored several key areas of the carbonation reaction 

of Ca(OH)2, which can be summarised into the following: (i) optimisation of the 

synthesis of Ca(OH)2 particles suitable for subsequent TEM studies; (ii) the effect of 

[Ca2+]/[CO3
2-] on the morphology of calcite as observed in cryo-TEM; (iii) insight into 

the carbonation mechanism as revealed by cryo- and LCTEM; (iv) the effect of 

additives on the early stages of the carbonation reaction, and (v) the relevance to the 

industrial carbonation process. 

4.4.1 Optimisation of the Synthesis of Ca(OH)2 for TEM 

Thin hexagonal plates of Ca(OH)2 with defined, recognisable morphologies were 

required for the TEM studies conducted in this chapter. Commercial Ca(OH)2 was 

unsuitable for this purpose due to the large particle sizes and high degree of 

agglomeration. Precipitation of Ca(OH)2 by dropwise addition of NaOH to CaCl2  

produced particles with hexagonal prism morphologies that were less agglomerated, 

but were still fairly thick for observation using TEM. Optimal Ca(OH)2 crystals were 

produced via an anion exchange resin method. This involved mixing an aqueous 

solution of CaCl2 with anion exchange resin beads charged with OH- ions. These ion 

exchange with dissolved Cl- ions due to their higher affinity, allowing precipitation of 

the poorly soluble Ca(OH)2. The synthesis was further optimised for a TEM study by 

altering the initial CaCl2 concentration to create the best dispersion of particles with ~ 

20 nm thicknesses. The method of isolating the Ca(OH)2 was also optimised to avoid 

premature carbonation following synthesis. This was achieved by immediately 

filtering the Ca(OH)2 suspension to dryness, washing with EtOH and drying further in 

a vacuum desiccator before redispersing the particles in pure EtOH. 

4.4.2 Effect of [Ca2+]/[CO3
2-] on Morphology 

Cryo-TEM studies showed that the morphology of the calcite formed during 

carbonation of Ca(OH)2 suspension in a 2.5 ml vial varied with the proximity of the 

reaction to the air interface. Aliquots taken from the top of the suspension nearest 

the air interface yielded calcite with rhombo-scalenohedral morphology, compared to 

the scalenohedral calcite obtained from aliquots taken at the bottom of the reaction 

vial. This can be attributed to difference in availability of dissolved CO2 and thus 
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CO3
2- ions at the two positions in the vial, which results in the environments having 

different [Ca2+]/[CO3
2-]. This ratio is highly influential on calcite morphology, as 

shown in works by Cizer et al.327 and García Carmona et al.330, 332, where a larger 

[Ca2+]/[CO3
2-] value favours scalenohedral morphology. As discussed in Section 

4.1.4, the scalenohedral morphology is thought to precipitate in the presence of 

excess Ca2+ ions, which may stabilise the polar {214} scalenohedral faces during 

growth. This is in agreement with the expected differences in [Ca2+]/[CO3
2-] between 

the two environments in the vial and the observed morphologies present in aliquots 

extracted from them. At the bottom of the vial, the supply of CO3
2- is limited by 

diffusion through the suspension and will be readily consumed, so [Ca2+]/[CO3
2-] will 

be larger and scalenohedral calcite is produced. At the top of the vial, the 

suspension has an air interface and will have the greatest concentration of CO3
2-, so 

[Ca2+]/[CO3
2-] will be smaller, and rhombo-scalenohedral calcite is obtained. 

It should be noted that Cizer et al. attributed the difference in morphology across a 

lime paste sample to a dissolution-precipitation reaction occurring during 60 day 

ageing, which favours the transformation of scalenohedral calcite into rhombohedral 

calcite under high relative humidity and CO2 atmospheres327. However, the 

difference in the reaction timeframe and conditions used in the present work 

indicates that this was not the case here, and can instead be attributed to the change 

the local [Ca2+]/[CO3
2-] content. 

Although this effect on morphology has been previously seen in lime pastes327 and 

individual reactors with different conductivities330, 332, this work demonstrates it can 

also occur during carbonation of Ca(OH)2 suspension in a reactor where 

[Ca2+]/[CO3
2-] may not be uniform. This highlights the importance of effective gas 

dispersion in PCC production to ensure that calcite with consistent morphologies 

across the batch are obtained. 

4.4.3 Characterisation of the Partially Dissolved Hexagonal Particles 

One of the intriguing observations during the carbonation reaction was the evolution 

of partially-dissolved hexagonal Ca(OH)2 plates with skeletal structures. The addition 

of water to ethanolic suspensions of Ca(OH)2 caused their dissolution, which was 

shown by SEM and TEM to occur preferentially at the {0001} basal faces. The most 

obvious explanation is that dissolution occurs preferentially at the basal faces of 
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Ca(OH)2 crystals, leaving prismatic edges in-tact and conserving the hexagonal 

habit. Conversely, studies of the dissolution rates of portlandite have shown that the 

prismatic face dissolves more readily than the basal310, 355, although this was found 

for micron-sized prismatic crystals rather than the thin plates of Ca(OH)2 prepared 

here which have very small prismatic faces. Typically, anisotropic dissolution rates 

for different facets can be attributed to the type of face they are. Both of the 

dominant faces in portlandite, {0001} and {01-10}, are flat faces, as defined by 

periodic bond theory11, which are thought to grow by layer-spreading and do not 

contain steps and kinks310. The growth and dissolution of flat faces occurs more 

slowly than faces which are populated with steps and kinks, but as both faces in 

portlandite are flat the preferential dissolution of {0001} cannot be attributed to this. 

The preferential dissolution may also arise from an anisotropic distribution of 

dislocations between the two dominant faces. If the {0001} face possessed a greater 

number of etch pits, dissolution would occur more readily at this face. At a high level 

of undersaturation, etch pits can be formed. Dissolution can proceed via a spiral 

mechanism at low undersaturations, but at high undersaturations the dissolution can 

occur by 2D nucleation of etch pits356. One possibility is that the synthesis method for 

Ca(OH)2 generates lattice defects specific to this face, which will facilitate rapid 

dissolution. The type of dissolution seen here is similar to the hollow-core dissolution 

exhibited by hexagonal prism crystals of hydroxyapatite, which dissolve preferentially 

on the basal face to form a hollow through the c-axis of the prism when exposed to 

acid357. This stems from an unusual “hollow-core” dislocation358, which has been 

attributed to a large Burgers vector (which describes the displacement of a 

dislocation from the perfect lattice) and is typically found in the basal [0001] faces of 

hexagonal materials357, 359. These dislocations become unstable at a critical 

undersaturation and will develop into etch pits at the open surface360, 361. In order to 

verify this, a surface measurement technique such as atomic force microscopy 

(AFM) is required to scan the faces and determine their topography. The dissolution 

of the Ca(OH)2 could also be studied further by performing 3D X-ray micro-

tomography (XMT) of a crystal after different lengths of exposure in water. This 

technique would allow the effect of dissolution on each face to be measured 

effectively, as outlined in studies by Noiriel et al.362, 363. However, a relatively large 
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crystal would be required and preventing further dissolution of the Ca(OH)2 in 

aerobic conditions during measurement would be challenging. 

The partially-filled hexagonal structures have also been seen in work by Kudłacz364 

and Rodriguez-Navarro et al.321, 323, 365. Kudłacz observed the hexagonal “residual 

rims” after exposing a suspension of hexagonal Ca(OH)2 plates to air bubbling. The 

structures yielded diffuse rings in SAED, and Kudłacz highlighted their similarity to 

ACC spheres. Earlier works of Rodriguez-Navarro into the carbonation of Ca(OH)2 

showed ring-like ACC that clearly possess hexagonal shapes reminiscent of the 

hexagonal Ca(OH)2 plates321, 323. The authors determined that these were 

hexagonal-shaped ACC pseudomorphs formed during the early stages of Ca(OH)2 

carbonation via an interface-coupled dissolution-precipitation mechanism323. This fits 

in agreement with the data presented in this chapter, which showed that the Ca(OH)2 

plates began to dissolve and left the hollow-core structure as observed in LCTEM. 

Finally, it should also be considered that in a recent study Rodriguez-Navarro et al. 

observed the same structures in aliquots taken during the synthesis of Ca(OH)2 

plates by mixing CaCl2 and NaOH365. However, the authors identified the structures 

as being amorphous calcium hydroxide (ACH), a precursor phase formed during the 

crystallisation of Ca(OH)2, though they acknowledge that the existence of ACH has 

been disputed and multiple studies have refuted the possibility of a hydrated calcium 

hydroxide phase366, 367. It is also unclear how the ring-like hexagonal shape can be 

assembled from ACH, though the authors suggest that this could occur via a pre-

existing portlandite protostructure, as has been suggested in literature for ACC and 

CaCO3 polymorphs368. In this work, Ca(OH)2 readily precipitated from solution using 

the anion resin exchange method and the reaction was sustained for 30 minutes to 

ensure completion, whereas the study by Navarro et al. only allowed the reaction to 

run for a couple of minutes. Therefore, the partially-complete hexagonal particles 

seen here are unlikely to be due to the formation of ACH, which would not remain 

stable over the relatively long reaction period. In contrast, Ca(OH)2 readily dissolves 

in air and is catalysed by the presence of only four adsorbed water layers. Pausing 

this reaction has been an on-going challenge in this chapter. It is more likely that the 

dissolution-precipitation reaction initiated prematurely, and that the pseudomorphic 

precipitation of ACC on the surface of Ca(OH)2 basal faces created the intricate 

structures and retained the outer hexagonal edges. 
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4.4.4 Elucidating the Carbonation Reaction Mechanism 

By correlating the findings from TEM, cryo-TEM, and LCTEM studies, the following 

dissolution-precipitation mechanism is proposed (Figure 4.66). Firstly, dissolution of 

the thin, hexagonal plates Ca(OH)2 occurred upon addition of water. As discussed in 

Section 4.4.3, cryo-TEM and LCTEM showed that this initially caused holes to form 

on the basal faces of Ca(OH)2. This was not seen to occur on the prismatic faces of 

the Ca(OH)2, indicating that dissolution occurred preferentially at the basal faces. 

This results in a local boundary layer surrounding the Ca(OH)2 plates to become 

increasingly saturated with Ca2+ and OH- ions, which can undergo reaction with 

CO2
3- ions. At this point, ACC precipitated in solution and on the remaining basal 

surfaces of Ca(OH)2, as seen using cryo-TEM. Continued dissolution of the Ca(OH)2 

fed the growth of surface-adsorbed ACC, which resulted in the pseudomorphic 

replacement of the hexagonal Ca(OH)2 plate with ACC. This was evidenced by 

SAED, which confirmed that the skeletal hexagonal structures were amorphous, and 

cryo-ET, which showed that the nearby ACC particle networks were connected to 

them. This strongly supports the theory that the carbonation of Ca(OH)2 follows an 

interface coupled dissolution-precipitation reaction pathway. LCTEM confirmed that 

dissolution of the hexagonal pseudomorphic ACC structures and spherical ACC 

particles led to the precipitation of calcite. 

 

Figure 4.66 Proposed steps of the dissolution-precipitation mechanism in the 

carbonation of Ca(OH)2. ACC undergoes a further dissolution-precipitation 

reaction to form scalenohedral calcite crystals. 

Several stages of calcite growth have been identified using the correlative TEM 

techniques employed in this work (Figure 4.67). The earliest calcite crystals 
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capturing using cryo-TEM were highly granular, elliptical crystals which were ≈ 100 

nm. Growth predominantly occurred along the long axis, causing needle-like growths 

to emerge from the apexes of the crystals. The fully developed scalenohedral 

morphology was evident at the later stages of growth, where continued growth 

resulted in polycrystals. 

 

Figure 4.67 The stages of growth for scalenohedral calcite, (a) initial elliptical 

crystals with granular structure and crystallites protruding from the apexes, 

(b) elliptical crystals with needle-like growths at the apexes, (c) scalenohedral 

calcite, and (d) polycrystalline calcite. 

4.4.5 Comparison of the Effects of Cryo-TEM and LCTEM on Reaction 

Kinetics 

Overall, the reaction pathway and both the morphology and polymorph of the product 

was consistent across both cryo-TEM and LCTEM. However, there were some clear 

differences in the kinetics of the carbonation reaction observed by each method. 

Calcite crystallised faster in the cryo-TEM work, which was conducted in a vial with 

aliquots taken at set intervals, compared to the LCTEM reactions, where reactions 

occurred within a LC. The reaction is expected to occur at a slower rate in the LC as 

it is driven by dissolved CO2 within the water that is flowed through the cell, which is 

vastly less than the amount available when exposed to air as for the cryo-TEM 

experiments. The implications of the confined environment provided by the LC on the 

reaction kinetics should also be considered. The effects of confinement on 

crystallisation have been well-documented and include slower rates of nucleation 

and growth, longer induction times, and can also change the size, orientation, 
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morphology, and polymorph of the crystals obtained compared to in bulk110. Although 

the crystals obtained in the LC had similar physical properties to those observed in 

cryo-TEM, the dynamics of the precipitation reaction were reduced in the confined 

LC.  

On the other hand, the electron beam increased the rate of dissolution of the 

Ca(OH)2 plates. Prolonged exposure of the aqueous reaction solution to the electron 

beam causes radiolysis of water, lowering the pH of the solution which in turn 

promotes dissolution of Ca(OH)2. This was controlled as much as possible by 

maintaining a low beam current during imaging. Overall, the combination of 

confinement and beam effects meant that the dissolution occurred quickly, while 

there was a longer induction time for the precipitation of calcite relative to the bulk 

reaction performed for cryo-TEM. Calcite dissolution is also promoted at acidic pH 

and may therefore prevent stable calcite nuclei from forming in the LC. Typically, this 

effect may be avoided by continuously flowing water through the cell during 

exposure which prevents the build-up of acidic radiolysis products. However, in this 

case it is necessary to pause flow after Ca(OH)2 dissolution occurs to ensure that 

Ca2+ and OH- ions are kept within the viewing area and are not flushed of the LC. 

These issues could be resolved by speeding up the total reaction time, which would 

inherently reduce beam exposure and bring down the total fluence without having to 

reduce the temporal resolution or change the imaging conditions. Increasing the CO2 

concentration in the LC would achieve this and make the system more comparable 

to the cryo-TEM benchtop experiments, as well as helping to counteract the 

confinement effects that slow down the reaction. One way of increasing [CO2] in 

future work would be to saturate the water flowed through the LC with CO2 prior to 

the experiment. 

Although the effects of the electron beam were reduced by using cryo-TEM, it was 

difficult to isolate the reaction at set reaction time points. As the cryo-TEM samples 

required pre-mixing of Ca(OH)2 and water, and pipetting of an aliquot onto the grid 

before blotting and vitrification, the plates had often begun to dissolve even at the T0 

time point. This was due to the ~13 s required to mix and load the sample followed 

by ~6 s to blot and then plunge freeze. This could be reduced in future by using a 

rapid vitrification device and even earlier time intervals could be collected reliably. 
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4.4.6 The Effect of Additives on the Carbonation Reaction 

Finally, the effect of additives in the carbonation reaction was explored using citric 

acid and gypsum. Both additives are commonly used in the carbonation step of PCC 

production to control the properties and polymorph of the PCC. In the presence of 

gypsum, there was little evidence of ACC formation at either of the observation time 

points, suggesting that the equilibrium shifted towards Ca(OH)2 rather than 

dissolution in the presence of additional Ca2+ ions. In order to gain a fuller picture of 

the effect gypsum on the carbonation reaction, longer carbonation periods should be 

used, as calcite crystallisation was not observed for the gypsum or control samples 

within 2 minutes. However, the effect of citric acid on ACC was evident even during 

the short carbonation period. ACC particles obtained in the presence of citric acid 

were larger in size and had longer lifetimes compared to the additive-free control, as 

shown by both dry and cryo-TEM. 

4.4.7 Relevance to the Industrial Carbonation Process 

Although this study centres around the industrial route of preparing CaCO3, the 

reaction was adapted in several ways. Firstly, the starting material had to be 

adapted, and ultimately Ca(OH)2 plates with 20 nm thicknesses were produced. This 

is very different to Ca(OH)2 used in the industrial-scale reaction, which consists of 

highly aggregated micron-sized particles with no defined morphology. The reaction 

was initiated by adding water to the Ca(OH)2 suspension and exposing it to air, 

whereas the industrial reaction is conducted using by bubbling CO2 through large 

volumes of Ca(OH)2 slurry at a controlled flow rate. Despite the experimental 

differences, this study illustrates that the initial Ca(OH)2 starting material is highly 

influential in the reaction, since it follows an interface-coupled dissolution 

precipitation mechanism. The study also begins to explore two additives which are 

used in the industrial reaction, citric acid and gypsum, and highlights the influence of 

both on ACC. 

4.5 Conclusions 

In summary, the precipitation of calcite via the carbonation of Ca(OH)2 was studied 

using a range of microscopy techniques. The synthesis of Ca(OH)2 was optimised to 

prepare a dispersion of thin hexagonal plates ideal for observation using TEM, where 

the anion exchange method with low CaCl2 was found to yield the best Ca(OH)2 
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dispersions in terms of size. Initial work was conducted using dry TEM to establish 

the proper time scale of the reaction and to optimise the method used to purge the 

reaction after allotted carbonation periods. The reaction was typically found to 

proceed in under 5 minutes for both reactions performed on-grid and in a vial.  

However, it was challenging to fully isolate the time points and ensure further 

reaction did not occur in air. This was improved by using plunge-freezing techniques 

to prepare grids, and so this was later used to prepare the grids in the additive study 

for conventional TEM. 

Study of the cryo-TEM samples, which were prepared by taking aliquots from two 

different positions in the reaction vial, revealed that different [Ca2+]/[CO3
2-] 

environments could be created from the same reaction container and that this had a 

strong effect on calcite morphology. At the bottom of the vial, where a high 

[Ca2+]/[CO3
2-] can be expected due to the distance from the air interface (and thus 

source of CO2), scalenohedral calcite was observed, as opposed to the rhombo-

scalenohedral calcite which was obtained in aliquots taken from the top. This finding 

has implications for PCC production, where control over product morphology is 

paramount and failure to ensure adequate gas dispersion and CO2 delivery may 

result in inconsistent morphologies being attained across a single batch. 

LCTEM was also used to follow the reaction dynamically and allowed us to observe 

the dissolution of Ca(OH)2 and precipitation of calcite. In addition to the qualitative 

information gained by recording images, the cell could also be dried in-situ by 

pushing air through, which allowed SAED patterns to be collected. Both the cryo-

TEM and LCTEM observations were in agreement with a dissolution-precipitation 

reaction mechanism occurring during the carbonation reaction. The dissolution of 

Ca(OH)2 appeared to occur preferentially at the centre of basal faces and led to the 

pseudomorphic precipitation of ACC, which retained the hexagonal edge and often 

left intricate structures on the basal face intact following complete dissolution of 

Ca(OH)2. 

Finally, the effect of gypsum and citric acid, common additives in PCC synthesis, on 

the carbonation reaction were studied using conventional TEM and cryo-TEM. 

Gypsum was found to slow the dissolution of Ca(OH)2 by the addition of Ca2+ ions 

which pushed the equilibrium position toward Ca(OH)2. Citric acid was shown to 

stabilise ACC particles, which had longer lifetimes. The size of ACC was also 
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increased, which likely occurred by the reduction in supersaturation caused by the 

complexation of citric acid with Ca2+. Overall, both additives were shown to be highly 

influential on the early stages of the carbonation reaction, and further demonstrates 

that TEM techniques can be utilised to provide useful insight into the role of additives 

used in PCC production. 
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Chapter 5 | Synthesis of Porous Manganese Oxides for 

Photocatalytic Water Splitting  

5.1 Introduction 

5.1.1 Aims and Overview 

Photocatalytic water splitting is a sustainable way of producing hydrogen using 

sunlight, which has drawn increasing attention due to the rising demand for clean, 

renewable energy sources. Inspired by photosynthesis, water splitting research has 

focused on the development of photocatalysts that can outperform the low 

efficiencies exhibited by nature to make it a viable alternative to current H2 synthesis 

routes. However, at present it is highly challenging to develop photocatalytic 

materials that simultaneously fulfil the requirements of being low-cost, abundantly 

available, with exceptional solar-to-hydrogen (STH) conversion efficiencies. The aim 

of the work described in this chapter was to use facile synthesis strategies to prepare 

highly porous manganese oxide crystals and explore their potential as water splitting 

photocatalysts. Two synthesis routes were investigated, using precipitated 

manganese carbonate (MnCO3) as a precursor to yield Mn2O3 and δ-MnO2 crystals 

with different porosities. The same approach was applied using MnCO3 occluded 

with gold nanoparticles, in order to determine whether the incorporation of a noble 

metal boosted photocatalytic efficiency. 

The Mn2O3 crystals produced by thermal decomposition of precipitated MnCO3 were 

analysed using pXRD, SEM, FIB-SEM, and BET, which revealed that the annealing 

conditions were highly influential on the porosity, crystallinity and composition. 

Similar analysis was performed on δ-MnO2 crystals, which were obtained by 

hydrothermal reaction of Mn2O3, to examine how the reaction time affected the 

surface area of δ-MnO2 crystals. The water splitting reaction was performed using 

the porous manganese oxides and gold-occluding manganese oxides as 

photocatalysts, where the highest catalytic efficiencies were observed using Mn2O3 

crystals. Intriguing results were obtained using the gold-occluding manganese 

oxides, where the occlusion of gold nanoparticles worsened the catalytic 

performance of both Mn2O3 and δ-MnO2. Overall, the results obtained in this chapter 

demonstrate that manganese oxides with controlled porosity for photocatalytic water 
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splitting can be prepared using the straightforward synthesis strategies outlined 

therein. Furthermore, these results may inform future design of noble metal-doped 

metal oxide photocatalysts, by suggesting that accessible interfacial sites and an 

optimised density of metal nanoparticles are key for ensuring adequate recycling of 

electrons during reaction. 

5.1.2 Introduction to Water Splitting 

Sustainable energy is an increasingly important area of research due to the 

continually growing global energy demand369. One of the major areas under 

development  in this effort is the renewable sourcing of hydrogen, which is used in oil 

refining and for the production of fundamental materials such as iron, steel, 

ammonia, and methanol370. Hydrogen fuel cells hold significant potential as a clean 

and efficient way of powering electric vehicles and other modes of transport371. At 

present, the majority of all hydrogen produced is from steam-methane reforming 

(SMR)372. This process requires natural gas, high temperatures and pressures, and 

produces CO2 as a by-product. Renewable synthesis routes for hydrogen production 

include the electrolysis of water, though this is not cost-competitive compared to 

SMR and would put significant demand on electricity and water resources370, and 

photobiological production, which uses photosynthetic microorganisms to break 

down water373. However, there are challenges in scaling up production using this 

method, as well as the relatively low yields of hydrogen and lengthier time scales 

involved374. 

In recent years there has been surmounting research focus on another renewable 

route to hydrogen production: solar-driven water splitting375. In this process, sunlight 

is used to “split” water into molecular hydrogen and oxygen in the presence of a 

photocatalyst (Equation 5.1). The positive Gibbs free energy associated with the 

water splitting reaction indicates that there is a large thermodynamic barrier, as the 

complex rearrangement of bonds required is less favoured energetically than the 

reverse reaction. 

𝐻2𝑂 → 𝐻2 +
1

2
𝑂2       ∆𝐺 =  +238 𝑘𝐽 𝑚𝑜𝑙−1 (5.1) 

Photocatalytic water splitting occurs via a three-step mechanism (Figure 5.1): (i) the 

semiconductor absorbs light with sufficient energy to excite an electron in the 
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valence band into the conduction band, which creates a hole in the valence band, (ii) 

the charge carriers (electrons and holes) must diffuse through the particle to reach 

active sites on the surface of the photocatalyst, and (iii) the photo-generated holes 

oxidise water molecules and electrons reduce protons to yield molecular oxygen and 

hydrogen, respectively (Equation 5.2 and 5.3). 

2𝐻2𝑂 ⇌ 𝑂2 + 4𝐻+ + 4𝑒−     𝐸° = +1.23 𝑉 (5.2) 

4𝐻+ + 4𝑒− ⇌ 2𝐻2     𝐸° = 0 𝑉 (5.3) 

 

Figure 5.1 Schematic of the photocatalytic water splitting reaction for a simple 

particulate photocatalyst. Adapted from ref.376 

For each step of the mechanism, various criteria must be met to ensure that the 

reaction can proceed. In the photoexcitation step, the photon energy must be greater 

than or equal to the photocatalyst band gap (the difference in energy between the 

filled lower valence band and the vacant upper conduction band of the 

semiconductor). As photon energy and wavelength are inversely related, according 

to the well-known relationship E = hc/λ (where h is Planck’s constant and c is the 

speed of light), photons with smaller wavelengths (e.g. UV region) have greater 

energy. Although numerous photocatalysts have demonstrated excellent water 

splitting catalysis under UV radiation, this constitutes only 5% of light emitted by the 

sun377. As a larger proportion of sunlight (≈ 40%) is visible light, photocatalysts that 

can absorb visible light utilise solar energy more efficiently. In order to ensure that 
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visible light can initiate the reaction, ideally the band gap should not be greater than 

3 eV (which corresponds to λ ≈ 400 nm) to have the maximum utilization efficiency of 

incident solar energy378. 

The band gap is also crucial in ensuring that the reaction between the photocatalyst 

and water molecules can occur thermodynamically. Both of the redox potentials for 

the half reactions must be satisfied to allow overall water splitting (Figure 5.2), which 

means that the band gap cannot be narrower than 1.23 eV. Therefore, the overall 

band gap should be within the range of 1.23 – 3 eV. Additionally, the energy levels 

occupied by the valence and conduction bands are crucial in facilitating the redox 

reactions: the valence band should be more positive than +1.23 V while the 

conduction band should be more negative than 0 V. 

 

Figure 5.2 Energy diagrams for (a) one-step excitation photocatalytic water 

splitting and (b) two-step excitation water splitting. Adapted from ref379. 

One of the major challenges that arises during the second step of the photocatalytic 

mechanism is avoiding recombination of the electron-hole pairs. In order for water 

splitting to occur, the charge carriers must successfully migrate to the catalyst 

surface.  However, the recombination of electron-hole pairs is highly favoured and 

may be promoted by various properties of the photocatalyst. The most obvious factor 

involved in this process is the catalyst particle size, where the charge carriers in 

small particles have shorter distances to the surface380. This effect can also be 

achieved by increasing the surface area or density of the active sites available on the 

photocatalyst381. The crystallinity of the catalyst is also crucial in avoiding the 
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recombination of electron-hole pairs, as defects within the crystal lattice can provide 

recombination sites. 

Water splitting can be performed using one of two mechanisms: photocatalysis or 

photoelectrochemical (PEC) catalysis. PEC catalysis requires an electrolyte solution 

and electrodes, which are typically coated in a thin layer of a semiconductor material 

or contain immobilised semiconductor particles on the surface382. An electron-hole 

pair is formed following photon irradiation at one of the electrodes, which will then 

undergo reaction with water molecules. In n-type semiconductors, the overall charge 

is negative due to the main carrier species being electrons, whereas p-type 

semiconductors predominantly contain holes and are positively charged. Therefore, 

depending on whether an n- or p-type semiconductor electrode is used, the reaction 

of water at the electrode yields either oxygen or hydrogen respectively, followed by 

production of the other at the counter electrode383. This allows better separation of 

O2 and H2, which is advantageous as it reduces the likelihood of the backward 

reaction occurring (synthesis of water), which is thermodynamically favoured.  

In this work, the photocatalytic route for water splitting was used. In photocatalytic 

systems, the semiconductor is distributed as a powder throughout an aqueous 

medium382. Electron-hole pairs are generated at the surface of the suspended 

particles and co-catalysts are often used to boost catalytic efficiency. Photocatalysis 

is generally fulfilled via a one or two-step excitation process. One-step excitations 

involve one photocatalyst, whereas two-step excitations utilise two different 

photocatalysts which each conduct one of the half reactions. Therefore, each 

catalyst only needs to fulfil the band gap requirements for the half reaction it will 

perform, allowing a broader range of materials to be employed. Redox shuttles (also 

known as mediators) are required to enable electrons to be channelled between the 

photocatalysts379. A well-known two-step excitation process is the Z-scheme utilised 

during photosynthesis384, which is a natural analogue of photocatalytic water 

oxidation. Although water oxidation comprises just one half of the water splitting 

reaction, this generates the supply of protons and electrons required for the 

reduction reaction and is therefore of interest for overall water splitting. The active 

photocatalyst in photosynthesis, referred to as photosystem II (PSII), contains 

proteins and molecules of the pigment chlorophyll arranged around an inorganic 

cluster of Mn4O5Ca known as the oxygen-evolving complex (OEC)385-387. This highly 
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efficient, natural photocatalyst has inspired considerable research into the synthesis 

of photocatalysts that mimic the complex structure and photoactivity of PSII and 

OEC388-390. 

Metal oxides have been widely explored as water splitting photocatalysts due to their 

stability, straightforward synthesis and low cost391. In these compounds the 

conduction band typically consists of ns orbitals and the valence band contains O 2p 

orbitals392, which have strongly positive energies. This causes metal oxides to have 

broad band gaps that can reduce their ability to work using visible light. In the first 

study of photocatalytic water splitting, Honda and Fujishima identified TiO2 as a 

potential photocatalyst393. Since then, there have been numerous studies exploring 

the use of TiO2 and trying to improve its photoactivity. One of the main issues is that 

the band gap of TiO2 is too broad for it to harvest visible light, which has been 

tackled using additional components in the reaction such as dyes and sacrificial 

agents394. Furthermore, recombination of the electron-hole pairs occurs rapidly in 

TiO2, requiring the addition of electron donors to the system to facilitate separation of 

electrons and holes. 

In this chapter, the photocatalytic efficiency of porous manganese oxide crystals is 

investigated. Manganese oxides are of particular interest due to the role that 

manganese plays in PSII. As manganese can exist in various oxidation states (+2, 

+3, +4), multivalent phases of manganese oxide can be obtained, with many 

occurring naturally395. Manganese oxides can also take a variety of structures, which 

can be exploited in order to synthesise nanoparticles with high surface areas that 

can provide a greater density of active sites for catalysis396. On the whole, 

manganese oxide-based catalysts offer a versatile platform of compounds that can 

be readily modified to boost their catalytic performance. Although manganese oxides 

typically possess a broad band gap (ca. 3.6 – 3.8 eV for MnO; 4.1 – 5.12 eV for 

Mn2O3; 2.3 eV for Mn3O4; 1.3 – 3.26 eV for MnO2)397, they can still be utilised as 

photocatalysts under visible light by using a dye-sensitiser, as demonstrated by 

Harriman et al. 398, 399. Since then, [Ru(bpy)3]2+ has  become well-established as a 

dye-sensitiser for water splitting398, 400, 401, and is often employed with electron 

acceptors such as S2O8
2- or [Co(NH3)5Cl]2+ to regenerate it from the excited +2* state 

to +3 402. As [Ru(bpy)3]2+ and [Co(NH3)5Cl]2+ are used in this study and the full 
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mechanistic details underpinning the reaction are explained in detail later in Section 

5.2.1.4. 

The high level of interest in manganese oxides for water splitting has led to the 

devising of criteria for efficient photocatalytic activity. Robinson et al. tested a range 

of manganese oxides and investigated the link between catalytic properties with 

crystal structure403. The catalytic activity was ranked Mn2O3 > Mn3O4 >> λ-MnO2, 

where α-, β-, δ-, R-MnO2 and LiMn2O4 showed negligible oxygen evolution. The 

authors deduced that the flexibility of the Mn3+–O bonds in edge-sharing octahedra 

present in both Mn2O3 and Mn3O4 led to superior catalytic efficiency. Unlike Mn3+–O 

bonds, which are destabilised due to Jahn-Teller distortion, the Mn4+–O bonds in 

MnO2 are shorter and less flexible. However, in a separate study by Boppana and 

Jiao, α- and β-MnO2 were found to possess good catalytic properties which were 

chiefly controlled by surface area rather than morphology or crystal structure404. 

Indeed, variation in the catalytic performance is often found in the literature due to 

differences in the way the reaction is conducted, particularly with light sources, 

oxygen measurement systems, and oxidation methods. Pokhrel et al. tested nine 

manganese oxides using three different oxidation methods and found that their 

catalytic performance varied widely between the different methods405. This highlights 

the need to exert caution when comparing between methods and studies. 

Diverse synthetic strategies have been used to prepare manganese oxide 

photocatalysts. In a study by Menezes et al., MnO, Mn2O3 and Mn3O4 were 

produced via thermal degradation of manganese oxalate406. The authors monitored 

the generation of oxygen over time and found that Mn2O3 exhibited the highest rate 

of oxygen evolution. In a similarly facile synthesis strategy, Najafpour et al. formed α-

Mn2O3 nanoparticles by heating an aqueous solution of manganese nitrate at 100 

°C, which showed efficient water oxidation activity407. 

Mesoporous silica scaffolds have been used to synthesise manganese oxide 

clusters for water splitting by Frei et al. 408. They deduced that the presence of silica 

in the cluster structure made it resilient to the surface restructuring that may occur 

during photocatalysis, allowing the clusters to maintain a high density of active sites 

throughout the lifetime of the catalyst. It was also hypothesised that separation of the 

protons was boosted by the presence of proton-permeable silica walls, which 

reduces the likelihood of the recombination reaction occurring. 
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Hybrid manganese oxide materials have also attracted interest. Layered 

[Ru(bpy)3]2+/manganese(III, VI) oxide hybrid structures have been prepared as 

photocatalysts via the self-assembly of [Ru(bpy)3]2+ particles between manganese 

oxide nanosheets409. In the [Ru(bpy)3]2+ dye sensitizer system, the rate-determining 

step is the transfer of electrons from the sensitizer to the metal oxide catalysts410. By 

combining both components, the total yield and rate of evolved oxygen was therefore 

improved409.  

Additionally, metal nitrides and sulfides have been studied as potential 

photocatalysts. Metal sulfide photocatalysts suffer from photocorrosion, where the 

liberated holes oxidise S2- ions and the lifetime of the catalyst is diminished411. In 

contrast, metal nitrides still hold potential as efficient photocatalysts. Their band gaps 

are generally smaller than metal oxides due to the N 2p orbitals being higher in 

energy than O 2p orbitals412. Therefore metal nitrides have found greater success in 

photocatalysis under visible light,413 such as GaN:ZnO414 and Ta3N5
415. 

Noble metals have been used as co-catalysts due to their activity in the reduction 

reaction to form H2 to ensure overall water splitting is achieved416. One of the most 

notable studies employing noble metals as co-catalysts is that by Maeda et al., who 

synthesised core-shell particles consisting of Rh/Cr2O3 deposited on a GaN:ZnO 

support417. Although Rh nanoparticles alone suffered from water re-forming at their 

surface, coating the nanoparticles with a Cr2O3 shell led to an increase in the evolved 

H2. This demonstrated the need to avoid the backward reaction when noble metals 

are used, in order to optimise their catalytic efficiency for water splitting. Additionally, 

metallic nanoparticles such as Au, Ag, and Pd have been trialled as co-catalysts, 

where they can act as electron traps and aid separation of the photo-generated 

charge carriers412, 418. Such metal nanoparticles can exhibit surface plasmon 

resonance (SPR), which occurs when electrons in the conduction band of a metal 

oscillate under electromagnetic radiation. SPR can boost catalysis in several ways 

(Figure 5.3): via direct electron transfer (DET)419, local electromagnetic field 

enhancement (LEMF)420 and resonant energy transfer (RET)421. This has led to the 

use of Au and Ag as co-catalysts in TiO2 photocatalytic systems to improve its water 

splitting activity under visible light416, 422, 423. 
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Figure 5.3 Charge separation mechanisms for metal nanoparticle-

semiconductors, (a) direct electron transfer (DET) from the metal to the 

semiconductor, (b) local electromagnetic field enhancement (LEMF), and (c) 

resonant energy transfer (RET) from the metal SPR dipole to the 

semiconductor charge carriers. Adapted from ref.421  

A number of studies have found that Au nanoparticle co-catalysts enhance the 

catalytic performance of manganese oxides424-426. This has generally been achieved 

by surface deposition of Au nanoparticles onto MnOx films. Seitz et al. trialled 

different layered structures in Au-MnOx films and found that there was no 

improvement in catalytic properties for the PEC reaction if the Au layer was fully 

covered by MnO. This suggests that accessible interfacial sites between Au-MnOx  

are imperative for improving catalytic performance426. A detailed study by Kuo et al. 

sought to identify the exact role of Au nanoparticles in water splitting by manganese 

oxides. Au was deposited on the surface of α-, δ-MnO2 and Mn2O3 crystals424. Both 

α- and δ-MnO2 doped with 1 – 6 wt.% Au showed enhanced water splitting activities 

via both photocatalytic and PEC reactions. However, Au-doped Mn2O3 showed no 

improvement in catalytic efficiency as compared to pure Mn2O3.  

As control experiments showed that Au nanoparticles alone or mixed with MnO2 

were not active in water splitting, the authors established that a change in surface 

properties was chiefly responsible for boosting the catalytic activity of Au-doped 

MnO2. Using X-ray photoelectron spectroscopy (XPS), they found that the oxidation 

state of Mn in Au-doped MnO2 was reduced from 3.91 to 3.84 compared to pure 

MnO2. Additionally, UV-Vis analysis of Au-doped MnO2 in an aqueous solution of 

Na2S2O8 (the electron acceptor co-catalyst) showed that the 3+ oxidation state 

evolved over time. Overall, it was deduced that the Au nanoparticles improved 
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electron transfer and promoted the formation of the Mn3+, which is most active for 

water splitting. 

5.1.3 Introduction to Manganese Carbonate 

Manganese carbonate (rhodocrosite), possesses a rhombohedral morphology and 

belongs to the calcite mineral group (Figure 5.4)427. It is readily precipitated by direct 

mixing of aqueous solutions of manganese chloride or sulfate with sodium 

bicarbonate or carbonate. There is only one crystal polymorph. There is also some 

evidence of an amorphous manganese carbonate phase (AMnC), though current 

research into AMnC is limited428-430. 

  

Figure 5.4 The unit cell of manganese carbonate. Adapted from ref.299 

The growing list of applications for MnCO3 include drug delivery431-433, biosensing434, 

435, supercapacitors436, 437 and lithium energy storage438-440. However, manganese 

carbonate is also a useful precursor to multivalent manganese oxides441, 442, which 

can be readily formed following the thermal decomposition of MnCO3 crystals. The 

thermal behaviour of manganese carbonate has been well-characterised, with a 

number of reaction steps being identified when heating under air443, 444. Manganese 

carbonate initially forms MnO2 during heating, around 300 – 400 °C. A large step is 

seen in the TGA as CO2 is released (Figure 5.16). However, MnO2 is quickly 

reduced by O2 in air to form Mn2O3 (Equation 5.4). This is stable but will undergo 
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further reduction with atmospheric O2 if heated above 850 °C, forming Mn3O4 

(Equation 5.5). 

2𝑀𝑛𝐶𝑂3(𝑠) +  
1

2
𝑂2(𝑔)

∆
→  𝑀𝑛2𝑂3(𝑠) + 2𝐶𝑂2(𝑔)  (5.4) 

3𝑀𝑛2𝑂3(𝑠)

∆
→ 2𝑀𝑛3𝑂4(𝑠) +

1

2
𝑂2(𝑔)  (5.5) 

In a study by Lian et al., MnCO3 was precipitated in the presence of urea and 

ethanol via a solvothermal method, and the crystals were annealed at temperatures 

380 – 575 °C to yield porous manganese oxides. However, the work in this chapter 

will demonstrate that such templating and co-precipitation methods are unnecessary 

for the formation of porous manganese oxides via thermal degradation, due to the 

natural evolution of porosity as CO2 is expelled and the molar volume mismatch 

between the carbonate and oxide. 

5.2 Experimental 

5.2.1 Synthesis and Preparation of Materials 

5.2.1.1 Manganese carbonate synthesis 

Manganese carbonate was precipitated using two methods: a direct mixing strategy 

and a diffusion method. For the direct mixing strategy, aqueous solutions of MnCl2 

and NaHCO3 were prepared and mixed in 2 L Teflon beakers and left to crystallise 

for 48 hours. A range of [MnCl2] and [NaHCO3] were explored as shown in Table 5.1. 

Crystals were collected via vacuum filtration using a 0.45 µm Millipore filter, rinsed 

with EtOH and finally dried in a drying oven at 60 °C.  

MnCl2 / mM NaHCO3 / mM 

0.25 5 

0.5 20 

1 50 

2 100 

5 200 

Table 5.1 The final concentrations of MnCl2 and NaHCO3 used to prepare 

manganese carbonate via the direct mixing strategy. 
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For the diffusion method, aqueous solutions of MnCl2 were added to a well-plate 

containing several pieces of glass slide, using [MnCl2] = 0.25, 0.5, 1, 2 and 5 mM. 

The well-plate was placed in a desiccator accompanied by a petri dish containing ≈ 3 

g of (NH4)2CO3 powder which was sealed using Parafilm and pierced several times 

with a needle. The solution was left to crystallise for 48 hours before the substrates 

were removed and rinsed with DI water and EtOH and allowed to dry in a 60 °C 

drying oven. 

MnCO3 crystals occluded with gold nanoparticles (4 nm) with 40 wt.% loading were 

synthesised and supplied by Dr Ouassef Nahi. The gold nanoparticles were coated 

with polyethyleneimine (PEI) to ensure occlusion with MnCO3 crystals207. Au-MnCO3 

was precipitated using a modification of the diffusion method, where PEI-

functionalised gold nanoparticles (0.2 wt.%) were added to the crystallising solution 

containing [MnCl2] = 2 mM and [NaHCO3] = 100 mM. 

5.2.1.2 Thermal Decomposition of Manganese Oxides 

Manganese oxides were prepared by heating manganese carbonate crystals in a 

muffle furnace, contained within a ceramic crucible, following the reaction shown in 

Equation 5.6. 

𝑥𝑀𝑛𝐶𝑂3(𝑠)

∆
→  𝑀𝑛𝑥𝑂𝑦(𝑠) + 𝐶𝑂2(𝑔) (5.6) 

A range of heating rates, temperatures and lengths of time were explored to examine 

their effect on the manganese oxide synthesis (Figure 5.5), as shown in Table 5.2. It 

should be noted that the annealing time stated here is the time spent at the target 

temperature and is not inclusive of the time taken to reach it.  
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Figure 5.5 The heating parameters investigated to prepare manganese oxides. 

Temperature 

/ °C 

Time 

Period 

Heating Rate 

/ °C min-1 

450 30 min 5 

500 30 min 5 

550 30 min 5 

600 30 min 5 

450 3 h 5 

500 3 h 5 

550 3 h 5 

600 3 h 5 

550 30 min 1 

550 30 min 10 

Table 5.2 Heating parameters varied to explore their effect on porosity formed 

during the thermal decomposition of manganese carbonate into manganese 

oxide. 

5.2.1.3 Hydrothermal Synthesis of Manganese Oxides 

Mn2O3 crystals that were prepared by heating precipitated MnCO3 at 450 °C for 30 

minutes at 5 °C min-1, were added to 10 M NaOH and sealed within a hydrothermal 

Teflon beaker445. The sealed apparatus was heated at 170 °C for 1, 2, 3 or 6 days 
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and left to cool. The basic solution was acidified using dilute HCl and neutralised by 

repeatedly diluting with DI water, centrifuging to separate the supernatant, removing 

it and replacing with further water, until pH 7 was reached. The resulting suspension 

was filtered using a Millipore filtration system and 0.45 µm filter paper before finally 

drying the product in a drying oven at 60 °C. 

5.2.1.4 Co-catalyst System 

In this work, [Ru(bpy)3]Cl2.6H2O and [Co(NH3)5Cl]Cl2 were used as co-catalysts to 

achieve two-step water splitting (Figure 5.6). These were chosen as together they 

are a well-used co-catalyst system which does not suffer from photo-corrosion446. 

 

Figure 5.6 The skeletal formula of (a) [Ru(bpy)3]Cl2.6H2O and (b) 

[Co(NH3)5Cl]Cl2 co-catalysts. 

[Ru(bpy)3]2+ acts as a light sensitiser and initiates the reaction by accepting a proton 

from the light source (Figure 5.7). [Ru(bpy)3]2+ absorbs light in the blue region with a 

λmax of 454 nm, and therefore allows the catalysis reaction to occur under visible 

light, rather than UV as is common for most photocatalysts447.  
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Figure 5.7 The reaction scheme for photocatalytic water oxidation using 

manganese oxide and [Ru(bpy)3]2+ and [Co(NH3)5Cl]2+ co-catalysts. Adapted 

from ref.448 

After absorbing a photon, metal-ligand charge transfer (MLCT) occurs in 

[Ru(bpy)3]2+, as an electron is transferred from a metal t2g orbital to a ligand π*orbital. 

This exists in a short-lived singlet state before intersystem crossing (ISC) occurs to 

yield the triplet excited state, [Ru(bpy)3]
2+*. This state is quenched by the sacrificial 

electron acceptor, [Co(NH3)5Cl]2+, to form [Ru(bpy)3]3+ which is dark green. This step 

therefore results in an observable colour change in the reaction mixture from a bright 

orange-pink to a dark brown colour. The experimental catalyst, which in this project 

is a manganese oxide, then donates an electron to the Ru-complex to regenerate 

[Ru(bpy)3]2+. The loss of an electron causes the oxidation of surface-bound water 

molecules on the experimental manganese oxide catalyst. This reaction is outlined in 

Equation 5.7. A molecule of gaseous oxygen and 4 protons are released into the 

buffer solution, and the 4 liberated electrons are taken up by the electron acceptor, 

[Co(NH3)5Cl]2+. 

2𝐻2𝑂 + 4ℎ𝑣 →  𝑂2 +  4𝐻+ +  4𝑒− (5.7) 

The reaction is expected to eventually slow and terminate after 30 minutes of light 

exposure. One reason for this is the decomposition of the electron acceptor, 

[Co(NH3)5Cl]2+, which undergoes the reaction shown in Equation 5.8.   

[𝐶𝑜(𝑁𝐻3)5𝐶𝑙]2+ +  [𝑅𝑢(𝑏𝑝𝑦)3]2+∗  →  [𝑅𝑢(𝑏𝑝𝑦)3]3+ +  𝐶𝑜2+ +  5𝑁𝐻3 +  𝐶𝑙− (5.8) 

Another degradation effect is seen in the breakdown of the organic bipyridine ligands 

as a result of the prolonged oxidative conditions. The ligands become detached from 

the ruthenium metal centre and will then form deposits on the glass flask.  These 
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have been shown to contain both bipyridine and hydroxylated-Ru(bpy)2
2+ material449. 

The decomposition of the bipyridine rings can also lead to the evolution of CO2 gas, 

which can affect the measurement of the total oxygen concentration within the 

sealed reaction flask450. 

The degradation of [Co(NH3)5Cl]2+ further exacerbates the decomposition of 

[Ru(bpy)3]2+ by creating a basic environment as ammonia is released. In order to 

minimise this effect, an acetate buffer with mildly acidic pH (4 – 5.2) is typically 

employed as the reaction medium for this co-catalyst system451. 

5.2.1.5 Catalytic Testing Setup 

The main reaction apparatus was housed inside a dark chamber to prevent exposure 

to external light sources. A 25 ml dual-necked round bottomed flask with magnetic 

stirrer was held using a clamp stand above a stirrer plate and positioned 10 cm away 

from an LED lamp. The range of emitted light from the lamp was 430 – 500 nm, 

where λmax = 462 nm, as shown in Figure 5.8. 

 

Figure 5.8 The range of light emitted by the lamp used to initiate the water 

splitting reaction. 

One neck of the flask hosted the oxygen sensor and accompanying temperature 

probe, which were securely held in place using a rubber bung. The other neck was 
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used to load the reagents before finally sealing with a rubber bung. Each test run 

was set up using the following protocol, adapted from a method outlined by Walsh et 

al.452, 453. 

An aqueous buffer solution of 50 mM sodium acetate (NaAc) was freshly prepared 

using sodium acetate trihydrate obtained from Merck. Prior to testing, 50 ml NaAc 

buffer was degassed by continuously flushing with nitrogen gas for a minimum of 

one hour. The reaction flask was wrapped in aluminium foil, fitted with a magnetic 

stirrer bar and a bung containing both the oxygen and temperature probes was 

inserted into the top neck. The Pyroscience oxygen sensor software began logging 

as soon as the sensor was in place. The co-catalysts were weighed and kept in 

sealed vials (where the vial containing the light-sensitive [Ru(bpy)3]2+ was covered in 

aluminium foil to reduce light exposure). Multiple successive aliquots of NaAc buffer 

solution were used to fully disperse the powders and introduce them into the reaction 

flask. Three aliquots of 4, 4 and 2 ml each were used to add the [Co(NH3)5Cl]Cl2, 

followed by four aliquots of 4, 4, 4 and 3 ml for the Ru co-catalyst. The second neck 

of the flask was then sealed using a rubber bung and the co-catalysts were left under 

stirring for 20 minutes before the addition of the experimental catalyst. 20 mg of the 

experimental catalyst was dispersed in three aliquots of 5, 3 and 2 ml of buffer 

solution, which was added to the flask via a syringe. An additional needle was 

temporarily added to the bung to equalise the pressure as the additions were made. 

The mixture was left stirring for 10 mins before the reaction was initiated by turning 

on the lamp. This timepoint was recorded as the T0 point for data processing. The 

reaction was continuously monitored for at least 1 hour before ceasing data 

collection, which was long enough to ensure termination of the reaction had 

occurred.  

In addition to the total number of moles of O2 evolved during the reaction, the 

turnover frequency (TOF) and quantum yield (Φ) were calculated. The turnover 

frequency was calculated using the fastest rate sustained for 20 s (to remove any 

noise), and is defined as the moles of O2 produced per second per moles of active 

metal (in this study, Mn) (Equation 5.9).  

𝑇𝑂𝐹 (𝑠−1) =  
𝑓𝑎𝑠𝑡𝑒𝑠𝑡 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑂2 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (

𝜇𝑚𝑜𝑙
𝑠 )

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 (𝜇𝑚𝑜𝑙)
 (5.9) 
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The Φ value was calculated by firstly obtaining the total number of O2 molecules 

produced, by multiplying the O2 yield in moles at t = 25 min by Avogadro’s constant. 

The energy of a photon emitted with λ = 462 nm was calculated using the 

relationship E = hc/λ (where E is photon energy, h is Planck’s constant, c is the 

speed of light and λ is wavelength). The total power absorbed by the system by t = 

25 min was calculated by multiplying the light intensity by the incident surface area 

(1.3 mW/cm2 x 30 cm2
 = 39 mW), and then multiplying this by the total time in s 

(Equation 5.10).  

𝜙 (%) = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑂2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 ⋅ (
𝑝𝑜𝑤𝑒𝑟 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 (𝐽)

𝑝ℎ𝑜𝑡𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦 (𝐽)
) ⋅ 400% (5.10) 

5.2.2 Analytical Techniques 

5.2.2.1 Surface Area BET Analysis 

BET analysis, named after the scientists Brunauer, Emmett and Teller who 

developed the method454, is an important technique for determining the surface area 

of a solid455. A sample of known mass is loaded onto the manifold and degassed to 

remove any adsorbed contaminants. A known volume of an inert gas, typically 

nitrogen or argon, is pumped into the sample cell and the quantity of un-adsorbed 

material is determined using pressure sensors to yield a physisorption isotherm456. 

The amount of adsorbed material, or BET monolayer capacity, is then derived from 

this plot using the BET equation (Equation 5.11), where V is volume of absorbed 

material, Vm is the volume of gas adsorbed when the surface is covered by a 

monolayer, C is the BET constant linking the heat of adsorption of two layers on a 

surface, P/P0 is the pressure over saturated vapour pressure. The fundamental 

principles of BET are underpinned by Langmuir’s theory of gas adsorption while 

taking into consideration multilayer adsorption457, and assumes that: (i) the 

adsorption sites have equivalent adsorption energy, (ii) adsorbed molecules do not 

interact with each other or other layers, (iii) once adsorbed the molecule is immobile 

until detachment. 

𝑃
𝑃0

𝑉 (1 −
𝑃
𝑃0

)
=  

1

𝑉𝑚𝐶
+

𝐶 − 1

𝐶
⋅

𝑃
𝑃0

𝑉𝑚

(5.11) 
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BET analysis of porous manganese oxide samples was conducted to determine their 

BET surface area. A Micrometrics ASAP 2020 Plus was used to take all BET 

measurements, using nitrogen as an adsorbate. 

5.2.2.2 Oxygen Optical Sensor 

The progress of the water oxidation reaction was followed using an oxygen optical 

sensor. This allowed the catalytic efficiencies of the prepared manganese oxides to 

be evaluated. The sensor apparatus consisted of: 

• Pyroscience FireSting® O2 1 channel fibre-optic oxygen meter, with integrated 

pressure and humidity sensors and logging software 

• Pyroscience robust oxygen probe 

• Pyroscience temperature probe for FireSting 

Both the oxygen and temperature probe were suitable for in-situ measurements. The 

oxygen meter contains an LED which emits the red excitation light with wavelengths 

of 610 – 630 nm458. It is emitted in a known, sinusoidal fashion. The sensor indicator 

material, which is contained within a polymeric matrix on the optical fibres within the 

probe, becomes excited and causes it to luminesce. The luminescence, or emission 

light, occurs in the near infrared region (NIR) with wavelengths of 760-790 nm, and 

so will be phase-shifted relative to the excitation light. The collision of the sensor 

material with surrounding oxygen molecules results in quenching of the 

luminescence. Therefore, the resultant luminescence is dependent on the partial 

pressure of oxygen. The photodiode within the oxygen meter will detect the 

luminescence emission and the amount of oxygen present can therefore be 

calculated using calibration data taken in 0 and 100 % oxygen saturated 

environments. 

5.2.2.3 FIB-SEM 

Cross-sections of the manganese carbonate and oxide compounds were prepared, 

imaged and analysed using a FIB-SEM and image analysis workflow as described in 

Chapter 3.  
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5.3 Results 

5.3.1 Manganese Carbonate Crystallisation 

Manganese carbonate crystals were precipitated via diffusion and direct mixing 

strategies using a range of concentrations in order to identify optimum reaction 

conditions.  

5.3.1.1 MnCO3 Crystallisation via Ammonia Diffusion Method 

The ammonia diffusion method, which was used extensively in Chapter 3 to prepare 

calcium carbonate, was also trialled as a way of making manganese carbonate using 

[MnCl2] = 0.25, 0.5, 1, 2 and 5 mM. After 48 hours a yellow substance had formed on 

the substrate. The product was observed using OM which showed crystalline 

material and small clusters of yellow particles (Figure 5.9). These were thought to be 

unstable manganese ammonia complexes formed by complexation of ammonia with 

Mn2+ ions459. Therefore, this was not a viable method for preparing MnCO3 crystals. 

 

Figure 5.9 OM images of products obtained via the ammonia diffusion method 

using various MnCl2 concentrations. 
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5.3.1.2 Manganese Carbonate Crystallisation via Direct Mixing Method 

The crystals obtained using the direct mixing method were light pink in appearance, 

as observed using OM (Figure 5.10 - Figure 5.14). The crystals were typically 

rhombohedral in morphology with some spherical polycrystals present. An overview 

of the crystallisation outcomes observed is summarised in Table 5.3. 

The lowest [CO3
2-] trialled (5 mM) only yielded crystals within 48 hours when the 

highest [Mn2+] was used (also 5 mM). Similarly, precipitation within 48 hours was 

only seen using the lowest concentration of [Mn2+] (0.25 mM) when the [CO3
2-] was 

50 mM or higher. All other conditions trialled resulted in crystallisation and yielded 

crystals of increasing size when increasing either the [CO3
2-] or [Mn2+]. Intergrown 

crystals and polycrystalline aggregates were observed when the highest 

concentrations of [Mn2+] and [CO3
2-] were used due to the high levels of nucleation. 

 

[MnCl2] mM 

[NaHCO3] mM 
0.25 0.5 1 2 5 

5 X X X X O 

20 X O O O O 

50 O O O I/P I/P 

100 O O O I/P I/P 

200 O O P P P 

Table 5.3 Summary of the crystallisation outcomes for varying final [Mn] and 

[CO3], where X = no precipitation, O = precipitation occurred, I = intergrown 

crystals and P = polycrystals present. 
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Figure 5.10 OM image of crystals prepared using [NaHCO3] = 5 mM, [MnCl2] = 5 

mM. All other [MnCl2] conditions did not yield crystals. 
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Figure 5.11 OM images of crystals prepared using [NaHCO3] = 20 mM and 

varying [MnCl2]. 
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Figure 5.12 OM images of crystals prepared using [NaHCO3] = 50 mM and 

varying [MnCl2]. 

 

 

Figure 5.13 OM images of crystals prepared using [NaHCO3] = 100 mM and 

varying [MnCl2]. 
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Figure 5.14 OM images of crystals prepared using [NaHCO3] = 200 mM and 

varying [MnCl2].  

Several criteria were considered when choosing a reaction condition to prepare 

MnCO3 and then transform it to manganese oxide: narrow particle size distribution, 

sufficient yield of crystals, and that the crystals obtained are single crystals rather 

than polycrystalline or intergrown. Based on these criteria, the condition chosen was 

[CO3
2-] = 100 mM and [Mn2+] = 0.5 mM. 

5.3.1.3 Raman Spectroscopy of MnCO3  

Raman spectroscopy confirmed that manganese carbonate was obtained (Figure 

5.15), where the active Raman modes observed were assigned in Table 5.4. 
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Figure 5.15 Raman spectrum for MnCO3 crystals, compared with a reference 

spectrum for rhodocrosite obtained from RRUFF270 (RRUFF ID: 050019). 

Peak Position / cm-1 Raman Modes Assignment 

183-184 Eg(T) Translational lattice mode from CO3 

external vibration 

287-290 Eg(L) Vibrational lattice mode from CO3 

external vibration 

716-718 Eg(ν4) Out-of-plane bending CO3 internal 
vibration 

1083-1085 A1g(ν1) Stretching CO3 internal vibration 

Table 5.4 Assignment of the active Raman modes for MnCO3 within the 100-

1200 cm-1 range, using reference data460. 

5.3.2 Thermal Decomposition of Manganese Carbonate 

The thermal decomposition of manganese carbonate was studied as a route to 

forming manganese oxides. 

5.3.2.1 Thermogravimetric Analysis of Manganese Carbonate 

Thermogravimetric analysis (TGA) of MnCO3 was conducted to determine the 

temperature at which thermal decomposition occurred under aerobic conditions. The 
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TGA profile showed three main transitions during heating from room temperature to 

1000 °C at 5 °C min-1 (Figure 5.16). The first loss of mass occurred below 200 °C 

and can be attributed to the loss of residual water from the sample. The largest 

weight loss was observed at 400 °C and corresponded to 30 % of the initial sample 

weight. This decomposition step showed a steeper rate of sample weight loss when 

the sample was heated under nitrogen, and the transition was completed between 

400 – 450 °C. When heated under air, the rate at which the transition occurred was 

slower, and full conversion was not achieved until 500 °C. This is due to the 

formation of oxidised manganese (most likely Mn2O3) on the surface of the crystals 

which blocks the diffusion of CO2 
461. Additionally, there appeared to be a minor 

transition (1 – 2 %) in air at 600 – 625 °C, which was not seen under nitrogen. A final 

transition step was observed at 925 – 950 °C in both atmospheres which 

corresponded to a 2-3 % loss in sample weight. 

 

Figure 5.16 Thermogravimetric analysis of MnCO3, using a heating rate of 5 °C 

min-1, conducted under N2 and air. 
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5.3.2.2 Characterisation of Manganese Oxides using Powder X-Ray Diffraction 

Manganese carbonate samples were heated to the transition temperatures identified 

in TGA and powder x-ray diffraction (pXRD) was used to characterise the resulting 

compounds. Temperatures of 500, 700, 850 and 1000 °C were used and the pXRD 

patterns were compared against reference data to ascertain the oxidation states of 

the manganese, as shown in Figure 5.17. 

 

Figure 5.17 Powder XRD patterns of manganese oxides prepared using the 

heating conditions corresponding to key transitions observed using TGA, 

using references obtained from AMCSD462 (AMCSD ID: MnCO3 0000100, Mn2O3 

0009390, Mn3O4 0002024). 
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The patterns obtained from samples prepared at 500 °C and 700 °C both 

corresponded to Mn2O3. Although the TGA profile in air showed that a transition 

occurred between 500 and 700 °C, the similarity of the pXRD spectra indicated that 

the product formed at 500 °C was unstable and converted to Mn2O3 in air during or 

after cooling. This suggests that α-MnO2 was produced during the transition at 500 – 

700 °C443, 444.  The sample prepared at 850 °C had peaks which belong to Mn2O3, as 

well as some additional minor peaks that can be attributed to Mn3O4. This shows that 

a small proportion of the Mn2O3 had begun to be oxidised into Mn3O4. Further 

heating to 1000 °C resulted in full transformation to Mn3O4, and no residual Mn2O3 

peaks were present. 

Overall, the pXRD spectra confirmed that the transitions observed using TGA 

corresponded to the following transformations: (i) the decomposition of MnCO3 and 

release of CO2, forming α-MnO2, (ii) the conversion of MnO2 into stable Mn2O3, and 

(iii) oxidation of Mn2O3 into Mn3O4. 

5.3.2.3 SEM Images of Manganese Oxides 

Crystals obtained at 500 and 1000 °C were imaged using SEM, which showed that 

both Mn2O3 and Mn3O4 were porous and exhibited different levels of porosity. The 

size of the pores in Mn3O4 (> 100 nm) was much larger than in Mn2O3 (< 100 nm), 

which reflected the predominance of bulk diffusion at higher temperatures to 

increase the stability of the oxide by reducing surface area463. 

 

Figure 5.18 SEM images of the manganese oxides prepared using different 

temperatures. 
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5.3.3 Synthesis and Characterisation of Mn2O3 

Following the TGA and pXRD data, 450 – 600 °C was identified as a suitable 

temperature range for the decomposition of MnCO3 into Mn2O3. The stability of 

Mn2O3 made it preferable over α-MnO2, despite it forming at lower temperatures. 

MnCO3 was heated using a range of different heating conditions to determine the 

influence of temperature, heating rate and annealing time on the properties of the 

product. A total of 10 different heating regimes were used, as summarised in Table 

5.2. 

5.3.3.1 Powder XRD of Mn2O3 

The annealed crystals were analysed using pXRD, which confirmed that Mn2O3 was 

the major product for all heating conditions (Figure 5.19). However, the peaks in the 

patterns obtained at 450 °C had lower intensities and were broader than the others, 

indicating that the Mn2O3 was less crystalline when prepared at this temperature. 

The broad peak present at 38° for the crystals heated at 450 and 500 °C suggested 

that a small proportion of unreacted MnCO3 remained at these temperatures. 

In contrast, some patterns possessed small peaks at 29 and 36°, indicative of 

Mn3O4. This was the case for crystals heated for 3 hours at 500, 550 and 600 °C, 

and the sample heated for 30 minutes at 550 °C using the slowest heating rate of 1 

°C min-1. These conditions expose the crystals to the highest amount of thermal 

energy due to the prolonged heating times, allowing further oxidation to occur.  
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Figure 5.19 Powder XRD patterns for all manganese oxides prepared using 

different heating regimes, using references obtained from AMCSD462 (AMCSD 

ID: MnCO3 0000100, Mn2O3 0009390, Mn3O4 0002024). 

5.3.3.2 SEM of Mn2O3 

SEM was used to qualitatively compare the porosities achieved using the different 

heating regimes. Crystals which were heated to different temperatures using a fixed 

rate of 5 °C min-1 and held at the target temperature for 30 minutes exhibited varying 

levels of porosity (Figure 5.20). There was no observable porosity at 450 °C, 

however at temperatures ≥ 500 °C pores were increasingly prominent on the crystal 

surfaces.  
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Figure 5.20 SEM images of Mn2O3 prepared by heating at different 

temperatures for 30 minutes using a heating rate of 5 °C min-1. 

The experiment was repeated, and the samples were subjected to a longer 

annealing period of 3 hours (Figure 5.21). Compared to crystals prepared using the 

shorter annealing period, the crystals heated for 3 hours showed increased porosity. 

Surface porosity was visible in crystals prepared at all temperatures trialled.  
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Figure 5.21 SEM images of Mn2O3 prepared by heating at different 

temperatures for 3 hours using a heating rate of 5 °C min-1. 

There was little perceivable difference in the surface porosity of crystals prepared 

using different heating rates and held at 550 °C for 30 minutes, though all were 

porous (Figure 5.22). Unheated MnCO3 crystals were not porous, confirming that the 

release of CO2 via thermal decomposition of MnCO3 and formation of the oxide was 

responsible for generating porosity. 
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Figure 5.22 SEM images of Mn2O3 prepared using different heating rates and 

unheated MnCO3. 

5.3.3.3 FIB-SEM of Porous Mn2O3 

Quantitative analysis of the porosity was then performed using image analysis of 

FIB-SEM cross-sections and BET.  The FIB-SEM images were segmented and 

analysed to extract the pore size distribution, pore density (µm-2) and pore area 

fraction (%). The pore size distributions were plotted in terms of the pore diameter 

(nm), and the median pore size and interquartile range (IQR), which is the range 

between the 25th – 75th percentile, were calculated.   

FIB-SEM images of Mn2O3 crystals which were prepared at different temperatures 

using a fixed heating rate of 5 °C min-1 and held for 30 minutes showed increasing 

porosity with annealing temperature (Figure 5.23). Higher temperatures such as 550 

and 600 °C yielded interconnected channels of pores, whereas monodisperse pores 
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were produced at lower temperatures such as 450 and 500 °C. The same trend in 

porosity with temperature was observed when the annealing time was extended to 3 

hours (Figure 5.24). Comparison of the crystals obtained at the same temperature 

using different heating times showed that more pores were present after longer 

heating times. 

 

Figure 5.23 FIB-SEM images of Mn2O3 formed by heating MnCO3 for 30 minutes 

using a 5 °C min-1 heating rate and the temperatures shown. 
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Figure 5.24 FIB-SEM images of Mn2O3 prepared by heating MnCO3 for 3 hours 

using a 5°C min-1 heating rate and the temperatures shown. 

Cross-sections through unheated MnCO3 crystals showed that no pores were 

present, which confirmed that the milling process did not generate porosity (Figure 

5.25). It was difficult to qualitatively differentiate between the porosity formed in 

crystals annealed at 550 °C for 30 minutes using different heating rates, indicating 

that this parameter may not have a significant effect on the porosity. 
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Figure 5.25 FIB-SEM images of Mn2O3 prepared by heating MnCO3 for 30 mins 

at 550 °C using different heating rates, compared to a control of unheated 

MnCO3. 

5.3.3.4 Pore Size Distribution from FIB-SEM Image Analysis 

Firstly, the effect of temperature on porosity for crystals prepared using a fixed 

heating rate of 5 °C and annealing time of 30 minutes was compared (Figure 5.26). 

The largest spread of pore sizes was achieved at 500 °C, which had the greatest 

median pore size and broadest IQR. The median pore size was similar for all other 

temperatures, but a broader IQR was observed at 600 °C. 
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Figure 5.26 Pore size distribution graphs for Mn2O3 prepared using different 

temperatures for 30 minutes at 5 °C min-1. 

The density of the pores and the pore area were also calculated (Figure 5.27). The 

increase in median pore size at 450 – 500 °C was accompanied by an increase in 

pore area but there was a small decrease in pore density. The combination of these 

effects indicated that growth of the pores occurred. From 500 – 550 °C, the median 

pore size decreased while both the pore density and pore area increased. This can 

be attributed to the evolution of new pores between these temperatures which have 

small sizes. Finally, the pore area reduced between 550 – 600 °C, while the median 

pore size and pore density remained relatively unchanged. This could be due to 

restructuring or “sintering” of the manganese oxide lattice at 600 °C in order to 

reduce strain caused by the expulsion of CO2
464. This only occurs at 600 °C due to 

the energy required for lattice rearrangement and suggests that decomposition 

occurs via bulk diffusion at this temperature, compared to surface diffusion for 

temperatures < 600 °C. 
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Figure 5.27 The effect of temperature on porosity in crystals heated for 30 

minutes using a heating rate of 5 °C min-1, in terms of pore density (µm-2) and 

pore area (%). 

The same range of temperatures were used to anneal MnCO3 for an extended period 

of 3 hours. Compared to the 30 minute samples, higher median pore sizes and wider 

IQRs were observed (Figure 5.28). This was not the case when comparing MnCO3 

heated at 500 °C for 30 min and 3 h, which showed a higher median and broader 

IQR after 30 minutes.  
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Figure 5.28 Pore size distribution graphs for Mn2O3 prepared using different 

temperatures for 3 hours at 5 °C min-1. 

The densities of pores in crystals heated for 3 hours increased with temperature until 

500 °C, before decreasing at 550 °C and remained constant at 600 °C (Figure 5.29). 

The pore area generally increased with temperature, although was comparable for 

crystals annealed at 500 and 550 °C. As for the samples annealed for 30 minutes, 

the trend in pore area reflects the different mechanisms that create porosity at 

different temperatures. From 450 to 500 °C, the observed increase in pore density 

and area shows that more pores formed with temperature. At 500 to 550 °C the pore 

area was similar but the pore density falls, indicating that the pores coalesce. Finally, 

the pore density remains unchanged between 550 and 600 °C while the pore area 

increases significantly, signifying the growth of pores.  
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Figure 5.29 The effect of temperature on porosity in crystals heated for 3 hours 

using a heating rate of 5 °C min-1, in terms of pore density (µm-2) and pore area 

(%). 

The effect of the heating rate on the porosity was also quantified. The crystals 

heated using a slow heating rate of 1 °C had a higher median pore size and broader 

IQR of sizes (Figure 5.30) than high heating rates. However, the pore size 

distribution was very similar between crystals heated at 5 and 10 °C min-1. 
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Figure 5.30 Pore size distribution graphs for Mn2O3 prepared using different 

heating rates, at 550 °C for 30 minutes. 

There was little change in pore area for Mn2O3 heated at different rates (Figure 

5.31). The pore density was much lower when a slow heating rate of 1 °C min-1 was 

used and reached a maximum at 5 °C min-1. As the slow heating rate involves 

sustaining high temperatures for the longest period (with ~ 8 h total heating), it is 

likely that the reduced pore density is caused by sintering of the lattice to 

accommodate the lattice strain. Although this has been seen previously for samples 

prepared at 600 °C, the extended heating involved for the 1 °C min-1 may allow this 

to occur here at 550 °C. 
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Figure 5.31 The effect of rate on porosity in crystals heated for 30 minutes at 

500 °C, in terms of pore density (µm-2) and pore area (%). 

The pore filling fractions of the annealed Mn2O3 crystals are compared in Figure 

5.32. The highest pore densities were achieved in samples heated using high 

temperatures for short bursts (550 and 600 °C for 30 min). The highest pore area 

was observed for the sample prepared at 600 °C for 3 h, which was much higher 

than for any other sample with 50 % of the crystal cross-section occupied by pores. 
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Figure 5.32 The proportion of the crystal cross-section occupied by pores for 

Mn2O3 samples prepared using different heating methods. 

5.3.3.5 BET Analysis of Porous Mn2O3 

Analysis using BET revealed that Mn2O3 prepared at different heating conditions 

exhibited different surface areas (Table 5.5). Unheated MnCO3 had a very low 

surface area of 1.1 m2 g-1 due to the absence of pores. All Mn2O3 had a greater 

surface area than the unheated MnCO3. The surface area was highest for MnCO3 

heated at 450 °C regardless of the heating time, showing that increasing the 

temperature beyond 450 °C led to a decrease in surface area. This is expected due 

to restructuring of the lattice via sintering to reduce strain, which inevitably reduces 

the surface area and requires higher temperatures to proceed463, 465. 

The surface area was generally larger in samples heated for 3 hours than for 30 

minutes. This could be due to the pores produced over long heating periods being 

more open (connected to the surface) than those obtained using short heating 
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bursts. As closed pores (which do not connect with the surface) cannot be measured 

by BET analysis, this would lead to reduced surface area values. The longer period 

of heating could result in pores with open structures due to greater decomposition 

and accompanying expulsion of CO2 by diffusion to the surface. 

The surface area of Mn2O3 obtained using different heating rates was very similar 

between 1 and 5 °C min-1, with a slightly higher surface area attained at 10 °C min-1. 

Temperature / °C Time Rate / °C min-1 
BET Surface Area /  

m2 g-1 

450 30 min 5 37.7 ± 0.2 

500 30 min 5 20.5 ± 0.5 

550 30 min 5 4.9 ± 0.6 

600 30 min 5 1.8 ± 0.3 

450 3 h 5 51.8 ± 0.2 

500 3 h 5 19.3 ± 0.5 

550 3 h 5 16.4 ± 0.2 

600 3 h 5 14.6 ± 0.3 

550 30 min 1 7.0 ± 0.8 

550 30 min 10 11.0 ± 0.5 

Unheated MnCO3 - - 1.1 ± 0.4 

Table 5.5 BET analysis of Mn2O3 samples prepared using different heating 

conditions. 

Different trends in porosity were observed based on image and BET analysis. BET 

analysis showed that the surface area was highest for samples heated at 450 °C. 

Image analysis of cross-section SEM images showed that the pore area proportion 

generally increased with temperature. In order to explain this discrepancy, it is 

important to consider what is actually being measured in each of these methods. The 

pore area fraction will increase if the pores increase in size but do not change in 

number. However, in this situation the surface area would decrease. An increase in 

the size of the pores could therefore explain both the BET and image analysis trends 

here, as the filling fraction measurements neglect this information. 



 
 

254 
 

5.3.3.6 Synthesis of Au-Mn2O3 

Manganese carbonate crystals containing gold nanoparticles (Au-MnCO3) were also 

annealed. The crystals were heated at either 550 or 600 °C for 30 minutes at a rate 

of 5 °C min-1. Powder XRD was used to confirm that Mn2O3 was produced (Figure 

5.33). 

 

Figure 5.33 Powder XRD patterns obtained for Au-MnCO3 and Au-Mn2O3, using 

references obtained from AMCSD462 (AMCSD ID: MnCO3 0000100, Mn2O3 

0009390, Mn3O4 0002024, Au 0011140). 

Unheated Au-MnCO3 displayed all the key peaks for MnCO3 without any additional 

peaks. Following heating at 550 and 600 °C, the MnCO3 peaks were replaced by 

peaks corresponding to Mn2O3 and gold. Interestingly, the gold diffraction peaks at 

38 and 44° were not present in the unheated Au-MnCO3. This shows that the gold 

nanoparticles were originally too small to be detected, but following their aggregation 

during heating, they became of a sufficient size to be detected.  

A range of smaller peaks were also present in the diffraction pattern for Au-Mn2O3 

prepared at 600 °C, which matched the diffraction peaks for Mn3O4. Interestingly, the 

pXRD pattern obtained for gold-free Mn2O3 that was prepared using the same 

heating conditions did not contain any Mn3O4. The formation of Mn3O4 within a 

shorter time frame than in the gold-free Mn2O3 can be attributed to the excellent 
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thermal conductivity of gold466, which will facilitate efficient heat transfer and allow 

the energy barrier for the oxidation reaction to be overcome more readily. 

5.3.3.7 Gold Nanoparticle Size Measurements using FIB-SEM  

As the size of gold nanoparticles is important in ensuring catalytic efficiency467, it was 

important to measure the size of the gold particles within the Au-Mn2O3 crystals after 

heating. Cross-sections of Au-MnCO3 and Au-Mn2O3 prepared at 550 and 600 °C 

were prepared using FIB-SEM (Figure 5.34). 

 

Figure 5.34 FIB-SEM images of Au-MnCO3 and Au-Mn2O3 crystals prepared 

using at 550 and 600 °C. 

The FIB-SEM images showed a distinctive change in the gold particle size. The 

particles were segmented from the crystal background using the image analysis 

techniques previously discussed in Chapter 3. The contrast of the gold particles was 

also enhanced during imaging through the use of a CBS detector, to facilitate clean 

segmentation of the gold particles from the crystal. The gold particle sizes were 
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extracted from the segmented image and the particle size distribution was plotted in 

terms of relative frequency (Figure 5.35). 

 

Figure 5.35 Size distribution of the gold nanoparticles occluded within crystals 

of unheated Au-MnCO3 and Au-Mn2O3 heated using 550 and 600 °C. 

The size of the gold nanoparticles occluded within unheated Au-MnCO3 crystals 

exhibited a positively skewed distribution (Figure 5.35a), indicating that the majority 

of the particles present had very small pore sizes (< 15 nm). The median size of the 

nanoparticles doubled from 12 nm to 24 nm after the MnCO3 was heated at 550 °C 

(Figure 5.35b), and it increased further to 30 nm when Au-MnCO3 was heated at 600 

°C (Figure 5.35c). This was also reflected by the shift towards a normal distribution 

of gold nanoparticle sizes following heating. 

The effect of this behaviour on the composition of the Au-Mn2O3 composites was 

quantified by calculating the density of the gold nanoparticles across the crystal 

cross-section. Unheated Au-MnCO3 had the highest particle density of 209 µm-2, 
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which fell to 143 µm-2 after heating at 550 °C. When the crystals were heated at 600 

°C, the density of gold nanoparticles reduced further to 58 µm-2. As the fall in particle 

density was accompanied by an increase in the size, it is clear that the heating 

process caused the occluded gold nanoparticles to aggregate. The impact of this 

aggregation on the catalytic efficiency of the Au-Mn2O3 photocatalysts will be 

considered later in the chapter. 

5.3.4 Synthesis and Characterisation of MnO2 

After successfully synthesising Mn2O3 and Au-Mn2O3 crystals, manganese oxides of 

other valencies were considered. While it has already been established that Mn3O4 

can be prepared by heating MnCO3 to 1000 °C, SEM images showed that the pores 

were very large (> 100 nm). This would also not be a suitable approach for forming 

Au-Mn3O4 as the heating temperature required is close to the melting point of gold at 

1,064 °C. As the gold nanoparticles occluded within Au-Mn2O3 aggregated during 

heating at 600 °C, any further increase in temperature would likely reduce the 

nanoparticle density further and cause larger aggregates to form. Mn3O4 was 

therefore excluded as a suitable catalyst, and instead MnO2 was explored.  

Various literature sources have claimed that MnO2 can be synthesised via thermal 

decomposition of MnCO3 (Table 5.6). Although TGA analysis appeared to show a 

transition at 400 – 500 °C that could be attributed to the formation of α-MnO2, pXRD 

of the product obtained at 500 °C confirmed that this was Mn2O3. To determine 

whether other heating conditions stated in the literature could yield stable MnO2 

under aerobic conditions, the heating conditions used in these publications were 

trialled. Two further conditions were trialled, 360 °C, 8 hr, 5 °C min-1 and 450 °C, 16 

hr, 5 °C min-1. 

Heating Conditions Reference 

450 °C, 4 hr, 5 °C min-1 Lian et al. 468 

400 °C, 4 hr, 5 °C min-1 Li et al. 469, Zhao et al. 470 

400 °C, 2 hr, 10 °C min-1 Pal et al. 471 

380 °C, 4 hr, 5 °C min-1 Lian et al. 468 

Table 5.6 The heating conditions used in literature to create MnO2 via thermal 

decomposition of MnCO3. 



 
 

258 
 

5.3.4.1 Powder XRD of MnO2 via Thermal Decomposition of MnCO3 

The products formed using the different heating regimes were characterised using 

pXRD (Figure 5.36). The XRD patterns obtained of samples heated at 360 and 380 

°C corresponded to MnCO3, while samples heated at 400 °C and 450 °C for 4 hours 

exhibited patterns corresponding to MnCO3 and also had a small peak at 33°, which 

can be attributed to the (222) plane of Mn2O3.  

 

Figure 5.36 Powder XRD patterns of samples prepared via the heating of 

manganese carbonate, following various literature protocols to obtain MnO2, 

compared against controls for MnCO3 and Mn2O3, using references obtained 

from AMCSD462 (AMCSD ID: MnCO3 0000100, Mn2O3 0009390). 

The final condition trialled, 450 °C for 16 hours, displayed all the key peaks for 

Mn2O3, but also had small peaks present at 13, 18, and 29° that correspond to the 

(110), (200) and (310) planes of α-MnO2, showing that the main product was Mn2O3, 

with a small proportion of α-MnO2. A very small peak at 38°, which corresponds to 

the (110) plane of MnCO3, shows that a small fraction of unreacted MnCO3 remained 

in the sample. 

To summarise, only one of the trialled conditions yielded MnO2, which was identified 

as α-MnO2. As only a small proportion of α-MnO2 was obtained, this was not found to 

be a reliable method of synthesis for MnO2. 
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5.3.4.2 Hydrothermal Synthesis of MnO2 

As MnO2 could not be reliably synthesised via thermal decomposition of MnCO3, a 

hydrothermal method was used to form MnO2 through the reduction of Mn2O3. The 

starting material, Mn2O3, was formed by thermal decomposition of MnCO3 at 450 °C 

for 30 minutes at 5 °C min-1. The relatively low temperature conditions used to 

prepare Mn2O3 were chosen to reduce the aggregation of the Au nanoparticles. The 

synthesis route outlined by Ma et al. for the formation of MnO2 nanobelts was 

used445, with some modifications. The hydrothermal reaction was conducted without 

stirring with the aim of synthesising 3D structures, using reaction times of 1, 2, 3 and 

6 days. An additional reaction was performed with stirring to allow comparison, using 

a reaction time of 3 days. The hydrothermal reaction was also performed using Au-

Mn2O3 to form Au-MnO2. 

5.3.4.3 Powder XRD of MnO2 via Hydrothermal Reduction of Mn2O3 

The products obtained from the hydrothermal reaction using different reaction times 

were characterised using pXRD (Figure 5.37). All patterns obtained corresponded to 

birnessite-type δ-MnO2. Increasing the reaction time resulted in a sharpening of the 

peak at 37° (the -111 plane), suggesting that the conversion was more complete with 

longer reaction times. This was also seen in the stirred reaction, which possessed a 

defined peak at 39° for the (-202) plane, unlike the broad (-202) peak exhibited by 

the non-stirred samples. This indicated that fuller conversion was achieved with 

stirring. 
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Figure 5.37 Powder XRD patterns of manganese oxides prepared via 

hydrothermal synthesis with different reaction times, using references 

obtained from AMCSD462 (AMCSD ID: MnO2 0001300). 

5.3.4.4 SEM of MnO2 

The MnO2 samples were observed using SEM to compare the stirred and non-stirred 

samples (Figure 5.38). The product from the stirred reaction had formed aggregated 

bundles of nano-sheets, which had a wide range of sizes, but were generally several 

hundred nanometres in length and ranged from 20-100 nm in thickness, as expected 

from the literature445. The sessile sample, in contrast, consisted of a mixture of 

nanobelts and rhombohedra. The nanobelts were similar in thickness to the 

nanosheets present in the stirred mixture (≈ 20 – 100 nm) and were up to 50 µm in 

length. The rhombohedral particles resembled the Mn2O3 starting material, but 

further examination of the structure using the CBS detector revealed that they were 

composed of fibres and plate-like particles around 200 µm in size. The intergrown 

fibres and plate structures within the rhombohedral crystals gave them a porous 

appearance. The composition of the non-stirred reaction mixture was roughly a 

50:50 mix of nanobelts and rhombohedral crystals. 
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Figure 5.38 SEM images of the MnO2 prepared with stirring (a, b) and without 

stirring (c, d), where the green arrow highlights a bundle of nanobelts. 

SEM was also used to examine the products of the reactions at different reaction 

times, and a crushed sample was prepared for each time point, where gentle 

pressure was applied to the SEM substrate with a clean glass slide and twisted 90° 

in order to crush the crystals. This allowed the internal structure of the crystal to be 

viewed.  Rhombohedral crystals were obtained after 24 hours of reaction, (Figure 

5.39). The surfaces of the crystals consisted of layers of aligned plates and a small 

number of nanofibres with < 10 nm thickness. The partially crushed crystals revealed 

that the plates exhibited a shell-like layer around what appeared to be a core of 

unreacted Mn2O3 (Figure 5.39 c-d). The plate shell layer was 200 – 300 µm thick and 

consisted of individual plates roughly 20 µm in thickness.  
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Figure 5.39 SEM images of MnO2 after 24 hours of reaction, with the bottom 

row of images showing crushed crystals. 

The crystals produced after 48 hours reaction time were rhombohedral in 

morphology and possessed intriguing surface structures (Figure 5.40). Some 

crystals had aligned plates and nanofibres on the surface (Figure 5.40a), as seen in 

the crystals prepared after 24 h of reaction. There were also crystals that had rod-

like structures emerging from the surface (Figure 5.40 b-d). The crushed crystals 

showed that the shell surrounding the core Mn2O3 particle was larger than following 

24 h of reaction. 
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Figure 5.40 SEM images of MnO2 after 48 hours of reaction, where (c) and (d) 

show crushed crystals. 

The crystals obtained after 72 hours of reaction were very similar in appearance to 

those produced after 24 and 48 hours (Figure 5.41). However, the plate shell was 

thicker than observed after 24 or 48 h of reaction, at ≈ 0.8 µm. 
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Figure 5.41 SEM images of MnO2 after 72 hours of reaction, with (c) and (d) 

showing crushed crystals. 

To summarise, the SEM images show that conversion of Mn2O3 to the birnessite-

type δ-MnO2 occurred first at the surface of the crystals and progressed into the 

crystal with longer reaction times. In sessile reactions, core-shell particles were 

formed with porous crystals of Mn2O3 at the core and shells consisting of aligned 

plates. The shell thickness increased with reaction time, reaching a maximum of 0.8 

µm after 72 h. Stirring the reaction resulted in full conversion of Mn2O3 to birnessite 

type δ-MnO2, and yielded nano-sheets that were formed by aggregation of 

nanobelts. The porosity observed in the core-shell samples produced without stirring 

was investigated further using BET. FIB-SEM cross-sections for image analysis were 

not prepared as it was challenging to mill the delicate structures without damaging 

them.  

5.3.4.5 BET Analysis of MnO2 

The surface area of the hydrothermally synthesised MnO2 compounds was studied 

using BET analysis (Table 5.7). After 24 h of reaction, the MnO2 had a similar 

surface area to the starting material (Mn2O3 prepared by heating MnCO3 at 450 °C 
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for 30 minutes at 5 °C min-1), which was 37.7 m2 g-1. However, increasing the 

reaction time from 24 to 48 hours increased the surface area roughly three-fold to 

115 m2 g-1. It then further increased to 139.7 m2 g-1 when the reaction time was 

extended to 72 hours, which was the highest surface area measured in any of the 

manganese oxides. 

Reaction Time BET Surface 
Area / m2 g-1 

24 hrs 39.0 ± 3.4 

48 hrs 115.0 ± 0.2 

72 hrs 139.7 ± 0.2 

 

Table 5.7 BET analysis of MnO2 samples prepared using different reaction time 

periods. 

5.3.4.6 Synthesis of Au-MnO2 

Au-Mn2O3 were subjected to hydrothermal treatment for 72 h without stirring, and 

pXRD confirmed that Au-MnO2 was obtained (Figure 5.42). The pattern obtained for 

Au-MnO2 was very similar to that for MnO2 at the same conditions, where birnessite-

type δ-MnO2 was made. The Au-MnO2 pattern did not contain any diffraction peaks 

corresponding to gold, which revealed that the nanoparticles were too small to be 

detected. This is expected as the relatively low temperature used during the 

hydrothermal synthesis (170 °C) is not sufficient to induce aggregation. 
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Figure 5.42 Powder XRD patterns for Au-MnO2, using references obtained from 

AMCSD462 (AMCSD ID: δ-MnO2 0001300, Au 0011140).  

SEM analysis of the Au-MnO2 produced after 72 hours revealed a core-shell 

structure (Figure 5.43). The gold nanoparticles were uniformly distributed throughout 

the core of the crystal as for Au-Mn2O3. However, the size of the gold particles 

present in the shell was larger than those in the core, indicating that aggregated 

clusters had formed in this layer. 
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Figure 5.43 SEM images of Au-MnO2 after 72 hours, where (c) and (d) showed 

crushed crystals. 

5.3.5 Testing the Efficiency of Porous Manganese Oxides for 

Photocatalytic Water Splitting 

The water splitting reaction was conducted using the Mn2O3 and MnO2 compounds 

prepared previously. 

5.3.5.1 Control Photocatalysis Experiments 

Several control experiments were performed, which included: 

• No lamp; to demonstrate the light dependency of the catalysis 

• No [Ru(bpy)3]2+ complex; to demonstrate that the light sensitizer is necessary 

• No experimental catalyst; to demonstrate whether the sample being tested is 

effective 

• Co3O4 nano-powder (commercial); to use as a well-established photocatalyst 

against which the experimental catalysts can be compared, and to allow the 

results obtained to be compared with the literature. 
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The control without the lamp was set up using the protocol outlined in Section 

5.2.1.5, but the lamp was not switched on and the flask was left in darkness inside 

the isolation box. For both controls without the [Ru(bpy)3]2+ complex or experimental 

catalyst, the full buffer volume was added to the flask using the same aliquots whilst 

omitting the [Ru(bpy)3]2+ complex/experimental catalyst material. 

No oxygen was produced if the lamp was left off or the [Ru(bpy)3]2+ co-catalyst was 

omitted (Figure 5.45). There was a slow decrease in oxygen over time, which is 

attributed to the slight loss of oxygen from the solution into the headspace of the 

sealed vessel. Oxygen was generated in the control experiment where no 

experimental catalyst was used, which has been seen in the literature and has been 

attributed to the formation of active Co2+
 in situ from the electron acceptor446. The 

amount of oxygen reduces over time, due to the solution-headspace equilibration. 

Because of this, the turnover number (TON) of the catalyst cannot be accurately 

established. The focus of these experiments was therefore the turnover frequency 

(TOF). This could be calculated from rate of the oxygen production prior to 

equilibration, using the fastest rate measured.  

Commercial Co3O4 nano-powder was tested as a control, which consisted of 50 nm 

particles in micron-sized aggregates (Figure 5.44). Co3O4 is commonly used as a 

reference as direct comparison of data in literature is not meaningful due to 

differences in setup. 

 

Figure 5.44 SEM image of commercial Co3O4 nano-powder. 
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The oxygen yield was measured and compared with the various control experiments 

(Figure 5.45). When either the [Ru(bpy)3]2+ co-catalyst or the lamp were omitted, no 

oxygen was formed. There was even a slow decline in the oxygen measured; it 

should be noted that the µmol measurement plotted here is the amount of O2(measured) 

subtracted from O2(T0), so a negative value for O2 indicates a loss of any residual 

oxygen in the flask. This is likely due to a minor increase in temperature during 

measurement, which causes the solubility of oxygen to decrease. The reaction was 

conducted at room temperature, which was typically 20 °C, and a small increase in 

temperature from 20 to 25 °C was generally observed. This was not caused by the 

lamp as the control experiments excluding it also showed an increase in 

temperature, so it is more likely that sealing the metal isolation box around the 

experiment causes a gradual increase in temperature over time. 

The oxygen released during the reaction without any catalyst present reached a 

maximum of 4.92 µmol and declined steadily after the first 10 minutes. The decline is 

due to the oxygen probe being held in solution. According to Le Châtelier’s principle, 

the amount of oxygen diffusing into the atmosphere will increase to counteract the 

increasing amount of oxygen in solution to maintain equilibrium. This effect was 

reduced as much as possible by reducing the headspace within the flask.  Hence, 33 

ml of buffer was used in a 25 ml flask. 
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Figure 5.45 Oxygen measurements during water oxidation using the control 

conditions. 

The experiment was also conducted using commercial Co3O4 nano-powder (Figure 

5.46). This yielded a maximum of 5.29 µmol oxygen. The amount of oxygen 

generated was comparable to that found by Duan et al.446, who measured a 

maximum of 4.96 µmol oxygen using gas chromatography, with the same co-catalyst 

system and a ruthenium complex as their experimental catalyst. 
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Figure 5.46 Oxygen measurements during water oxidation using commercial 

Co3O4 nano-powder. 

5.3.5.2 Mn2O3 and Au-Mn2O3 Photocatalysis Experiments 

The Mn2O3 samples that were prepared using 1, 5 and 10 °C min-1 heating rates 

were tested, as shown in Figure 5.47. Overall, there was little difference between the 

catalytic performances. The Mn2O3 prepared at 1 °C min-1 yielded less oxygen than 

those samples prepared at 5 and 10 °C min-1 (which were very close in performance 

to each other), but this was not significant due to the considerable overlap in error 

bars. 
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Figure 5.47 Oxygen measured during water oxidation using Mn2O3 heated at 

different rates. 

The Mn2O3 prepared using different temperatures were tested, and those heated for 

different lengths of time were compared (Figure 5.48). The trend in oxygen produced 

was the same for both heating times used; Mn2O3 prepared at 550 °C yielded the 

most oxygen, with the 500 and 600 °C samples being indistinguishable from each 

other.  The 450 °C sample produced the least oxygen. Increasing the heating time 

boosted the oxygen yield for all Mn2O3 samples, although this was very small for 450 

°C. This indicated that extending the heating time had the greatest effect on the 

samples prepared using 500 °C or higher. 
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Figure 5.48 Oxygen measured during water oxidation using Mn2O3 prepared 

using different temperatures with both 30 min and 3 hr heating periods. 

Although the oxygen yield provided a general indication of the catalyst’s 

performance, establishing the catalytic efficiency in terms of each active site is 

essential472. Therefore, the turnover frequency (TOF) was calculated for the Mn2O3 

samples (Figure 5.49).  The TOF is defined as the number of moles of O2 produced 

per second per active metal (Mn) site. 

Examining first the effect of the heating temperature on the TOF, the trend was the 

same as for the oxygen yield, where increasing the temperature resulted in faster 

TOF values to a maximum at 550 °C. The TOF values were very similar for the 500 

and 600 °C samples, whereas the 450 °C samples were much slower, regardless of 

the heating time used. The effect of the heating time period was the same as for the 

oxygen yield, with the extension of the heating time to 3 hours resulting in faster TOF 

values for all temperatures trialled. The TOF values for Mn2O3 prepared using 

different heating rates were very similar. 
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Figure 5.49 Turnover frequency (TOF) data for Mn2O3 samples prepared using 

different heating conditions 

The quantum yield was also calculated. This is a measure of the catalytic efficiency 

that takes into account the incident photons and is calculated in terms of the oxygen 

yield per 4 photons (as 4 photons are required to produced 1 O2 molecule). The 

quantum yield (QY) calculations obtained for Mn2O3 showed a very similar trend as 

the TOF calculations and reached values of 9 – 14 % (Figure 5.50).  
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Figure 5.50 Quantum yield (%) data for Mn2O3 samples prepared using different 

heating conditions.  

Au-Mn2O3 was tested as a photocatalyst to determine whether the presence of the 

noble metal within Mn2O3 might boost the catalytic performance. Firstly, the oxygen 

yield was compared with the analogous Mn2O3 samples (Figure 5.51). Initial tests 

were conducted with 20 mg Au-Mn2O3, as for Mn2O3 samples. Further testing was 

conducted using 28 mg, in order to account for the mass of the occluded gold 

nanoparticles and ensure that the same number of moles of Mn2O3 were used. 

The oxygen yield was much lower for the Au-Mn2O3 compounds than the 

corresponding Mn2O3 compounds. The oxygen produced by Au-Mn2O3 increased 

when the annealing temperature increased from 550 to 600 °C. Interestingly, 

increasing the mass of sample used such that the same number of moles of Mn2O3 

were present reduced the oxygen yield. 
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Figure 5.51 Oxygen measured during water oxidation using Au-Mn2O3 as a 

photocatalyst, where +Au-Mn2O3 indicates that a larger mass was used to take 

into account the gold content, compared with Mn2O3. 

The TOF values for Au-Mn2O3 were also calculated and are presented in Figure 

5.52. The different masses of Au-Mn2O3 used were taken into account when 

calculating the TOF value for 600 °C. The Au-Mn2O3 compounds generally had lower 

TOF values than the analogous Mn2O3 compounds. Increasing the temperature from 

550 to 600 °C slightly increased the TOF values for Au-Mn2O3. However, this is 

tenuous due to the large error bars for the 600 °C sample. 
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Figure 5.52 Turnover frequency (TOF) data for Au-Mn2O3 compounds 

compared with their Mn2O3 equivalents. 

A similar trend could be observed in the quantum yield calculations (Figure 5.53), 

which was much lower for Au-Mn2O3 than Mn2O3. The QY was severely diminished 

for Au-Mn2O3 after heating to 600 °C and reached only 0.02%, compared to 10 – 12 

% for Mn2O3.  

 



 
 

278 
 

 

Figure 5.53 Quantum yield (QY) data for Au-Mn2O3 compounds compared with 

their Mn2O3 equivalents. Au-Mn2O3 heated at 600 °C (not shown) had a QY of 

0.02 ± 0.004 %. 

5.3.5.3 MnO2 and Au-MnO2 Photocatalysis Experiments  

The photocatalytic properties of the MnO2 and Au-MnO2 compounds were also 

tested and their oxygen yields were measured (Figure 5.54). The two MnO2 samples 

had very similar maximum oxygen yields of 1.7 µmol, which were significantly lower 

than the oxygen yields seen previously for Mn2O3 (4 – 8 µmol). The Au-MnO2 yielded 

very little oxygen (0.7 µmol), which was the lowest of any experimental samples 

tested. 
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Figure 5.54 Oxygen measured during water oxidation using MnO2 and Au-

MnO2 compounds as photocatalysts. 

The TOF values were also calculated for MnO2 and Au-MnO2, as shown in Figure 

5.55. As for the maximum oxygen yields, the TOF values for the two MnO2 samples 

were very similar. The TOF value obtained for Au-MnO2 was the slowest rate 

measured.  
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Figure 5.55 Turnover frequency (TOF) data for MnO2 and Au-MnO2 compounds. 

The same trend seen in the TOF data was observed for the quantum yield (Figure 

5.56). Overall, the quantum yield was very low, reaching only 3 % for MnO2 

regardless of the reaction time and 1.3 % for Au-MnO2.   
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Figure 5.56 Quantum yield (QY) measurements for MnO2 and Au-MnO2 

compounds. 

5.4 Discussion 

In this project, crystals of MnCO3 were synthesised and annealed using a range of 

heating parameters to create porous Mn2O3 crystals. The porosity forms due to the 

difference in molar volume between MnCO3 and Mn2O3, which is smaller for the 

oxide463. CO2 is released during the transformation and the porous structure 

facilitates the expulsion of the gas from the crystal. The parameters used during 

thermal decomposition are crucial in determining which oxide is produced but also 

due to their effect on the porosity.  

As the mismatch in molar volume between the oxide and carbonate induces strain in 

the lattice, recrystallisation can occur via adhesion, surface diffusion or bulk diffusion 

to restore stability465. Wüttig deduced that the recrystallisation mechanism for a given 

system depended on α, the ratio between the experimental temperature used to heat 

the crystal (T) and the melting point of the substance (Tm), giving the relationship α = 

T / Tm
473. Recrystallisation via adhesion occurs at α < 0.2, which describes the 

coalescence of neighbouring crystallites of converted material. Surface diffusion is 

predominant at α ≈ 0.2 – 0.4, where ions of the converted material can be 

transported across surfaces to increase stability. Bulk diffusion requires a higher 
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activation energy, so only at α > 0.5 is movement of the ions through the bulk lattice 

permitted.  

The α value for Mn2O3 prepared by heating at 450 and 500 °C is α = 0.42 and 0.46 

respectively, indicating that the recrystallisation occurred via surface diffusion for 

these samples. For Mn2O3 prepared at 550 and 600 °C, the corresponding α value 

was 0.51 and 0.56, which is sufficiently high for bulk diffusion to proceed. This can 

explain the differences in porosity observed between the two sets of temperatures 

and surface area. The coalescence of the crystallites during heating, known 

commonly as sintering, allows the stability of the lattice to be restored while the 

surface area is decreased465. This correlates with the surface area values measured 

using BET, which decreased with temperature, and also the increase in pore size 

with temperature as measured via image analysis of FIB-SEM cross-sections. 

Although increasing the temperature allows different mechanisms to become viable, 

extension of the heating time only permits further progress of the decomposition465. 

Porous Mn2O3 crystals produced using a long heating time (3 hours) led to larger 

pore sizes (as measured by image analysis) and BET surface areas. This is likely 

due to greater numbers of open pores forming during sustained heating, compared 

to closed pores formed after a short heating burst which therefore cannot contribute 

towards the surface area. The heating rate did not have as strong an influence on 

porosity as the temperature or time that the crystals were heated for. The BET 

surface area was very similar for Mn2O3 samples formed at different heating rates, 

while image analysis showed that the slowest rate (1 °C min-1) generated larger 

pores and higher pore densities than the other rates. This is likely due to the longer 

times that the samples experience high temperatures when slow heating rates are 

used.  

Another manganese oxide, MnO2, was synthesised as a potential water splitting 

catalyst that could be compared against the range of porous Mn2O3 crystals. A 

hydrothermal route was used to form MnO2 as it could not be isolated during thermal 

decomposition of MnCO3 in aerobic conditions. MnO2 core-shell particles were 

obtained for all reaction times trialled. The shell consisted of plate or rod-like crystals 

which encased a porous crystalline core very similar in appearance to the unreacted 

Mn2O3 crystals. 
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The same synthesis routes were used with gold-occluding MnCO3 crystals to yield 

Au-Mn2O3 and Au-MnO2. Thermal decomposition led to aggregation of the gold 

nanoparticles which worsened at higher temperatures. This was evidenced by 

analysis of the Au-Mn2O3 cross-sections and also the presence of large gold peaks 

in the pXRD patterns obtained for both Au-Mn2O3 samples, which are not present in 

the patterns for Au-MnCO3 due to their small size. However, less aggregation 

occurred in Au-MnO2, as evidenced by the absence of gold peaks in pXRD patterns. 

SEM images of crushed Au-MnO2 showed well-distributed gold nanoparticles 

throughout the core with some aggregates limited to the inner surface of the shell.  

The porous Mn2O3 crystals formed using different heating regimes had varying 

photocatalytic efficiencies for the water splitting reaction. The catalytic turnover 

frequency (TOF) increased with annealing temperature and was maximal at 550 °C. 

This trend in temperature was observed whether the crystals were heated for 30 

minutes or 3 hours. The heating time itself also influenced the TOF; Mn2O3 crystals 

heated for 3 hours had higher TOFs than those heated for a shorter time. 

As discussed in the introduction to the chapter, there are a number of key properties 

that are imperative for efficient photocatalysis by powder semi-conductors, such as 

crystallinity and the oxidation state of the active metal. A high degree of crystallinity 

can reduce the number of defects within the lattice, which is particularly important in 

photocatalyst materials as both bulk and surface defects such as dislocations, 

vacancies and grain boundaries are thought to provide recombination sites for 

electron-hole pairs. A large surface area is also crucial as water is oxidised on the 

surface of the metal oxide, and so high surface areas provide more active sites for 

this oxidation step to occur at. The annealing temperature used to form the oxide 

had an effect on both the crystallinity and composition of the manganese oxide, and 

so can explain some of the trends in catalytic ability. Mn2O3 prepared at 450 °C for 

30 minutes had the lowest TOF values and the broad pXRD peaks present in these 

samples indicated that they were less crystalline than those formed at higher 

temperatures. There also appeared to be a small amount of MnCO3 in samples 

prepared at ≤ 500 °C, which could explain the low TOF values obtained for these 

samples despite their relatively high surface areas. On the other hand, the difference 

in TOF between samples heated for different lengths of time is likely due to the 

greater surface area exhibited by Mn2O3 heated for 3 hours.  
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The Au-Mn2O3 catalysts had lower TOFs than the other Mn2O3 samples, indicating 

that the presence of the gold particles reduced the catalytic efficiency. This is in 

agreement with the work of Kuo et al., who found that Au nanoparticles offered no 

enhancement in Mn2O3, due to their catalytic role being the promotion of Mn3+ 

formation, while Mn2O3 already exists in the 3+ oxidation state424. 

δ-MnO2 and Au-MnO2 were also poor photocatalysts for water splitting due to their 

low TOF values, which were lower than any of the Mn2O3 catalysts trialled. The poor 

activity of δ-MnO2 concurs with the results of Kuo et al.424 and Robinson et al.403. 

One possibility could also be that the intercalation of Na+ in the birnessite-type δ-

MnO2 during synthesis worsened the behaviour.  However, Boppana et al. showed 

that the catalytic activity of Na-δ-MnO2 was similar to K-δ-MnO2 and better than H-δ-

MnO2 due to the stability offered by the cations474. The afore-mentioned study by 

Kuo et al. showed that the catalytic properties of δ-MnO2 were vastly improved by 

doping with small levels of Au nanoparticles424, whereas Au-MnO2 performed slightly 

worse than pure MnO2 in the present work.  

This could be due to a number of factors. The SEM images of Au-MnO2 showed that 

the Au particles were distributed evenly throughout the core particle but were limited 

to the inner boundary of the shell particle, so the interfacial sites between Au and 

MnO2 were not accessible for mediation of electron-transfer processes, i.e. the 

oxidation of water molecules and reduction of [Ru(NH3)5Cl]3+
 . Interfacial Au-MnO2 

sites were identified by Seitz et al. as being highly active in water splitting and their 

accessibility was found to be crucial for enhancement of the catalytic activity426. 

In the present work, Au-MnO2 was synthesised from Au-MnCO3 with a very high Au 

loading of 40 wt.% compared to the low doping amounts used in literature, where 

increasing the amount of doped Au from 0.9 – 5.8 % did not cause an increase in 

catalytic activity424. The increased density of the Au nanoparticles combined with 

their inaccessible locations within the MnO2 crystals could lead to their increased 

activity as electron traps, encouraging transfer of the electrons within the crystal 

instead of with water molecules and co-catalysts. As efficient transfer of the 

electrons is required for recycling of the photosensitiser, problems in this process 

leads inevitably to early termination of the reaction. Alternatively, as the oxidation of 

water occurs due to the loss of an electron from metal oxide as it restores 

[Ru(NH3)5Cl]3+ to [Ru(NH3)5Cl]2+, it could be possible that the high density of Au 
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nanoparticles allows the MnO2 oxidation state to be rapidly regenerated and reduces 

the likelihood of adsorbed water molecules becoming oxidised. 

The limitations of the photocatalytic measurement setup should also be considered. 

The positioning of the optical probe made it difficult to measure the total oxygen yield 

due to loss of oxygen into the headspace. Ideally, a setup could be produced where 

the oxygen produced could be flushed through a gas chromatography setup. This 

would have to be done using a spectrometer to record oxygen levels throughout the 

reaction, in order to follow the production over time and generate TOF data. As 

flushing through to the GC also results in a drop in oxygen levels, it would have to be 

carefully set up to flush at the end without losing any of the oxygen collected. 

5.5 Conclusions 

In this chapter, Mn2O3 and MnO2 were synthesised under different reaction 

conditions to create a range of manganese oxides with different morphologies and 

porosities. Porous Mn2O3 crystals were produced via thermal decomposition of 

MnCO3 due to the difference in the molar volume between the two compounds. The 

resulting instability of the lattice is resolved by recrystallisation of the converted 

material, which can proceed via different mechanisms with different activation 

energies. The temperature used to convert MnCO3 into Mn2O3 was therefore 

fundamental in determining the recrystallisation mechanism; higher temperatures 

facilitated bulk diffusion while surface diffusion was predominant at low 

temperatures. The heating time determined the extent of the reaction, where longer 

heating times led to the formation of larger, open pores compared to the small, 

closed pores that were obtained by heating for short bursts. The heating rate had 

little effect on the properties of the Mn2O3 formed. 

A hydrothermal route was used to synthesise core-shell birnessite-type δ-MnO2 

particles, which consisted of porous crystalline cores encased in a shell of plate-like 

crystals. These crystals had high surface areas which increased with the length of 

the reaction. Both the synthesis of Mn2O3 and MnO2 could be replicated using 

MnCO3 incorporated with gold nanoparticles to yield Au-Mn2O3 and Au-MnO2. 

Although the thermal decomposition route resulted in aggregation of the gold 

nanoparticles, this effect was lessened by synthesising Au-MnO2 using a 

hydrothermal route.  
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Evaluation of the catalytic efficiencies of the manganese oxides for the water splitting 

showed that the most effective catalysts were Mn2O3. The catalytic efficiency relied 

both on the composition and surface area of Mn2O3.  Residual MnCO3 was a 

disadvantage for Mn2O3 prepared at low temperatures, while the larger surface areas 

exhibited by Mn2O3 annealed for 3 hours was advantageous for catalysis. The 

catalytic performance of MnO2 was much lower than that of Mn2O3, due to the less 

active Mn4+ present in MnO2. The presence of Au nanoparticles worsened the 

catalytic abilities of both Mn2O3 and MnO2, indicating that the gold particles may be 

acting as electron sinks and preventing adequate recycling of the electrons as 

required for sustained oxygen generation. 
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Chapter 6 | Conclusions and Outlook 

In the work described in this thesis, crystallisation strategies were used to produce 

composite crystals with the ultimate aim of imparting advantageous properties 

suitable for applications such as structurally coloured pigments and water splitting 

catalysis. The carbonation reaction of Ca(OH)2 was also investigated using a range 

of electron microscopy techniques to gain insight into the underlying mechanism. 

In Chapter 3, porous calcite was produced by occluding organic additives such as 

amino acids and polymeric beads and subsequently removing them via thermal 

decomposition. The heating parameters used to remove the additives were highly 

influential on the pore size distribution, where high temperatures and long heating 

times led to the formation of large pores. The porosity was also influenced by the 

choice of additive and the incorporation efficiency, which impacted both the pore size 

distribution and the filling fraction of the pores. Porous calcite single crystals 

possessed enhanced scattering capabilities compared to non-porous calcite, with 

several samples exhibiting excellent broadband reflectance of > 70 %. This was 

achieved by incorporating Asp, Gly, and di-block copolymer vesicles, where 

optimisation of both incorporation and thermal decomposition could be used to tune 

the scattering properties of the product crystals. It was demonstrated that a pore size 

of 50 – 500 nm was optimal to ensure that scattering could occur, and that a broad 

size distribution within this range was favourable. Complete removal of the occluded 

additive was essential for avoiding undesired absorbance, which could be ensured 

by choosing small molecules or vesicles as additives. Overall, the straightforward 

synthesis of highly scattering calcite represents an exciting step towards offering 

feasible, safe alternatives to white pigments such as TiO2. 

This work could be further developed to study alternative host crystals such as 

calcium oxalate (CaC2O4.H2O), gypsum (CaSO4), and zinc oxide (ZnO). Alternative 

organic additives could also be used, provided that they can incorporate within a 

host crystal and have compatible thermal decomposition properties. Finally, the 

generation of porosity is associated with a reduction in the density of the host crystal.  

This was not explored in this work but is an attractive pursuit for manufacturers of 

crystalline materials, due to the increased volume that could be transported and thus 

distributed. 
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In Chapter 4, the mechanism underlying the carbonation reaction of Ca(OH)2 was 

studied using a range of electron microscopy techniques. The effect of [Ca2+]/[CO3
2-] 

on the morphology of calcite was observed using time-resolved cryo-TEM, where 

scalenohedral calcite was prevalent in environments with excess [Ca2+] and became 

more rhombohedral-like when [CO3
2-] was increased. The findings from cryo-TEM 

were correlated with dynamic LCTEM studies, which showed that the underlying 

carbonation reaction occurs via a dissolution-precipitation pathway. Hexagonal, 

skeletal structures formed during dissolution, which were attributed to the 

pseudomorphic replacement of the basal Ca(OH)2 faces by ACC. The evidence 

gleaned from the TEM studies provides strong support for the growing consensus 

that the carbonation of Ca(OH)2 in solution proceeds by dissolution of Ca(OH)2, 

which rapidly precipitates ACC pseudomorphically. This is followed by further 

dissolution and precipitation of scalenohedral calcite. The effect of two common PCC 

additives, citric acid and gypsum, on the early stages of the carbonation reaction was 

also examined. Both additives were highly influential, where gypsum slowed 

Ca(OH)2 dissolution and citric acid stabilised ACC. In summary, this work provides 

new insight into the mechanism of formation of PCC and the influence of additives 

on this process.  The understanding gained is crucial for improving the 

manufacturing process and control over PCC properties, which can improve its 

suitability for a diverse range of applications.  This work also demonstrates that 

correlative static and dynamic TEM techniques can be highly valuable in 

characterising crystallisation mechanisms.  

Future work in this area could include investigation of other additives commonly used 

in PCC synthesis, and the use of LCTEM to study their effects. There are a wide 

range of additives utilised by PCC manufacturers and while this has obvious 

industrial importance, the exact influence of such additives is not well understood. 

Some of the limitations of this study could also be addressed. Sophisticated methods 

of spray plunge-freezing after rapid mixing times would directly improve the time 

resolution of the cryo-TEM work performed here due to the sensitivity of the Ca(OH)2 

suspension to air. Finally, the effect of additives such as citric acid and gypsum could 

be further investigated and quantified using in-flow, time-resolved XRD and Raman 

spectroscopy. This would allow the intermediate species produced during the 
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carbonation reaction to be characterised, and the influence of additives on the 

lifetimes of intermediate species to be qualitatively assessed. 

In the final research chapter, porous manganese oxides were produced from 

precipitated MnCO3 crystals to investigate their catalytic abilities in photocatalytic 

water splitting. Mn2O3 crystals were produced by thermal decomposition of MnCO3, 

where the composition, crystallinity and porosity could be tuned by careful control of 

the heating parameters, which determined whether the recrystallisation occurred via 

a surface or bulk diffusion mechanism. The highest surface areas were achieved in 

crystals that recrystallised via a surface diffusion mechanism, which occurred using 

temperatures of 450 and 500 °C, whereas the surface area decreased in samples 

heated at 550 and 600 °C where bulk diffusion is predominant. This highlighted that 

the recrystallisation mechanism was key to producing desirable porosity properties, 

as bulk diffusion causes sintering and larger pores are produced. Highly porous 

core-shell birnessite type δ-MnO2 was produced by a hydrothermal synthesis route, 

where the surface area could be increased by extending the reaction time. Au-Mn2O3 

and Au-MnO2 was similarly synthesised by using gold nanoparticle occluding MnCO3 

crystals, where the nanoparticles were uniformly distributed throughout the host 

crystal. The Mn2O3 crystals had the greatest catalytic efficiency, where samples with 

higher crystallinity and surface areas demonstrated faster turnover frequencies. 

Manganese oxides with occluded gold nanoparticles exhibited disappointing 

photocatalytic abilities which were lower than the gold-free catalysts. This can be 

attributed to poor recycling of the electrons generated by co-catalysts, where the 

gold nanoparticles may be acting as electron sinks that facilitate recombination of the 

charge carriers and prematurely terminate the water splitting reaction. This chapter 

therefore delivered straightforward strategies for preparing porous Mn2O3 crystals, 

where the approach could be extended to generate compositionally and structurally 

more complex Mn2O3 crystals based on the initial synthesis of MnCO3 composite 

single crystals occluding noble metal nanoparticles. 

The work detailed in the final chapter could be readily extended to synthesise porous 

manganese oxides containing alternative nanoparticles of noble metals with potential 

for photocatalysis, such as platinum or silver. It would also be interesting to explore 

nanoparticles with different sizes. The limitations of the water splitting setup could be 

improved by incorporating gas chromatography to improve the accuracy of the total 
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oxygen yield. Notably, only the birnessite-type δ- phase of MnO2 was synthesised in 

this work, so other phases such as the α- and β- phases could be trialled, since 

these have been previously highlighted as potential photocatalysts. Other 

applications for the porous manganese oxides produced in this chapter could also be 

explored, such as water treatment, energy storage and other catalytic systems. 
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