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Summary 

Chapter 1. Contains a literature review focusing on inorganic nano- and 

micromaterials with an emphasis on metal sulfides. The topics discussed 

include: the unique size and shape controlled properties of these materials, the 

processes known to govern their crystallisation, synthetic strategies developed 

to influence their structure, and the harmful impact these strategies may have 

on the environment. 

Chapter 2. Contains details of the experimental methods employed in this thesis; 

with a particular emphasis on the design, commissioning and testing of the novel 

hydrothermal injection reactor; which was constructed to address the 

environmental concerns discussed in the previous chapter. Also presented is the 

relevant theory concerning each of the analytical techniques used in this thesis. 

Chapter 3. The size, shape and phase control abilities of the hydrothermal injection 

reactor are tested in this chapter. Cadmium sulfide, a polymorphic material with 

extensively well studied crystallisation behaviour in both hot-injection and 

hydrothermal synthesis, was selected as the test subject. 

Chapter 4. Mapping of the synthetic CdS landscape is further explored in this 

chapter. This a achieved by expanding the list of reaction variables applied to 

CdS synthesis in both the hydrothermal injection reactor and in conventional 

hydrothermal methods. This chapter also assess the viability of rapidly 

processing and interpreting the vast quantity of X-ray diffraction data built up 

over the course of this synthetic exploration, by applying a statistical technique 

known as principal component analysis. 

Chapter 5. This chapter presents the development of robust synthetic route to 

hollow copper sulfide microspheres via a sacrificial sulfur template. This 

process also yielded a variety of complex, plant-like morphologies. The 

evolution of these morphologies is discussed in detail. 

Chapter 6. This chapter contains a brief outline of the planned future work 

stemming from this thesis, with an emphasis on redesigns of the hydrothermal 

injection reactor, the synthesis of additional target materials via the reactor and 

a deeper exploration of the templated metal sulfide hollow microspheres. 
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1.1 Inorganic nano- and micromaterials 

The nanoscale is precisely defined as the size range within 1 to 100 nm and similarly the 

microscale falls within the range of 0.1 to 100 µm. For a material to be considered a nano- or 

micromaterial the substance must contain features with at least one dimension in the nano- or 

micro-scale, respectively. Such materials can be found commonly in commercial products such 

as glass, ceramics, polymers and paints but also in nature including colloids and natural 

pigments. More recently certain inorganic nanomaterials have exhibited huge potential as the 

key components in a variety of existing and emerging applications. These include catalysis,1 

advanced paints and pigments,2 self-cleaning and water repellent surfaces,3, 4 energy storage, 

display technologies,5 low energy devices and many renewable energy technologies.6 The 

identification of a few key properties have led to this application explosion and these properties 

are principally dependant on: size, shape, crystal phase, and surface chemistry. Importantly 

these factors can often be can be controlled during synthesis which translates to an ability to 

tune the dependant properties of the resulting materials.  

The very particular size margins required for nano or micromaterial classification can have 

a significant influence over the physical and chemical properties of the material. Reducing 

particle size results in an increasing surface area and consequently a shift in emphasis away 

from the bulk energy of a crystal structure and towards to the surface energy. This can lead to 

crystal phases that are unstable in bulk relative to other phases but stable as nanoparticles due 

to a low surface energy. Materials confined to exceptionally small sizes can begin to exhibit 

unique behaviours, the classical example of this can and be seen in quantum dots which exhibit 

optoelectronic properties highly dependent on the size of the particle.7 In addition, the small 

size of such materials means proportionally massive surface areas and the high ratio of surface 

atoms to interior atoms puts particular emphasis on the role of surface chemistry. In the case 

of ceria, for example, a reduction in size leads an increased number of surface defects which 

contributes to an enhanced catalytic activity.8 The surface chemistry can also be easily adjusted 

through functionalisation with organic ligands which allows for control over key properties 

such dispersibility or solubility.9  

The specific crystallographic phase of a material is the primary factor influencing the 

corresponding crystal shape. Different shapes result from the preferred expression of certain 

crystallographic faces and these faces can expose different atomic environments which in turn 
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can have a major impact on the material’s reactivity. This effect is well documented but it is 

perhaps best illustrated in shape-dependent catalytic activity ceria and platinum 

nanostructures.10 In addition to the chemical properties, changes in crystal shape are well 

known to influence certain optoelectronic properties.11 Of particular interest are polymorphic 

materials which are able to adopt one or more crystal phases. Control over the expressed phase 

or the proportion of phases may translate to control over particle shape and the ability to access 

certain shape-dependant properties. Achieving the degree of control needed to exploit these 

properties thus requires a fundamental understanding of the underlying processes of 

crystallisation. 

1.2 Metal sulfides 

Metal sulfides are a category of compounds which consist of a sulfur anion and a metal 

cation to give a general composition of MxSy, and exhibit semiconducting properties. Metal 

sulfides are abundant, cheap and often found as naturally occurring minerals including 

chalcocite (Cu2S), pyrite (FeS2) and heazlewoodite (Ni3S2). The diverse range of metal sulfides 

come in a variety of shapes, sizes, crystalline forms (often showing polymorphic behaviour), 

and chemical compositions, which in turn offers massive flexibility in the synthesises of these 

materials with novel properties and advances applications. In particular, nanoscale metal 

sulfides have demonstrated massive potential in renewable energy applications. They have 

been identified as some of the most viable candidates for the photocatalytic splitting of water  

into hydrogen (H2) and oxygen (O2) via solar energy.12 This is due to their suitable electronic 

band gap, band position, exposed active sites, strong catalytic activity and excellent photon 

response. Metal sulfide nanoparticles such as cadmium, lead and zinc sulfide are among the 

quintessential quantum dot materials, resulting from robust optoelectronic properties which are  

highly dependent on the size and shape of the particles.13, 14 Extensive research has been 

conducted into the exploration of these properties towards applications in biomedical 

imaging,15 LEDs,16 and photovoltaic cells17. 
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1.3 Nucleation and Growth 

Crystallisation can be divided into the broad categories of nucleation and subsequent 

crystal growth. Nucleation, the first step in crystallisation describes the beginning of a first 

order phase transition, where atoms in solution arrange themselves according to their most 

stable crystal structure to form nuclei. The nuclei which constitute a very small number of 

atoms act as the initial seeds for crystallisation, i.e. they provide sites for subsequent growth of 

the given species. The synthesis of nanoparticles for whatever purpose most commonly 

requires the resulting particles to have a narrow size distribution with controlled morphology 

and size. To do this requires a comprehensive understanding of nanoparticle formation at each 

stage in the crystallisation process. One of the earliest and most significant theoretical 

frameworks for understanding nucleation was put forward in the 1935 by Becker and Döring.18 

Their work, called classic nucleation theory (CNT) applies the principle that a thermodynamic 

system will favour a minimisation of the Gibbs’ free energy (∆G) and thus a maximisation of 

the entropy of the system. CNT’s rationale for the phase transition that occurs during nucleation 

is based on the macroscopic Gibbs’ capillary effect, i.e. expressions such as the surface energy 

and bulk free energy can be used to form an expression for the nucleation rate. The Gibbs’ free 

energy of the nucleus can be expressed as a sum of two terms: (i) a negative term describing 

the decrease in the Gibbs’ bulk free energy upon the bonding of two monomers or between a 

monomer and a cluster and (ii) a positive term describing the increase in the Gibbs’ free surface 

energy resulting from the same bonding.19, 20 As such for a spherical cluster the Gibbs’ free 

energy is given as:  

 
∆G = −

4

3
πr3|∆Gυ| + 4πr

2γ 
(1.1) 

Where r is the radius, ∆Gv is the Gibbs’ free energy per unit of volume and γ is the 

surface energy per unit of area. The physical effects of this relationship are best described in 

Figure 1.1 which plots ∆G of a cluster vs its radius. As the radius of the cluster increases the 

bulk free energy lowers (negative term) and the surface energy increases (positive term). The 

resulting plot of ∆G peaks at a critical radius (rc), which can be defined as the minimum size 

for the first stable particles (i.e. the nuclei). Smaller particles will dissolve back into solution 

but once rc has been achieved continued growth will be favoured. Hence the free energy 
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corresponding to rc (∆Gc) can be thought of as activation energy required for nucleation.21 

 

Figure 1.1: A theoretical plot of the free energy of a spherical cluster as a function of the radius according to 

CNT (eq. 1.1). The sum of the surface energy and bulk free energy has a critical radius, rc, with a free energy of 

∆Gc. 

The limitation of CNT is that it only describes the nucleation of particles, growth is a 

separate process controlled by a number of different factors. In the 1950s LaMer, from his work 

on the formation of sulfur colloids by the decomposition of sodium thiosulfate, developed his 

now widely adopted model on nucleation and growth.22, 23 The LaMer model proposes the 

concept of burst nucleation, where all nuclei are formed simultaneously via homogenous 

nucleation followed by subsequent growth without further nucleation. The full model is divided 

into three distinct stages which are represented in Figure 1.2. Stage I: upon initiation of the 

reaction there is a build-up of the monomer concentration which approaches a level of 

supersaturation. Stage II: once the concentration reaches the critical nucleation threshold 

(Cnucleation) the activation energy (∆Gc) can be overcome, allowing homogenous nucleation to 

begin. Soon after the rate of nucleation will surpass that of monomer formation, relieving the 

monomer saturation and quickly resulting in a concentration dip below Cnucleation. Stage III: 

with further nucleation events now impossible the remaining monomers will move out of 

solution and deposit themselves onto existing nuclei in a process normally referred to as 

diffusion growth, which may also be interpreted as heterogeneous nucleation. Depending on 

the conditions, particle growth can proceed further by a number of mechanisms, such as 

Ostwald ripening where small energetically disfavoured particles dissolve back into solution 

and deposit onto the surface of the larger more thermodynamically favoured particles, 

occurring as a result of high solubility and large surface area of the smaller particles.24 Also 
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two or more small particles may fuse to reduce the overall surface area, either by coalescence 

where the fusing particles are randomly orientated in relation to each other,25 or by orientated 

attachment where fusing particles do so with corresponding crystallographic planes aligned at 

the grain boundary forming a large single crystallite.26 

 

Figure 1.2: A schematic plot of monomer concentration as a function of reaction time (tr) as according to the 

LaMer model of nucleation and growth; accompanied with illustrations describing particle formation where 

nucleation is represented in red, diffusion growth in blue and both (i) Ostwald ripening and (ii) coalescence in 

green. 

Most often in nanoparticle synthesis the goal is to achieve suitable control over the 

resulting sizes and for those sizes to fall under a narrow distribution. The LaMer model offers 

a suitable framework with which to consider how size and size distribution might be influenced. 

One such approach is to affect the rate at which the monomer concentration builds up, which 

can easily be accelerated by increasing the heat-up rate of the reaction or the concentration of 

monomer precursors, this will in turn result in a faster nucleation phase and an increased 

number of nucleation events as the system adjusts to relieve the supersaturation. This has a 

knock-on effect on the size of the resulting particles as more nuclei generated in the nucleation 

phase leaves less monomer available for diffusion growth. In summary, more nucleation events 

result in a large quantity of small particles but few events give larger particles in fewer 

numbers.20 This effect is brought to its extreme by the hot-injection method where the reaction 

is initiated by the injection of one or more reagents to a preheated solution. This in effect acts 

as an instantaneous heat up-period and results in an extremely fast generation of monomers 
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and similarly fast nucleation phase. This burst nucleation favours the formation of many nuclei 

with minimal size discrepancies, thus minimizing the influence of Ostwald ripening and 

ensuring uniform growth via diffusion.27 The end product is a sample of small particles with 

narrow size distribution making the process ideal for the production of quantum dots.28, 29 

Further size control can be achieved by limiting growth through quenching or rapid cooling of 

the solution. On the other end of the spectrum there are batch processes such as the 

conventional hydrothermal or solvothermal methods which typically undergo slow heating 

rates and long reaction times. This can result in a slow rise in monomer concentration and when 

it eventually surpasses Cnucleation it will remain above this threshold for a long time. An extended 

nucleation phase means nucleation and growth are not temporally separate and will occur 

simultaneously, giving rise to a broad size distribution. However, as the reaction continues a 

natural ‘focusing’ of size distribution can occur. Diffusion growth for instance, which depends 

solely on the monomer flux supplied to the particle, has been demonstrated to occur faster on 

the surface of small particles and slower on large ones, resulting in a narrowing of the size 

distribution.30, 31 As discussed earlier both Ostwald ripening and coalescence favour large 

particles at the expense of the smaller ones, so with sufficient time these mechanisms will 

contribute to the narrowing of the size distribution and can yield the comparatively large 

particles.  
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1.4 Polymorphism and shape control 

In material science polymorphism describes the ability of a given compound to adopt 

one or more crystal structures. As described earlier the expression of one crystallographic phase 

over another can have major implications on the physical and electronic properties of the 

material, so development of synthetic strategies which can influence this expression is of 

paramount importance.10, 11 In addition, the inherent crystal structure of a material plays a 

massive role in determining the final shape of a crystalline material. This process is governed 

by Gibbs-Wulff theorem which argues that equilibrium shape of a crystal with fixed volume is 

obtained through a minimization of surface energy.32 The result of this is growth favoured in 

the direction perpendicular to the faces with the highest surface energy, thus minimising the 

energy by maximizing the distance between these faces.33 Therefor a polymorphic compound 

can in theory develop different architectures depending on the crystal phase being expressed 

during growth. However, phase determination can be difficult, and often requires a tailored 

approach as the stability of phases in a given system can depend on a number of conditions 

including size, temperature and even pressure.34, 35 Take for instance MnS which can adopt 

either the rock-salt (cubic) phase  or a wurtzite (hexagonal) phase. Below 200 ºC MnS wurtzite 

nuclei are stable and above this temperature rock-salt nuclei are stable. Jun et al. demonstrated 

reliable shape control over MnS nanocrystals by adjusting the temperature via the hot-injection 

method.36 This allowed for the reaction to be initiated and the nuclei formed at a specific 

temperature and the results can be seen in Figure 1.3. At 150 ºC the lower temperature resulted 

in wurtzite nuclei which grew into rods due to the higher surface energy of (001) face which 

facilitated preferential growth along the c-axis (Figure 1.3 (a)). Then at 250 ºC the increased 

temperature nucleated rock-salt seeds which grew into cubic particles (Figure 1.3 (c)). 

 

Figure 1.3: TEM images of MnS nanocrystals prepared via the hot injection method at (a) 150, (b) 180 and 

(c) 250 ºC. Reproduced form reference 36. 



 

9 

 

As described above the formation of the initial seed can have a huge influence on the 

preferred crystallographic phase. But ultimately it is the growth stage that controls the shape 

of the final crystal and this process can yield drastically different results depending on the 

conditions in which it occurs. A useful example of this has been demonstrated by Lee et al in 

the formation of PbS nanocrystals and is represented in Figure 1.4.37 The hot-injection of the 

PbS molecular precursor into a preheated solution results in the nucleation of tetradecahedral 

seeds which are terminated by the (100) and (111) faces of the rock-salt crystal structure. 

Subsequent competitive growth from these two faces will determine the crystal shape. 

Figure 1.4 presents the energy diagram form PbS crystals which shows that growth in the 

<111> direction has a higher energy barrier higher than that of the <100> direction but forms 

a more stable product. In other words, <111> growth is thermodynamically favoured, driven 

by sufficient thermal energy and a low flux of monomers and in contrast <100> growth is 

kinetically favoured and driven by a high flux of monomers under non-equilibrium 

conditions.35 Thus if adequate heating is supplied to the reaction (~250 ºC) the result will be a 

thermodynamic growth regime, faster growth on the high surface energy (111) faces and the 

formation of PbS cubes. However, this growth process can be significantly altered by the 

introduction of a capping agent such dodecanethiol which selectively binds to the (111) face, 

lowering its surface energy relative to that of the (100) face. The presence of the capping agent 

combined with low reaction temperatures (~120 ºC) shifts growth to a kinetic regime and 

facilitates growth from the (100) faces forming PbS multi-pod structures. 
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Figure 1.4: Schematic energy diagram describing the possible pathways for PbS nanocrystal growth, with 

representations the resulting shapes and corresponding TEM images. Adapted from reference 37. 

Nanoscale materials, due to their excess surface energies can exhibit vastly different 

behaviour in terms of phase stability compared to bulk counterparts. For instance, rutile is the 

stable room temperature phase of titanium dioxide (TiO2), but the synthesis of nanoscale TiO2 

normally results in anatase. The reason for this comes down to the surface energies which for 

anatase and rutile are 1.3 and 1.9 J m-2 respectively.38, 39 Thus the higher surface energy of 

rutile means the phase will be increasingly destabilised at lower particles size where surface 

energies are more influential. Work carried out by Gilbert et al. demonstrated an interesting 

relationship between particle growth and phase transformations in nanocrystalline samples of 

TiO2 and zinc sulfide (ZnS).40 In a dry powder sample of nanocrystalline anatase TiO2 a phase 

transformation to rutile was found to accompany particle growth as the sample was heated in 

air. In solution thermal motion is normally sufficient to explore many different configurations 
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between colliding particles which over time will result in orientated attachment and hence 

growth. This exploration is not possible in a dry sample, but of the vast number of particle-

particle contacts a small fraction will have an alignment appropriate for the orientated 

attachment between particles. High resolution transmission electron microscopy (HRTEM) 

determined that the rutile phase formed at the interfaces between particles of anatase and that 

these sites would serve as nuclei for the further transformation of anatase to rutile. The 

transformation temperature (activation energy) for this process was determined to be 465 ºC, a 

few hundred degrees lower that than the temperature required for a bulk transformation. Gilbert 

also demonstrated a mechanism facilitating a sphalerite (cubic) to wurtzite (hexagonal) phase 

transition in ZnS nanoparticles when treated under hydrothermal conditions (140-225 ºC). 

The relative concentration of precursors used can also have determining effect on crystal 

phase expression. Luther et al. found that ZnS nanoparticles form through the aggregation of 

pre-nucleation molecular clusters and that the nature of these clusters played a major role in 

determining the phase. By manipulating the concentration of the sulfur and zinc precursors it 

was found that at lower relative ratios of S:Zn the limited availability of sulfur resulted in 

smaller Zn3S3(H2O)6 clusters, which favour nucleation of the sphalerite phase and at larger 

ratios larger Zn6S6(H2O)9 clusters formed, which favour nucleation of the wurtzite phase.  

These select examples clearly show that the factors governing crystallisation are varied 

and complex. These factors must thus be subject to detailed investigation for any given system 

in order to design synthetic strategies and protocols to achieve the desired phase, size, and 

shape of the target product. 

 

  



 

12 

 

1.5 Synthetic methods 

The synthesis of nano- and micromaterials encompasses a broad and ever-expanding 

library of techniques, each developed to meet the growing demand for controllable routes to 

these materials and to explore new pathways to their unique properties. In general these 

techniques can be divided into two broad categories, the “top-down’ and the “bottom-up” 

approach.20 

In the top-down approach nanostructures are formed through the breakdown of larger 

bulk materials. Such techniques include milling, attrition grinding and lithographic techniques 

such as electron beam, ion beam and X-ray lithography. The main disadvantage to this category 

of techniques is that they are destructive and, historically, offered comparatively little size and 

shape control, as the tools available were too large to precisely influence such small structures. 

This remains the case for milling, and many attritional techniques. Advances in microscopy 

and lithography now permit exceptional control and design of shaped nanomaterials but entail 

high costs and low scalability. As well as this, conventional top-down techniques such as 

lithography can result in nanoparticles with significant crystallographic damage and a high 

number of surface defects.41 Imperfections such as these highly affect properties such as 

surface chemistry.  

Bottom-up implies the opposite approach i.e. nanostructures are formed from smaller 

building blocks such as atoms, molecules, polymers or even smaller nanoparticles, through a 

constructive process. Bottom-up is of course well known to chemists, and typical material 

synthesis involves an atom-by-atom construction on a large scale. Its principal advantage is 

that it is flexible, and can exhibit far superior size and shape control over the top-down 

approach. Additionally, many bottom-up approaches may be more readily scalable than 

advanced lithographic techniques, and are thus better placed to meet the growing demand for 

tailored nanomaterials. Here, due to kinetic reasons, different synthetic routes can access 

significant differences in crystallinity, chemical composition and morphology and, as a result, 

different physical properties. Materials made via bottom-up methods tend to have far fewer 

defects and a more homogeneous chemical composition. This is because it is influenced by a 

reduction in the Gibbs’ free energy and as such the nanostructures will be in a state closer to 

thermodynamic equilibrium. The top-down approach on the other hand commonly introduces 

internal stress, surface defects and contaminations.41 Bottom-up methods can be separated into 
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two categories, vapour-phase and liquid-phase reaction. The vapour phase techniques include 

chemical vapour deposition, atomic or molecular condensation and aerosol based processes. In 

general these reactions require high temperatures and are carried out under vacuum to ensure 

a low concentration of precursor which in turn favours diffusion controlled growth. The grown 

particles are then typically collected on a substrate at relatively low temperatures.42 Vapour 

phase reactions have been reported to yield a variety of nanostructures and morphologies 

ranging from silver clusters 2-3 nm in diameter to CdS nanorods up to several hundred 

micrometres in length. 41, 42 Some of the main advantages of vapour phase techniques are that 

they are easily scalable and yield high purity products, however a serious drawback is 

represented in the tendency for nanoparticles deposited on substrates to migrate and from 

agglomerates.43 Furthermore this is difficult to prevent due to the inability to introduce 

stabilisation mechanisms to the techniques. The net result is a lack chemical flexibility in 

forming stable monodispersed nuclei. Of all the synthetic routes to nanoparticle formation, 

liquid phase techniques offer the largest scope in terms of chemical flexibility, the range of 

materials and morphologies accessible and best control over physical properties. The 

techniques in this category are numerous but some of the most well understood and most 

versatile include the solvothermal, hydrothermal, hot-injection and sol-gel methods.  

1.5.1 Hot-injection synthesis  

The hot-injection method currently stands as one of the most versatile and flexible 

synthetic routes to inorganic nanomaterials, exhibiting effective control over phase, size and 

shape of the resulting particles.28 As described earlier the method involves dissolving the 

reagents in a high-boiling point organic solvent and heating the solution to the desired 

temperature. Instantaneous nucleation is initiated through the injection of a cold (room 

temperature) solution of a precursor compound into the hot solution. Injection of a room 

temperature precursor solution into the hot solution initiates a rapid build-up of monomer 

concentration followed by near instantaneous nucleation phase which relieves supersaturation 

below Cnucleation, thus preventing any further nucleation. The result is a quantity of 

monodispersed nuclei and an ample concentration of precursor for subsequent growth. The 

value of this technique is that it effectively allows for the separation of nucleation and growth. 

Controlled variations in the temperature permit the selective nucleation and growth of specific 

crystallographic phases, which in turn offers great control over size and morphology. 

Variations in the growth temperatures can also affect the size with increased temperatures often 
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resulting in larger structures. Hot-injection is considered the classic technique used in the 

synthesis of quantum dots which requires the production of monodisperse particles with highly 

tuneable sizes in the low nanoscale region.  

The choice of solvent used can also have an important influence on the resulting 

particles. A pioneering study focused on the hot-injection synthesis of monodisperse CdSe 

nanocrystals found that the solvent trioctylphosphine oxide coordinated to surface Cd atoms 

forming a steric barrier for the reactants, this considerably slowed down growth and, coupled 

with the relatively high temperatures, it allowed the nanocrystals to anneal and to form nearly 

defect-free wurtzite lattices.44 The primary disadvantage of the hot injection method is that the 

high temperatures at which it takes place requires the use of high-boiling point organic solvents. 

Derived from petroleum these solvents are highly toxic, environmentally damaging and 

expensive in both their production and disposal. The considerable economic and environmental 

cost of this technique is counterintuitive to the expanding role of inorganic nanoparticles in 

emerging green technologies such a solar cells, and energy storage devices. These concerns 

severely hinder the potential scope of adopting nanomaterials produced via this technique 

despite its superiority in terms of size shape and phase control. Thus the need is imperative for 

a greener and less costly synthetic method that still retains the same flexibility and versatility. 

1.5.2 Hydrothermal synthesis 

The hydrothermal method can be broadly defined as any reaction taking place in the 

presence of aqueous solvents under high pressure and temperature conditions.45 The 

conventional form is a batch reaction where reagents are loaded into sealed vessels and heated 

from ambient conditions to temperatures exceeding the boiling point of water. Normally made 

of stainless steel with Teflon liners, these vessels can support high temperatures and pressures. 

Hydrothermal synthesis uses just water as a solvent and can exhibit an enormous degree of 

freedom in terms of the available chemistry.46 The choice of reagents, concentration ratios, pH, 

temperature, reaction time and additives all allow for the design of elegant systems. It has been 

used to prepare a wide variety of structures from bulk powders and thin films to single crystals 

and complex nanostructures. Compared to other synthetic techniques such as ceramic methods, 

hydrothermal synthesis takes place under relatively mild conditions, below the supercritical 

level of water of 374 °C and 218 atm. The technique is known for its ability to yield high purity 

fine powders with narrow particle size distributions and, despite the mild conditions the 
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products are often highly crystalline in nature.45 In addition, the moderate reaction temperatures 

can facilitate the synthesis of metastable phases normally inaccessible by other means.47 

However, when compared to hot-injection the hydrothermal method is considered to lack the 

same degree of phase selectivity and morphological control. It  does not allow for the separation 

of the nucleation and growth stages and is unable to control the precise temperature at which 

the reaction is initiated. The mixed reagents are subjected to all temperatures during the heat-

up phase of the reaction which can often result in formation of kinetic intermediates en route 

to the target material. In addition, potentially uneven heating and prolonged reaction times can 

lead to further complications in phase separation and polydispersity.27 Despite this 

hydrothermal synthesis holds a key advantage over the hot-injection method in that it uses just 

water as a solvent, doing away with the expensive and environmentally hazardous organic 

solvents. 

 

1.6 Green chemistry 

In 1988 P. T. Anastas and J. C. Warner published their now widely accepted work titled 

Green Chemistry: Theory and Practice.48 In this text they define green chemistry as “The 

utilization of a set of principles that reduces or eliminates the use or generation of hazardous 

substances in the design, manufacture and application of chemical products”. The same text 

also outlines twelve key principles of green chemistry which are presented below. The purpose 

of this list is to serve a guiding framework for any individual, in any branch of the chemical 

sciences, in industry or academia seeking to minimise the environmental impact of their work. 

1. It is better to prevent waste than to treat or clean up waste after it is formed. 

2. Synthetic methods should be designed to maximise the incorporation of all materials 

used in the process into the final product. 

3. Synthetic methodologies should be designed to use and generate substances that 

possess little or no toxicity to human health and the environment. 

4. Chemical products should be designed to preserve efficiency of function while reducing 

toxicity. 

5. The use of auxiliary substances (e.g. solvents) should be made unnecessary wherever 

possible.  
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6. Energy requirements should be recognised for their environmental and economic 

impacts and should be minimised. Synthetic methods should be conducted at ambient 

temperatures and pressure. 

7. A raw material or feedstock should be renewable rather than depleting wherever 

technically and economically practicable . 

8. Unnecessary derivatisation (e.g. protecting/deprotecting groups) should be avoided 

wherever possible. 

9. Catalytic reagents (as selective as possible) are superior to stoichiometric reagents. 

10. Chemical products should be designed so that at the end of their function they do not 

persist in the environment, and instead breakdown into innocuous degradation products.  

11. Analytical methodologies need to be further developed to allow for real-time, in-

process monitoring and control prior to the formation of hazardous substances. 

12. Substances and the form of a substance used in a chemical process should be chosen o 

as to minimise the potential for chemical accidents. 

As described in this chapter a significant proportion of research currently being 

conducted on inorganic materials is aimed at their development for sustainable and renewable 

energy applications. However, the means by which the materials are synthesised is often 

counterproductive to these green applications. As discussed earlier the hot-injection method is 

an invaluable means of obtaining uniform particles with controllable size, shapes and phase 

compositions but the method relies on environmentally costly high-boiling point organic 

solvents. The reduction and elimination of such solvents can be directly related to six of the of 

twelve principles listed above (1. 3. 5. 7. 10. And 12.). This presents a dilemma, how can 

researchers utilise environmentally benign synthetic techniques such as the hydrothermal 

method without sacrificing levels of control facilitated by the hot-injection method? 
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1.7 Aims 

This thesis aims to present the development of a novel hydrothermal injection reactor for 

the synthesis of inorganic nano- and micromaterials, which combines the control and versatility 

of the hot-injection method with the green credentials of the hydrothermal method. Next, to 

test the reactors ability in influencing the size, phase and shape of these materials. This will be 

achieved by performing a set of reactions synthesising a known polymorphic material with well 

understood hydrothermal behaviour, over a wide series of varying reactions. In addition, this 

necessitates a complementary set of reactions performed via a conventional hydrothermal 

method, to serve as a control. This synthetic regime will inevitably result in a vast quantity of 

analytical data in need of interpretation. In response, this thesis also aims to explore the 

viability of applying a statistical technique for the batch treatment of this large dataset, in order 

to extract relevant structurally information, reduce complexity and adequately visualise the 

data. Finally this thesis aims to develop a reliable synthetic route for the formation of hollow 

microspheres with controllable sizes. 
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2.1 Outline 

The purpose of this chapter is to present the design and commissioning of the novel 

hydrothermal injection reactor. This includes: a detailed description of the reactor’s 

construction, the findings of a series of test reactions, relative safety considerations and a 

standard operating procedure (SOP) developed to standardise its use. In addition, this chapter 

contains the background material for all analytical techniques performed in this thesis. Detailed 

procedures for specific experiments will be provided within the corresponding chapters. 

2.2 Conventional hydrothermal batch method 

As described in Chapter 1, the hydrothermal method normally takes place in Teflon-lined 

stainless steel autoclaves. This thesis presents a number of samples prepared via this method 

which will herein be referred to as the conventional hydrothermal batch method in order to 

distinguish it from other batch methods. 23 mL autoclaves manufactured by the Parr instrument 

company were used in this project. They are rated to a maximum operational pressure 

12.41 MPa and as a standard procedure the total volume of the mixed precursor solutions 

should not exceed 12 mL (0.52 fill fraction) to prevent over pressurisation. However, in the 

event of overpressurisation a “blow-off disk” in the vessel head is designed to safely release 

the pressure through an opening in the cover at approximately 24.13 MPa . A maximum 

reaction temperature of 200 °C was applied, as higher temperatures can result in degradation 

and softening of the Teflon cup.  

In a standard reaction the precursor solutions were pipetted into the Teflon cup which was 

then placed into the metal casing of the autoclave along with the Teflon cap as shown in 

Figure 2.1. Next the stainless steel pressure plate and screw cap were added and the seal 

tightened with a specialised wrench and a brace mounted to the counter. The now assembled 

autoclave was then inverted three times to ensure mixing of the precursor solutions. The 

autoclave was then placed in a lab oven preheated to the desired temperature and left for a 

predetermined amount of time referred to as the heating period (th). Once th had elapsed the 

autoclave was removed from the oven, placed on a heat resistant pad and allowed to cool to 

room temperature. The autoclave was opened, and the contents were washed out with distilled 

water. Finally, the product was isolated and washed twice with distilled water via centrifugation 

and dried overnight at 70 ºC. 
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Figure 2.1: Schematic of the hydrothermal autoclave with labelled components. 

 

2.3 The Hydrothermal injection reactor 

As described in Chapter 1 there is a strong need for the development of synthetic strategies 

that combine the control and versatility of the hot-injection method with the green credentials 

of the hydrothermal method This section presents the commissioning of a novel hydrothermal 

injection reactor designed to facilitate the introduction of a room temperature aqueous solution 

to an aqueous solution that has been preheated to temperatures exceeding the boiling point of 

water (100 °C). 

2.3.1 Reactor design 

In order to satisfy the objectives described above the design of the hydrothermal injection 

reactor must meet a number of criteria. The system must be capable of reaching high internal 

temperatures and pressures, a mode of delivery capable of pumping against these high 

pressures is needed, the user must have a means of retrieving fast and precise data of the 

conditions within the reactor and above all the reactor must be safe to use with minimal risk to 

the user. Figure 2.2 (a) shows a labelled schematic of the as designed hydrothermal injection 

reactor constructed from 316 stainless steel, gas-tight, high pressure Swagelok® tubing and 

fittings. These chemically resistant components were selected due to their ability to endure 

high temperatures and pressures. 
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Figure 2.2: (a) Schematic of the hydrothermal injection reactor, (b) photograph of the fully assembled rig with 

labelled components and (c) blueprint detailing the dimensions of the various fittings which compose the 

reactor. 

The total volume of the sealed reactor is 10 mL, most of which is contributed by the 

cylindrical reaction chamber. The exact dimensions of this chamber can be seen in a blueprint 

of the reactor shown in Figure 2.2 (c). Note: measurements relating to the tubing and fittings 

of the reactor are given in imperial units as outlined by the manufacturer, but SI units will be 

used everywhere else. At 140 mm in length with an outer diameter (o.d.) of 1/2" and a wall 

thickness of 0.065" the reaction chamber can be separated from the upper neck of the reactor, 

filled with initial solution and reattached. When these two sections are attached an inlet tube 

of 1/4" o.d. and wall thickness 0.035" extends into the reaction chamber, ending approximately 

50 mm above the bottom of the chamber for delivery of the second reagent into the preheated 

volume. The chamber is surrounded by a custom built aluminium jacket around which a 

Watlow band heater of height 75 mm and diameter 37 mm is tightly fastened to ensure good 

thermal contact. Heat is applied by the band heater which is controlled by a k-type 

thermocouple inserted into a hole in the aluminium jacket and connected to a temperature 
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controller. A second thermocouple attached to an inlet at the very top of the reactor extends 

down its full length through the injection tube into the reaction chamber in order provide real-

time data on the internal temperature. Lower down the neck four branching inlets are provided 

by two cross junctions. One connects to a pressure relief valve, which in the event of over-

pressurisation allows for a safe discharge of the reactor contents directed way from the user. 

Another connects to a directional check valve and a Gilson model 302 high pressure liquid 

chromatography (HPLC) pump, which together facilitate the injection of the second solution 

against high internal pressures. The final two inlets connect to a looped pressure transducer 

which provides the user with real-time monitoring of the internal pressure. These components 

are all visible in Figure 2.2 (b) where a labelled photo of the full reactor set up can be seen. In 

a closed system composed many different parts, the maximum possible pressure is determined 

by the lowest rated part. In the case of the reactor, that part is a piece of tubing found on the 

upper neck with an o.d. of 1/4" and wall thickness 0.035" which is rated to pressure of 

35.16 MPa. 

2.3.2 Safety considerations 

Standard hydrothermal techniques involve the heating of an aqueous solution in a 

closed system well beyond the boiling point of water. Consequently, the high internal pressures 

present an explosion hazard which must always be considered when the technique is 

performed. The risk of explosion is further exaggerated in the hydrothermal injection reactor 

which by design involves rapidly increasing the internal volume of water at elevated 

temperatures and pressures. User safety is of paramount importance and accordingly a tiered 

list of safety fail-safes were incorporated into the operation and core design of the reactor. Each 

tier is designed to prevent risk to the user upon the failure of the previous tier. 

Tier 1: Explosions are caused by over-pressurisation and the associated risk can be mitigated 

before any reaction takes place by careful consideration of experiment design. Fortunately, the 

properties of heated water in a sealed container are well understood. Figure 2.3 was generated 

from data made available from the National Institute of Standards and Technology (NIST), it 

plots pressure as a function of temperature for fixed volumes of water in a closed system at 

various fill fractions (isochoric conditions).1 With this information the pressure can be 

predicted for a given fill fraction and reaction temperature, which in turn allows for 

experimental design ensuring the pressure always remains within a safe region. 
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Figure 2.3: A plot of the pressure as a function of temperature for water under isochoric conditions at various 

fill fractions.1 

Under hydrothermal injection operations it was envisaged that 2.5 mL of precursor 

would be injected into a preheated 5 mL volume of water or precursor solution. This represents 

a near instantaneous 50% jump in the volume of heated solution contained within the 10 mL 

volume of the reactor, and corresponds to moving from the 0.5 to 0.75 fill fraction as 

highlighted in Figure 2.3 at a temperature of 300 ºC.  

Tier 2: The pressure transducer and thermocouples connected via a Picotech TC-08 data logger 

using PicoLog software provide accurate real-time information on conditions within the 

reactor. Careful monitoring of these conditions can warn the user in advance of a potential 

over-pressurisation event. In the event of rising pressures approaching unsafe conditions the 

user may act accordingly, shutting off power to the temperature controller and stepping away 

from the reactor.  

Tier 3: A pressure relief valve is fitted to the reactor. When the reactor is in use this relief valve 

is pointed away from the user. In the event of over-pressurisation this allows a safe discharge 

of the building pressure. Importantly this valve is rated to trigger at 30 MPa, below the 

maximum pressure of the reactors steel tubing (35.16 MPa) thus circumventing the possibility 

of an explosion. 
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Tier 4: Whenever the reactor is in use a polycarbonate blast shield is put in place in front of 

the reactor. If for whatever reason the previous tiers fail to prevent an explosion this shield is 

designed to act as a protective barrier between the reactor and the user. 

Tier 5: With the exception of the monitor displaying Picolog data, the full reactor set up is 

housed within a fume hood. The reasons for this are twofold: firstly in the event of an explosion 

or a triggering of the relief valve, the contents of the reactor will be released into the atmosphere 

and use of the fume hood mitigates the user’s risk of exposure to these potentially harmful 

materials. Secondly in the event of a dangerous spike in pressures the fume hood sash can be 

fully lowered, offering a second physical barrier between the user and the reactor. 

2.3.3 Reactor commissioning  

The commissioning of the reactor involved a series of tests designed to properly 

determine the integrity, reliability, and safety of the reactor within the proposed working 

conditions. Figure 2.4 contains the temperature and pressure profile of a test reaction where 

7.5 mL (0.75 fill fraction) of water was loaded into the reactor and heated from room 

temperature up to 300 °C. The temperature was adjusted upwards in 50 °C increments and each 

time the temperature was held for approximately 10 minutes before increasing to the next 

increment. The plot demonstrates a good degree of control of the temperature over a prolonged 

period but with small fluctuations during the 10 minute intervals between heating. These 

fluctuations occur as a result of the heat source and the method it employs to control the 

temperature. A thermocouple registers the temperature of the aluminium jacket and when the 

set temperature has been achieved the controller will switch off the heat source to prevent 

overheating. Subsequently the temperature will begin to drop and when it falls below the set 

temperature heat will be reapplied, resulting in the observed fluctuations. As the temperature 

increases, the severity of these fluctuations grows marginally as it becomes more difficult for 

the heating element to compensate for the natural heat loss. An average margin of roughly 

±0.5 °C was found at 50 and 100 °C, ±1.5 °C at 150 °C, ±2 °C at 200 °C, ±2.5 °C at 250 °C 

and ±3 °C at 300 °C. Beyond 100 °C the internal pressure begins to build with each subsequent 

temperature increment resulting in a significant increase in the pressure. At the highest 

temperature level of 300 °C a peak pressure of 24.8 MPa was achieved. This pressure to 

temperature relationship is consistent with the data described in Figure 2.3 for a closed system 

at a 0.75 fill fraction. Accordingly, 300 ºC was determined to be the maximum temperature 
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allowed for a volume of 7.5 mL within the reactor as any further increases to the temperate 

would result in pressures approaching the limit of the release valve.  

 

Figure 2.4: The temperature and pressure profile obtained from a test run of 7.5 ml H2O heated from room 

temperature to 300 °C in increments of 50 °C 

Figure 2.5 contains the temperature and pressure profiles of test runs carried out over a 

series of reaction temperatures via two distinct methods which will be referred to as the reactor 

injection and reactor batch methods. The reactor injection method describes the original 

objective, to conduct a reaction by introducing a room temperature solution to a preheated 

solution under hydrothermal conditions. In these test runs 5 mL of distilled H2O was loaded 

into the reaction chamber and the reactor was heated to the desired internal temperature. Once 

this temperature had been reached a period of roughly 5 minutes was allowed to ensure the 

temperature had stabilised before injecting 2.5 mL of distilled H2O, giving a total volume of 

7.5 mL within the reactor (0.75 fill faction). As soon as pumping begins it marked the beginning 

of the reaction time, tr, and after 5 minutes had elapsed the temperature controller was set to 

zero, allowing the reactor to cool. 2.5 mL was selected as the injection volume because that is 

the minimum volume that can be dispensed by the older generation HPLC pump in use. In each 

test the injection resulted in a dip in the internal temperature as the room temperature solution 

mixed with the hot solution in the chamber. The pump takes exactly 7 seconds to inject all 

2.5 mL into the reactor which we refer to as the injection time (tinj) and in each case the 

temperature quickly recovered after tinj had elapsed. The injection process increases the fill 
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fraction from 0.5 to 0.75 which results in a pressure increase and is consistent with the data 

illustrated in Figure 2.3. 

The purpose of the reactor batch method was to have a means of conducting reactions 

that are related in principle to the conventional hydrothermal batch method but which take 

place inside the reactor. This eliminates variables that arise between the reactor and a standard 

autoclave and serve as a control to better understand the true effects of the hot-injection method 

on the resulting samples. In these test runs 5 mL of distilled H2O was loaded in into the reaction 

chamber and an additional 2.5 mL was pumped in giving a total volume of 7.5 ml (0.75 fill 

fraction). The reactor was then heated to the desired internal temperature and once this 

temperature was achieved tr began. After 10 minutes had elapsed the heating element set to 

0 °C, and the reactor was allowed to cool. 

Table 2.1 contains the heat up periods for each of the test reactions, i.e. the time required 

for a given reaction to achieve the desired internal temperature from room temperature. For 

both the injection and batch methods, higher temperatures meant a longer heat up period. 

Interestingly each of the batch runs had a shorter heat up time compared to the corresponding 

injection run of the same temperature. This is because during heat up the fraction of the reactor 

filled with water is larger in the batch method (0.75) than in the injection method (0.5). This 

therefor makes it easier raise the internal temperature, due to the higher thermal conductivity 

of water over air and increased heat capacity of water with increasing pressure. Also contained 

in table 1.1 is the cool down period for each test reaction i.e. the time required for the internal 

temperature to drop below 50 ºC after the heating element was turned off. 50 ºC was the point 

at which the reactor was deemed safe to handle and therefor was also considered the endpoint 

of the run. 

Table 2.1: Representative  times required for each test reaction to heat up from room temperature to the desired 

internal temperature and the time required for each to cool down to below 50 ºC, each rounded to the nearest 

30 seconds. 

Method Temperature (ºC) Heat up (MM:SS) Cool down <50 ºC (MM:SS) 

Injection  150 09:30 43:30 

(0.5 fill fraction) 200 10:30 45:30 

 250 13:30 56:30 

 300 16:30 63:30 

Batch  150 06:30 46:30 

(0.75 fill fraction) 200 09:00 46:30 

 250 10:30 51:00 

 300 11:00 59:00 
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Figure 2.5: Temperature and pressure profiles of test reactions conducted via the reactor injection method at (a) 

150 °C, (b) 200 °C, (c) 250 °C and (d) 300 °C; and the reactor batch method at (e) 150 °C, (f) 200 °C, (g) 

250 °C and (h) 300 °C. 
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In summary these test runs demonstrated a good level of control over the internal 

conditions for both the injection and batch methods. Key observations of these tests include a 

maximum fluctuation of the reaction temperature of ±1% at each temperature, and a maximum 

pressure of 24.8 MPa at a volume of 7.5 mL at 300 °C.  

2.3.4 Standard operating procedure 

Over the course of the test runs detailed above, careful notes were taken to document 

observations and challenges associated with the running of the reactor. From these notes a 

standard operating procedure (SOP) was developed with the purpose of minimising wear and 

tear to the reactor, mitigating risk to the user and eliminating variables between reactions. This 

SOP was followed for every reaction performed in the reactor and is detailed below: 

1. When designing the reaction, carefully consider the max volume of the reactor (10 mL), 

the combined volume the precursor solutions and the required reaction temperature 

while consulting Figure 2.3 to ensure that the maximum predicted pressure falls below 

the limit of the pressure relief valve (30 MPa). 

2. Load the reaction chamber with a set volume of the desired solution along with a stirrer 

bar of appropriate size. 

3. Fix the chamber to the upper section of the reactor (which is held in place by a retort 

stand) and tighten by hand the bolt which secures the two sections, before further 

tightening with two spanners carefully via the crimping method.  

Note: it is imperative that this fitting is securely fastened to prevent leaks. 

4. Secure the two sections of the aluminum jacket around the outside of the chamber. 

5. Lift the reactor rig (still connected to the retort stand) and slide it into the heating jacket, 

which is fixed in place above a hot plate by a second retort stand. 

6. Tighten the grub screws of the heating jacket with an Allen key. 

7. Feed two k-type thermocouples into the small holes that were drilled into each section 

of the aluminum heating jacket. One serves as the feedback for the temperature control 

unit and the other is connected to the data logger for monitoring of the jacket 

temperature. 

Note: if the temperature controller feedback thermocouple is not in place and 

operational, runaway heating may occur potentially leading to dangerous 

overpressurisation. 
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8. The main thermocouple which monitors internal temperature is permanent and always 

fixed and wired in place, this should not be altered. 

9. At the mains apply power to the control systems and perform a check ensuring that all 

three thermocouples and the pressure transducer are wired to the data logger and that 

they are reading conditions within the appropriate range at room temperature. 

10. Switch on the stirrer function of the hot plate and set to 600 RPM, making sure that the 

heating function of the plate remains off.  

11. Next flush the HPLC tubing with the solution to be injected. Place the plastic feed tube 

into a small conical flask containing the intended solution and aim the metal dispensing 

tube into a glass beaker labelled “waste”. 

12. Press the “disp.” button on the pump, allow the pumping sequence to complete and 

repeat this step two more times. Any previous solution contained within the line will be 

fully replaced with the new solution to be injected. 

13. The metal dispensing tube is then secured to the reactor through the check valve. First 

the bolt is tightened by hand then carefully with two appropriately sized spanners. 

14. Place the blast shield in front of reactor and lower the fume hood sash ¾ of the way 

down. 

Note: Once the blast shield is in place it is crucial that it is not removed or by-passed 

until after the run is complete (step 22). 

15. At the computer terminal. set the Picolog monitoring program to record. 

At this point in the SOP, instructions differ depending on whether the user intends to employ 

either the reactor batch or reactor injection methods. 

 

Reactor batch method (a)  

a16 Press the dispense button on the pump to introduce the second solution to the first within 

the reaction chamber. 

a17 Once the pumping sequence has finished switch off the pump at the mains and set 

reactor to the desired temperature at the temperature controller.  

Note: Switching off the pump is a safety precaution intended to obviate the risk of a 

second accidental injection occurring. 
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a18 When the desired internal temperature has been reached, small adjustments of the set 

temperature may be required at the controller to prevent overshooting.  

a19 Maintain at the desired temperature for the chosen reaction time (tr).  

a20 Once tr has elapsed set the temperature controller to 0 °C and allow the reactor to cool. 

Reactor injection method (b) 

b16. Set the reactor to the desired temperature at the controller. 

b17. When the desired internal temperature has been reached, small adjustments of the set 

temperature may be required at the controller to prevent overshooting.  

b18. Maintain at this temperature for the desired amount of time before pressing the dispense 

button on the pump to initiate the injection. Once the pumping sequence is complete 

switch off the pump at the mains. 

Note: Switching off the pump is a safety precaution intended to mitigate the risk of a 

second accidental injection occurring. 

b19. Post-injection, allow the reactor to remain at temperature for the chosen reaction time 

(tr). 

b20. Once tr has elapsed set the temperature controller to 0 °C and allow the reactor to cool. 

Product collection and shut-down 

21. When the internal temperature has cooled below 50 °C switch off the temperature 

controller at the mains. 

22. Remove the blast shield, deactivate the pressure monitor, disconnect the 

thermocouples, loosen the grubber screw of the heating jacket, lift the reactor out of the 

heating element and remove the aluminum jacket. 

23. Carefully with two spanners untighten the main bolt connecting the reaction chamber 

to the upper section of the reactor until sufficiently loose to disconnect by hand. Use 

one hand to loosen the main bolt and the other to grip the bottom of the chamber to 

prevent it from falling. At times, due to the expanding and contracting associated with 

heating process, the chamber will stick to the upper section; in this case, force may need 

to be applied to separate the two sections but exercise caution to avoid damaging the 

rig or spilling the contents of the chamber. 

24. As soon as the chamber has been removed, place a glass beaker labelled “product” 
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beneath the upper section (which is still held above the counter by the retort stand) to 

catch any droplets. Pour the contents of the chamber into this beaker and wash out any 

remaining product with distilled water. 

25. There may be some product held in the upper section which needs to be washed out, 

however the HPLC line still contains the injection solution. Disconnect the metal 

dispensing tube and repeat steps 11-13 but with distilled water in the place of the 

injection solution. 

26. Now that the HPLC line contains distilled water, reconnect the dispensing tube to the 

check valve of the reactor. Press “disp.” on the pump and allow the water to fall into 

the glass beaker, repeat at least 4 times. 

27. Stop recoding on the Picolog software, make note of the new file containing the 

pressure and temperature profile and identity of the sample to which it corresponds. 

  



 

34 

 

2.4 Characterisation techniques 

2.4.1  Powder X-ray diffraction (XRD) 

X-ray Diffraction (XRD) is an analytical technique used to obtain structural information 

from crystalline solids. XRD is based on the principle that incoming X-rays impinging onto a 

crystalline material will be elastically scattered by the constituent atoms and that the direction 

of the scattered X-rays is determined by the internal atomic arrangement of the material. The 

resulting scattered X-rays interfere with each other both constructively and destructively and 

this interference forms a diffraction pattern. A model put forward by W. H. and W. L. Bragg 

suggests that a crystal lattice is made up of evenly spaced, parallel, atomic planes and that these 

planes may act as semi-transparent mirrors which reflect incoming X-rays.2 From planes 

containing larger electron density more intense reflections will occur. Upon reflection the angle 

of incidence will equal the angle of reflection, but constructive interference of X-rays scattered 

from a parallel set of planes will only occur when the angle of incidence satisfies the Bragg 

condition:  

 2dsinθ = nλ (2.1) 

where d is the spacing of the planes,  is the diffraction angle (Bragg angle), n is an integer and 

 is the wavelength of the incident X-rays. Since every crystal has a unique structure each will 

give rise to a unique combination of diffracted X-rays. To collect a full diffraction pattern of a 

given structure requires the X-ray bream to interact with the crystal in all possible orientations. 

However fine powders normally consist of a randomly dispersed micro crystallites, so in 

powder XRD the sheer number of particles in a sample means that every possible set of 

crystal planes will be presented in the correct orientation for diffraction. Eqn 2.1 can be better 

understood by considering Figure 2.6 which depicts the reflection of an incident X-ray beam 

by a set of planes with a spacing of d. A portion of the beam will be reflected at by the AB 

plane at the position x. When this occurs part of the same wave front will be at position m and 

still have to travel a distance of m-y before being reflected by the CD plane and then travel a 

further distance of y-n before re-joining with the original wave front. For constructive 

interference to occur between the two parts of the reflected beam the wave at n must be in 

phase with the wave at x.  Therefor the sum of  m-y and y-n must be equal to an integer number 
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of wavelengths, n, and together can be expressed in terms of the incident angle as 2dsin, 

hence eqn 2.1. 

 

Figure 2.6: Representation of an incident X-ray beam being reflected of a set of crystal planes, 

according to the Bragg condition. 

These diffraction patterns can also provide information on the size of the crystal 

particles being analysed. Simply put the peak width on a given XRD pattern varies inversely 

with the size of the corresponding crystallite. From this principle precise values can be obtained 

using Scherrer equation:  

 
β(2θ) =

Kλ

Lcosθ
 

(2.2) 

where β(2θ) is the peak width at particular value of 2θ, L is the crystallite size,  is the 

wavelength of X-rays and K is a shape factor which varies with the actual shape of the 

crystallite but is typically taken to be about 1 for approximately spherical particles.3 

2.4.2 Scanning electron microscopy (SEM) 

A scanning electron microscope works via the same basic principles as a standard 

optical microscope but instead of light it utilizes a focused high-energy electron beam. The 

wavelength of visible light is roughly between 400 to 700 nm but at ~6 pm an accelerated 

electron’s wavelength is several orders of magnitude shorter and as such allows for much 
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higher resolutions. When electrons are accelerated onto the sample some will pass straight 

through without interaction, but many will undergo elastic or inelastic scattering. These 

electron-sample interactions produce a variety of signals that reveal information about that 

sample, ranging from morphology and surface topography to structure and composition. The 

primary signals used for imaging are secondary electrons and backscattered electrons. The 

basic architecture of a SEM, represented in Figure 2.7, consists of an electron gun, an 

electromagnetic system of condenser and objective lenses, a vacuum system, an electron 

detector/camera, a sample chamber and a computer to view the images. The electron gun emits 

electrons, often from a tungsten cathode The resulting electron beam is focused by the 

electromagnetic condenser lenses onto the sample. This takes place under vacuum to ensure 

the beam is unimpeded by molecules in the air. 

 

Figure 2.7: A schematic diagram describing the basic architecture of the scanning electron microscope.4 

2.4.3 Transition election microscopy (TEM) 

Transmission Electron Microscopy (TEM) is a technique that enables the magnification 

of extremely small objects in order to determine their architecture and even their crystal 

structure. It works by transmitting a beam of electrons through an ultra-thin specimen whereby 
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the electrons interact with the specimen as they pass through it. This electron-specimen 

interaction forms an image which is focused and magnified onto an imaging device. The 

microscope, which is depicted in Figure 2.8, resembles a large vertical column and generally 

consists of an electron gun which emits the beam, a system condenser lens which focuses the 

beam onto the specimen, an adjustable specimen stage and a set of objective lenses which focus 

the image onto the fluorescent screen. TEMs vary in magnification but generally can image 

objects in the order of a few angstroms (10-10 m), far higher than that of SEM. Samples are 

prepared by placing them upon a specialized grid usually comprising of a 3.05 mm diameter 

ring made from copper, molybdenum, gold or platinum mesh. The sample is placed on the 

mesh which is approximately 2.5 mm in diameter and placed in a vacuum. 

 

Figure 2.8: A schematic diagram describing the basic architecture of the transmission electron 

microscope.4 

2.4.4 Dynamic light scattering (DLS) 

Dynamic light scattering (DLS) is a common technique used for size analysis of particles 

and molecules in the nanometre range such as macromolecules, colloids, and emulsions. The 

basic set up involves a monochromatic laser directed onto a cuvette containing a liquid. Any 

particles suspended the liquid will scatter the incident light in all directions which at a known 
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angle, θ, is recorded by a detector over a set amount time. When particles are dispersed in a 

liquid they are constantly colliding with solvent molecules and the resulting energy transfer 

induces particle motion. This energy transfer is considered constant and as a result it has a 

greater effect on smaller particles. In other words smaller particles in solution move faster than 

larger ones. This natural phenomenon is referred to as Brownian motion and it results in 

fluctuations in the scattered light intensity, which DLS records and relates to particle size 

through the Stokes-Einstein equation: 

 D = 
kBT

6πηRh
 (2.3) 

Where D is the translational diffusion coefficient or speed of the particles (m2/s), kB is the 

Boltzmann constant, T is the temperature (K), η is the viscosity (Pa·s) and Rh is the 

hydrodynamic radius (m).5 
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2.5 Conclusions 

A novel hydrothermal injection reactor was designed and successfully brought to working 

capacity. A series of test reactions determined that the reactor: is capable of introducing a room 

temperature solution to a preheated solution at a precise temperature under hydrothermal 

conditions, has a maximum operating temperature of 300 °C when loaded with 7.5 mL of water 

(0.75 fill fraction) and demonstrated an acceptable level of control over the temperature 

pressure and reaction time. These test reactions have also informed the development of a SOP 

which is to be applied to all future reactions in the reactor. The hazards associated with 

operating the reactor have been discussed along with a tiered safety system incorporated into 

the design. 
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3.1 Introduction 

3.1.1 Cadmium sulfide 

Cadmium sulfide (CdS) is a group II-VI semiconductor material with a room temperature 

band gap value of 2.4 eV.1 Within this extensively studied category of materials CdS is perhaps 

the most well documented, and it owes this popularity to a unique combination of properties: 

a low cost of production, high chemical stability, high electronic mobility, low work function 

and a tuneable photoactivity highly dependent on particle size and morphology.2 These 

properties have proven to be highly favourable in the realm of optoelectronics and 

photocatalysis, and have allowed researchers to engineer CdS nano and micromaterials for a 

variety for advanced applications including light emitting diodes, photovoltaic devices, 

hydrogen generation, sensors and optical wave-guides.3-6  

CdS is a known polymorphic material which can be expressed as one of two 

crystallographic phases: zinc blende (cubic system) and wurtzite (hexagonal system). Zinc 

blende is categorised by the space group F4̅3m and is made up of two interpenetrating cubic 

close packed (CCP) sub-lattices of cadmium and sulfur. Cadmium atoms sit in every second 

tetrahedral hole of the sulfur sub-lattice and equally so too does the sulfur into alternating 

tetrahedral holes of the cadmium. As a result, each atom is coordinated to four atoms of the 

opposite sub-lattice. Alternatively in wurtzite, with space group P63mc, the cadmium and 

sulfur sub-lattices are both hexagonal close packed (HCP) and, like in zinc blende, each atom 

has a coordination number of four with the atoms of both sub-lattices occupying alternating 

tetrahedral holes of the opposite. In the interest of clarity and consistency the zinc blende and 

wurtzite crystal phases of CdS will herein be simply referred to as the cubic and hexagonal 

phases respectively and their crystal structures can be seen in in Figure 3.1 (a) and (b). Both 

phases of CdS can be described as a set of repeating close packed layers, and the difference 

between the two lies only in the stacking formation. This is visible in Figure 3.1 (c) and (d) 

where these close packed layers in the cubic phase (CCP) correspond to the {111} family of 

planes and repeat every three layers (ABC), and in the hexagonal (HCP) they correspond to the 

{001} family, repeating only every two layers (ABAB). Indeed, the cubic and hexagonal 

structures are so closely related that the hexagonal phase can be derived from the cubic by a 

60° rotation of every second layer perpendicular to the < 111 >/< 001 > directions. 
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In polymorphic materials the expression of one crystallographic phase over another can 

serve as the critical factor in the shape determination of the resulting nanocrystals. In the case 

of CdS the nucleation and subsequent growth of the cubic phase often results in tetrahedra, 

similarly the nucleation and growth of the hexagonal phase results in elongated hexagonal 

rods.7 The shape of these particles is governed by Gibbs-Wulff theorem which argues that 

equilibrium shape of a crystal with fixed volume is obtained through a minimization of surface 

energy.8 The result of this is growth favoured in the direction perpendicular to the faces with 

the highest surface energy, thus minimising the energy by maximizing the distance between 

these faces.9 In the cubic phase the highest energy surface is the (111) and growth is favoured 

in the four directions perpendicular to this face, eventually forming tetrahedra. In the hexagonal 

phase it is the (002) surface leading to preferential growth in two directions and resulting in 

hexagonal rods, as shown in Figure 3.1 (e) and (f). Nanoparticle synthesis techniques often 

exploit this phenomenon to achieve shape control of the resulting particles and depending on 

the polymorphic material, preferred expression of one phase over the other can be influenced 

by a number of different factors. In the case of CdS, it is well understood that the kinetically 

favoured cubic phase is formed at lower temperatures and the thermodynamically favoured 

hexagonal phase is formed at higher temperatures.  

 

Figure 3.1: Representations of the (a) cubic and (b) hexagonal CdS crystals structures with cadmium atoms 

labelled in grey and sulfur atoms in yellow, (c) the ABC stacking formation of the cubic structure viewed along 

the < 𝟏𝟏𝟏 > direction, (d) the ABAB stacking formation of the hexagonal structure viewed along the < 𝟎𝟎𝟐 > 

direction, and the common equilibrium structures resulting from the expression of the (e) cubic and (f) 

hexagonal phases. 

A result of this close relationship is that the two phases are extremely close in energy 

and achieving singular phase purity can be difficult, thus the crystals formed from the synthesis 
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of CdS can often adopt more complicated shapes arising from the coexistence of the two 

phases. Figure 3.2 shows a classic cubic tetrahedron favoured at lower temperatures, however 

at higher temperatures each of the four faces may undergo a surface phase transition from the 

(111) plane of the cubic phase to the (002) of the thermodynamically favoured hexagonal 

phase. This will now facilitate the growth of hexagonal prisms along the [001] direction from 

the {111} faces eventually resulting in tetrapods, where any given arm is at an angle of 109.5º 

from each of the other three.7 These shapes have been widely reported in not just in CdS but 

also in other cubic/hexagonal polymorphic materials such as ZnO,10 ZnS,11 ZnSe12 and CdSe.13  

 

Figure 3.2: Summarises the formation of  CdS tetrapods through the perpendicular growth of hexagonal prisms 

from the four (𝟏𝟏𝟏) faces of a cubic phase tetrahedron seed. 

Figure 3.3 describes an alternative mechanism: the cubic seed is capped on all four sides by 

positive (111) face, truncating the tetrahedron parallel to any side exposes the corresponding 

negative face, (1̅1̅1̅). From here the surface may also undergo a phase transition to the 

hexagonal (002) face, thus facilitating perpendicular growth of the hexagonal phase. Growth 

from all four (1̅1̅1̅) faces will result tetrapod like structures which have also been reported in 

cubic/hexagonal polymorphic systems.14 

 

Figure 3.3: Summarises an alternative mechanism for the for formation of CdS tetrapod’s, involving 

hexagonal growth from the negative (�̅��̅��̅�) faces of a tetrahedron. 
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Tetrapods such as these are often classified as hierarchical materials, complex 

morphologies consisting of two or more constituents with different dimensions (i.e., the 

tetrahedral core and the hexagonal arms). Hierarchical nanoscale materials have received major 

attention since being identified as potential building blocks to advanced materials and 

optoelectronic devices.15 A powerful example of this hierarchical, polymorph-driven 

morphology may be found in some recent work based on the vapour-liquid-solid (VLS) 

method. VLS is a bottom up technique which in the past has been used to great effect in the 

development of one and two dimensional nanomaterials. The formation with CdS nanowires 

and nanobelts via this technique has been thoroughly demonstrated.16-18. Zhai et al. successfully 

fabricated ‘single-crystal rocket-like tetrapodal (RLT) CdS nanorods’ via seed-epitaxial metal 

organic chemical vapour deposition (MOCVD).19 This involved the thermal decomposition of 

Cd(S2CNEt2)2 into CdS vapour. The proposed formation mechanism of these RLT particles is 

described in Figure 3.4. Silver islands placed on a silicon substrate act as energetically 

favourable adsorption sites for the CdS vapour and once the critical concentration is achieved, 

CdS will precipitate on these sites and will do so in the hexagonal phase due to the high 

temperature in which this process takes place (420 ºC). Preferential growth will then proceed 

in the [001] direction forming rods. The next step involves the introduction of a CdSe cubic 

phase tetrahedral seed. The similar crystal structure and close lattice constants of the cubic 

CdSe and hexagonal CdS results in the adsorption of the seed onto the tip of the growing rod 

which in turn facilitates epitaxial growth of the hexagonal structured branches. These three 

branches, given their tetrapodal nature all point out at a roughly 60 º angle from the stem. 

HRTEM confirmed that both the branches and the stem have grown along the [001] 

crystallographic axis, and that both form a continuous crystalline structure (Figure 3.4 (e)). 

This concludes the formation of the RLTs but it was noted by Zhai that ‘two-level RLTs’ were 

often formed when additional CdSe seeds were transported to the tips of existing RLTs.  
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Figure 3.4: (a) Schematic diagram describing the growth mechanism of CdS RLTs via seed-expitaxial 

MOCVD, (b) SEM images of the single RLTs, (c) SEM and (d) TEM images of two level RLTs and 

(e) HRTEM image focussing on the interface between branch and stem of these particles. Adapted from 

reference 19.  

Capping agents are a popular way to control the size and morphology of nano and 

microstructures, particularly in conventional hydrothermal synthesis which can often result in 

large particles with broad size distribution. Not only is the choice of capping agent of critical 

importance but many studies have reported crystal shapes highly dependent on the 

concentration of the agent applied.20, 21 Qiu et al.22 and Ganesh et al.23 both conducted studies 

examining the effect of capping agents on the formation and assembly of CdS microcrystals 

via the conventional hydrothermal method. Both use cadmium nitrate tetrahydrate, 

Cd(NO3)2•4H2O, and thiourea, H2NCSNH2, as cadmium and sulfur sources respectively. Qiu 

chose a range of amino acids as capping agents. These molecules have very similar structures, 

but it was demonstrated that subtle differences in the side group (-R) led to dramatic structural 

changes in the resulting CdS microcrystals. SEM results from a selection of the samples are 

shown in Figure 3.5, all of which were prepared at 200 ºC for 4 hrs. When no capping agent 

was used, the resulting structures were described as an arrangement of irregular particles with 

no clear order (Figure 3.5 (a)). The introduction of L-valine to the reaction resulted in 

“dendritic architectures” (Figure 3.5 (b)). They describe these large structures as being 

composed of a central trunk between 4-6 µm in length, with branches arranged in a 6-fold 

symmetric rows and branches in the same row being almost parallel with each other. The main 

branches also feature tertiary branches with the same symmetry. L-cysteine resulted only in 

CdS nanoparticles roughly 40-50 nm in diameter (Figure 3.5 (c)). L-methionine resulted in a 

hierarchal leaf-like structure composed of sub-structures that resemble petals (Figure 3.5 (d)). 

Finally, with a more complex side group, L-histidine resulted in a “radial architecture” 

composed of a number of sub-structures resembling the highly branched “dendritic” structures, 
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all growing out from a shared centre (Figure 3.5 (e)). These results are just a selection of those 

presented by Qiu, but they illustrate how slight changes in the molecular structure of a capping 

agent can have major consequences. From a highly exaggerated size confinement as in the case 

of L-cysteine, or in an altered coordinating habit of the molecule, in the cases of L-valine and 

L-methionine leading to drastic structural changes and accessing diverse CdS morphologies.  

 

Figure 3.5: SEM images of CdS crystals prepared using cadmium nitrate and thiourea at 200 ºC for 4 hrs with 

(a) no capping agents, (b) L-valine, (c) L-cysteine, (d) L-methionine, (e)  L-histidone and (f) the chemical 

structure of the amino acids used. Adapted from reference 22. 

Ganesh used polyvinyl pyrrolidone (PVP) as the capping agent of choice. For uncapped 

samples prepared at 200 ºC they described the resulting particles as “dendrite like structures” 

(Figure 3.6 (a) and (b)) and quick comparison suggests they are highly related in structure to 

the “dendritic architectures” obtained by Qiu using the valine capping (Figure 3.5 (b)). This 

indicates the mechanism which forms these structures is not completely dependent on the 

presence of a capping agent and can occur in an aqueous environment without additives. 

Increasing the reaction time to 4 hrs resulted in a size increase of the branches and the overall 

structure becoming more ordered. The introduction of PVP to the reaction resulted in a major 

shape change. The PVP-capped CdS microstructures prepared for 1hr were described as 

“flower-like” and when the heating time was increased to 4 hrs this structure had become fully 

developed, with “sword-like” arms now clearly visible (Figure 3.6 (c) and (d)). Once again, 

comparison reveals these particles to be highly related to the “radial architectures” presented 

by Qiu. The photocatalytic ability of the dendrite (un-capped) and the flower (PVP-capped) 

microstructures were then measured, using the degradation of Rhodamine B under visible light 

irradiation as an appropriate model to assess performance. In this process incoming visible light 

excites electrons in the valence band to the conduction band. The electrons and subsequent 
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holes (h+) migrate to the crystal surface where they will react with H2O and molecular oxygen 

to form  hydroxyl radials (•OH) and superoxide (•O2
-). These strong oxidising agents then react 

with Rhodamine, denaturing the molecule. The absorbance spectra of Rhodamine B was then 

measured over a number of time intervals, which allowed for  the percentage degradation to be 

calculated as a function of concentration, where C0 is the original concentration and Ct is the 

concentration at a given time interval (Figure 3.6 (e)). They found that the ‘flower-like’ (PVP-

capped) microstructures had a slightly improved photocatalytic performance with ~94.5% 

degradation vs. ~93% for the dendrites (un-capped) after a 120 min time period. This is 

attributed to the larger number of catalytic sites and a diminished near band edge peak of the 

‘flower-like’ structures. 

 

Figure 3.6: SEM images of CdS crystals prepared using cadmium nitrate and thiourea at 200 ºC with no 

capping agent for (a) 1 hr and (b) 4 hrs; and with PVP  for  (c) 1 hr and (d) 4 hrs; and (e) the photocatalytic 

degradation of rhodamine B using un-capped and PVP-capped CdS. Reproduced from reference 23. 

The specific choice of precursor can also have a massive influence on the resulting 

morphology. Many hydrothermal studies, including Qiu and Ganesh pay significant credit to 

the specific role of thiourea in the formation of anisotropic hierarchal CdS structures. 22-26 

According to these studies, thiourea acts not only as the sulfur source of the reaction but also 

as a bidentate ligand coordinated to Cd2+ to form a Cd2+(thiourea)2 complex, which acts as a 

soft-template for the positioning of CdS nuclei at sites favourable to dendritic growth. 

Moreover, the relative stability of this complex means less CdS monomer is consumed in the 

nucleation phase thus facilitating dendritic growth which is inherently a diffusion controlled 

process.27 Unfortunately the exact formation mechanism of these hierarchical dendritic 

structures is unknown, both studies largely attribute it to the expression of the inherently 

anisotropic hexagonal phase. However this fails to consider the structural contribution of the 
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cubic phase, which according to the powder XRD results presented by both studies, makes up 

a significant proportion of the crystals produced.  

A study by Fu et al. demonstrated that the size and shape of CdS microstructures can 

be controlled by variations in the relative molar ratios of the cadmium and sulfur precursors.2 

The study used very similar methods to Qiu and Ganesh. Samples were produced at 200 °C for 

5 hrs via the hydrothermal method and thiourea was also used as the sulfur source. The only 

major difference being that cadmium acetate, Cd(CH3COO)2, was used in the place of cadmium 

nitrate. The results are summarised in Figure 3.7. (b). At a Cd2+:thiourea relative ratio of 2:1 a 

large “flower like architecture” was obtained, around 3 µm in size and composed of many 

different branches all pointing out from a shared core. Increasing the concentration of thiourea 

to 1:1 results in a decrease of the size of these branches. At 1:2 the branches disappear almost 

entirely and at 1:3 and 1:10 monodisperse CdS spheres are produced with diameters of ~350 

and ~200 nm respectively. The proposed formation mechanism of these ‘flower-like’ 

architectures suggests that the coalescence of many small CdS nuclei forms spherical clusters 

and anisotropic growth of the hexagonal phase along [001] direction from the surface of these 

clusters forms the arms. They indicate that at low relative concentrations of thiourea, the 

molecule will act as a soft template assisting this anisotropic growth. As the concentration 

increases excess thiourea will adsorb to the CdS surface, at first restricting the length of the 

arms and eventually capping the size of the spheres. These results indicate how a change in the 

chosen precursor and precursor ratios can have massive implications in the resulting 

morphology. However, the reason why cadmium nitrate results in diffusion controlled 

“dendrite-like” like materials and cadmium acetate in aggregation controlled spherical 

materials has not been fully explored. 
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Figure 3.7: Illustration summarising the effect of varying the Cd2+:thiourea concentration ratio on morphology 

of CdS microstructures prepared with cadmium acetate and thiourea via the hydrothermal method at 200 °C for 

4hrs. Reproduced from reference 2. 

Solvothermal synthesis is highly related to the hydrothermal route but it allows for the 

use of a non-aqueous solvent. This offers an entirely new degree of freedom in reaction design 

and can lead new routes towards shape and size control. For instance, a study by Wang et al. 

using dodecylamine as a solvent successfully produced a range of CdS nanoscale crystals 

highly dependent on the precursor concentration and relative ratios.28 Cadmium acetate and 

sulfur powder were the chosen precursors but it was the role of dodecylamine that proved most 

crucial. Given its ability to interact closely with the surface of CdS crystals, dodecylamine 

acted not only as a solvent in the reaction but also as a surfactant. Samples were prepared in a 

Teflon-lined stainless steel autoclave at 220 ºC for 4 hrs over a series a of molar ratios of the 

cadmium and sulfur precursors (Cd2+:S2-). As the cadmium acetate is dissolved, a cadmium-

dodecylamine complex is formed. This complex will break down as the reaction temperature 

increases, allowing for the formation of CdS. The high cadmium concentration facilitates the 

fast nucleation of CdS seeds but the initial growth of these seeds is significantly slowed by the 

interaction of the long chained dodecylamine with the CdS surface, resulting in small and 

uniform CdS nanostructures. The results of this study are summarised in Figure 3.8 where TEM 

results reveal that a Cd2+:S2- molar ratio of 2:1 resulted in triangle-like CdS nanocrystals. 

Decreasing the molar ratio of cadmium to 1:1 then resulted in a collection of irregular shapes 
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with a small fraction of nanorods present. Further decreasing the molar ratio to 4:5 resulted in 

nanorods with an aspect ratio of ~2 and a diameter of ~13 nm. At 2:3 a collection of multipods 

were observed, among which tripods were the dominant morphology, with arm diameters of 

~10 nm. From here further decreasing the molar ratio of cadmium to 4:7 and 1:6 led to 

multipods with increased arm diameters of ~40 and ~60 nm respectively. The triangle-like 

shapes observed at high cadmium concentrations are most likely tetrahedra indicative of the 

cubic phase and the nanorods and multipods seen at low concentrations suggest preferential 

growth of the hexagonal phase along the [001] direction. This is supported by powder XRD 

analysis, which found an increase in the hexagonal phase percentage as cadmium concentration 

decreased and by HRTEM which found the spacing of the lattice fringes in the nanorods and 

multipod arms correspond to lattice distance of the (002) plane of the hexagonal phase. These 

results demonstrate how both the shape and phase composition of CdS crystals can be 

controlled simply through adjustments in the Cd2+:S2- ratio. 

 

 

Figure 3.8: Illustration summarising the effects of varying the Cd2+:S2- concentration ratio on the resulting CdS 

nanostructures prepared via the solvothermal method using dodecylamine as both solvent and surfactant with 

corresponding TEM images of samples prepared at (a) 2:1, (b) 1:1, (c) 4:5, (d) 2:3, (e) 4:7 and (f) 1:3. Adapted 

from reference 28. 
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3.1.2 Aims 

In this chapter we aim to test the capabilities of the novel hydrothermal injection reactor 

in achieving size, shape and phase control of inorganic materials. The polymorphic material 

CdS, whose crystallisation behaviour is extensively well studied in both hot-injection, and 

hydrothermal syntheses, was selected as the test subject. Various hydrothermal studies of 

similar design have reported many different complex CdS morphologies, however the exact 

mechanisms governing this shape control remains unclear. Different studies have attributed 

similar morphologies to quite different mechanisms. The reactor has the potential ability to 

temporally separate nucleation and growth and to avoid kinetic intermediates associated with 

the heat up stage of the batch process. Therefor as a secondary aim, the results obtained from 

the production of CdS in the reactor may offer a deeper insight into the formation of 

hierarchical CdS structures under hydrothermal conditions.   
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3.2 Experimental 

3.2.1 Synthesis of CdS 

All samples of CdS were prepared hydrothermally by either the conventional batch 

method, reactor batch method or reactor injection method. For each of these reactions cadmium 

nitrate tetrahydrate, Cd(NO3)2•4H2O, was selected as the cadmium ion (Cd2+) source and 

thiourea, CS(NH2)2, as the sulfide ion (S2-) source. Dissolving cadmium nitrate into solution 

gives Cd2+ at room temperatures (eqn. 3.1). However, thiourea must first undergo a thermal 

decomposition in order to release the active sulfur source, which may be either hydrosulfide, 

HS-, or hydrogen sulfide, H2S, depending on the particular conditions. The kinetics of this 

process are not fully understood but it is believed to occur across a range of temperatures 

beginning at 150 °C.29, 30 First thiourea will undergo an isomerisation to ammonium 

thiocyanate, NH4SCN, (eqn. 3.2) which will then react with the strongly nucleophilic oxygen 

atom of H2O, breaking the C=S and releasing H2S (eqn. 3.3).24, 30 Extended heating will lead 

to the breakdown of CO(NH2) to carbon dioxide and ammonia (eqn. 3.4). Not only does 

thiourea act as a sulfur  source for the reaction, but also as bidentate ligand, forming a relatively 

stable Cd2+(thiourea)2 complex. This limits the availability of Cd2+, as energy is required to 

breakdown the complex. Once Cd2+ and H2S are available in solution they react together to 

form CdS (eqn. 3.5). Importantly the novel hydrothermal injection reactor employed here will 

allow for thiourea breakdown to occur prior to its interaction with cadmium, thus allowing 

further clarification of the role of such proposed complexes on the mechanisms underlying CdS 

formation. 

 Cd(NO3)2
∆ RT
→  Cd2+ + 2NO3

− (3.1) 

 CS(NH2)2
∆ 150 °C
→     NH4SCN (3.2) 

  NH4SCN + H2O → H2S + CO(NH2)2 (3.3) 

 CO(NH2)2 + H2O → CO2 + 2NH3 (3.4) 

 Cd2+ + H2S → CdS + 2H
+  (3.5) 
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Note: over the large set of CdS reactions presented in this thesis the relative molar 

concentrations of the cadmium source and the sulfur source was varied regularly; in the interest 

of simplicity and consistency this will henceforth be referred to as the Cd2+:S2- ratio wherever 

applicable. 

3.2.1.1 Conventional hydrothermal batch method 

A 0.5 M stock solution of cadmium nitrate was prepared using distilled water. Three 

solutions of thiourea at 0.25 M, 0.5 M and 1.5 M were also prepared using distilled water. A 

Teflon lined stainless steel autoclave was then filled with 4 mL of the cadmium solution and 

8 mL of the required thiourea solution to achieve a Cd2+:S2- concentration ratio of 1:1, 1.2 or 

1:6 respectively. The sealed autoclaves were inverted three times to mix the contents and then 

immediately transferred to an oven preheated to 200 ºC. Once the set heating time (th) had 

elapsed the autoclaves were removed from the oven and allowed to cool to room temperature 

under ambient conditions. The products were isolated, washed twice with distilled water via 

centrifugation and dried overnight at 70 ºC. A summary of these reaction can be viewed in 

Table 3.1. 

Table 3.1: A summary of reaction conditions for CdS samples prepared via the conventional hydrothermal 

batch method. Totalling 9 samples. 

Cd2+ source S2- source Cd2+:S2- Temperature  Heating time, th 

   (ºC) (hr) 

Cadmium Nitrate Thiourea 1:1 200 2 

    3 

    4 

  1:2 200 2 

    3 

    4 

  1:6 200 2 

    3 

    4 

 

3.2.1.2 Reactor hydrothermal batch synthesis 

For all reactions conducted within the reactor the SOP presented in Chapter 2, 

Section 2.3.4 was followed. 5 mL of the appropriate thiourea solution were pipetted into the 

reaction chamber of the reactor. The chamber was then fitted to the main body of the reactor 

and 2.5 mL of the 0.5 M cadmium solution was injected via HPLC pumps. While the contents 

were continuously stirred by a small magnetic bar inside the chamber, the reactor was then 

brought to the desired internal temperature, maintained at that temperature for 10 minutes and 
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allowed to cool. Once ambient conditions were achieved the products were removed from the 

reactor, isolated, washed twice with distilled water via centrifugation and dried overnight at 

70 ºC. A summary of these reaction can be viewed in Table 3.2. 

3.2.1.3 Reactor hydrothermal injection synthesis 

For all reactions conducted within the reactor the SOP presented in Chapter 2, 

Section 2.3.4 was followed. 5 mL of the 0.25 M, 0.5 M or 1.5 M thiourea solution were pipetted 

into the reaction chamber of the reactor. The reaction chamber was then fitted to the main 

reactor body and brought to the desired internal temperature under continuous stirring. This 

temperature was maintained for 5 minutes before the injection of 2.5 mL of the 0.5 M cadmium 

solution. Then 5 minutes after injection, the heating was turned off allowing the reactor to cool. 

Once ambient conditions were achieved the products were removed from the reactor, isolated, 

washed twice with distilled water via centrifugation and dried overnight at 70 ºC. A summary 

of these reaction can be viewed in Table 3.2. 

Table 3.2: Summary of the reaction conditions for CdS samples prepared with cadmium nitrate and 

thiourea via the reactor batch and injection methods. Totalling 18 samples. 

Cd2+ source S2- source Method Cd2+:S2- Temperature  

    (ºC) 

Cadmium Nitrate Thiourea Reactor batch 1:1 200 

    250 

    300 

   1:2 200 

    250 

    300 

   1:6 200 

    250 

    300 

  Reactor injection 1:1 200 

    250 

    300 

   1:2 200 

    250 

    300 

   1:6 200 

    250 

    300 

 

3.2.1.4 Cadmium acetate prepared samples 

A set of reactions were carried out in the reactor via the batch and injection methods. 

These reactions used cadmium acetate dihydrate, Cd(CH3COO)2•2H2O, as the Cd2+ source and 
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had a slightly different temperature range but otherwise used the same procedure as outlined 

in Section 3.2.1.2 and 3.2.1.3. A summary of these reaction can be viewed in Table 3.3. 

Table 3.3: summary of the reaction conditions for CdS samples prepared with cadmium acetate and 

thiourea via the reactor hydrothermal batch and injection methods. 

Cd2+ source S2- source Method Cd2+:S2- Temperature  

    (ºC) 

Cadmium acetate  Thiourea Reactor batch 1:1 150 

    200 

    250 

   1:2 150 

    200 

    250 

   1:6 150 

    200 

    250 

  Reactor injection 1:1 150 

    200 

    250 

   1:2 150 

    200 

    250 

   1:6 150 

    200 

    250 

 

3.2.1.5 Reactor batch/injection pH adjusted samples  

A set of samples were prepared over increasingly acidic conditions via the reactor batch 

and injection methods. A Cd2+:S2- concentration ratio of 1:1 was used for each sample, using 

the cadmium nitrate and thiourea as the respective cadmium and sulfur sources. The thiourea 

solution was prepared by dissolving the appropriate mass in 0.05, 0.1 and 0.15 M solutions of 

HNO3. 

Table 3.4: A summary of reaction conditions for CdS samples prepared via the hydrothermal reactor 

batch and injection methods over a series of acidic and basic conditions. 

Cd2+ source S2- source Method Cd2+:S2- Temperature  Acid/Base solution 

    (ºC)  

Cadmium Nitrate Thiourea Reactor batch 1:1 300 0.05 M HNO3 

    300 0.1 M HNO3 

    300 0.15 M HNO3 

  Reactor injection 1:1 300 0.05 M HNO3  

    300 0.1 M HNO3 

    300 0.15 M HNO3  
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3.2.2 Characterisation 

3.2.2.1 Powder X-ray Diffraction (PXRD) 

X-ray diffraction patterns were recorded on a Bruker D2 powder diffractometer using 

a Cu Kα radiation source from 15 to 85 ° 2θ with step size 0.01 ° at 1.5 s per step using a zero-

background Si sample holder. Size analysis was performed using the peak fitting software 

Xfit.31 

As the phase composition of CdS plays a huge role in the determination of many its 

physical and chemical properties, obtaining data on a given sample’s composition is of great 

importance. Eqn. 3.6 presents a formula for estimating the percentage of a CdS sample  

composed of the hexagonal phase (Xh) from the measured intensities of certain peaks in the 

corresponding XRD pattern; adapted from a similar method presented by Sivasubramanian et 

al.32 

 
Xh(%) =

I(100) + I(103)

I(111)/(002) + I(220)/(110)
×
100

1.194
  

(3.6) 

Where I is the integrated intensity and 1.194 is the intensity ratio of these peaks in a phase pure 

hexagonal sample. Eqn 3.6 is best explained in reference to Figure 3.9 which contains 

simulated XRD patterns of CdS samples composed of the cubic33 phase, the hexagonal34 phase 

and a 50/50 mix of the two phases, produced using the crystallography software GSAS35 and 

Crystallographic Information Files (CIFs) available on the crystallographic open database 

(COD).36 The (100) and (103) peaks at 2θ positions of 24.8 and 47.9 º respectively are unique 

to the hexagonal phase. In samples with larger proportions of the hexagonal phase, these two 

peaks will become more intense relative to the (111)/(002) at 26.5  º and (220)/(110) at  43.7  º 

peaks which both correspond to cubic and hexagonal reflections.  

3.2.2.1 Scanning Electron Microscopy 

SEM images were obtained using a Zeiss Ultra microscope running at 5.00 kV with 

inLens detection. Prior to imaging all samples were deposited onto a carbon tab, mounted on 

an aluminium stub and coated with a gold/palladium alloy target. 
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Figure 3.9: CdS XRD patterns simulated using the crystallography data analysis software GSAS corresponding 

to samples composed of (a) purely cubic phase, (b) purely hexagonal phase and (c) a mixed phase sample 

composed of equal parts cubic and hexagonal. 
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3.3 Results and Discussion 

3.3.1 Conventional hydrothermal batch method 

In order to comprehensively probe the effects of the novel hydrothermal injection reactor 

on the resulting CdS particles, it is necessary to first explore what CdS structural properties 

and morphologies are accessible via conventional hydrothermal batch synthesis. Hence a 

corresponding set of reactions were conducted via this method, which takes place in Teflon 

lined stainless steel autoclaves heated in an oven. The same Cd2+:S2-
 (1:1, 1:2 and 1:6) relative 

ratios were used, however 200 ºC was the only available reaction temperature comparable to 

the reactor batch series, This is because the Teflon lining of the autoclaves tends to deform 

when subjected to temperatures around 250 ºC and above for long periods of time. In the 

reactor batch series, thanks to the internal thermocouple, it is possible to obtain precise 

measures of the reaction time (tr) defined here as the time spent by the solution at the given 

reaction temperature (discounting the heat-up and cool-down periods). During conventional 

batch this information is unavailable, only the amount of time the autoclaves spend in the oven 

can be controlled, which is referred to as the heating time (th). In light of these constricting 

factors we chose to broaden our examination of the conventional batch method by varying th. 

Reactions were carried out with th values of 1, 2, 3 and 4 hrs, however no product was obtained 

at th = 1 hr at all three Cd2+:S2- ratios. This indicates that 1 hr is an insufficient amount of time 

for the solution within the autoclave to exceed 150 ºC, the temperature at which the 

decomposition of thiourea begins. This brings us to the most significant divergence between 

the reactor and conventional batch methods, the heat up rate. During a reactor batch run when 

the heating jacket is set 200 ºC, it takes approximately 10 minutes for the solution to reach this 

temperature. Although there is no way of knowing the exact time, the results indicate that 

during a conventional batch run the solution takes somewhere between 1-2 hrs to reach the 

same temperature. 

Figure 3.10 contains XRD results for the nine samples prepared via the conventional 

batch method. In each case pure CdS was obtained, containing a mixture of the cubic and the 

hexagonal phases, which due to the small energy difference between the two phases, are typical 

in CdS synthesis, particularly when standard hydrothermal techniques are employed. 

Figure 3.10 (d) contains the calculated percentage of the hexagonal phase (Xh) present in each 

sample (eqn 3.6). As the heating time (th) increases in each ratio series Xh remains relatively 
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unaffected. However, for each heating time Xh consistently increases with larger relative 

concentrations of the sulfur source (thiourea), indicating a preference for the hexagonal phase 

at higher sulfur concentrations. Figure 3.10 (e) displays the average crystallite sizes for each 

sample, and it shows that the 1:1 and 1:2 ratio series increased gradually as th increases, but at 

1:6 the size remains relatively unaffected. 

 

Figure 3.10: XRD patterns of the nine CdS samples prepared with solutions of  Cd(NO3)2 and thiourea via the 

conventional batch method at 200 ºC and Cd2+:S2- concentration ratios of (a) 1:1, (b) 1:2 and (c) 1:6, (d) 

calculated % of the hexagonal phase, Xh, and (e) the average crystallite sizes calculated using Xfit. 

Figure 3.11 contains SEM results on a selection of samples prepared via the 

conventional batch method. These three samples were prepared at 200 ºC and at th = 2 hrs, but 

vary in the Cd2+:S2- concentration ratio used. At 1:1 the most dominant morphology is 

represented in Figure 3.11 (a). These particles are clearly related to the “dendritic 

architectures” reported by Qiu22 and Ganesh23 as described in the introduction (see Figures 3.5 

(b) and 3.6 (b)) and will henceforth be referred to as ‘Xmas trees’. These particles appear to 

consist of a long primary stem from which many branches extend. The branches are loosely 

ordered into spines and are longest in the centre of the particle, shrinking in length as they 

approach either end, which results in a tapering effect. Close inspection reveals a hexagonal 

nature to many of these branches. Also present in these samples is an irregular ‘blob like’ 

morphology (Figure 3.11 (b)) and close inspection of these particles also reveals a partial 

hexagonal geometry to the surface growths. Increasing the concentration of the sulfur source 

to give Cd2+:S2- ratios of 1:2 and 1:6 results in a size increase of the ‘Xmas tree’ and ‘blob like’ 
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particles, coupled with a loss of definition in the hexagonal geometries of both. In addition, the 

higher sulfur concentrations also result in broader range of morphologies. The 1:2 and 1:6 

samples both contain interesting ‘radial’ particles which consist of a shared centre connecting 

a number of branching arms (Figure 3.11 (e) and (h)). The final morphology to discuss can be 

seen in Figure 3.11 (i). These particles were only obtained in the 1:6 sample and appear to 

consist of a spherical core covered in well-defined hexagonal prisms growing out from the 

surface. These particles are similar to those obtained by Fu et al (see section 3.1.1, Figure 3.7).2 

 

Figure 3.11: SEM images summarising the collection of morphologies of CdS microcrystals prepared with 

solutions of  Cd(NO3)2 and thiourea via the conventional batch method, at 200 ºC, over a heating time (th) of 2 

hrs and at Cd2+:S2- concentration ratios (a),(b) 1:1, (c)-(e) 1:2 and (f)-(i) 1:6. 
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From this data alone and from what is available in the literature, it is unclear how these 

particles are formed and why so many different morphologies appear in a single sample. 

However, the large sizes and relatively broad size distributions can be rationalised by the 

LaMer model. Figure 3.12 represents a theoretical plot of monomer concentration and reaction 

time and presents two scenarios. In scenario (i) monomer concentration increases rapidly which 

eventually results in a single-step burst nucleation, effectively separating the nucleation and 

growth phases. Many nuclei are formed all of which grow uniformly via diffusion growth. The 

narrow size distribution of these particles means that the influence of Ostwald ripening is 

minimised. This scenario is analogous to methods such as hot-injection. In contrast scenario 

(ii) is far more representative of conventional hydrothermal method used to produce the above 

samples. The prolonged heat-up period typical of the method means monomer build-up is slow. 

Consequently, no burst nucleation occurs and the concentration is maintained above the critical 

nucleation threshold (Cnucleation) for an extended period where nucleation and diffusion growth 

will occur concurrently. The results of this are twofold. Firstly, fewer nucleation events will 

take place increasing the emphasis on diffusion growth. Secondly because nuclei have formed 

at different times during the reaction their growth will not be uniform, with older particles 

having grown larger than younger ones. These are the ideal conditions for Ostwald ripening 

which will further increase the size of the larger particles at the expense of the smaller ones.  

 

Figure 3.12: A schematic plot of monomer concentration as a function of reaction time (tr) representing two 

scenarios where (i) a rapid build-up of monomer concentration results in burst nucleation effectively separating 

the nucleation and growth phases and (ii) a much slower build-up of monomer results in nucleation and growth 

phases not temporally separated; each accompanied with illustrations of particle formation where the 

mechanisms of nucleation, diffusion growth and Ostwald ripening are represented by red, blue and green 

respectively. 
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3.3.2 Reactor batch method 

Figure 3.13 contains SEM images of CdS microcrystals prepared in the hydrothermal 

reactor via the batch method, over a range of reaction temperature and Cd2+:S2- concentration 

ratios. Among these nine samples it can be seen that a diverse range of morphologies have been 

obtained, but consistent trends can be extracted from both the temperature and ratio series. 

Figure 3.13 (a) shows that the batch sample prepared at 200 ºC contains a single morphology; 

irregular shaped particles with a densely packed assortment of overlapping hexagonal prisms 

covering the surface. Upon increasing the reaction temperature to 250 ºC the major product 

shifts entirely to the morphologies seen in Figure 3.13 (b). These ‘Xmas-tree’ like particles 

have already been observed in the conventional batch series (see Figure 3.11 (a), (c) and (f)) 

and in the literature. However, these reactor prepared particles have a far more ordered structure 

than any examples presented so far. This allows for a more comprehensive description of their 

geometry, which in turn offers potential clues to their formation mechanism. They consist of a 

long primary stem from which dozens of prisms of a clearly hexagonal nature branch out in 

addition to a single prism growing out from the top. These hexagonal branches are all evenly 

spaced and they run down the full length of the stem in six neat spines, which results in a six-

fold symmetric appearance when the particle is viewed down the length of its stem. All 

branches of the same spine are parallel to one another, pointing approximately 60º out from the 

stem. A tapering effect is observed as branches closer to either end are shorter than those close 

to the centre. These ‘Xmas tree’ like structures dominate the higher temperature batch samples 

prepared in the reactor. At the highest reaction temperature of 300 ºC the ‘Xmas trees’ remain 

ubiquitous in the sample but there is an apparent increase in the length and thickness of the 

hexagonal branches, as shown in Figure 3.13 (c). This may be indicative of increased hexagonal 

phase growth at the higher temperature. It was also found that increasing the thiourea 

concentration to Cd2+:S2- relative ratios of 1:2 and 1:6 led to dramatic changes in the 

morphology. For instance, the sample prepared at 1:2 and 200 ºC contained small tetrahedra-

like particles (~200 nm) grouped together in clusters (Figure 3.13 (d)). These particles appear 

to be pointed outwards from the centre mass in various directions and close inspection reveals 

each one has developed of short branches akin to that of the ‘Xmas trees’. In addition, this 

sample also contains many examples of the fully formed ‘Xmas trees’ seen in the 1:1 samples. 

When the temperature is increased to 250 ºC, the major product shifts almost entirely to the 

structures seen in Figure 3.13 (e). These ‘flower-like’ structures consist of many different arms 
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connected at a shared centre. Structurally speaking the individual arms are clearly related to 

the discrete ‘Xmas trees’, indicating that their growth is governed by a similar mechanism. As 

discussed in the introduction, very similar particles were reported by both Qiu and Ganesh (see 

Figures 3.5 (e) and 3.6 (d)). However, both studies relied heavily on the use capping agents, 

while this work was able to achieve these ‘flower-like’ CdS microstructures in the 

hydrothermal reactor simply though manipulations in the Cd2+:S2- concentration ratio. These 

particles may also be related to those observed Figure 3.11 (e) and (h) from the 1:2 and 1:6 

conventional batch samples. At 300 ºC, the ‘flower-like’ like structures remain in the sample 

but as pictured in Figure 3.13 (f), a significant portion of the sample now consists of irregular 

nanoparticles aggregated together in clusters. Figure 3.13 (g)-(i) shows the samples prepared 

at a Cd2+:S2- concentration ratio of 1:6 and they represent the most dramatic change in 

concentration series. Departing entirely from the ‘Xmas tree’ and ‘flower-like’ particles that 

so far dominated in the batch prepared samples, all three samples consist of large irregular 

microstructures with surfaces densely packed with an assortment of overlapping hexagonal 

prisms. These particles may be related to those observed in the 1:6 sample prepared via the 

conventional batch method (see Figure 3.11 (i)). 

Figure 3.4 (j)-(n) contains the powder XRD patterns for each of the nine samples 

prepared in the hydrothermal reactor via the batch method and corresponding calculated phase 

percentages (Xh) and crystallite sizes. Each sample contains a mixture of both the cubic and 

hexagonal phase. Perhaps surprisingly, there is no clear increase in Xh with increasing reaction 

temperature. There is, however, a marginal increase in Xh with the increasing concentrations 

of thiourea at all three reaction temperatures consistent with trends seen in the conventional 

batch prepared samples (see Figure 3.10 (d)). At 1:1 the average crystallite size increased 

steadily with reaction temperature. However the same was not true for the 1:2 series which 

dropped in size at 300 ºC, or at 1:6 which remained roughly unchanged throughout. The 1:1 

and 1:2 samples prepared at 300 ºC contained additional XRDs peaks which were indexed to 

CdCO3. This is likely due to the break down of CO(NH2) to carbon dioxide which as discussed 

earlier occurs at high temperatures (Eqn. 3.4). These samples were washed with a 10% acetic 

acid solution to remove the CdCO3 but XRD patterns of the unwashed samples can be found 

in the appendix (Figure A.1 (a)). 
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Figure 3.13: SEM images of CdS microcrystals prepared with solutions of  Cd(NO3)2 and thiourea via the 

reactor batch method, over a series of reaction temperatures and Cd2+:S2- concentration ratios of 1:1 at (a) 200, 

(b) 250, (c) 300 ºC; 1:2 at (d) 200, (e) 250, (f) 300 ºC and 1:6 at (g) 200, (h) 250, (i) 300 ºC. With corresponding 

XRD patterns of the (j) 1:1, (k) 1:2 and (l) 1:6 series, (m) calculated % of the hexagonal phase, Xh, and (n) the 

average crystallite sizes calculated in Xfit 
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3.3.2.1 Reactor batch mechanism 

The introduction discussed how CdS tetrapods have been known to form as a result of 

hexagonal phase growth from a cubic seed (see Figure 3.2 and 3.3). Based off the SEM data 

detailed above we argue that this mechanism is closely related to the formation of the ‘Xmas 

tree’ like structures. Figure 3.14 (a) summarises the proposed mechanism into four steps, each 

corresponding to an intermediate structure with reference to the temperature vs. time profile of 

a 300 ºC batch reaction. As described in the introduction, when the Cd(NO3)2 and thiourea 

solutions are mixed together in the reactor, thiourea will coordinate to the cadmium ion to form 

a Cd2+(thiourea)2 complex. Once the heating jacket is turned on, the temperature of the solution 

will increase rapidly and the Cd2+(thiourea)2 complex will begin to break down, releasing Cd2+. 

(1.) Eventually The temperature reaches 150 ºC and the decomposition of thiourea to H2S can 

begin. From here the CdS monomer concentration will gradually increase until reaching the 

critical nucleation threshold where nucleation of cubic seeds will be favoured at this relatively 

low temperature. (2.) As the temperature ramp up continues, growth will occur in the cubic 

phase resulting in tetrahedral particles until (3.) an intermediate temperature region is reached. 

In this region simultaneous growth in both the cubic and hexagonal phases is facilitated. This 

is expressed as rod-like growth of the hexagonal phase in opposite directions along the [001] 

from the positive and negative (111) faces of the initial tetrahedron. This is followed by cubic 

growth out in the [111] directions, forming additional ‘layers’ of tetrahedra. The result is the 

‘stacked tetrahedra’ particle which expresses both the classic rod like morphology of the 

hexagonal phase and the tetrahedron quality of the cubic phase. This transition from a discrete 

tetrahedron to a stacked tetrahedra particle is illustrated in more detail in Figure 3.14 (d). When 

viewed down its length each tetrahedron composing the structure is rotated 60º relative to those 

above and below it. This is consistent with the 60º rotation of close packed layers required for 

a surface phase transition from the cubic (111) plane to the hexagonal (002) plane (see 

Figure 3.1). (4.) Finally at the highest temperatures crystal growth gives way entirely to the 

thermodynamically favoured hexagonal phase. Expressed as hexagonal growth from each of 

the (1̅1̅1̅) faces it forms branches pointed roughly 60º from the stem. Due to the rotation of 

each tetrahedron these branches are arranged into the 6 neatly ordered spines which define the 

shape of the ‘Xmas trees’. This step will conclude with the full decomposition of thiourea and 

exhaustion of the Cd2+ ions, preventing any further diffusion-mediated growth and resulting in 

the particles such as those visible in Figure 3.14 (b) and (c). This mechanism rationalises the 
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specific shape of the “Xmas tree” particles by considering the expression of the cubic and 

hexagonal phases. Previous studies that reported similar particles attributed this unique growth 

to the Cd2+(thiourea)2 complex acting as a soft–template for the positioning of CdS nuclei at 

sites favourable to dendritic growth. This soft-templating mechanism may play some role in 

the formation of the ‘Xmas trees’, however we propose the primary role of the complex to be 

an energetic barrier limiting the availability of Cd2+. The relative stability of the complex means 

the build-up of CdS monomer will be slowed and as a result, less monomer is consumed in the 

nucleation phase. This shifts the emphasis towards diffusion growth creating favourable 

conditions for the evolution of anisotropic crystals such as the Xmas trees. 

 

Figure 3.14: (a) The temperature vs. time profile of a 300 ºC reactor batch reaction illustrated with the 

intermediate structures associated with each of the four steps in the proposed formation mechanism of the 

‘Xmas tree’ like crystals, examples of such crystals from SEM images of samples prepared at (b) 250 ºC and (c) 

300 ºC via the batch method and (d) a more detailed representation of the development of the ‘stacked 

tetrahedra’ intermediate structure of step 3. 
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As observed in Figure 3.13, changes in Cd2+:S2- concentration ratio facilitated major 

changes in crystallite shape. These changes may be rationalised by considering LaMer model 

of nucleation and growth (as described in Chapter 1, Section 1.4).37 Figure 3.15 shows a 

representation of monomer concentration vs. time and contains approximations of the three 

Cd2+:S2- relative ratios in order illustrate their comparative effects. Once the temperature 

reaches 150 ºC the decomposition of thiourea to the active sulfur source (H2S) can begin, thus 

initiating the reaction with the cadmium ions and the subsequent build-up of the monomers 

(CdS) in solution. At the lowest thiourea concentration of 1:1, this rate of increase will be 

comparatively slow but eventually the degree of monomer supersaturation will surpass the 

critical nucleation threshold (Cnucleation) allowing homogeneous nucleation to begin. Nucleation 

will relieve the supersaturation and result in a reduction of the monomer concentration until it 

falls below Cnucleation causing nucleation to cease and heterogeneous growth to take over. As a 

consequence, relatively few nucleation events will occur, resulting in a small number of large 

particles as more of the monomer is remaining for particle growth. However, at 1:2 and 1:6 the 

higher concentrations of thiourea will mean a progressively more rapid build-up of the 

supersaturation levels and more rapid nucleation periods. This will result in a greater number 

of nucleation events which consumes more monomer and leaves less available for growth. In 

summary the higher relative ratios of thiourea will result in smaller but more numerous 

particles in the samples.38  

 

Figure 3.15: A Schematic plot of monomer concentration as a function of reaction time for the three Cd2+:S2- 

concentration ratios; each accompanied with illustrations of particle formation where the mechanisms of 

nucleation and diffusion growth are represented in red and blue respectively. 
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From Figure 3.13 it can be seen that each of the three Cd2+:S2- ratios is generally 

characterised by a unique morphology. The 1:1 samples by the ‘Xmas trees’ structures, the 1:2 

by the ‘flower-like’ structures and the 1:6 by large irregular particles with surface hexagonal 

growths. Figure 3.16 illustrates the proposed reaction mechanisms that form each of these 

morphologies. At 1:1 the fewest number of nucleation events will occur leaving the highest 

concentration of remaining monomer available in solution. Growth will then result in the 

formation of cubic phase tetrahedra at the lower temperatures and eventually to the Xmas tree 

like structures at higher temperatures (see Figure 3.14). At 1:2 the particles will be smaller but 

more numerous, the increased surface area makes aggregation of particles far more likely as 

the systems attempts to minimise the surface energy. The result is a cluster of small tetrahedra. 

As temperatures increase growth will occur from the unhindered (1̅1̅1̅) faces directed away 

from the cluster. This growth will proceed via the same mechanism forming the ‘Xmas tree’ 

structures associated with the 1:1 series. The end result is the ‘flower-like’ structures seen in 

Figure 3.16 (c) where each of the many arms pointing out from the shared centre are composed 

of a single ‘Xmas tree’ unit. Finally at 1:6 the resulting particles will be considerably smaller, 

and aggregation into larger particles will occur readily. As the reaction proceeds to higher 

temperatures the agglomerate, now made up of many thousands of  nanoparticles will undergo 

a surface phase transformation to the thermodynamically favoured hexagonal phase. It is also 

possible that during aggregation the hexagonal phase is being formed at the particle to particle 

interfaces and propagating throughout structure, as described in the Chapter 1.39 Thus 

heterogeneous growth from the remaining monomers in solution will occur in the hexagonal 

phase. It is likely that after aggregation the surface of agglomerates will be rough and 

disordered, so when hexagonal growth takes over the resulting prisms will be densely packed 

and equally disordered, finally leading to particles such as the one seen in Figure 3.16 (d).   



 

70 

 

 

Figure 3.16: (a) The proposed reaction mechanism for each of the three major morphologies that characterise 

the three Cd2+:S2- relative ratios and corresponding SEM images of samples prepared via the reactor batch 

method at (b) 1:1, (c) 1:2 and (d) 1:6. 

3.3.3 Reactor injection method 

Figure 3.17 shows SEM images of CdS samples prepared in the hydrothermal reactor via 

the injection method and over a series of reaction temperatures and Cd2+:S2- concentration 

ratios. Observable size and shape changes occur across the series but most significant is the 

divergence between these samples and their corresponding batch samples (see Figure 3.13). In 

the sample prepared at 200 ºC and at 1:1 (Figure 3.17 (a)) clear examples of tetrahedra 

indicative of the cubic phase are visible. There are many such particles present in this sample, 

most of which appear to be twinned with another tetrahedron growing out from the positive 

(111) face like the example pictured. These particles are possibly related to ‘stacked tetrahedra’ 

intermediate structures discussed in proposed formation mechanism of the ‘Xmas tree’ 

particles. When the thiourea concentration is increased to give a Cd2+:S2- ratio 1:2 (Figure 3.17 

(d)) there are still many examples of these twinned tetrahedra particles and the samples also 

contains ‘Xmas tree’ and ‘flower-like’ like particles resembling those present in batch series 

of samples. Increasing the thiourea concentration again to 1:6 and the major product shifts to 

large particles with surface hexagonal growth (Figure 3.17 (g)), like those observed in all three 

1:6 batch samples. These three samples are consistent with trends associated with reactor batch 
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method and indicates that at these comparatively low temperatures the injection method has 

little impact on morphology. However, when the reaction temperature is increased to 250 ºC, 

the major product at all three concentration ratios shifts entirely to sparsely-branched rods. Rod 

like shapes are classically associated with the thermodynamically favoured hexagonal phase 

and close examination of Figure 3.17 (b) and (e) reveals the hexagonal nature of both the stem 

and branches. Much like the ‘Xmas tree’ particles of the batch method, the branches of these 

structures all point in the same direction at a ~60º angle from the stem. At 250 ºC, increasing 

the sulfur concentration appears to cause a reduction in the average rod length, ranging from 

~2 µm at 1:1 and 1:2 to ~1 µm at 1:6. Increasing the reaction temperature once again to 300 ºC 

and rods persist within the sample. However, these rods tend to have a far more defined 

hexagonal nature and contain almost no examples of branching. These rods are also subject to 

the same size reduction with increasing sulfur concentration observed in 250 ºC series. At this 

point it is important to acknowledge the presence of a secondary morphology. All nine samples 

of the injection series contain, in addition to the crystal morphologies described above, an 

assortment of irregular nanoparticles often aggregated together. The prominence of these 

particles appears highly sensitive to the reaction temperature. For samples prepared at 200 ºC 

there are relatively few present, at 250 ºC there is a noticeable increase in the population while 

still remaining the minor product of the reaction. Finally at 300 ºC the irregular nanoparticles 

increase drastically in number to over overcome the hexagonal rods as the major product of the 

reaction.  

Figure 3.17 (j)-(n) contains the powder XRD patterns for each of the nine samples 

prepared in the hydrothermal reactor via the injection method and corresponding calculated 

phase percentages (Xh) and crystallite sizes. Like the reactor batch series of reactions, each 

sample contains a mixture of both the cubic and hexagonal phase. For the 1:1 series Xh 

increases steadily with reaction temperature. In both the 1:2 and 1:6 series however increases 

marginally from 200 to 250 ºC and levels off at 300 ºC. The average crystallite size of the 1:6 

series rises sharply with increasing temperature, the 1:2 series remains relatively unchanged 

and the 1:1 rises from 200 to 250 ºC but falls again at 300 ºC. Like in the reactor batch samples, 

XRD analysis revealed the presence of CdCO3 in the 1:1 and 1:2 samples prepared at 300 ºC. 

These samples were washed with a 10% acetic acid solution to remove the CdCO3 but XRD 

patterns of the unwashed samples can be found in the appendix (Figure A.1 (b)). 
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Figure 3.17: SEM images of CdS microcrystals prepared with solutions of  Cd(NO3)2 and thiourea via the 

reactor injection method, over a series of reaction temperatures and Cd2+:S2- concentration ratios of 1:1 at (a) 

200, (b) 250, (c) 300 ºC; 1:2 at (d) 200, (e) 250,  (f) 300 ºC and 1:6 at (g) 200, (h) 250,  (i) 300 ºC. With 

corresponding XRD patterns of the (j) 1:1, (k) 1:2 and (l) 1:6 series, (m) calculated % of the hexagonal phase, 

Xh, and (n) the average crystallite sizes calculated in Xfit. 
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3.3.3.1 Injection mechanism 

The mechanism governing the formation of crystals prepared via the reactor injection 

method is conceptually much simpler than that of the batch method. The reaction is initiated 

by injecting the Cd(NO3)2 solution to the preheated thiourea solution, meaning no CdS 

production can occur at lower temperature during heat-up phase. The injection occurs 5 

minutes after the desired internal temperature is reached to allow the temperature to stabilise 

and to provide the maximum availability of the active sulfur source (H2S) at the given 

temperature. Figure 3.18 relates the temperature vs. time profiles of the three injection 

temperatures to representations of the favoured crystal shape, and the SEM images of the 

resulting CdS samples. SEM results confirmed that samples prepared at 200 ºC resulted in 

tetrahedra and other particles associated with the batch method. At 250 ºC these particles 

disappear entirely in favour of branched hexagonal rods. This serves as strong indication that 

at 200 ºC particle growth proceeds via the same mechanism as in the batch method, where 

expression of the cubic phase during the heat-up phase heavily influenced the final morphology 

of the sample. However, when injection occurs at 250 ºC the reaction temperature is sufficiently 

high to selectively nucleate the thermodynamically favoured hexagonal phase forming 

branched rods. Finally at 300 ºC the rods still present in the sample have a well-defined 

hexagonal structure and are entirely unbranched. It is possible the branches seen at 250 ºC are 

formed from the partial expression of cubic phase within the hexagonal stem. Thus at 300 ºC 

the higher temperature would minimise the expression of this kinetically controlled phase 

resulting in pure hexagonal rods (discussed further in Section 3.3.5.3, Figure 3.24 ) Regardless 

of the exact mechanism this temperature dependent shape control demonstrated by the injection 

method sets it apart from the batch methods, where shape control was found to be largely 

governed by the Cd2+:S2- concentration ratio. 



 

74 

 

 

Figure 3.18: (a) The temperature vs. time profile of three reactor injection reactions at 200 ºC, 250 ºC and 

300 ºC, matched with illustrations of the favoured crystal shape at each temperature and corresponding SEM 

images of CdS crystal obtained at obtained at (b) 200 ºC (c) 250 ºC, and (d) 300 ºC at a Cd2+:S2-
 concentration 

ratio of 1:1. 

3.3.4 Cadmium acetate 

It is well understood that in a given reaction the choice of precursor can have major 

implications on the shape and size of the resulting particles. In light of this a series of parallel 

reactions were conducted in the hydrothermal reactor using cadmium acetate, Cd(CH3COO)2, 

instead of cadmium nitrate, Cd(NO3)2, as the Cd2+ source. As outlined in the introduction a 

study by Fu et al. used Cd(CH3COO)2 and thiourea to produce CdS crystals via the 

conventional hydrothermal batch method and reported widely different morphologies to similar 

studies that used cadmium nitrate.2, 22, 23  

Figure 3.19 summarises SEM and XRD results for samples prepared in the 

hydrothermal reactor via the batch method. Unexpectedly CdS was successfully produced at 

150 ºC. Thiourea begins to breakdown to the active sulfur source at ~150 ºC however all 

attempts to produce CdS at this reaction temperature have been unsuccessful when Cd(NO3)2 

was the precursor of choice. This indicates that the presence of the acetate ion (CH3COO-) in 

solution instead of the nitrate ion (NO3
-) helps facilitate the breakdown of thiourea. The overall 

morphologies appear vastly different to the corresponding batch prepared Cd(NO3)2 samples 

(see Figure 3.13). ‘Xmas tree’ like structures which dominated that series disappear in favour 

of spherical structures featuring surface growths. Figure 3.19 (b) shows the CdS samples 

prepared at 200 ºC and Cd2+:S2-
 concentration ratio of 1:1, consisting of spherical CdS particle 
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with hexagonal growths emanating from the surface. Increasing the thiourea concentration to 

1:2 and the particles are roughly spherical in dimension with significantly reduced surface 

growths (Figure 3.19 (e)). At 1:6 the spherical particles have reduced significantly in size to a 

diameter of ~200  nm (Figure 3.19 (h)). This trend which can also be observed in the 250 ºC 

series, and is highly consistent with the results reported by Fu et al. despite using far shorter 

reaction times (see Figure 3.7). They observed that increasing the relative concentration of 

thiourea in the reaction facilitated the evolution of ‘flower-like’ CdS structures with long arms 

emanating from the surface (2:1), to spherical particles with highly reduced surface growths 

(1:1), and eventually to monodisperse spheres ~200  nm in diameter (1:10). They proposed that 

spherical particles formed early in the reaction from the coalescence of many CdS nuclei. Then 

the Cd-thiourea complex acting as a soft-template assisted in the anisotropic growth of the 

hexagonal phase in the [001] direction, forming the arms. However, excess thiourea adsorbs 

to the CdS surface, restricting growth and shortening the arm length. We believe the same 

mechanism to be at play here however the question remains: why do samples prepared with 

Cd(CH3COO)2 adopt such radically different morphologies compared to corresponding 

samples prepared with Cd(NO3)2?  

The answer to this question may lie in pH of the reaction. Using an electronic pH meter 

it was found that room temperature solution containing 5 mL of a 0.25 M thiourea solution and 

2.5 mL of a 0.5 M Cd(NO3) solution had a pH of 2.98. Swapping out Cd(NO3)2 with 2.5 mL of 

a 0.5 M Cd(CH3COO)2 solution resulted in a pH of 7.37. This is caused by the presence of the 

basic CH3COO- ion and the consequences are twofold. Firstly the breakdown of thiourea to the 

active sulfur source is initiated by the nucleophilic attack of O atoms in H2O, and the more 

basic environment means a higher concentration of OH- ions further stimulating thiourea break 

down.27 This is most likely why CdS crystals were successfully obtained at 150 ºC with 

Cd(CH3COO)2. Secondly the basic conditions make CdS less soluble, stimulating precipitation 

and allowing smaller nuclei to form without dissolving back into solution (explained in detail 

in Section 3.3.5). In summary the formation of CdS microstructures by Cd(CH3COO)2 is 

aggregation mediated, the basic conditions result in many CdS nuclei as a result of the fast 

build-up of monomer and the favourable precipitation of CdS. After nucleation the high surface 

area causes the spherical clusters to form, whatever monomer remains in solution will deposit 

on the surface as diffusion growth. In contrast, the formation of crystals prepared with 

Cd(NO3)2 is a more diffusion mediated process. 
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Figure 3.19: SEM images of CdS microcrystals prepared with solution of Cd(CH3COO)2 and thiourea via the 

reactor batch method, over a series of reaction temperatures and Cd2+:S2- concentration ratios of 1:1 at (a) 150, 

(b) 200, (c) 250 ºC; 1:2 at (d) 150, (e) 200,  (f) 250 ºC and 1:6 at (g) 150, (h) 200,  (i) 250 ºC. With 

corresponding XRD patterns of the (j) 1:1, (k) 1:2 and (l) 1:6 series, (m) calculated % of the hexagonal phase, 

Xh, and (n) the average crystallite sizes calculated in Xfit. 
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 Figure 3.20 summarises SEM and XRD results for samples prepared in the 

hydrothermal reactor via the injection method. Once again CdS was successfully prepared at 

150 ºC (Figure 3.20 (a), (d) and (g)). These samples resemble those of the batch series, 

consisting of spherical particles with surface growths. When the reaction temperature is raised 

to 200 ºC, a dramatic change occurs as the morphology shifts entirely to large clusters of 

irregular nanoparticles (Figure 3.20 (b), (e) and (h)). This morphology is consistent among the 

three Cd2+:S2- ratios and remains unchanged as the reaction temperature is increased to 250 ºC 

(Figure 3.20 (c), (f) and (i)). At 150 ºC, the temperature is insufficient for any substantial 

breakdown of the thiourea molecules. This breakdown will only occur when the cadmium 

acetate solution is injected providing the basic environment required at this temperature. Thus 

particle formation will proceed in a fashion similar to the batch mechanism. However, at 200 

and 250 ºC the temperature is sufficient for most, if not all, of the preheated thiourea to have 

decomposed to the HS-. The injection method ensures that nucleation occurs only at the set 

reaction temperature and not at lower temperatures during the heat up phase. Consequently, 

injection of the cadmium solution initiates a rapid build-up of monomer concentration and a 

fast nucleation step that exhausts most of the available monomer forming large CdS nuclei 

relative to those of the batch method. These nuclei will grow uniformly with the remaining 

monomer available for diffusion growth and result in the nanoparticle clusters. 
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Figure 3.20: SEM images of CdS microcrystals prepared with solution of Cd(CH3COO)2 and thiourea via the 

reactor injection method, over a series of reaction temperatures and Cd2+:S2- concentration ratios of 1:1 at (a) 

150, (b) 200, (c) 250 ºC; 1:2 at (d) 150, (e) 200,  (f) 250 ºC and 1:6 at (g) 150, (h) 200,  (i) 250 ºC. With 

corresponding XRD patterns of the (j) 1:1, (k) 1:2 and (l) 1:6 series, (m) calculated % of the hexagonal phase, 

Xh, and (n) the average crystallite sizes calculated in Xfit. 
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3.3.5 Effect of pH 

Eqn. 3.7 represents the equilibrium equation for the precipitation of CdS and eqn. 3.8 

represents the corresponding solubility product constant (Ksp) of CdS. The Ksp is an equilibrium 

constant describing the solubility of a given solid dissolving in aqueous solution, where the 

higher the Ksp value the more soluble the substance. Note that CdS and H2O are excluded from 

the Ksp calculations because as a solid and the solvent respectively their concentrations do not 

affect the expression. Any change in their concentrations is insignificant and therefore 

excluded. During a batch reaction as the temperature increases so too will the rate of thiourea 

decomposition, thus increasing the concentration of HS- in solution. According to 

Le Chatelier’s principle the equilibrium will shift towards the left side of the equation in order 

to counteract this change, stimulating the precipitation of CdS. Through the same principle it 

is possible to artificially alter the solubility of CdS through adjustments in the pH. For example 

the addition of a base such as NaOH to the solution would increase the concentration of OH- 

in solution and result in a similar shift to the left hand side of eqn. 3.7, thus decreasing the 

solubility of CdS. 

 CdS(s) + H2O ⇌ Cd(aq)
2+ + HS(aq)

− + OH(aq)
−  (3.7) 

 Ksp = [Cd
2+][HS−][OH−] (3.8) 

Under acidic conditions the equilibrium equation and the Ksp will change to eqn. 3.9 and 3.10 

respectively. Further lowering the pH will increase the concentration of H+ in solution, shifting 

the equilibrium to the right hand side, thus increasing the solubility of CdS and preventing 

precipitation. To summarise this section the following statement can be made: the solubility of 

CdS is inversely related to the pH of the solution 

 CdS(s) + 2H(aq)
+ ⇌ Cd(aq)

2+ + H2S(aq) (3.9) 

 
Ksp =

[Cd2+][H2S]

[H+]2
 

(3.10) 

In light of this a set of CdS samples were prepared via the reactor batch and reactor injection 

methods over a series of acidic conditions. Each sample was prepared with a Cd2+:S2- ratio of 

1:1 and at  300 ºC so as to directly compare to earlier samples made with no pH modifications.  
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3.3.5.1 pH modified reactor batch method 

Figure 3.21 contains SEM images of the reactor batch samples prepared under acidic 

conditions. To lower the pH the thiourea solution was prepared by dissolving the appropriate 

mass in either a 0.05, 0.1 or 0.15 M solutions of HNO3. XRD patterns obtained from these 

samples are available in the appendix (Figure A.2 (a)). We recall that the unmodified batch 

samples were dominated by the ‘Xmas tree’ like structures with highly ordered, well-developed 

branches. As seen in Figure 3.21 (a) when the pH is lowered by a 0.05 M HNO3 solution, these 

structures are still present and found in abundance, but the sample also contains many examples 

of sparsely-branched hexagonal rods (Figure 3.21 (b)). This represents a significant divergence 

from previous results, as hexagonal rods branched or otherwise have so far only been present 

in samples prepared via the reactor injection method, and never in the batch. Lowering the pH 

further using a 0.1 M HNO3 solution and it is observed that the ‘Xmas tree’ like structures are 

still present (Figure 3.20 (c)). There is, however, a significant increase in the population of 

branched hexagonal rods (Figure 3.20 (d)) to a proportion of the sample almost equal to that of 

the ‘Xmas trees’. In addition, the number of branches associated to each rod has increased 

significantly. Finally at 0.15 M HNO3 ‘Xmas tree’ are still present in the sample, but they have 

been replaced by the branched rods as the major product. 

 

Figure 3.21: SEM images of CdS microcrystals prepared via the batch method at 300 ºC, Cd2+:S2-  

concentration ratio of 1:1 and a thiourea solution prepared with a (a),(b) 0.05 M,  (c),(d) 0.1 M and 

(e),(f) 0.15 M HNO3 solution.  
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3.3.5.2 pH modified reactor injection method 

 Figure 3.22 contains SEM images for samples prepared under the same acidic 

conditions described above but via the reactor injection method. XRD patterns obtained from 

these samples are available in the appendix (Figure A.2 (b)). We recall that previous samples 

prepared by this method all contained a significant quantity of irregular nanoparticles clustered 

together, and this was most pronounced at 300 ºC where these particles overcame hexagonal 

rods as the major product. When the molar concentration HNO3 is raised to 0.05 M, the 

proportion of hexagonal rods increases significantly (Figure 3.22 (a)). These rods appear in 

many different sizes and with very few featuring branches. Lowering the pH further using 

0.1 M HNO3 and this trend this trend continues with an even higher proportion of hexagonal 

rods present (Figure  3.22 (c)). These rods also appear over a range of sizes, but with slightly 

more examples of sparsely-branched rods. Finally at 0.15 M HNO3 there does not appear to be 

any significant increase in proportion of hexagonal rods, perhaps indicating a plateau of the 

effect. Figure 3.22 (b), (d) and (f) display high magnification images of aggregated 

nanoparticles formed at each HNO3 concentration. It is observed that as the concentration 

increases, these particles appear to develop a more uniform nature, growing from generally 

undefined shapes in the unaltered sample into a collection of nanorods still aggregated together. 

 

Figure 3.22: SEM images of CdS crystals prepared via the injection method at 300 ºC, a Cd2+:S2-  concentration 

ratio of 1:1 and a thiourea solution prepared with a (a),(b) 0.05 M,  (c),(d) 0.1 M and (e),(f) 0.15 M HNO3 

solution.  
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3.3.5.3 Mechanism 

It is clear that in both the reactor batch and reactor injection methods, lowering the pH 

of the solution led to significant morphological shifts towards rod shaped particles. While 

different mechanisms are at play in each method, it is our understanding that both are 

underpinned by the following principle: increasing the molar concentration of HNO3 lowers 

the pH and increases the solubility of CdS. This in turn results in the delayed nucleation of CdS 

particles until later in the reaction. Figure 3.23 contains temperature vs. time profile of a 

standard 300 ºC reactor batch reaction, focusing only on the temperature ramp-up section, 

which has been marked with an approximate representation of where the nucleation of CdS 

begins, for each of the four reactions at different concentrations of HNO3, accompanied with 

corresponding SEM images. In the unaltered sample (0.0 M HNO3) nucleation will begin 

shortly after the temperature reaches 150 ºC, the point at which thiourea decomposition begins. 

This early nucleation means cubic phase seeds are most likely to be formed, eventually 

resulting in ‘Xmas tree’ structures visible in Figure 3.23 (b). At 0.05 M HNO3 the increased 

solubility of the solution will prevent the nucleation of CdS until later in the temperature ramp 

up. The higher nucleation temperature will increase the likelihood of nucleating hexagonal 

phase seeds, which eventually form the branched rods. The result of this is a final product 

containing a mixture ‘Xmas trees’ formed from cubic seeds, and branched rods formed form 

hexagonal seeds. This trend continues for 0.1 M HNO3 and 0.15 M HNO3; the increased 

solubility delays nucleation even further resulting in an increased proportion of hexagonal rods 

to ‘Xmas trees’ in the final product.  
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Figure 3.23: (a) Temperature vs. time profile for a 300 ºC reactor batch reaction zoomed to the temperature 

ramp phase with corresponding SEM images of CdS microcrystals formed via the reactor batch method at a 

Cd2+:S2- ratio of 1:1 and with thiourea solutions prepared with (b) 0 M, (c) 0.05 M, (d) 0.1 M and (e) 0.15 M 

HNO3. 

The branched hexagonal rods that appear in these samples appear to be highly 

consistent with the earlier examples observed in the 250 °C reactor injection samples (see 

Figure 3.17 (b), (e) and (h)). However, the increased concentration of branches on these 

structures may offer further insights to their geometric nature and to the mechanism governing 

their growth. All branches point in the same direction ~60 º from the stem (see Figure 3.24 (b) 

and (c)) and when viewed down the length of the stem they are clearly arranged in 6-fold 

symmetry (see Figure 3.24 (d) and (e)). These observations suggest that their formation 

mechanism may be related to that of the ‘X-mas trees’ (see Figure 3.14) which results from the 

expression of both the cubic and hexagonal phase. The proposed mechanism can be found in 

Figure 3.24 (a) beginning with the nucleation of a hexagonal phase seed which eventfully 

grows into a rod due preferential growth on the (001) face. However, the intermediate 

temperatures at which these structure forms is not sufficient for the pure unobstructed growth 

of the thermodynamic hexagonal phase which would result in long unbranched rods. Therefore 

as these rods grow they become twinned with an overlapping expression of the kinetic cubic 

phase, and the preferred tetrahedral geometry of this phase facilitates the growth of the 

hexagonal branches form the (111) faces. The key distinction between this mechanism and that 

of the Xmas trees is that it begins with a hexagonal seed rather than a cubic one. Additionally 

this mechanism can be considered analogous to the formation of the ‘rocket-like tetrapodal 
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(RLT) CdS nanorods’  which as discussed in the introduction formed from the incorporation 

of cubic phase tetrahedral seeds into hexagonal phase rods (see Figure 3.4).  

 

Figure 3.24: (a) Proposed mechanism describing the formation of branched CdS rods and (b)-(e) SEM images 

taken of a CdS microcrystals formed via the reactor batch method at 300 °C,  Cd2+:S2- ratio of 1:1 and with a 

thiourea solution prepared with a 0.1 M HNO3 solution. 

Figure 3.25 contains temperature vs. time profile of a standard 300 ºC reactor injection 

reaction but zoomed in to the point of injection. From start to finish the injection period, which 

we refer to as tinj, takes exactly 7 seconds to introduce 2.5 mL of the room temperature Cd(NO)3 

solution to the preheated thiourea solution. As soon as tinj begins, the temperature drops as a 

response to mixing and recovers again at the end of the 7 seconds. Moments after tinj begins, 

very little of the injected solution will have mixed with the preheated solution meaning at this 

point, the concentration of Cd2+
 ions compared to that of the active sulfur source H2S will be 

very low. However, as tinj progresses, the mixing of the two solutions will be more complete 

thus evening out the relative imbalance of Cd2+ to H2S. It is possible the irregular nanoparticles 

observed in the injection samples area product of this mixing process. The preheated thiourea 

solution means that as soon tinj begins CdS can form, and if CdS formation occurs early it will 

do so under very low concentrations of Cd2+ to H2S. Earlier we discussed how such conditions 

will lead to much smaller particles due to rapid burst nucleation (see Figure 3.14). So CdS that 

nucleates early in tinj is likely to form nanoparticles, but CdS that forms later (when mixing is 

more complete) is more likely to form hexagonal rods. For samples with unaltered pH 

environments increasing the reaction temperature resulted in a population shift away from the 

hexagonal rods towards the irregular nanoparticles. This is because at elevated temperatures 

the Cd solution will react more readily with the thiourea solution, inducing particle formation 



 

85 

 

earlier in tinj which results in more nanoparticles. Figure 3.25 (a) has been marked with an 

approximate representation of where nucleation begins for each of the three reactions at 

different concentrations of HNO3. At 300 ºC the temperature is so high that the unaltered 

reaction (0 M HNO3) will form CdS immediately after tinj begins causing an overwhelming 

proportion of the sample to be composed of the irregular nanoparticles. Increasing the 

concentration of HNO3 in turn increases the solubility and artificially delays the nucleation of 

the CdS particles until later in tinj. Thus nucleation is forced to begin under more even Cd2+ to 

H2S ratios, increasing the population of hexagonal rods. The results of this are visible in 

corresponding SEM images, Figure 3.23 (b)-(d).  

 

Figure 3.25: (a) Temperature vs time profile of a 300 ºC reactor injection reaction, zoomed in to the point of 

injection with corresponding SEM of CdS microcrystal formed via the reactor injection method at a Cd2+:S2- 

ratio of 1:1 and with thiourea solutions prepared with (b) 0 M, (c) 0.05 M, (d) 0.1 M and (e) 0.15 M HNO3. 
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3.4 Conclusions 

In this chapter we have successfully demonstrated the shape and size control abilities of 

the novel hydrothermal injection reactor when applied to the formation of CdS microstructures. 

A set of control samples were prepared via the conventional hydrothermal batch method, which 

contained a variety of morphologies with a broad distributions of sizes. Increasing the relative 

concentration of thiourea resulted in an expanded range of morphologies with decreasingly 

crystalline shapes. The reactor batch method is conceptually identical to the conventional 

method but with a much faster heat up rate, which can be interpreted as having a more rapid 

build-up of monomer supersaturation. This method resulted in smaller, more uniform particles 

and morphologies far more sensitive to thiourea concentration. Cd2+:S2- concentration ratios of 

1:1, 1:2 and 1:6 resulted respectively in in ‘Xmas trees’, ‘flower-like’ structures and large 

irregular particles with crystalline hexagonal surfaces. The evolution of each of these 

morphologies was discussed in detail.  

The injection method involved preheating of the thiourea solution and can be considered 

as having an instantaneous rate of heat up, with the maximum availability of the active sulfur 

source at a given temperature upon initiation of the reaction. At 200 ºC samples prepared via 

this method resembled the reactor batch samples, but at 250 ºC the major morphology at all 

three concentration ratios shifted entirely to sparsely branched hexagonal rods, and at 300 ºC 

to unbranched hexagonal rods and nanoparticle clusters. This may indicate that injecting at 

higher temperatures will result in preferential nucleation of the thermodynamically favoured 

hexagonal phase, while avoiding the kinetically favoured cubic phase.  

In a set of high temperature reactions the solubility of CdS in the solution was increased 

by artificially decreasing the pH. In batch samples, this resulted in the appearance of branched 

hexagonal rods which had previously only associated with the injection method. In the injection 

samples this resulted in the increased presence of unbranched hexagonal rods. 

Swapping out cadmium nitrate for cadmium acetate in the reaction resulted in vastly 

different morphologies, which was attributed to a decreased solubility of CdS from the 

presence of the basic acetate ion in solution. In the reactor batch samples, spherical 

aggregation-mediated particles have entirely replaced the anisotropic diffusion controlled 

‘Xmas tree’ and ‘flower-like’ particles, which dominated in the cadmium nitrate series. The 

injection samples contained only monodisperse nanoparticles arranged into clusters.  
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This chapter has reported a variety of complex CdS structures and, as outlined in the 

introduction to this chapter, some of these structures such as the ‘Xmas tree’ and ‘flower-like’ 

particles have been reported in the literature. However, these studies which produced CdS using 

cadmium nitrate and thiourea via the conventional hydrothermal method also heavily relied on 

the use of capping agents. As a result, in their proposed mechanism they have invoked complex 

surface modification as the driving forces for shape change. This work demonstrates that 

similar morphologies can be obtained by varying factors such as heating rate, Cd2+:S2-
 

concentration ration and pH. Indicating that the dominant factors influencing shape change in 

this system are precursor availability, rate of supersaturation build up and solubility.  

As discussed, the use of thiourea as a sulfur source in the production of CdS clearly played 

a major role in the size, shape and crystal phase of the resulting particles. Future work related 

to this project would further map the possible CdS morphologies and structural properties by 

performing the same set of reactions but with different sulfur source. As demonstrated when 

Cd(NO3)2 was swapped out for Cd(CH3COO)2 the specific choice of reagents used in the 

reaction could have major implications on factors such as the pH environment, precursor 

availability, accessible temperatures etc. and accordingly may yield a greater variety of 

structural and morphological features. Such work would greatly contribute to mapping the 

synthetic landscape of CdS production and increase our understating of the hydrothermal 

injection reactor.  
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4.1 Introduction 

As described in Chapter 1 many of the modern advanced applications of inorganic micro 

and nanomaterials require precise control over the structural properties of the given material. 

Therefore, discovering new synthetic routes to these properties and expanding the library of 

accessible properties is essential to the development of the field. However, this necessitates an 

exhaustive list of experiments altering the reaction conditions over a range of variables which 

can include reaction temperature, reaction time, total concentration, relative precursor 

concentration, reagents used, synthetic method etc. This often results in a huge matrix of 

reactions which will grow exponentially in size with each additional variable. To each sample 

in this matrix a characterisation technique or possibly multiple techniques must be applied, and 

the result is a large and complex dataset. In order to identify significant trends, the data must 

be interpreted but when confronted with large datasets traditional means of doing so can prove 

so time consuming as to present a significant bottleneck in the process of materials discovery 

and synthesis optimisation. This issue may be partially overcome by implementing design of 

experiment (DOE) protocols; however efficient DOE also relies on an easily identifiable metric 

by which to determine success. There is also a growing focus on high throughput screening 

enabled and encouraged by the increasing capabilities and prevalence of automation in the 

chemical sciences.1 The scope for automation in materials discovery and process optimisation 

is vast; but the issue of characterisation and interpretation remains, and is arguably exacerbated 

under this scenario. This problem introduces a need for new techniques for interpreting data, 

ones that can apply statistical modelling to a given dataset and distil it down to its most 

significant information. 

4.1.1 Principal component analysis (PCA) 

The interpretation of large datasets is an increasingly common challenge confronting 

researchers from many different fields. In a given dataset each additional variable increases the 

number of dimensions in which the data can be plotted and interpreted. Principal component 

analysis is a statistical technique which when applied to a dataset will reduce its dimensionality 

and increase interpretability while preserving as much variability as possible.2 This is achieved 

by identifying principal components (PCs). These new variables are linear combinations of the 

old variables that account for the greatest possible variance with each subsequent PC being 

calculated in the same way on the condition that it is uncorrelated (orthogonal) to the previously 
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defined PCs. The number of PCs computed will equal the number of variables or the number 

of samples depending on which is smaller. Given that each PC successively attempts to 

maximize variance, normally a vast majority of all variance in the original dataset will be 

contained in the first few PCs. This can potentially result in a massive dimensionality reduction 

as the information from thousands of variables becomes condensed into just a few PCs. Finally, 

by comparing each sample as a function of these PCs it is made possible to numerically and 

visually determine differences and similarities. Highly correlated samples, i.e. those with 

similar characteristics under the chosen method of investigation, will cluster together and 

uncorrelated sample will spread apart.3 But how are the principal components identified?  

In statistics covariance is a measure of the correlation of two random variables. A positive 

covariance corresponds to the two variables having a direct relationship of increasing or 

decreasing values and negative covariance corresponds to an inverse relationship between the 

two variables. Covariance may be expressed as follows: 

 
Cov(x, y) =  

∑(xi − x̅)(yi − y̅)

N − 1
 

(4.1) 

where Cov(x, y) is the covariance between variable x and y, 𝑥𝑖 is the data value of x and �̅� is 

the mean value of x. A covariance matrix is a 𝑝 ×  𝑝 square matrix, where 𝑝 is the total number 

of variables in a dataset, that calculates covariance for every possible pair of variables. For a 

dataset with 3 variables 𝑥, 𝑦 and 𝑧, the corresponding covariance matrix would appear as:  

 

[

Cov(x, x) Cov(x, y) Cov(x, z)
Cov(y, x) Cov(y, y) Cov(y, z)
Cov(z, x) Cov(z, y) Cov(z, z)

] 

(4.2) 

This matrix, like any other will have a number of eigenvalue and eigenvector pairs equal to the 

number of variables (𝑝). However the covariance matrix is special because its eigenpairs will 

describe a full dimensional data set, in other words a given eigenvector will describe the 

direction of spread of variance and its corresponding eigenvalue will describe its magnitude. 

Therefor identifying the eigenvectors with the largest eigenvalues will find the direction in 

which the data has the most variance and is defined by PCA as PC1. 

PCA has been successfully applied to many research fields but is has proved to be 

exceptionally popular in gene expression studies. Modern studies often employ automated 
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microarrays which use mRNA sequencing to measure the expression of thousands of genes 

simultaneously, resulting in massive datasets.  A helpful working example of the technique 

comes from a paper by Ringnér 3 who performed PCA on a gene expression data produced by 

Saal et al.4 This dataset contained the measured expression of 27,648, genes in 105 breast 

tumour samples. For simplicity this example considers the expression of just 2 genes, GATA3 

and XBP1. Figure 4.1 (a) plots each sample according to its expression of these two genes. In 

addition, these sample have also been tested for an estrogen receptor (ER) and are identified 

on the plot as either red or black according to a positive (ER+) or negative (ER-) status. 

Figure 4.1 (b) shows application of the first two PCs on the original data, because this example 

involves just two variables that the new variable PC1 runs along the direction with the greatest 

spread of data points i.e. the most variation. The PC2 runs along the direction with the most 

variation uncorrelated (orthogonal) to PC1. Figure 4.1 (c) contains the results of projecting 

each sample onto PC1; the resulting 1-dimensional data plot separates samples according to 

estrogen receptor status. Next PCA was performed on the data set but this time it considered 

the expression of 8,543 genes as variables among the 105 samples. Figure 4.1 (d) is the 

resulting scree plot which illustrates the exact proportion of the variance of the original 

variables contained within each principal component. Since each PC attempts to successively 

maximise variance the proportion of variance drops off quickly as PC number increases. 100% 

of variance in 8,543 variables has been condensed into 105 PCs, one for each sample. However, 

practically speaking, a fewer number of PCs are needed as the first 63 PCs alone contain 90% 

of the original variance. Figure 4.1 (e) is the score plot which plots each sample according to 

their values for PC1 and PC2. In breast cancer cells the status of the estrogen receptor is known 

have a significant influence on gene expression,5 this can be seen by the grouping of ER+ 

samples in red and the ER- in black. Each PC will have particular value for each gene (variable) 

which describes that genes contribution to the variance held within the PC. This value is often 

called a loading or weight and can be used to visualise each gene on the PCA score plot.6 The 

majority of genes will have little impact on the plotted PCs so will lie close to the origin, 

however a gene with significant loadings will spread out in their respective directions. As an 

example of this Figure 4.1 (e) also plots two genes, XBP1 and CCNB2, with significant loadings 

for PC1 and PC2 (marked in green). Figure 4.1 (f) is the same score plot but samples are 

coloured according the presence of another receptor, ERBB2, known to have to have an 

influence on gene expression. However, no clear grouping can be seen in samples with equal 
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status, meaning this information is not contained in the first two PCs. This illustrates an 

important lesson, although PCA attempts to maximise variance, much information can be lost 

when only two- or three-dimensional visualisations are employed. In this example PC1 and 

PC2 only represent roughly 22% of the total variance so it is important to plot many different 

combinations PCs to comprehensively map the data.   

 

Figure 4.1: (a) the gene expression profile of 105 samples of breast tumour as a function of two genes, XBP1 

and GATA3, coloured according to estrogen receptor status with ER+ and ER- corresponding to red and black 

respectively, (b) a visual representation of PC1 and PC2 when PCA is performed on this dataset (c) a one-

dimensional representation of the data where each sample has been projected onto PC1. (d) The scree plot 

describing the % of variance held by each PC when PCA analysis is applied to an expanded data set of 8,543 

genes for each of the 105 samples, (e) two-dimensional score plot with samples plotted according to their values 

for PC1 and PC2 along with two genes, XBP1 and CCNB2, with significant loadings for PC1 and PC2 marked 

in green and (f) the same score plot but with samples coloured according to their ERBB2 status, with blue brown 

and green corresponding to ERBB2+,ERBB2-
 and unknown respectively. Reproduced from ref. 3. 

As described above PCA is a powerful technique for reducing the dimensionality of 

large datasets and has been used to great effect in a number of different fields. In chemistry 

there are many examples of it being applied to spectroscopy data sets.7, 8 This includes a study 

by Pöllänen et al. which used PCA to identify polymorphs of a crystalline bulk material by 

applying it to a dataset of diffuse reflectance Fourier transform infrared (DRIFT-IR) 

spectroscopy patterns.9 While spectroscopic methods are immensely powerful tools for 

chemical characterisation, few techniques in solid state and materials chemistry can compare 

to powder X-ray diffraction, which combines unique structural fingerprinting and phase 
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quantification capabilities with microstructural information, such as crystallite size and strain. 

The technique is particularly sensitive to the presence of polymorphs and accordingly PCA has 

proven very useful in their identification when applied to an XRD dataset of related 

compounds.10, 11 PCA has also assisted in the classification of certain archaeological samples 

by grouping XRD patterns according to oxide materials and clay minerals.12, 13 However the 

application of PCA to powder XRD datasets is not limited to the detection of new peaks arising 

from different crystal structures within a sample but can also detect more nuanced changes 

occurring in an XRD pattern. Mathos et al. demonstrated that when applied to a series of 

Mg(OH)2 samples prepared under different hydrothermal condition PCA was able to group 

samples according to the width of the (101) peak and by its intensity ratio with the (001) peak, 

(I(001)/I(101).
14 Despite the popularity of XRD and the apparent of advantages of PCA, relatively 

few studies beyond those mentioned here have endeavoured to combine the two.   

4.1.2 Aims 

The previous chapter explored the possible CdS morphologies and structural properties 

available when Cd(NO3)2 and thiourea are used as the cadmium (Cd2+) and sulfur (S2-) sources 

respectively. This was done over a number of variables including reaction temperature, 

Cd2+:S2- concentration ratio and hydrothermal method (i.e. conventional batch, reactor batch, 

and reactor injection methods). This chapter aims to include further mapping of the synthetic 

landscape around CdS synthesis, by introducing reagent choice as an additional variable to this 

exploration. The chemical resistance of the stainless steel reactor coupled with solubility 

considerations limit the choice of compatible Cd2+ precursors, but sodium thiosulfate, Na2S2O3, 

and sodium sulfide, Na2S, are readily available and widely used alternatives to thiourea as S2- 

sources. The varied dissolution and hydrothermal decomposition behaviours of these 

precursors also permit a wider range of viable reaction temperatures. These additional 

precursors and their differing chemistries will drastically increase the number of synthetic 

parameters, which is expected to yield CdS samples with a greater variety of structural and 

morphological features. Mapping the synthetic landscape in this way has the potential to 

broaden our understanding of both CdS formation and of the capabilities of the hydrothermal 

injection reactor. 

Given the large volume of data that this type of mapping exercise entails, and the 

sometimes difficult and time-consuming process of analysis and interpretation that is required, 
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this chapter also aims to assess the viability of PCA for extracting structural information from 

a large powder XRD dataset. This type of statistical analysis may be particularly relevant for 

materials such as CdS, where conventional analyses such as phase estimation by relative 

intensity (Xh) and Rietveld refinements may be further complicated by the structural 

similarities of polymorphic phases, as outlined in the previous chapter, and microstructural 

effects such as size and strain broadening, The viability of PCA in this specific case will be 

assessed by applying the technique first to a set of simulated XRD patterns whose properties 

are explicitly controlled and second  to the set of real CdS XRD patterns prepared from a variety 

of precursors by a range of hydrothermal methods under different reaction conditions. 
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4.2 Experimental 

4.2.1 Synthesis of CdS 

As in the previous chapter, CdS was prepared hydrothermally in one of three ways: 

conventional batch synthesis, reactor batch synthesis and reactor injection synthesis. Cadmium 

nitrate tetrahydrate, Cd(NO3)2•4H2O, was once again used as the cadmium ion (Cd2+) source 

however here thiourea was replaced by either sodium thiosulfate pentahydrate, Na2S2O3•5H2O, 

or sodium sulfide nonahydrate, Na2S•9H2O, as the sulfide ion (S2-) source. As previously, while 

the sulfide will be present in solution as HS- or H2S, we will refer generally to S2- for 

convenience. In water Na2S2O3 irreversibly decomposes to sulfides and sulfates at temperatures 

of 250-280 °C, with small amounts of elemental sulfur also formed (eqns. 4.3 and 4.4).15 In 

addition it is well known that acidic conditions can stimulate the breakdown of thiosulfate at 

room temperature, eventually resulting in the nucleation of elemental sulfur and the formation 

of sulfur colloids (eqn. 4.5).16-18 A 0.5 M solution of Cd(NO3)2 has a pH of 2.57, so when 

reacted with Na2S2O3 the increased concentration of H+ ions assists in the breakdown of S2O3
2- 

and as a result CdS could obtained from this reaction at temperatures as low as 150 °C.  

 Na2S2O3
∆ RT
→  2Na+ + S2O3

2− (4.3) 

 S2O3
2− + H2O

∆ 250−280 °C
→         HS− + SO4

− + H+ + 2Na+ (4.4) 

 S2O3
2− + H+ → S(s) + HSO3

− (4.5) 

Na2S dissociates immediately in solution (eqn. 4.6) meaning CdS can be formed at 

room temperature as soon as the Cd(NO3)2 and Na2S solutions are mixed. However as 

demonstrated in the previous chapter the reactions between thiourea and Cd(NO3)2 only yielded 

CdS at a minimum temperature of 200 °C. Therefor by careful consideration of the S2- source 

it is possible to influence the minimum temperature at which CdS can form in the reaction. As 

demonstrated in the previous chapter, this is a key factor in determining nucleation and growth 

behaviour, and thus may have far reaching effects on the phase composition and shape of the 

resulting CdS crystals. 

  Na2S + H2O 
∆ RT
→   HS− + OH− +  2Na+ (4.6) 
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4.2.1.1 Procedure 

A 0.5 M stock solution of cadmium nitrate was prepared using distilled water. 0.25, 0.5 

and 1.5 M solutions of Na2S2O3 and Na2S were also prepared using distilled water. For all three 

methods the procedures used were as outlined in the previous chapter except with the 

substitution of the above solutions of Na2S2O3 or Na2S in the place of thiourea. All CdS samples 

prepared with Na2S2O3 regardless of the synthetic method used were found to also contain 

elemental sulfur (S8). So as an additional step these samples were washed with 20 mL of 

toluene which readily dissolved any sulfur present while leaving the CdS unaltered. For more 

information on the conventional batch, reactor batch and reactor injection methods see 

Chapter 3 Sections 3.2.1.1, 2.2.1.2 and 3.2.1.3 respectively. These sulfur sources allowed for 

CdS to be produced over an expanded range of temperatures. All reactions performed via the 

conventional batch method are detailed in Table 4.1 and those performed in the reactor in Table 

4.2. In total CdS samples were successfully obtained from 138 combinations of these reaction 

conditions. 

Table 4.1: A summary of reaction conditions for CdS samples prepared via the conventional hydrothermal 

batch method, totalling 54 samples. *Samples prepared with thiourea are presented and were discussed in 

chapter 3. 

Cd2+ source S2- source Cd2+:S2 Heating time ,th, Temperature  

   (hr) (ºC)  

Cadmium Nitrate Thiourea* 1:1, 1:2 and 1:6 2, 3 and 4 200 

 Na2S2O3 1:1, 1:2 and 1:6 2, 3 and 4 150 

    200 

 Na2S 1:1, 1:2 and 1:6 2, 3 and 4 100 

    150 

    200 
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Table 4.2: A summary of reaction conditions for CdS samples prepared in the reactor via the hydrothermal 

batch and injection methods. Totalling 84 samples. *Samples prepared with thiourea are presented and were 

discussed in chapter 3. 

Cd2+ source S2- source Method Cd2+:S2- Temperature  

    (ºC) 

Cadmium Nitrate Thiourea* Reactor batch 1:1, 1:2 and 1:6 200 

    250 

    300 

  Reactor injection 1:1, 1:2 and 1:6 200 

    250 

    300 

 Na2S2O3 Reactor batch 1:1, 1:2 and 1:6 150 

    200 

    250 

    300 

  Reactor injection 1:1, 1:2 and 1:6 150 

    200 

    250 

    300 

 Na2S Reactor batch 1:1, 1:2 and 1:6 Room temp. (RT) 

    50 

    100 

    150 

    200 

    250 

    300 

  Reactor injection 1:1, 1:2 and 1:6 Room temp. (RT) 

    50 

    100 

    150 

    200 

    250 

    300 

 

4.2.2 Characterisation 

4.2.2.1 Powder X-ray Diffraction (PXRD) 

X-ray diffraction patterns were recorded on a Bruker D2 powder diffractometer using 

a Cu Kα radiation source from 15 to 85 ° 2θ with step size 0.01 ° at 1.5 s per step using a zero-

background Si sample holder. Size analysis was performed using the peak fitting software Xfit 

and phase determination by the relative intensity method outlined in Chapter 3 was performed 

using the software EVA. 

4.2.2.2 Scanning Electron Microscopy (SEM) 

SEM images were obtained using a Zeiss Ultra microscope running at 5.00 kV with 

inLens detection. Prior to imaging all samples were deposited onto a carbon tab, mounted on 
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an aluminium stub and coated with a gold/palladium alloy target.  

4.2.2.3 Transmission electron Microscopy (TEM) 

TEM micrographs were obtained on a JEOL 2100 LaB TEM microscope, fitted with an 

AMT XR50, 5K CCD bottom mount camera, operating at 200 kV. Samples were prepared by 

dispersion in a 10:1 solution of IPA and water and deposited onto lacey carbon coated copper 

grids. 

4.2.3 Principal component analysis (PCA) 

This work aims to use PCA to efficiently extract structural information from the XRD 

patterns of a large collection of CdS samples. In theory this will make it easier to determine 

what effect certain variables in the reaction conditions have had on the resulting CdS samples. 

These variables include: synthetic method, temperature, Cd2+:S2- concentration ratio, heating 

time (th) and sulfur source. However, it is necessary to first determine the effectiveness of PCA 

in this matter by applying it to a similar body of XRD patterns whose structural information is 

explicitly known. Using the crystallography software GSAS19 and its graphical interface 

EXPGUI20 it is possible to simulate XRD patterns with explicit control over structural 

information such as phase percentage (Xh) and peak width due to crystallite size. 

Crystallographic Information Files (CIFs) containing unit cell coordinates of the CdS cubic21 

and hexagonal22 phases were obtained from the Crystallographic Open Database (COD).23 

These files were loaded onto GSAS as phase 1 (cubic) and phase 2 (hexagonal). The phase 

composition of the resulting XRD patterns was then set by inputting values for the phase 

fractions (see Figure 4.1 (a)). The term weighted fraction (WF) in GSAS describes the actual 

fraction of an XRD pattern that is composed of a given phase. The relationship between WF 

and the phase fraction (PF) is given by eqn. 4.7: 

 
WFhexagonal =

(PFhexagonal)(Masshexagonal)

(PFhexagonal)(Masshexagonal) + (PFcubic)(Masscubic)
 

(4.7) 

In order to control the phase composition of a simulated pattern, the correct PF values must 

first be found using this equation. For example, to produce a pattern with hexagonal phase 

composition (Xh) of 70%, the WFhexagonal was set to 0.7 and the PFcubic to 1. In the hexagonal 

unit cell there are two CdS formula units, giving a total mass of 288.94 g/mol and in the cubic 

unit cell there are 4 formula units giving a total mass of 577.88 g/mol. 
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0.7 =
(PFhexagonal)(288.94)

(PFhexagonal)(288.94) + (1)(577.88)
 

PFhexagonal = 4.6667 

Therefor to achieve Xh = 70 %, Phase 1 (cubic) and Phase 2 (hexagonal) must be set to 1 and 

4.6667 respectively. Next the peak broadness for each phase can also be set by inputting values 

for Lx which is known as the Lorentzian isotropic broadening term (see Figure 4.1 (b)). Lx is 

the parameter most affected by crystallite size, and thus varying only this term allows a 

reasonable approximation of the effect of varying crystallite size. Larger values for Lx results 

in broader peaks i.e., smaller crystallites. The exact relationship between the Lx value and 

particle size is given by eqn. 4.8: 

 
Size =

(18000)Kλ

πLx
 

(4.8) 

Where size is given in angstroms (Å), K is the Scherrer constant (typically ~ 1) and λis the 

wavelength of the X-rays which in the case of the Cu Kα is 1.5406 Å. In this way a series of 

simulated patterns were generated with Xh values of 0 % to 100 % in 10 % intervals and Lx 

values of 5, 25, 50, 100, 150, and 200 corresponding to sizes of 176.5, 35.3, 17.7, 8.8, 5.9 and 

4.4 nm respectively. This resulted in a total of 99 simulated CdS XRD patterns.  

 

Figure 4.2: EXPGUI graphical interface windows for GSAS demonstrating how so to set (a) the Xh value of a 

simulated pattern using the phase fractions (b) the peak broadness using the Lx term and (c) the resulting 

simulated pattern with Xh = 70 % and Lx = 25. 
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Each simulated pattern was normalised to have the same maximum intensity of 1.0 (a.u.) before 

PCA analysis was performed in the data analysis software Origin, using the application 

“Principal Component Analysis for Spectroscopy”. In the same way PCA was also performed 

on the real XRD patterns of all 138 samples prepared using Cd(NO3)2 and the three sulfur 

sources: Thiourea, Na2S2O3 and Na2S.  
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4.3 Results and Discussion 

4.3.1 Cd(NO3)2 and Na2S2O3 

4.3.1.1 Conventional batch Method 

As in the previous chapter, to properly measure the impact of the hydrothermal injection 

reactor on a given reaction is it necessary to first explore what structural properties and 

morphologies are available when conventional methods are employed. Figure 4.3 contains 

XRD results of the eighteen CdS samples prepared via the conventional batch method with 

solutions Cd(NO3)2 and Na2S2O3. As described in the experimental section, during the reaction 

elemental sulfur (S8) forms as a by-product of the breakdown of Na2S2O3.
15 In order to isolate 

the product the samples were washed with toluene which would dissolve the S8  but leave CdS 

untouched. As a result, Figure 4.3 presents pure CdS XRD patterns but a selection XRD 

patterns collected from unwashed samples can be found in the appendix (Figure A.3). 

The average crystallite sizes are displayed Figure 4.3 (g), (h) and (i), where it can be 

seen that increased temperature consistently led to larger sizes. This is because more energy is 

provided to the system, accelerating particle growth by diffusion growth, coalescence, or 

Ostwald ripening. Similarly, increased reaction time (th) led to a gradual increase in size, simply 

because more time is made available for these growth processes to occur, though the rate of 

size increase is noticeably higher in the 1:1 series. There also appears to be a small size increase 

among the samples obtained after 2 hours, as the relative concentration of Na2S2O3 increases. 

This is possibly because more sulfide in solution would result in larger CdS pre-nucleation 

clusters and therefor larger nuclei within this short time frame, while at longer reaction times 

this excess sulfide may inhibit aggregation and fusion leading to the lower growth rates 

observed at higher relative sulfide ratios. 

Figure 4.3 (j) contains the calculated % of the hexagonal phase (Xh) for each sample 

prepared at 200 °C. The determination of Xh using the relative intensity method requires well 

resolved XRD peaks to accurately measure their intensity. In general, the peaks of the 150 °C 

samples are too broad to resolve to apply this method, so they have been excluded from this 

Figure. As th increases, the Xh value of the 200 °C 1:1 series undergoes as steady increase. This 

is consistent with the sharp rise in crystallite size of the same series discussed earlier. Xh 

remains largely unchanged in the 1:2 and 1:6 series as th increases. At all three th values Xh is 
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highest at the Cd2+:S2- concentration ratio of 1:1, but this value decreases as the sulfur 

concentration increases to 1:2 and 1:6. This indicates that when Na2S2O3 is used in the reaction 

the expression of the hexagonal phase is hindered at high concentrations of sulfide. 

 

Figure 4.3: XRD patterns of CdS samples prepared with Cd(NO3)2 and Na2S2O3 via the conventional batch 

method over a series of heating times, th, with Cd2+:S2- concentration ratios of 1:1 at (a) 150 and (b) 200 °C; 1:2 

at (c) 150 and (d) 200 °C and 1:6  at (e) 150 and (f) 200 °C. With the average crystallite sizes of samples 

prepared at (g) 1:1, (h) 1:2 and (i) 1:6 calculated using Xfit, and (j) the calculated % of the hexagonal phase, Xh, 

of the samples prepared at 200 °C. 

SEM analysis was performed on a selection of samples prepared via the conventional 

batch method. Figure 4.4 contains the corresponding images of CdS samples prepared via the 
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conventional batch method, over a series of Cd2+:S2- concentration ratios, at 200 °C and th = 2 

and 4 hrs. Overwhelmingly the major product of these samples are large microspheres which 

are most often found fused together in groups. The sample prepared as 1:1 and th = 2hrs 

contained microspheres approximately 1.5 µm in diameter but interestingly, it also contained 

clear signs of hollow particles where the shell of one of the microspheres had cracked, revealing 

the hollow interior (Figure 4.4 (a)). A high magnification image of one of microspheres 

(Figure 4.4 (b)) reveals that the surface is composed of many small (<100 nm) nanocrystals, 

some of which appear to adopt a tetrahedral shape classically associated with the cubic phase. 

This observation may account for the low average crystallite sizes calculated for the samples; 

the large spherical particles are likely not single crystals but composed of many much smaller 

particles. Figure 4.4 (c) shows a microsphere prepared at 1:1 and at the longest th of 4 hrs. In 

this sample, a number of hollow particles could still be observed and the microspheres were 

roughly the same size as the corresponding th = 2hrs sample (~1.5 µm), but the surface of these 

spheres had undergone significant development with a densely packed assortment of hexagonal 

rods growing out form the surface. This result is consistent with XRD analysis which 

determined at 200 °C the 1:1 series of reactions experienced a steady increase in Xh with 

increasing th. 

Increasing the relative concentration of the sulfur source to 1:2 resulted in very little 

change: microspheres of a similar size still dominated the sample, many showed signs of being 

hollow and the surfaces were composed an assortment of nanocrystals (Figure 4.4 (d) and (e)). 

Finally, at 1:6 the microspheres increase dramatically in size to a diameter of approximately 6 

µm. Many of these microspheres such as the one pictured in Figure 4.4 (f) feature multiple 

circular indents. The likely explanation is that these indents are artefacts left over from another 

microsphere which was conjoined to, grew concurrently with and eventually separated from 

the first. Unlike the corresponding 1:1 and 1:2 samples, no obvious indications of hollow 

particles are present in the 1:6. 
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Figure 4.4: SEM images of CdS microcrystals prepared with solutions of  Cd(NO3)2 and Na2S2O3 via the 

conventional batch method at 200 ºC and at Cd2+:S2- concentration ratios of 1:1 at (a),(b) th = 2 hrs, and at 

(c) th = 4 hrs; 1:2 at (d),(e) th = 2 hrs; and 1:6 at (f),(g) th = 2 hrs. 

 It is firmly established in the literature that in an acidic environment Na2S2O3 will 

breakdown and eventually form sulfur colloids in solution.16-18 With a suitably strong acid this 

process can occur at room temperature and it is understood to govern the mechanism forming 

the hollow particles observed above. Using an electronic pH meter, it was determined that a 

0.25 M solution of Na2S2O3 had a pH of 8.08, but when 5 mL of this solution was mixed with 

2.5 mL of 0.5 M Cd(NO3)2 the pH dropped to 3.15. Figure 4.5 displays particles size recorded 

via DLS at 50 °C for a solution containing 1 mL of 0.25 M Na2S2O3 and 0.5 mL of 0.5 M 

Cd(NO3)2, giving a Cd2+:S2- concentration ratio of 1:1. After an equilibration time of 10 

minutes, particle size was recorded every minute for 1.5 hrs. The result was a steady increase 

in the size due to the nucleation and subsequent growth of sulfur colloids. The possibility of 

CdS formation contributing to this size increase can be ruled out for two reasons. Firstly, as 

discussed above CdS could not be obtained from these solutions at hydrothermal temperatures 

lower than 150 °C and secondly when the DLS run had completed the cuvette containing the 

solution had a cloudy light yellow appearance classically associated with a suspension of sulfur 
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colloids and not the bright orange/red colour associated with CdS. A DLS run with the same 

solution was performed at 25 °C and another run at 50 °C, with just a 0.25 M solution of 

Na2S2O3. For the duration of these runs, DLS detected no solid particles within the cuvette 

which indicates Na2S2O3 cannot form sulfur colloids unassisted and that the proton activity 

provided by Cd(NO3)2 is not strong enough to initiate thiosulfate dissociation at room 

temperature, so mild heating is required to form the colloids. The presence of this elemental 

sulfur in these reactions may explain the observed trends in limiting particle size and hexagonal 

content at higher thiosulfate concentrations — the sulfur is likely to be present on and around 

the forming CdS particles limiting both growth and the cubic to hexagonal phase transition, 

which is often mediated by interparticle fusion.24 

 

Figure 4.5: DLS data describing the growth of sulfur colloids as function of time in a solution containing 1 mL 

of 0.25 M Na2S2O3 and 0.5 mL of 0.5 M Cd(NO3)2  at 50 °C. 

 Figure 4.6 (a) describes the proposed mechanism for the formation of hollow CdS 

particles. The increased concentration of H+ ion in solution will promote the dissociation of 

Na2S2O3, eventually resulting in the nucleation of S8 particles which will grow to form 

spherical colloids. Key to this process is the slow heating times of the conventional batch 

method, which allows sufficient time for the sulfur colloid to form before CdS production 

begins to take over. This colloid can be considered as a sacrificial template material and 

cadmium can interact with it in one of two ways: (i) Cd2+ in solution will react directly with 

sulfur atoms on the surface forming a heterogeneous nucleation sites that will grow into CdS 

particles and (ii) Cd2+ will react with the available sulfide in solution, eventually resulting in 

the homogenous nucleation of CdS nuclei which will deposit on the surface of the colloid and 
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continue to grow. Eventually the entire surface will be coated with a CdS layer composed of 

tightly packed individual particles. After the products have been isolated the remaining sulfur 

will be dissolved with toluene leaving behinds the CdS shell as visible in Figure 4.6 (b). This 

process may also explain the significantly larger microspheres observed in the 1:6 sample (see 

Figure 4.4 (f)). The increased concentration of Na2S2O3 likely resulted in larger sulfur 

templates and consequently larger CdS microspheres. 

 

Figure 4.6: (a) Proposed mechanism for the formation of  hollow CdS particles and (b) SEM image of CdS 

particles prepared with solutions Cd(NO3)2 and Na2S2O3 via the conventional batch method. 

4.3.1.2 Reactor batch method 

Figure 4.7 contains XRD results for samples prepared with Cd(NO3)2 and Na2S2O3 via 

the reactor batch method over a series of reaction temperatures and Cd2+:S2- concentration 

ratios. Size and Xh analysis reveals these samples obeyed similar trends observed in the 

conventional batch series. For instance, increasing sulfur concentrations resulted in decreasing 

Xh values (see Figure 4.7 (d)). Interestingly, the increasing temperature did little to affect Xh 

values in the 1:1 and 1:2 series but a small decrease can be observed in the 1:6 series. As 

anticipated at all three Cd2+:S2- concentration ratios the higher temperatures led to a gradual 

increase in the calculated average crystallite size but with a significant spike seen in the 1:6 

series between 250 and 300 °C. These trends eventually result in the 1:6 sample prepared at 

300 °C, which is highly crystalline and cubic phase in nature. 
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Figure 4.7: XRD patterns of CdS samples prepared with Cd(NO3)2 and Na2S2O3 via the reactor batch method 

over a series of temperatures with Cd2+:S2- concentration ratios of (a) 1:1, (b) 1:2 and (c) 1:6; along  with (d) the 

calculated % of the hexagonal phase, Xh, and (e) the average crystallite sizes  calculated using Xfit. 

 Figure 4.8 contains corresponding SEM images of CdS samples prepared via the reactor 

batch method. These samples, like those prepared via the conventional batch method, are 

dominated by the same large spherical particles with surfaces composed of much smaller 

particles. As previously discussed the conventional batch samples contained many examples 

of hollow CdS particles, but this was not the case in these reactor batch prepared samples. The 

spherical particles are commonly fused together in groups of two or more, which is likely the 

result of particles colliding together during the formation process and continuing to grow as 

one larger particle. There are also many examples of particles that have separated from these 

clusters, leaving a circular indent on the surface, in some cases exposing the solid interior of 

the particle (see Figure 4.8 (l)). 

The notable absence of hollow CdS particles may be a result of the of the significantly 

faster heating rate in the reactor. This will induce CdS crystallisation at a more competitive rate 

compared to colloidal sulfur formation, such that the two processes are effectively 

simultaneous. The result of this would be the formation of CdS nanoparticles within a sulfur 

matrix, yielding the large spherical agglomerates of CdS by colloidal growth of sulfur with 

embedded CdS particles. The most significant change in the morphologies came when the 
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reaction temperature rose to 300 °C. At the 1:1 concentration ratio, the spheres are still the 

primary morphology but close observation of the surface (Figure 4.8 (d)) reveals the individual 

particles that compose the surface have grown significantly in size, and the tetrahedral nature 

of these particles is on clear display. Also present in the sample were large well-defined 

hexagonal plates such as the one shown in Figure 4.8 (e). Such structures are not typical of 

CdS crystals and may be related to the presence some impurity within the sample. Increasing 

the relative concentration of the sulfur source to 1:2 causes an interesting change to takes place 

in the spherical particles. As seen in Figure 4.8 (i) the particles on the surface shift from the 

clearly defined tetrahedral crystals to hexagonal ones, with many elongated rods protruding 

outwards. Also present in this sample are long hexagonal rods which may have grown 

separately from the spheres (Figure 4.8 (j)). Finally at 1:6 the spherical particles, which have 

so far dominated the series disappear entirely. In their place the sample is composed of large 

well defined tetrahedral particles (Figure 4.8 (n)) and clusters of irregular nanoparticles (see 

Figure 4.8 (o)). These findings appear drastically different form the previous samples but are 

consistent with the XRD data which identified the sample as being highly cubic and crystalline 

in nature. 
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Figure 4.8: SEM images of CdS microcrystals prepared with solutions of  Cd(NO3)2 and Na2S2O3 via the 

reactor batch method, over a series of reaction temperatures and Cd2+:S2- concentration ratios of 1:1 at (a) 150, 

(b) 200, (c) 250 and (d),(e) 300 ºC; 1:2 at (f) 150, (g) 200, (h) 250 and (i),(j) 300 ºC and 1:6  at (k) 150, (l) 200, 

(m) 250 and (n),(o) 300 ºC. 

As discussed earlier, all CdS sample prepared with Na2S2O3 were washed with toluene 

in order to remove elemental sulfur. However, SEM analysis was performed on a selection of 

samples prior to the toluene wash in order to determine if any changes occur in the sample as 
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result of the wash. Figure 4.9 compares SEM images taken before ((a) and (b)) and after ((c) 

and (d)) the toluene wash of CdS samples prepared via the batch method at 300 °C and a 

Cd2+:S2- concentration ratio of 1:1. From these results it can be seen that in the unwashed 

sample the particles appear to be coated in a thin non-crystalline film and when the wash is 

applied it disappears entirely leaving only the CdS microstructures. This film is elemental 

sulfur and the close association between it and the CdS particles is further indication that CdS 

forms and crystallises within an elemental sulfur matrix. Close examination of the microsphere 

shows that sulfur is well embedded in the microsphere surface. When the wash occurs, the 

result is a rough surface composed of just the crystalline CdS nanoparticles, each separated by 

gaps and fissures left by the elemental sulfur. In samples prepared by the batch method the CdS 

microspheres showed numerous examples of large circular indents where another microsphere 

had broken off. Given the apparent lack of such indents on unwashed microspheres it is 

possible that dissolving the elemental sulfur which surrounds these particles also weakens the 

connection between attached microspheres, allowing them to break apart.  

 

Figure 4.9: SEM images of CdS microcrystals prepared with solutions of  Cd(NO3)2 and Na2S2O3 via the 

reactor batch method at 300 ºC and a Cd2+:S2- concentration ratios of 1:1; (a),(b) before a toluene was applied to 

the sample and (c),(d) after the toluene wash. 
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4.3.1.3 Reactor injection method 

Figure 4.10 contains XRD results for samples prepared with Cd(NO3)2 and Na2S2O3 

via the reactor injection method over a series of reaction temperatures and Cd2+:S2- 

concentration ratios. Size analysis (Figure 4.10 (e)) reveals that increasing reaction temperature 

led to a more rapid increase in the average crystallite size compared to the corresponding batch 

series. This increase is particularly evident in the 1:2 and 1:6 series, which at 300 °C have 

significantly larger sizes than that of the 1:1 sample. At the highest injection temperature of 

300 °C, there is a clear relationship between increasing Xh values and increasing concentrations 

of the sulphur precursor (Figure 4.10 (d)). This is the reverse to trends observed in the 

conventional and reactor batch methods, indicating the mechanism influencing CdS formation 

in these methods is circumvented by hot-injection.  

 

Figure 4.10: XRD patterns of CdS samples prepared with Cd(NO3)2 and Na2S2O3 via the reactor injection 

method over a series of temperatures with Cd2+:S2- concentration ratios of (a) 1:1, (b) 1:2 and (c) 1:6; along  

with (d) the calculated % of the hexagonal phase, Xh, and (e) the average crystallite sizes calculated using Xfit. 

Figure 4.11 contains corresponding SEM results of CdS samples prepared via the 

reactor batch method. All three samples prepared at 150 °C (Figure 4.11 (a), (e) and (i)) are 

entirely composed of the same microspheres which dominated the conventional and reactor 

batch prepared samples. These particles come in various sizes, but on average are significantly 
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smaller than the batch samples. As the reaction temperature increases all three concentration 

ratios follow the same trend – the spherical particles become deemphasised in favour of 

nanoparticle clusters. This shift begins at 200 °C and culminates in 300 °C where spherical 

particles have been almost entirely removed from the sample. At 300 °C the accelerated growth 

led to larger nanoparticles with more defined crystalline shapes. It can be seen from Figure 4.11 

(d), (h) and (l) that this is particularly true for the for the 1:2 and 1:6 samples which contained 

many large particles with clear hexagonal geometries. This observation is consistent with XRD 

data discussed above, which at 300 °C saw a clear trend of increasing Xh with relative sulfur 

concentration and a spike in sizes for the 1:2 and 1:6 samples. As discussed in the experimental 

section, thiosulfate does not breakdown unassisted to the active sulfur source (HS-) until 250-

280 °C.15 Obtaining CdS at temperatures lower than this is contingent on the acidic 

environment provided by the Cd(NO3)2 solution, which also results in the sulfur colloids that 

dictated particle morphology in the batch methods. Therefore at 150 °C the temperature is not 

sufficient to begin the breakdown of thiosulfate pre-injection. Once the Cd(NO3)2 solution is 

introduced thiosulfate decomposition can begin and CdS formation will proceed in the same 

mechanism as the batch samples, forming the microspheres. As the reaction temperature 

increases, more HS- becomes available in solution pre-injection. When the cadmium solution 

is introduced, HS- will react with Cd2+ resulting in the fast nucleation of CdS nuclei, which will 

grow via diffusion to form the nanoparticles. Eventually at 300 °C most, if not all, of the 

thiosulfate will have dissociated to HS- by the time the cadmium solution is injected, resulting 

in a sample dominated by the nanoparticles rather than the microspheres.  

In summary, results from the conventional batch and reactor batch methods indicate 

that CdS formation is dictated by a sort of soft-templated synthesis with concurrent formation 

of sulfur colloids. At high temperatures the reactor injection prevents CdS formation via this 

mechanism by thermally dissociation of the thiosulfate pre-injection. This is consistent with 

XRD analysis which indicated that at high temperature, the Xh value grew proportionally with 

increasing concentrations of thiosulfate, which is the opposite trend observed in the 

conventional and reactor batch prepared series. 
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Figure 4.11: SEM images of CdS microcrystals prepared with solutions of  Cd(NO3)2 and Na2S2O3 via the 

reactor injection method, over a series of reaction temperatures and Cd2+:S2- concentration ratios of 1:1 at (a) 

150, (b) 200, (c) 250 and (d) 300 ºC; 1:2 at (e) 150, (f) 200, (g) 250 and (h) 300 ºC and 1:6  at (i) 150, (j) 200, 

(k) 250 and (l) 300 ºC. 

4.3.2 Cd(NO3)2 and Na2S 

4.3.2.1 Conventional batch method 

Figure 4.12 contains XRD results of the CdS samples prepared via the conventional 

batch method with solutions of Cd(NO3)2 and Na2S over a series of reaction temperatures, 

heating times (th) and Cd2+:S2- concentration ratios. When the Cd(NO3)2 solution was mixed 

with either a thiourea or Na2S2O3 at room temperature the result was a clear solution, however 

when mixed with Na2S an orange precipitate immediately formed. This precipitate is CdS 

which can form at such low temperature for two reasons. First because both Cd(NO3)2 and 
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Na2S dissociates in solution at room temperature to their respective Cd2+ and HS- ions. 

Secondly due to the pH of the mixed solution. Using an electronic pH metre, it was found that 

0.25 M solution of Na2S had a pH of 13.87. Thus the reaction with Cd(NO3) will occur under 

highly basic conditions, drastically decreasing the solubility of CdS (see Chapter 3, Section 

3.3.5). As CdS precipitates so readily it can be assumed that effectively all of the CdS monomer 

is consumed during the fast nucleation step. Therefore no monomer is available for diffusion 

growth and any further growth of CdS particles will occur via coalescence or orientated 

attachment. The fast nucleation step will likely form many small nuclei of uniform size. This 

factor coupled with the low solubility of CdS in this solution will deemphasize the influence 

of Ostwald ripening. 

Information on the calculated average crystallite size can be found in Figure 4.12 (j), 

(k) and (l). Much like the corresponding Na2S2O3 series, a clear relationship between increasing 

reaction temperature and increasing crystallite size can be observed. Similarly, longer heating 

times generally led to a gradual increase in size. For multiple particles to coalesce into one, 

effective collisions are required. The higher temperatures provides more energy contributing 

to these particle collisions and longer th simply allows more time for these collisions to occur. 

A small size increase can be observed as the relative concentration of the sulfur source 

increases, however the 200 °C 1:1 series which shows a significant spike in size with increasing 

th is an exception to this trend. 

Figure 4.12 (m) contains Xh values for each sample prepared as 200 °C. At the higher 

relative sulfur concentrations of 1:2 and 1:6, Xh remained low and relatively unchanged as th 

increases. However higher Xh values were recorded for the 1:1 series, which rose significantly 

as th increases from 3 to 4 hrs. As discussed earlier, the vast majority of CdS monomer is 

consumed early in the reaction when the two solutions are mixed, this is most likely forms the 

kinetically favoured cubic phase as these low temperatures. At 1:1, the rise of Xh appears to be 

coupled with a rise in crystallite size at increasing th. This indicates that as the CdS particles 

grow by coalescence, the crystal structure is also reorganising to the hexagonal phase. This 

may be due to a cubic to hexagonal phase transition occurring at the interface between two 

particles which serves as nuclei for the further propagation of the hexagonal phase.24 This may 

also explain why a similar increase in Xh and crystallite size was not observed with the 1:2 and 

1:6 relative concentrations. The excess sulfide in solution could adsorb to the surface of CdS 

particles and the resulting surface charge would limit particle to particle interactions. 
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Figure 4.12: XRD patterns of CdS samples prepared with Cd(NO3)2 and Na2S via the conventional batch 

method over a series of heating times ,th, with Cd2+:S2- concentration ratios of 1:1 at (a) 100, (b) 150 and (c) 

200 °C; 1:2 at (d) 100, (e) 150 and (f) 200 °C and 1:6  at (g) 100, (h) 150 and (i) 200 °C. The average crystallite 

sizes of samples prepared at (j) 1:1, (k) 1:2 and (l) 1:6 calculated using Xfit, and (m) the calculated % of the 

hexagonal phase, Xh,. of the samples prepared at 200 °C. 
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TEM analysis was performed on a selection of samples prepared via the conventional 

batch method. Figure 4.13 contains the corresponding images of CdS samples prepared over a 

series of Cd2+:S2- concentration ratios at 200 ºC and th = 4 hrs. The sample prepared at 1:1 

contains a range of well-defined crystalline particles that were easily dispersed 

(Figure 4.13 (a)). Among these crystals a significant proportion are rod shaped, approximately 

80-100 nm in length and 20 nm in width. Rods such as these are indicative of the hexagonal 

phase and are consistent with XRD results which observed that this sample had values for Xh 

and average crystallite size significantly higher than that of the corresponding 1:2 and 1:6 

samples. Figure 4.13 (b) shows the sample prepared at 1:2 and notably these particles appear 

smaller than the previous sample. No examples of rods can be seen but there are particles with 

clear hexagonal geometries, and limited examples of triangular particles which are likely cubic 

phase tetrahedrons. Finally, at 1:6 the sample (Figure 4.13 (c)) is similar in form to the previous 

sample with examples of both triangular and hexagonal shaped particles. However, the 

polydispersity of the sample appears to have increased with a broader range of small to large 

particles, which are often found clumped together in large aggregates. 

 

Figure 4.13: TEM images of CdS samples prepared with solutions of Cd(NO3)2 and Na2S via the conventional 

batch method, at 200 °C, th = 4hrs and Cd2+:S2- concentration ratio of (a) 1:1, (b) 1:2 and (c) 1:6. 

4.3.2.2 Reactor Batch Method 

Figure 4.14 contains XRD results of CdS samples prepared via the reactor batch method 

with Cd(NO3)2 and Na2S. The calculated Xh values appear in Figure 4.14 (d) for all samples 

prepared at 150 °C and above. As the reaction temperature increased, Xh values remained 

largely unchanged for the samples prepared at lower relative sulphur concentrations of 1:1 and 

1:2 series, but at 1:6 Xh increased steadily with temperature. This indicates a preference for the 

hexagonal phase at higher sulfur concentrations, which is the opposite to the trend observed in 

the corresponding conventional batch series. Figure 4.14 (e) contains the average crystallite 
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size for each sample. At all three concentration ratios particle size begins to increase after 

150 °C however while the 1:1 and 1:2 series grow at similar rates the 1:6 spikes significantly 

at temperatures above 200 °C. These results are consistent with relationship between Xh and 

reaction temperature, and further indicates that propagation of the hexagonal phase is directly 

linked with increasing particle size.  

 

Figure 4.14: XRD patterns of CdS samples prepared with Cd(NO3)2 and Na2S via the reactor batch method over 

a series of temperatures with Cd2+:S2- concentration ratios of (a) 1:1, (b) 1:2 and (c) 1:6; along  with (d) the 

calculated % of the hexagonal phase, Xh, and (e) the average crystallite sizes  calculated using Xfit. 

TEM analysis was performed on a selection of samples prepared via the reactor batch 

method. Figure 4.15 contains the corresponding images of CdS samples prepared over a series 

of Cd2+:S2- concentration ratios and reaction temperatures of 100 and 300 ºC. At all three 

relative ratios the samples prepared at 100 ºC consist of small non-crystalline particles 

aggregated together. This is consistent with XRD results, which found the crystallite size did 

not begin to increase until temperatures above 150 ºC were achieved. Nanoparticles found in 
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the samples prepared at 300 ºC are far better defined. Nanoparticles in the 1:1 and 1:2 sample 

were found have irregular shapes and to be relatively uniform in size, with a largest dimension 

of approximately 15 nm (Figure 4.15 (b) and (e)). However, a significant change is observed 

at 1:6; nanoparticles of similar sizes are still present in the sample, but far larger hexagonal 

crystals also appear. Although the sample is clearly very polydisperse, these results are 

consistent with spike in Xh and crystallite sizes observed during XRD. Figure 4.15 (d), (f) and 

(i) show images of an interesting morphology found at 300 ºC at each relative ratio. These wide 

and flat hexagonal shaped particles appear to be hollow in nature as evidenced by the dark 

outline around the particle edges. It is possible these are formed from the templated synthesis 

of CdS on the surface of a larger hexagonal structure. A possible candidate for the template 

material is cadmium hydroxide, Cd(OH)2, which has a hexagonal crystal structure and likely 

forms as a result of the high pH environment facilitated by Na2S. Indeed, trace amounts of 

Cd(OH)2 in the high temperature batch samples was identified by XRD analysis, and removed 

from the sample by washing with a 10% acetic acid solution. XRD patterns of the unwashed 

samples can be found in the appendix (Figure A.4)  

 

Figure 4.15: TEM images of CdS samples prepared with solutions of Cd(NO3)2 and Na2S via the reactor batch 

method at 100 and 300 °C and Cd2+:S2- concentration ratio of (a),(b),(c) 1:1; (d),(e),(f) 1:2 and (g),(h),(i) 1:6. 
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4.3.2.3 Reactor injection method 

Figure 4.16 contains XRD results of CdS samples prepared via the reactor injection 

method with Cd(NO3)2 and Na2S. Figure 4.16 (d) contains Xh values for all samples prepared 

at 150 °C and above. At all three concentration ratios Xh increases with the rising reaction 

temperatures, with the largest rate of increase attributed to the 1:6 series. At temperatures above 

100 °C the average crystallite sizes begin to increase (see Figure 4.16 (e)), the 1:1 and 1:2 series 

show a similar rate of increase which levels off after 250 °C, however the 1:6 continues to 

increase significantly, far surpassing the other samples. These results, as in the corresponding 

reactor batch samples indicate that the system has preference for the hexagonal phase at higher 

relative concentrations of sulfur and once again link particle growth with propagation of the 

hexagonal phase. 

 

Figure 4.16: XRD patterns of CdS samples prepared with Cd(NO3)2 and Na2S via the reactor injection method 

over a series of temperatures with Cd2+:S2- concentration ratios of (a) 1:1, (b) 1:2 and (c) 1:6; along  with (d) the 

calculated % of the hexagonal phase, Xh, and (e) the average crystallite sizes  calculated using Xfit. 
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TEM analysis was performed on a selection of samples prepared via the reactor 

injection method. Figure 4.17 contains the corresponding images of CdS samples prepared over 

a series of Cd2+:S2- concentration ratios and reaction temperatures of 100 and 300 ºC. At all 

three relative ratios the samples prepared at 100 ºC are generally non-crystalline and poorly 

defined, which matches up with XRD results and resembles samples of the same temperature 

prepared via the batch method. At 300 ºC the samples exhibited significantly larger and more 

defined crystallites, with each relative ratio containing polydisperse range of sizes and shapes, 

including hexagonal, triangular and rod like particles (Figure 4.17 (b), (e) and (h)). 

Additionally, each of the samples prepared at 300 ºC exhibited signs of more complex 

hierarchal particles. The particles displayed Figure 4.17 (c), (f) and (i) consist of clear rod like 

components extruding out from a central point. These particles, which were not present in the 

batch prepared samples may be related to the tetrapod structures discussed in the introduction. 

 

Figure 4.17: TEM images of CdS samples prepared with solutions of Cd(NO3)2 and Na2S via the reactor 

injection method at 100 and 300 °C and Cd2+:S2- concentration ratio of (a),(b),(c) 1:1; (d),(e),(f) 1:2 and 

(g),(h),(i) 1:6. 
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4.3.2.4 Effect of Heat-up rate 

Figure 4.18 reorganises Xh data from the Na2S series in such a way to allow for the 

direct comparison of the conventional batch, reactor batch, and reactor injection methods at 

each Cd2+:S2- concentration ratio. As discussed earlier, in certain cases increased heating times 

(th) in the conventional batch method can lead to propagation of the hexagonal phase. The 

conventional samples presented here were prepared at 200 °C and at th = 3 hrs, far longer than 

the corresponding reactor batch samples which, when accounting for heat up times and reaction 

time (tr) would have th = 29 min (see Chapter 2, Table 2.1). Despite this the conventional batch 

samples have significantly lower Xh values than the reactor batch samples of the same 

temperature. As mentioned in previous chapters the only significant difference in practice 

between the two methods is in the heat up rates, therefore the higher Xh values found in the 

reactor batch samples indicate a preference for the hexagonal phase at faster heat up rates. 

Samples prepared by the injection method demonstrated a further preference for the 

hexagonal phase. Compared to the reactor batch samples it can be seen that at 1:1 and 1:2 the 

injection method resulted in consistently higher Xh values at each temperature and at 1:6 the 

two methods both increased sharply along with temperature. With the previous sulfur sources 

thiourea and Na2S2O3, the injection method demonstrated significant shape control compared 

to the batch method, particularly at higher temperatures. However, the same level of control 

was not carried over to the resulting phase composition. The original assumption was that, 

when applied to the formation of CdS, the hydrothermal injection method could control the 

expression of the thermodynamically favoured hexagonal phase by initiating the reaction at 

high temperatures, thus avoiding the kinetically favoured cubic phase during the heat up 

process. In reality, phase control according to the XRD data proved complex and contingent 

on a number of factors, known and unknown. However, these results indicate that when Na2S 

is used as the sulphur precursor, the system appears to behave according to this original 

assumption. The likely reason for this is that, unlike the other two precursors, Na2S is available 

to react with Cd(NO3)2 at room temperature. This means that when Na2S is used the system is 

far more susceptible to the formation of the cubic phase, as more CdS production can occur at 

the lower temperatures favourable to such kinetic intermediates. A faster heat up rate in the 

reaction means less time spent at lower temperatures which reduces the susceptibility of the 

cubic phase. In this context the injection method can be considered to have an instantaneous 

heat up rate as CdS formation cannot begin until the desired temperature has been reached.  
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Figure 4.18: Calculated % hexagonal phase (Xh) for samples prepared via the reactor batch, reactor injection 

and conventional batch (3 hrs) methods at Cd2+:S2- concentration ratios of (a) 1:1, (b) 1:2 and (c) 1:6. 
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4.3.3 Principal component Analysis (PCA) 

4.3.3.1 Simulated CdS XRD patterns 

PCA analysis was performed on a dataset of 99 simulated CdS XRD patterns made 

using GSAS over a series of hexagonal phase percentages (Xh) and peak broadness values (Lx), 

all normalised to have the same maximum intensity (a.u.) of 1.0. For reference, Figure 4.19 

contains a small sample of these patterns at Xh values of (a) 0%, (b) 50% and (c) 100% and Lx 

values of 5, 50, 100, 150 and 200. The remaining patterns can be viewed in the appendix 

(Figure A.5). As Lx increases the peaks broaden significantly, which in a real diffraction pattern 

would signify smaller average crystallite sizes. Eventually closely grouped peaks begin 

overlapping such as the (100), (111)/(002) and (101) at  24.8, 26.4 and 28.2 ° 2θ. 

Similarly as Xh increases the intensity of peaks unique to the hexagonal phase begin to 

increase, this is best described by the hexagonal peaks (100) and (101) which at Xh = 100% 

eventually surpass the (111)/(002) peak as the most intense in the pattern. Figure 4.19 (d) 

contains the loading plots of PC1 and PC2. The PCs are new variables computed from the 

original variables to contain the maximum amount of variance possible. In the case of both real 

and simulated CdS XRD patterns the original variables are the 7000 reflected intensity readings 

recorded when the 2θ region of 15 to 85 ° is sampled every 0.01 °. Each CdS sample will have 

a unique XRD patterns with unique values for each of these 7000 variables, and the purpose of 

the loading plot is to visually signify which of these variables contributed the most variance to 

a given PC in the positive or negative direction. Figure 4.19 (d) has been zoomed in to the 20 

to 60 ° 2θ region, and has been labelled with the positions of the hexagonal and cubic peaks in 

blue and red respectively. Peaks at a given 2θ value on this plot represent significant variance 

in the region of the dataset which is contributing to a given PC. Four peaks located at 24.8, 

28.2 36.6 and 47.9 °2θ can be seen protruding above the 0 line for PC2. Significantly, these 

positions correspond to CdS XRD peaks unique to the hexagonal phase. This means that XRD 

patterns with higher intensities in these four positions will be assigned more positive values for 

PC2. Similarly peaks protruding below the 0 line are present most prominently at 26.4, and 

30.6 ° but also at 43.9 and 51.9 °. These correspond to CdS XRD peak positions unique to the 

cubic phase, and also cubic peaks overlapping with hexagonal ones. This means XRD patterns 

with higher intensities in these peaks will be assigned more negative values for PC2. To 

summarise, it is evident that PCA has successfully identified the Xh values as one of the primary 
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sources of variance among the 99 patterns. Assigning higher PC2 values for patterns with a 

larger Xh (more hexagonal) and lower values for those with smaller Xh (more cubic). 

The loading plot of PC1 takes a drastically different form. Each CdS peak, both cubic 

and hexagonal is represented in this plot, protruding below the 0 line. The shape of this plot 

resembles that of a highly non-crystalline CdS sample where the smaller particles result in 

XRD peak broadening. However, in this plot each peak is silhouetted by a much sharper highly 

crystalline version of itself meaning these narrow regions are contributing to a positive PC1 

value. Therefor PCA has successfully extracted the Lx values as a primary source of variance 

among the data set. In other words: patterns with broader peaks (larger Lx values) will be 

assigned lower values for PC1 and patterns with narrow peaks (smaller Lx values) will be 

assigned higher PC1 values.  

Figure 4.19 (e) plots each pattern by its coordinate values of the first two PCs and is 

known as a score plot. PC1 and PC2 account for 68.8 and 13.7 % respectively of the total 

variance detected in the full dataset, meaning the data represented in this two-dimensional score 

plot accounts for a significant majority of that variance (82.5 %). The score plot displays trends 

in the data consistent with what was described in the loading plots. Each Xh value contains a 

series of 9 patterns and as this value increases the patterns shift to the more positive region of 

PC2. Similarly, in a given Xh series as the Lx increases peaks become broader (less crystalline) 

and the patterns shift to the more negative region of PC1. This further indicates that variance 

in the dataset associated with crystallite size and phase composition has been successfully 

extracted by PCA and assigned to PC1 and PC2 respectively. However, this division between 

phase composition and size is not entirely complete. Take for instance the 0% Xh series: as 

peak width becomes smaller patterns shift as expected, to the more positive region of PC1 but 

they also shift to the positive direction of PC2, even though the Xh value has not changed. This 

effect can be explained by the PC2 loading plot (Figure 4.19 (d)). Of the four peaks contributing 

to the negative (more cubic) PC2 scores, three of them have the same size variance effect seen 

in PC1 of narrow peaks silhouetted against broader ones. This means that as these particular 

peaks change in size they will also have a small effect on PC2. Because the intensity of these 

peaks are indicators of the cubic phase, this effect of changing PC2 score with size is most 

prominent at 0% Xh and decreases in significance with higher values of Xh. 
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Figure 4.19: 99 simulated CdS XRD patterns were produced with GSAS over a series of Xh (%) values and Lx 

peak broadening values. A selection these patterns are presented here with Xh values of (a) 0 %, (b) 50 % and 

(b) 100 % and Lx values of 5, 50, 100, 150 and 200, along with (d) the loading plots of PC1 and PC2 resulting 

from PCA performed on the full dataset of 99 patterns and (e) the corresponding score plot where each pattern is 

plotted according to its PC1 and PC2 scores. 
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4.3.3.2 Real CdS XRD patterns 

The previous section demonstrated that PCA was capable of the extracting key 

structural properties of phase composition and crystallite size as primary sources of variance 

when applied to a dataset of simulated CdS XRD patterns, where these properties had been 

explicitly controlled. In this section PCA was applied to the large dataset of real CdS XRD 

patterns recorded from 138 lab-prepared CdS samples. Each sample was prepared with a 

solution of Cd(NO3) as the Cd2+ source and either Na2S, Na2S2O3 or thiourea as the S2- source. 

A conventional hydrothermal method was used, as well as the batch and injection methods in 

the hydrothermal injection reactor. The reaction conditions were then further varied over a 

series of Cd2+:S2- concentration ratios, reaction temperatures and heating times. The resulting 

XRD patterns of these samples have been presented in this chapter and in Chapter 3, where the 

data was discussed and interpreted by a traditional approach. This involved calculating 

estimates for the phase composition via the relative intensity method, average crystallite sizes 

via Xfit, and graphing this data to identify and rationalise trends. This approach can be highly 

effective when dealing with a small set of samples but with larger set it becomes time 

consuming and increasingly difficult to identify trends between the many different variables in 

reaction conditions. 

PCA offers the opportunity to consider every XRD pattern in the dataset, distil it down 

to its more significant information, and present this information in a single graph which can be 

considered a map of the CdS synthetic landscape. Figure 4.20 (a) contains the loading plots 

PC1 and PC2 zoomed in to the 20 to 60 ° 2θ region and has been labelled with the positions of 

the hexagonal and cubic peaks in blue and red respectively. These loading plots are highly 

related to the ones formed when PCA was applied to just the simulated samples (see 

Figure 4.19 (d)). PC1 has the same broad/narrow peak silhouette and in PC2, peak positions 

unique to the hexagonal phase appear above the 0 line and below the line are peak positions 

unique to the cubic phase and ones shared between the cubic and hexagonal phase, with a 

particular emphasis on the (111)/(002) position. Simply put this means PCA has again 

extracted crystallite size and phase composition as the primary sources of variance in the 

dataset and assigned them to PC1 and PC2 respectively. Note: the profile of PC1 in the loading 

plot has been flipped, this simply means the values of PC1 have been reversed, with broader 

peaks (smaller crystallites) being assigned more positive values and narrower peaks (larger 

crystallites) being assigned more negative values. This was accounted for in the score plots by 
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flipping the PC1 axis so that it may resemble the Figure 4.19 score plot, which has been 

discussed in detail. 

 

Figure 4.20: (a) The loading plot of PC1 and PC2 resulting from PCA performed on a data set of XRD patterns 

recorded from 138 lab prepared CdS samples and (b) the corresponding score plot where each sample is plotted 

according to its value for PC1 and PC2 and are categorised according to the S2- source (colour) and the synthetic 

method (shape) used. 

Figure 4.20 presented above is important, as it demonstrates clearly that the inclusion 

of the simulated patterns to the PCA calculation is not essential for the calculation of PC1 and 
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PC2 as indicators of varying crystallite size and phase composition. However, the simulated 

patterns were made to thoroughly sample the matrix of possible CdS phase compositions and 

sizes, so their inclusion could provide helpful points of reference on the score plot, and a 

defined boundary which the real data must lie within. Thus, PCA was performed once more 

but this times on both the 99 simulated patterns and the 138 real patterns. Figure 4.21 contains 

the loading plots of PC1 and PC2. This plot does not require thorough discussion because it is 

practically unchanged from the previous loading plots presented in Figures 4.19 (d) and 

4.20 (a).   

 

Figure 4.21: The loading plots of PC1 and PC2 resulting from PCA performed on a data set of 99 simulated and 

138 real CdS XRD patterns. 

PC1 and PC2 account for 69% and 11.7% of the total variance respectively, meaning 

the corresponding two-dimensional score plot will describe a significant majority of variance 

(80.7%) contained within the original dataset. Figure 4.22 (a) presents the score plot of PC1 

and PC2 emphasising the simulated patterns, with Xh values distinguished by colour and Lx 

values by shape. The significance here is that this plot is almost identical to Figure 4.19 (e) i.e. 

the inclusion of the real samples to the dataset has not altered the relative position of the points 

in the score plot, and the same trends in the data have been preserved. Increasing hexagonal 

phase composition (Xh) will shift samples lower in the score plot (more positive PC2 values) 

and shrinking crystallite size will shift sample to the right (more positive PC1 values). Figure 

4.22 (b) presents the same score plot but emphasises all of the 138 real XRD patterns, with 

sulfur source distinguished by colour and synthetic method by shape. The real samples spread 

over much of the area defined by the simulated patterns but notable they avoid the extreme 0% 
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and 100% Xh regions and the largest crystallite sizes. The bottom right-hand region of the score 

plots defines patterns with a high Xh values but small crystallite sizes. Interestingly, real 

samples are absent from this area because the high temperatures generally required for the 

hexagonal phase also result in accelerated growth, i.e., such XRD patterns can be easily 

simulated but are effectively inaccessible via synthetic methods. 

 

Figure 4.22: The score plot of PC1 and PC2 resulting from PCA performed on a dataset of simulated and real 

CdS XRD patterns presented two different ways, emphasising (a) the 99 simulated samples, (b) the 138 real 

samples 

Figure 4.23 (a) and (b) emphasise samples prepared in the hydrothermal reactor, the 

former categorises the samples by the sulfur source used and by the batch or injection method 

with the latter by reaction temperature and Cd2+:S2- concentration ratio. In this plot a significant 

level of grouping can be seen by samples of a shared sulphur source. For instance, the thiourea 

samples are concentrated in the strongly crystalline region (left hand side) of the score plot. 

This is consistent with the XRD data presented and interpreted under “traditional” means which 

found comparatively large average crystallite sizes for all samples prepared with thiourea. 

Indeed, this also matches up with the SEM results which demonstrated that samples prepared 

with thiourea regularly formed large single crystal particles such as the Xmas trees and 

branched hexagonal rods, which were discussed in detail. 

Samples prepared with Na2S2O3 are represented in red in Figure 4.23 (a). It can be seen 

that these samples spread over a much larger range of crystallite sizes. This is somewhat 

expected due to the expanded temperature range available to Na2S2O3 (150 – 300 °C) compared 

to thiourea (200 - 300 °C). However, with reference to Figure 4.23 (b) it can be seen that 

Na2S2O3 samples and thiourea samples prepared at the same reaction temperature and same 
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method generally had very different sizes. This indicates the larger range of crystallite sizes in 

the Na2S2O3 is not simply a product of the broader temperature range. In addition, the Na2S2O3 

samples are heavily grouped in the upper section of the plot indicating a clear preference for 

the cubic phase compared to the other precursors. 

Na2S has the largest temperature range of the sulfur precursors, with samples prepared 

at room temperature (RT) all the way to 300 °C. These samples are represented in black in 

Figure 4.23 (a), and the result is concentration of very small and very cubic samples located in 

the upper right quadrant of the plot. Samples in this region were prepared with reaction 

temperatures of RT, 50 and 100 °C but at higher temperatures the samples begin to shift 

diagonally towards the bottom left quadrant as they become more hexagonal and crystalline 

eventually concluding with the 300 °C 1:6 reactor batch and injection samples. As discussed 

earlier, the injection method demonstrated higher Xh values than the batch method when 

applied to Na2S. This trend can been be observed in Figure 4.23 (a) as more injection samples 

are closer to this bottom left position than batch samples. 

 

Figure 4.23: The score plot of PC1 and PC2 resulting from PCA performed on a dataset of simulated and real 

CdS XRD patterns, emphasising the samples formed via the hydrothermal reactor which are  distinguished 

according to (a) the sulfur source and synthetic method and (b) the reaction temperature and Cd2+:S2- 

concentration ratio. 

Figure 4.24 (a) and (b) emphasise samples prepared via the conventional batch method, 

the former categorises the samples by the sulfur source used and the heating time (th) and the 

latter by reaction temperature and Cd2+:S2- concentration ratio. The most significant difference 

between these samples and those prepared in the reactor can be seen in the Na2S series which 

show a far greater preference for the cubic phase, with the notable exception of the two samples 
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prepared at 150 and 200 °C with th = 4 and 1:1. The thiourea samples spread over roughly the 

same Xh values compared to the reactor samples but are more tightly concentrated in the 

strongly crystalline left hand region, due to the long heating times applied to the conventional 

batch samples. Finally, the Na2S2O3 samples seem to behave in a similar fashion to their 

corresponding reactor samples, showing the same preference for the cubic phase. In Figure 

4.24 (b) a very clear relationship can be observed between reaction temperature and crystallite 

size. As the temperature increases, particle growth is accelerated and samples shift to the left 

of the plot. This observation is true even if the thiourea samples are discounted which, as 

discussed had unusually high crystallite sizes. 

 

Figure 4.24: The score plot of PC1 and PC2 resulting from PCA performed on a dataset of simulated and real 

CdS XRD patterns, emphasising the samples formed via the conventional batch method which are distinguished 

according to (a) the sulfur source and heating time ,th, and (b) the reaction temperature and Cd2+:S2- 

concentration ratio. 

Of all the reaction conditions varied in this large matrix of samples it is Cd2+:S2-
 

concentration ratio that proved to be the most complex. Depending on the sulfur source or the 

synthetic method used, the specific relationship between the Cd2+:S2- and the calculated Xh 

values could change drastically. For example, in the Na2S2O3 series increasing concentrations 

of this sulfur source led to a decreased Xh for both the conventional batch and reactor batch 

methods, but increased Xh in the reactor injection method. Similarly, in the Na2S series 

increasing concentrations of this sulfur source led to decreased Xh for the conventional batch 

method but increased Xh in the reactor batch and injection methods. These trends are 

represented in Figure 4.23 (b) and 4.24 (b) which categorise samples according to their Cd2+:S2- 

ratio. Unfortunately, these score plots don’t appear to offer a clear rationale for this complex 
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relationship but they provide a clear and simple way of documenting these trends which may 

inform future experiments. 

4.3.3.3 Broader Applicability of PCA 

In order to show that this PCA based approach to powder XRD analysis is more broadly 

applicable, it has also been applied to a number of other systems. Here, its application to the 

thermodiffraction patterns of a cerium dioxide (CeO2) sample is reported. Figure 4.25 (a) and 

(b) contain the individual powder XRD patterns collected in situ from a single CeO2 sample 

that had been heated from room temperature (RT) to 900 °C at a rate of 0.2 °C/second. This 

was facilitated by a Bruker D8 diffractometer fitted with an Anton Parr XRK900 reaction 

chamber and a VÅNTEC-1 solid state detector. An XRD pattern was obtained from the sample 

at each 50 °C interval resulting in a total of 20 patterns, which includes a final pattern recorded 

after the sample had cooled back to RT, referred to here as the “End” pattern. This previously 

published raw XRD data was collected by Dunne et al. and it is presented and analysed here 

with permission from the author.25  

Figure 4.25 (c) contains average crystallite sizes calculated via Xfit for each XRD 

pattern in the series. The crystallite size is seen to remain effectively unchanged until after 

500 °C, at which point it increases exponentially. Even without the assistance of the Xfit 

calculations, this structural change occurring in the sample is clearly visible in the raw XRD 

data, as the diffuse peaks recorded at low temperatures gradually narrow into the sharp and 

intense peaks recorded at high temperatures. However, there is another structural change 

occurring in the CeO2 which is far less obvious in the raw data. Figure 4.25 (d) contains the 2𝜃 

positions of the highest intensity point of the peak corresponding to the (111) reflection of 

CeO2 for each XRD pattern. From RT to 300 °C, the apex of the (111) peak remains in the 

same region, but at 350 °C a significant shift to the lower 2𝜃 region occurs, where it remains 

until shifting back in the End XRD. This is the result of a unit cell expansion occurring in the 

CeO2 sample in response to the high temperatures. This in turn will alter the d spacing and shift 

the XRD reflections to lower 2θ positions. The peak positions shift back in the End XRD 

pattern because it was recorded after the sample had cooled to RT, thus allowing the unit cell 

to relax back its standard dimensions. It is important to note that the five shallow peaks which 

first appear in the 300 °C sample at 2𝜃 positions 30.2, 35.6, 37, 42.9, 44 and 51.2 ° correspond 

to the ceramic sample holder and are unrelated to the sample. 
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Figure 4.25: (a),(b) In situ XRD patterns collected at intervals of 50 ºC form a CeO2 sample heated to 900 ºC at 

a rate of 0.2 ºC/second, (c) the average crystallite size of each pattern calculated via Xfit and (d) the 𝟐𝜽 

positions of the highest intensity point of the peak corresponding to the (𝟏𝟏𝟏) reflection of CeO2 for each XRD 

pattern. 

PCA was then applied this dataset of XRD patterns, the loading plots of PC1 and PC2 

resulting from this calculation can be found in Figure 4.26 (a) labelled with peaks 

corresponding to CeO2 sample and the ceramic sample holder in red and blue respectively. In 

the loading plot of PC1 each of the five CeO2 peaks protrude above the 0 line and each feature 

the broad/narrow peak silhouette also observed in the real and simulated CdS PCA plots. In 

those previous sections this phenomenon was discussed in detail, but in short it is characteristic 

of changing peak widths within the dataset and indicates that PCA has successfully extracted 

crystallite size as one of the primary sources of variance in the dataset. Broader peaks (smaller 

crystallites) will be assigned more positive PC1 values and narrow peaks will be assigned more 

negative PC1 values. PC2 however takes a drastically different form, the five CeO2 peaks are 

represented in this loading plot but each has been bisected in half with the left section (lower 

2𝜃 positions) protruding below the 0 line and the right section (higher 2𝜃 positions) protruding 

above the 0 line. This means PCA has successfully extracted peak positions as a primary source 

of variance in the dataset and XRD patterns with peaks shifted to lower 2𝜃 positions as a result 

of unit cell expansion will be assigned more negative values in PC2. It is important to note that 

the ceramic sample holder peaks have been picked up in both PCs. Based on the size of their 
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loadings, it can be seen that their influence is minor in PC1 but in PC2 they might noticeably 

affect positions in the score plot.  

 

Figure 4.26: (a) The loading plot of PC1 and PC2 resulting from PCA performed on a 20 XRD patterns 

collected from a sample of CeO2 over a series temperatures and (b) the corresponding score plot with labels 

added to distinguish each pattern according the temperature it was collected at. 

Figure 4.26 (b) is a score plot where each XRD pattern is plotted according to its 

calculated values for PC1 and PC2. Consequently each XRD pattern is represented by a single 

point, which has been labelled with the temperature at which it was obtained. PC1 and PC2 

respectively account for 87% and 6.5% of the total variance detected in the full dataset meaning 

the data represented in in this two-dimensional score plot account significant majority of that 
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variance (93.5%). If the points in this plot are followed according to increasing temperature a 

clear trend can be observed which is in agreement with the trends illustrated in Figure 4.25 (c) 

and (d). First, let’s consider patterns according to their position on the PC1 axis. The patterns 

from RT to 550 °C are grouped within the same narrow region on PC1, but when the 

temperature increases to 600 °C the pattern shifts slightly to a lower PC1 value. This negative 

PC1 shift continues with each subsequent temperature interval and is highly consistent with 

the trend illustrated in Figure 4.25 (c) which plotted average crystallite size as a function 

temperature. Next if the positions on the PC2 axis are considered, it can be seen that the seven 

patterns from RT to 300 °C are closely grouped together, but at 350 °C there is a significant 

shift to a lower a lower PC2 value. This negative PC2 shift continues at 400 °C but 

subsequently remains relatively unchanged until a large positive shift is observed for the End 

pattern. This trend is highly consistent with the data illustrated in Figure 4.25 (d) plotting peak 

positions as a function of temperature. However, the influence of the ceramic peaks can also 

be observed in PC2, the patterns 400 to 700 °C had the most evident contribution from these 

peaks and these patterns are slightly lower on PC2 than the 750 to 900 °C patterns despite 

having roughly the same CeO2 peak positions. The reason for this can be seen in the loading 

plot for PC2 where the six ceramic peaks (labelled in blue) appear below the 0 line, meaning 

that patterns with larger intensities in these 2𝜃 will be assigned more negative PC2 values. 

This work has demonstrated that PCA is capable of extracting peak shifts as a major 

source of variance in a dataset of XRD patterns. The consequence, of this is in terms of the 

application of PCA to XRD, is much further reaching than just the example described above. 

The unit cell expansion which causes peak shifting can also be occur through the introduction 

of dopants to the crystal lattice. Lattice parameters must dilate in response to these interstitial 

atoms and if enough are present in the material the peaks will experience a shift.26, 27 This shift 

will be irreversible and by measuring its severity, it is possible to approximately measure the 

percentage of doping. Doping has been used great effect in altering the physical and electronic 

behaviour of certain semiconductor materials and PCA could serve as a major asset to related 

studies which aim to probe this behaviour through alterations in dopant material, dopant 

concentration etc. Finally, it is important to note that in this work impure peaks unrelated to 

the structure of CeO2 did have marginal influence the PCA plots. However, the general trends 

in the data remained relatively undisturbed and with the help of the loading plot the exact 

influence these peaks had on the data was easy to identify.  
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4.4 Conclusions 

In this chapter the synthetic mapping of CdS production via the hydrothermal injection 

reactor and by a conventional hydrothermal method was greatly expanded upon from the 

previous chapter by the inclusion of Na2S2O3 and Na2S as sulfur sources. XRD, SEM and TEM 

analyses were applied to these additional CdS samples. These techniques showed that in 

response to changing sulfur sources CdS expressed vastly different trends in size, shape and 

crystal phase expression compared to the thiourea prepared samples of the previous chapter. 

In the case of samples prepared with Na2S2O3, it was found that the conventional batch 

and reactor batch methods resulted in CdS microspheres as the dominant morphology. The 

results suggested that the mechanism governing the formation of these microspheres is a sort 

of soft-templated synthesis mediated by formation of elemental sulfur colloids. The discovery 

of this mechanism demonstrated major potential for the use of Na2S2O3 in the formation of 

hollow particles via a templated synthesis. When the reactor injection method was applied to 

these reactions, it was found that CdS formation via this soft template mechanism could be 

prevented by thermal dissociation of thiosulfate pre-injection. The result was that increasing 

reaction temperatures de-emphasised the formation of CdS microspheres in favour of CdS 

nanocrystals. 

Samples prepared with Na2S were found to be composed of the polydisperse CdS 

nanocrystals of varying size and shapes. Application of the reactor batch and injection methods 

did not result in significant degree of size or shape control compared to the conventional batch 

method. However, these methods proved very successful in selectively synthesising the 

hexagonal CdS phase, with the injection method proving to be the most effective.  

In addition, this process of adding different sulfur sources to the synthetic mapping of CdS 

production also massively increased the matrix of reactions resulting in a large and complex 

powder XRD dataset. PCA was applied to this dataset where dimensionality reduction 

calculations were able to extract crystallite size and phase composition as the primary sources 

of variance (PC1 and PC2). Plotting the samples according to these new variables resulted in a 

2-dimensional representation of the data (score plot), which can be thought of as a 

comprehensive synthetic map of CdS production within the set of varied reaction conditions 

(synthetic method, sulfur source, reaction temperature, Cd2+:S2- concentration ratio, heating 

time). This map proved to be an invaluable tool for interpreting the large dataset. Having all 
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the samples represented on a single plot facilitate convenient direct comparison between 

different series of reactions. Traditional analytic techniques were applied to the raw XRD data 

including crystallite size calculations according the Scherrer equation, and estimating phase 

composition according to relative peak intensity. The trends in the data obtained from these 

time-consuming techniques were found to be highly consistent with trends observed in the PCA 

generated score plot. This supports the viability of using PCA as a fast and reliable method for 

in interpreting large XRD datasets in lieu of traditional techniques, and as method for 

visualising the synthetic landscape of a materials. Additionally, the broader applicability of 

PCA in this context has been highlighted by its application to a thermodiffractogram of CeO2, 

which again clearly shows that size and peak position can be readily identified as major sources 

of variance in diffraction patterns. 

In this example PCA has proven a very powerful tool for interpreting large XRD 

datasets, providing a fast and effective method for surveying the landscape of CdS synthesis. 

However, it is important to note that XRD analysis provides a very limited amount of 

morphological information which also applies to the corresponding PCA plot. For this, 

exhaustive SEM and TEM imaging was performed on the matrix of samples which often 

revealed drastic morphological shifts between different synthetic methods or reaction 

conditions, far beyond what could be predicted by XRD data alone. In many cases these images 

offered key insights in the mechanism governing CdS production, which emphasises the need 

for complimentary techniques such as these to build a full picture of the synthetic landscape. 
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5.1 Introduction 

5.1.1 Hollow materials and templated synthesis 

Hollow micro and nanostructure are simply defined as architectures composed of a 

distinct shell surrounding an empty space. Research into the discovery of new hollow materials 

and the development of reliable synthetic techniques for accessing them, has picked up 

considerable speed in the last two decades, stemming from the initial discovery of carbon 

nanotubes.1 Hollow materials can exhibit some unique advantages relative to their solid 

counterparts, including a low density, high surface area and high loading capacity. Indeed, 

some of these qualities may be enhanced further if the shell is permeable or porous. 

Accordingly, these unique properties have facilitated the development of many practical 

applications for hollow materials in fields including catalysis,2,3 energy storage,4, 5 and 

biomedical engineering.6, 7 Hollow particles are normally formed with the help of a template, 

and this strategy that can be divided into three categories: hard-templating, soft-templating and 

self-templating.1, 8 The hard-templating method simply involves the use of a solid scaffold 

particle. First this hard template is prepared, next the target material is formed or deposited on 

the surface of the template and finally, the template is selectively removed leaving behind the 

hollow particle. This final step may be achieved simply dissolving the template in a particular 

solvent in which the target material is insoluble, or by other methods such as chemical etching 

and thermal treatment. In this method the size and shape of the hollow particle is dictated by 

that of the template, so it is paramount to choose a template material whose formation and 

growth are well understood and can be easily influenced in the preparation stage. The soft-

templating method as the name might suggest typically involves a template material in the 

liquid or gaseous phase such as emulsion droplets, gas bubbles, or micelles. A key advantage 

of this method is that a dedicated step of removing the templates is often not necessary as 

factors concerning shell growth can usually result in an exhaustion of these thermodynamically 

metastable structures.1 However, the high deformability of these templates can also 

compromise the uniformity of the products. In self templated synthesis the chemical 

constituents of the template scaffold are the same as the target material. This involves first the 

formation the template particles, and second a transformation of this template into a hollow 

structure. Central to this process is the formation of the inner void within the solid precursor, 

for which a number of strategies have been developed. The etching method involves selectively 
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dissolving the inner core by particular reagents, the outward diffusion method involves a 

movement the inner mass out towards the surface and the heterogeneous contraction method 

where a cavity is created due to non-equilibrium heating. 

5.1.1.1 Chemical gardens 

Chemical gardens are hollow structures formed from a disequilibrium precipitation 

process which adopt complex biomorphic architectures often likened to plant and fungal life.9 

Typically, chemical gardens form spontaneously from the introduction of a soluble metal-salt 

seed to an anionic solution, possibly containing silicates, phosphates or sulfides. As the metal-

salt dissolves into the solution metal cations are released, reacting with the anions and forming 

a gelatinous colloidal membrane around the seed particle. This semi-permeable membrane 

creates a steep concentration gradient between the conditions within the membrane and the 

exterior solution. This results in great osmotic forces, pulling in ions from the exterior solution 

through the membrane. This process applies a building level of mechanical stress to the fragile 

membrane, eventually causing a rupture releasing the interior solution which immediately 

reacts with anions in the exterior solution. This disordered process is what forms the complex 

biomorphic structures originating from the parent seed, such as the examples visible in 

Figure 5.1. 

 

Figure 5.1: Examples of chemical gardens formed form reactions between (a) an iron (III) seed with a sodium 

silicate solution, (b) a calcium chloride seed with a sodium phosphate and sodium carbonate solution and (c) a 

cobalt chloride seed in a sodium silicate solution. Reproduced form reference 9. 



 

143 

 

5.2 Copper sulfide 

Copper sulfides are defined as a family of compounds with varying atomic ratios of 

copper to sulfur, and are represented by the formula Cu2-xS where 0 ≤ x ≤1. Copper (I) sulphide 

(Cu2S) due to oxidation and the high mobility of copper ions is prone to the loss of cations at 

ambient conditions.10 As a result Cu2-xS adopts a wide variety stoichiometric compositions at 

various ratios of copper to sulfur, each with different crystal structures and unique properties. 

Copper sulfides have undergone extensive study in a diverse selection of fields such as energy 

science and biomedicine. This is due to a number of factors including the wide availability of 

its constituent elements, robust semiconductor behaviour and its non-toxicity. Copper sulfides 

have been identified as proficient p-type semiconductors, thanks to the relatively high mobility 

of the copper cations which results in a high concentration of copper vacancies, that in turn can 

act as electron acceptors.11, 12 In addition, copper sulfide had demonstrated a tuneable bandgap 

which can be controlled by variations in the copper to sulfur ratio with an increasing x value in 

Cu2-xS, resulting in an increased bandgap.13, 14 Thanks to these unique properties copper 

sulfides have demonstrated great potential in a number of applications including solar cells15, 

catalysis13, 16, 17, sensors18, 19, and photovoltaics.20 

5.2.1 Digenite 

Digenite is a form of copper sulfide with a cubic symmetry and a non-equivalent ratio 

of copper to sulfur. The empirical formula of digenite is normally presented as Cu1.8S but in 

reality the copper content can vary between Cu1.75S and Cu1.84S.21 Digenite has three major 

polymorphic forms: a low temperature structure (stable below 73 ºC), a high temperature 

structure (stable above 73 ºC) and an intermediate metastable structure which occurs as a 

transition phase between the two. The low temperature form of digenite is represented in 

Figure 5.2. As discussed earlier digenite has a variable stoichiometry, this factor coupled with 

the high mobility copper means the copper atoms can occupy a few different positions in then 

unit cell. There are a total of 4 sulfur atoms in the unit cell which are arranged in a CCP sub 

lattice. There are two type of copper sites positioned in this sulfur sub lattice, 8 tetrahedral sites 

each with an occupancy of 68% and 32 trigonal sites with occupancies of 6%. Thus when all 

positions are accounted, the unit cell contains 7.36 copper atoms giving an empirical formula 

of Cu1.84S. The high temperature form of digenite has an increasingly disordered distribution 

of copper atoms which in turn results in a distortion of the sulfur sub-lattice.21, 22 
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Figure 5.2: A representation of the of the room temperature crystal structure of digenite, Cu1.8S, with 

copper and sulfur atoms coloured blue and yellow respectively.22 

5.2.2 Covellite 

Covellite is a blue-indigo form of copper sulfide with an equivalent ratio of copper to 

sulfur and represented by the formula CuS. Figure 5.2 contains representations of the covellite 

crystal structure at room temperature. Covellite adopts a hexagonal structure which is evident 

when viewed down the c-axis (Figure 5.3 (b)). The unit cell made up of a set of CuS layers 

where each copper is coordinated to three sulfur atoms in a trigonal planer arrangement. The 

layers are sandwiched between two layers of Cu2S2, where the copper atoms sit in a tetrahedral 

site coordinated to four sulfur atoms. Additionally S-S bonds occur between three sulfur atoms 

of this tetrahedral site and three of another adjacent site. At temperatures below 55 K slight 

alterations in the bond distances result in a structural rearrangement from hexagonal to 

orthorhombic.23 It should be noted that the exact oxidation states of copper and sulfur in 

covellite CuS has been a topic of lengthy debate. Previous attempts to assign the oxidation 

states have resulted in formulas of (Cu+)3(S2
2-)(S-) and (Cu+)3(S2

-)(S-).23, 24 However a recent 

DFT study by Conejores et al. developed a more complex description of the oxidation states, 

which they argue is more consistent with details of the crystal structure. Factoring in the 

presence of the S-S bonds and a better consideration the role of valence band holes delocalised 

across the crystal planes .25 This results in an oxidation formula of [(Cu+)2(S2
2-)(Cu+)(S2-)]-1e- 

or [(Cu(1+δ)+)2(S2
(1-δ)-)(Cu(1+δ)+)(S(2-δ)-)] where δ = 1/6. 
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Figure 5.3: Representations of the covellite, CuS, crystal structure, Including the (a) the unit cell and (b) a view 

of the lattice down the c-axis, with copper and sulfur atoms coloured blue and yellow respectively.26 

5.2.3 Hollow copper sulfide  

A variety of templating methods have been used in the synthesis of hollow Copper 

sulfide nano- and microstructures. For instance, a study by Chen et al. reported hollow CuS 

microspheres composed of ‘nanoflakes’.27 Prepared form the hydrothermal treatment of CuSO4 

and thiourea. They propose that CuS nanoflakes formed from a copper(II)-thiourea complex 

and self-templated into hollow spheres (Figure 5.4 (a)). Although the full mechanism is not 

totally understood, this assembly possibly occurred due to the formation of a gaseous CO2 

cavity. Leidinger et al. successfully prepared nanoscale hollow CuS particles with controlled 

phase compositions (CuS, Cu1.8S and Cu2S) via a soft-template microemulsion technique 

(Figure 5.4 (c) and (c).28 Yao et al. demonstrated unique  “micrometer-scaled hierarchal tubular 

structures” (Figure 5.4 (d) and (e)). .29 These structures were formed form the deposition of 

nanoflake-built microspheres onto a self-sacrificial hard-template, itself formed from CuCl2 

and thioacetemide. 

 

Figure 5.4: Examples of hollow CuS particles found in the literature and described as (a)  hollow microspheres 

composed of nanoflakes (b),(c) nanoscale hollow spheres and (d),(e) micrometer-scaled hierarchal tubular structures. 

Adapted from reference 27, 28 and 29. 
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5.2.4 Aims 

In the previous chapter it was discovered that CdS produced via the conventional 

hydrothermal batch method using Na2S2O3 as the sulfur source, could result in hollow 

microspheres. This was facilitated by the acidic environment provided by the Cd(NO3)2 

solution and the slow heat up times of the conventional batch method. These factors allowed 

for the formation of elemental sulfur colloids, which in turn acted as sacrificial templates 

forming CdS shells around their surface. This chapter aims to further exploit the same 

mechanism in order to develop a simple but reliable synthetic route to hollow CuS particles. 

This will be done by preforming the sulfur colloids at room temperature using a solution of 

Na2S2O3 and a strong acid. Forming the templates first in absence of the copper solution may 

provide increased control over their size, and accordingly the size of the templated CuS 

particles.   
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5.3 Experimental 

The first step in the synthesis of templated CuS particles involves the formation of 

elemental sulfur colloids in solution. As discussed in the previous chapter this can be easily 

achieved by reacting a solution of sodium thiosulfate pentahydrate, Na2S2O3•5H2O, with a 

strong acid (eqn. 5.2).30-32 Hydrochloric acid, HCl, was selected for this purpose and copper 

(II) chloride dihydrate, CuCl2•5H2O, was used as the source of Cu2+ ions. A key difference 

between these reactions and the hollow CdS particles, demonstrated in the previous chapter, is 

that the sulfur templates are formed separately in the absence of the metal ion to prevent their 

growth from being interrupted by a competitive reaction. This period is of colloid growth is 

referred to as the induction time (ti) and it is designed to provide suitable control over the size 

of sulfur templates. The exact mechanism by which CuS forms in this process is not fully 

known. However, it likely occurs via some redox process where Cu(II) is reduced to Cu(I) by 

the HSO3
- in solution. The Cu(I) then goes on to react with the elemental sulfur to form CuS. 

Note: over the large set of CuS reaction presented here, the relative molar concentration of the 

copper source and sulfur was varied regularly; in the interest of simplicity and consistency this 

will henceforth be referred to as the Cu2+:S2- ratio wherever applicable. 

 Na2S2O3
∆ RT
→  2Na+ + S2O3

2− (5.1) 

 S2O3
2− + H+ → S(s) + HSO3

− (5.2) 

5.3.1 Procedure 

Figure 5.5 illustrates the experimental procedure used in the synthesis of templated CuS 

particles and divides the process into a few key steps. (i) 10  mL of a 0.16 M Na2S2O3 solution 

was added to a round bottomed flask (RBF), containing 80 mL of distilled water and magnetic 

stir bar, suspended above a hot plate set to a 600 rpm stir function. (ii) 10  mL of a 0.16 M HCL 

solution was then added, this point marked the beginning of the induction time (ti), a time 

period which was varied between reactions to allow for the sulfur colloids (templates) to grow 

in solution. (iii) After ti had elapsed 10 mL of a CuCl2 solution was added to the RBF. The 

concentration of this solution was varied in order to influence the relative concentration ratio 

of CuCl2 to Na2S2O3 (Cu2+:S2-) in a given reaction, and its addition to the RBF marked the 

beginning of the variable time period called the reaction time (tr). (iv) Immediately after the 
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addition of the CuCl2 solution the RBF was transferred to an oil bath preheated to a certain 

reaction temperature and fixed with a condenser, this set up was then left under constant stirring 

until tr had elapsed. The RBF was then removed from the oil bath, allowed to cool and the 

products were isolated via centrifugation. Finally the products were washed with 20 mL of 

toluene to remove and excess sulfur and dried overnight at 75 ºC. Following this procedure, a 

set of reactions were conducted over a series of Cu2+:S2- concentration ratios, induction 

times (ti), reaction times (tr) and reaction temperatures. A full table describing every reaction 

performed and the corresponding reaction conditions can be found in the appendix (Table A.1). 

 

Figure 5.5: Schematic illustration of the experimental procedure used for the formation of the templated CuS 

particles. 

  

5.3.2 Characterisation 

5.3.2.1 Powder X-ray diffraction (PXRD) 

X-ray diffraction patterns were recorded on a Bruker D2 powder diffractometer using 

a Cu Kα radiation source from 15 to 85 ° 2θ, with step size 0.01 ° at 1.5 seconds per step, using 

a zero-background Si sample holder. Fluorescence was turned on to mitigate the background 

scattering produced form the interaction between Cu atoms in the samples and the Cu target of 

the machine. Figure 5.6 displays the peak positions and intensities of the of the XRD reflections 

associated with covellite and digenite generated from crystallographic information files (CIFs)  

available on the crystallographic open database (COD).22, 26, 33 The major peaks of covellite 

and digenite have been labelled in blue and red respectively. For samples containing a mixture 
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of the two phases, the composition of covellite was estimated using the relative intensity 

method according to eqn. 5.3:  

 
Xc =

Ic(110)

Ic(110) + (0.523)Id(110)
 ×
100

1
 

(5.3) 

Where Xc is the percentage of the sample composed of covellite, Ic(110) is the intergrated 

intensity of the covellite (110) reflection at 47.8 º , Id(110) is the intensity of the digenite (110) 

reflection at 45.9 º and 0.523 is the intensity ratio of Ic(110) to Id(110) . These intensity values were 

recording using the diffraction software EVA. 

 

Figure 5.6: The intensities and peak positions of the reflections corresponding to covellite and digenite, labelled 

in blue and red respectively. 

5.3.2.2 Scanning electron microscopy (SEM) 

SEM images were obtained using a Zeiss Ultra microscope running at 5.00 kV with 

inLens detection. Prior to imaging all samples were deposited onto a carbon tab, mounted on 

an aluminium stub and coated with a gold/palladium alloy target. 

5.3.2.3 Dynamic light scattering (DLS) 

DLS was performed using a Malvern Zetasizer Nano ZS, on a solution composed of 

0.5 mL 0.16M Na2S2O3 and 0.5 mL 0.16 M HCL at 25 ºC in order to examine colloidal sulfur 

growth as a function of time. After an equilibration time of 5 minutes the size was recorded 

every 5 minutes for a total 3 hours. This process was performed three times with the values of 

at each time interval averaged over each run. 
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5.4 Results and Discussion 

5.4.1 Colloidal sulfur growth with time 

Three DLS runs were performed on mixtures containing 0.5 mL of 0.16 M Na2S2O3 and 

0.5 mL of 0.16 M HCL at 25 ºC, where after an equilibration time of 5 minutes the z-average 

value of solution was recorded every 5 minutes for 3 hrs. The z-average value is defined as the 

mean hydrodynamic size of the ensemble collection of particles in a solution. At each time 

interval these values were averaged over the three runs and are presented in Figure 5.7 with the 

corresponding error bars. This was done to replicates the conditions within the reaction flask 

during the induction time period (ti) and the result is a graphical representation of the average 

colloidal diameter (nm) with respect to time (min). It can be seen that the size increases steadily 

as ti progresses, which can be attributed to the nucleation and subsequent growth of sulfur 

colloids in the solution. This growth continues for 2 hours before levelling off, indicating a 

maximum size has been obtained. In addition. As time increases the error associated with each 

time interval also increases. This gives a sense of the growing polydispersity of the sample, 

meaning, as the sulfur colloids grow, so too does the distribution of sizes. 

 

Figure 5.7: DLS data describing growth of colloidal sulfur as a function of time in a mixture of 0.5 mL 0.16 M 

Na2S2O3  solution and 0.5 mL 0.16 M HCl solution at 25  ºC. The z-average (nm) and standard deviation (nm) 

values recorded at each 5 minute interval are averaged over three runs and are represented in black and red 

respectively. 



 

151 

 

5.4.2 Cu2+:S2-
 ratio = 1:1 

Figure 5.8 (a)-(e) contains XRD results for twenty templated CuS samples prepared with 

a Cu2+:S2- concentration ratio of 1:1, a reaction temperature of 100 ºC and over a series of 

induction (ti = 0, 0.5, 1, 1.5 and 2 hrs) and reaction times (tr = 0.5, 1, 1.5 and 2 hrs). 

Figure 5.8 (f) contains estimated values of the covellite phase composition (Xc) for each 

sample, calculated using the relative intensities of the digenite (110) peak at 47.8º and the 

covellite (110) peak at 45.9º. It can be seen that in general the Xc increases with longer tr times, 

this indicates that digenite is formed initially in the reaction, and under sufficiently long 

reaction times will reorganise to covellite. Also, it can be observed that samples with longer 

induction times in general had higher Xc values, with the longest ti time of 2 hrs exhibiting pure 

covellite at all tr times. This indicates that larger sulfur templates facilitates the formation of 

covellite, with the exception to this trend being the ti = 0 series which observed relatively large 

Xc values. 

 

Figure 5.8: XRD patterns of templated CuS particles prepared with a Cu2+:S2- concentration ratio of 1:1, at 

100 ºC, with tr = 0.5, 1, 1.5 and 2 hrs and ti = (a) 0, (b) 0.5, (c) 1, (d) 1.5 and (e) 2 hrs. (f) calculated % of the 

covellite phase, Xh,. 
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Figure 5.9 illustrates the process of forming CuS particles from large and small 

colloidal sulfur templates. When the CuCl2 is introduced to the solution, Cu2+ will begin to 

react with sulfur exposed on the surface of the colloids. This process will form a thin layer of 

copper sulfide encasing the particle. In order for the reaction to procced further Cu2+ must 

migrate through this layer to contact the internal sulfur. This layer can be considered as 

diffusion barrier between Cu2+ in solution and internal sulfur. The result it a build-up of Cu2+ 

ions at the interface between the copper sulfide layer and the sulfur. This build-up will initially 

form non-equivalent forms of copper sulfide (Cu2-xS) at the interface with higher ratios of 

copper to sulfur i.e. digenite (Cu1.8S). However as the reaction proceeds and Cu2+ migrates 

deeper into sulfur core, this process will reduce the excess ratio copper to sulfur and result in a 

reorganisation of the crystal structure to covellite (CuS). Thus as the CuS layer thickens Cu1.8S 

is still being formed at the interface but the relative content of covellite relative to digenite 

continues to increase. This is why digenite was abundant at lower tr times but steadily converted 

to covellite as the reaction proceeded. This process is driven by a steep concentration gradient 

resulting from a high concentration of Cu2+ in solution on the surface of the particles and the 

large mass of internal sulfur. As tr continues the process will slow down as the copper sulfide 

layer becomes thicker, the sulfur core becomes smaller and depletion of Cu2+ in solution occurs. 

However, small particles relative to larger one will experience an exaggerated rate of slow 

down. The larger surface area means a lower concentration of Cu2+ on the particle surface, this 

factor coupled with the smaller mass of internal sulfur severely hinders the concentration 

gradient which drives inward migration. This migration is essential for the reorganisation of 

initially formed Cu1.8S to CuS. Thus on average particles formed with lower ti times had lower 

Xc values. The exception to this trend is the series of samples prepared at ti = 0 hrs. In these 

samples no time has been allowed for the formation sulfur templates before the addition of the 

CuCl2 solution. This means that the reaction is not limited by the availability of surface sulfur. 

Thus copper sulfide and sulfur colloids will likely form in tandem, largely circumventing the 

mechanism described in Figure 5.9. 
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Figure 5.9: Schematic diagram, describing the formation of CuS particles from the reaction between Cu2+ ions 

in solution and sulfur colloid templates, and the relatively different conditions experienced by smaller templates 

formed with shorter ti times and larger templates formed with longer ti times. 

SEM analysis was performed on all twenty of the templated CuS samples described 

above. Figure 5.10 contains a full matrix of corresponding SEM images where It can be 

observed that increasing the ti times (0, 0.5, 1, 1.5 and 2 hrs) resulted in greater particles sizes 

but relatively little change occurred among samples prepared over different tr times (0.5, 1, 1.5 

and 2 hrs). Increasing ti also resulted in a growing level of morphological complexity.  



 

154 

 

 

Figure 5.10: SEM images of  templated CuS particles formed with a Cu2+:S2- concentration ratio of 1:1, at 

100 ºC with reaction times (tr) and induction times (ti) of  tr = 0.5 hrs and  ti = (a) 0, (b) 0.5, (c) 1, (d) 1.5 and (e) 

2 hrs; tr = 1 hrs and  ti = (f) 0, (g) 0.5, (h) 1, (i) 1.5 and (j) 2 hrs; tr = 1.5 hrs and  ti = (k) 0, (l) 0.5, (m) 1, (n) 1.5 

and (o) 2 hrs; tr = 2 hrs and  ti = (p) 0, (q) 0.5, (r) 1, (s) 1.5 and (t) 2 hrs. 

In order to properly examine the effect that changing ti times has on the samples, it is 

necessary to focus in on a set of reactions with the same tr times. Figure 5.11 provides an in-

depth examination of all morphologies observed over the full series of ti times at tr = 1.5. Note 

the size and morphological evolution presented in here is representative of all tr series. The 

sample prepared at ti = 0 (Figure 5.11 (a)) consists entirely of uniform spherical particles 
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approximately 250 nm in diameter. The formation of these particles may be somewhat 

influenced by the assembly of colloidal sulfur but since no induction period has been allowed 

for the breakdown of Na2S2O3, the process will occur in the presence Cu2+ meaning as soon as 

the solution reaches the appropriate temperature the formation of CuS will outstrip the 

formation of the colloids, resulting in these comparatively small and uniform particles. 

Increasing the ti to 0.5 hrs and a dramatic change occurs in the sample. Spherical particles are 

still present but their size has increased to diameters of approximately 1 µm. Additionally, 

every example of these microspheres such as the one visible in Figure 5.11 (b) features a 

secondary morphology attached to their surface. These strange biomophic ‘tendril-like’ 

morphologies are thickest at their base and gradually taper to a point across their length, 

indicating their growth is seeded from the parent sphere and possibly analogous to the 

formation chemical gardens as discussed in the introduction. The dominant morphology of this 

sample can be seen in Figure 5.11 (c). These individual tendrils appear highly related to the 

tendrils seen budding form the spherical particles, which suggests they have formed in the same 

manner but over the course of the reaction have detached from their parent sphere. In the 

remaining samples the distribution of morphologies remained largely consistent as ti increased. 

However, the trend of increasing particle size continued with the microspheres achieving 

diameters up to 1.5, 2 and 5 µm at ti = 1, 1,5 and 2 hrs respectively. This size increase was also 

coupled with a general increase in length and thickness of the tendrils, further indicating their 

formation is directly linked to that of the microspheres. These observations are consistent with 

DLS data (see Figure 5.7) which indicated that increasing ti resulted in increasing sizes and 

distribution of sizes of the sulfur colloids. Put simply, longer ti times form larger sulfur 

templates which result in larger CuS particles after the introduction of the CuCl2 solution. Also 

present in each of the samples above ti = 0 are the morphologies seen in Figure 5.11 (d), (g), 

(j) and (m), these small particles appear to be compose of a number of twinned platelets which 

often adopt a well-defined hexagonal geometry. Such structures are indicative of the covellite 

phase and may have formed from the reaction between Cu2+ and sulfide ions in solution rather 

than on the surface of the sulfur templates. Finally, the samples prepared at ti = 1.5 and 2 hrs 

contain many examples of large, fractured spheres such as those seen in Figure 5.11 (k) and 

(o). 
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Figure 5.11: SEM images of templated CuS particles formed with a Cu2+:S2- concentration ratio of 1:1, at 

100 ºC with a reaction time (tr) of 1.5 and with induction times (ti) of (a) 0 hrs, (b)-(d) 0.5 hrs, (e)-(g) 1 hrs, (h)-

(k) 1.5 hrs and (l)-(o) 2 hrs. 

As demonstrated above, complex CuS morphologies were obtained from the reaction 

between the CuCl2 and the and the spherical sulfur templates. At ti times above 0 these tendril 

morphologies were obtained even at a the lowest reaction time of tr = 0.5 hrs, indicating that 

their formation occurs rapidly. To better understand this process, a series of reaction were 

carried out a lower reaction temperature with the intent of slowing down this process. 

Figure 5.12 contains XRD results obtained from templated CuS samples prepared at Cu2+:S2- 

concentration ratio of 1:1, a reaction temperature of 50 ºC, ti = 1.5 hrs and over a range or tr 

times. Form these results it can be clearly seen that each sample is composed entirely of 

covellite with no digenite contribution. 
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Figure 5.12: (a) XRD patterns of templated CuS particles prepared with a Cu2+:S2- concentration ratio of 1:1, at 

50 ºC, at ti = 1.5 hrs and over a series tr times. 

Figure 5.13 contains corresponding SEM images and describes a variety of 

morphologies obtained over this reaction series. At tr = 1 hr spherical microstructures were the 

major product within the sample, but of these particles there were many examples such as the 

one pictured in Figure 5.13 (a), where a crack or missing section on the surface of the sphere 

revealed a hollow interior. This suggests that the low temperature and tr time was only sufficient 

for the formation of the CuS outer shell and further migration of Cu2+ ion to the sulfur core had 

been prevented. In addition to this there were no tendrils found in the sample, which had 

dominated the previous series of reactions. Increasing the reaction time to tr = 2 hrs and there 

are still signs of hollow microspheres (Figure 5.13 (b)). However, noticeably fewer than the 

previous sample. Significantly, this sample also contains the tendrils with some budding from 

microspheres and others detached (Figure 5.13 (c)). At higher tr times the hollow particles are 

completely absent, replaced with spheres budding with tendrils and fractured spheres such as 

those seen in Figure 5.13 (d) and (f). From these results, it would appear that increasing reaction 

times resulted in a de-emphasis of the hollow particles coupled with a shift toward the tendril 

morphology. This trend indicates that the tendrils form in the later stages of the reaction, when 

the Cu2+ migration has penetrated further into sulfur template.  
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Figure 5.13: SEM images of templated CuS particles formed with a Cu2+:S2- concentration ratio of 1:1, at 50 ºC 

with an induction time (ti) of 1.5 hrs and reaction times (tr) of (a) 1 hrs, (b)-(c) 2 hrs, (d)-(e) 3hrs and (f)-(h) 24 

hrs. 

5.4.3 Varying Cu2+:S2-
 ratio 

The previous set of reactions demonstrated that a certain amount of shape control can be 

achieved over the templated CuS particles by slowing down the reaction between the copper 

in solution and the preformed sulfur colloids. In this section, a series of reactions were carried 

to determine if limiting the amount of available Cu2+ ions in solution could result in a similar 

form of shape control. Samples were prepared via the standard method, at 100 ºC, with 

ti = 1.5 hrs, tr = 2 hrs and with a series of CuCl2 solutions of varying concentrations to achieve 

Cu2+:S2- ratios of: 0.1:1, 0.2:1, 0.3:1, 0.4:1 and 0.5:1. Figure 5.14 contains XRD results obtained 

from these samples where it can be seen that each sample it made up of covellite with no visible 

contribution from digenite. Covellite is likely formed preferentially on the surface of the sulfur 

templates, due to the relatively low concentration of copper i.e. avoiding digenite (Cu1.8S) 

which forms in the presence of excess copper relative to sulfur. 
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Figure 5.14: (a) XRD patterns of  templated CuS particles prepared at 100 ºC, at ti = 1.5 hrs, tr = 2 hrs and over 

a series of Cu2+:S2- concentration ratios. 

Figure 5.15 contains the corresponding SEM results, and describes a wide variety of 

morphologies obtained from the changing Cu2+:S2- ratios. At 0.1:1 (Figure 5.15 (a) and (b)) the 

sample is dominated with microspheres of varying sizes typical of previous samples prepared 

at ti = 1.5 hrs. However, the surface of these particles have adopted a unique structure, they are 

covered in a tightly packed assortment of circular platelets growing outwards and often in an 

orientation perpendicular to the surface. Platelets such as these are typical of covellite which 

as discussed may have grown preferentially on the surface due to the low concentration of 

copper. Of these spheres a significant number are clearly hollow in nature, as evidenced by a 

crack or break in the surface (Figure 5.15 (a)). Evidence of these particles indicates that at this 

low copper concentration, deep penetration of the ions into the sulfur template is not possible. 

Thus, the Cu2+ available is only sufficient for the formation of a CuS shell encasing the colloids. 

These cracked hollow spheres are so numerous in the sample that it may suggest every 

microsphere, even the intact ones, contain a hollow centre.  Figure 5.15 (b) displays a minor, 

secondary morphology also found in the 0.1:1 sample, these much smaller particles have 

diameters of approximately 250 nm and like the surface of the spheres appear to composed of 

a number twinned/intersecting circular platelets. The origin of these particles is not entirely 

clear, they may occur during the reaction from a rupturing of the CuS shell, releasing nascent 

sulfur, which then reacts with Cu2+ ions left in solution. Increasing the copper concentration to 
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0.2:1 and hollow particles such as the one pictured in Figure 5.15 (c) are still present in the 

sample. However, the major product has shifted away from the templated spherical particles to 

the type seen in Figure 5.15 (d). These particles are likely related to the ‘intersecting platelets’ 

observed in the 0.1:1 sample but are smaller, far more numerous and with denser concentration 

of platelets; possibly due to the increased concentration of copper. At 0.3:1 no evidence of 

hollow particles remain in the sample, only intact microspheres seen in Figure 5.15 (e, and the 

smaller morphology seen in Figure 5.15 (f), which is the major product of the sample and likely 

related to the intersecting particles discussed earlier. At 0.4:1 tendrils appear for the first time 

in the series (Figure 5.15 (i)) but are longer and narrower than any of tendrils previously 

observed. These tendrils accompany microspheres (Figure 5.15 (g)) and many small uniform 

particles with visibly hexagonal geometries (Figure 5.15 (h)). Finally at 0.5:1 the morphology 

of the sample significantly resembles that of the earlier samples prepared at 1:1 (see 

Figure 5.10). As seen in Figure 5.15 (j), (k) and (l), the sample is respectively made up of 

cracked microspheres, spheres with budding tendrils, and detached tendrils. Note: increasing 

the relative copper concentration further did not result in morphological changes (see 

Figure A.6)  

 

Figure 5.15: SEM images of templated CuS particles prepared at 100 ºC with an induction time (ti) of 1.5 hrs, a 

reaction time (tr) of 2 hrs and over a series a Cu2+:S2- concentration ratios. 
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5.4.4 Cu2+:S2-
  ratio = 0.1:1 

The previous Section demonstrates a reliable route to hollow CuS particles can be 

accessed by limiting the amount of available Cu2+ ions. This Section aims to explore if the size 

these hollow particles can be controlled by influencing size of the sulfur templates. Samples 

were prepared at 100 ºC, a Cu2+:S2- concentration ratio of 0.1:1, at tr = 0.5 and 2 hrs, and ti = 0, 

0.5, 1, 1.5 and 2 hrs. Figure 5.16 contains XRD data obtained from these samples, which as 

expected were composed of  covellite due to the low concentration of copper. 

 

Figure 5.16: XRD patterns of templated CuS particles prepared at a  Cu2+:S2- concentration ratio of 0.1:1, at 

100 ºC, over a series of  ti times and at tr = (a) 0.5 and (b) 2 hrs. 

Figure 5.17 contains the corresponding SEM results. As expected all samples in this 

series of reactions contain microspheres as the dominant morphology and in addition to this 

each sample contained numerous examples of cracked spheres with clearly hollow interiors. It 

was found that the two different tr times (tr = 0.5 and 2 hrs) had very little effect on the resulting 

particles, but increasing ti times had a significant impact on the size of the templated particles. 

Figure 5.17 (a) and (b) shows that at ti = 0 hrs the samples contained hollow CuS particles with 

uniform diameters of approximately 500 nm. Although no induction time was allowed for the 

formation of sulfur templates before the introduction of the copper solution, these templated 

particles were able to form because the low concentration of copper solution which resulted in 

a slow rate of reaction between the Cu2+ ions and the sulfur. Thus, small sulfur colloids of a 

uniform size distribution were able to form before eventually being overtaken by the formation 

of CuS at higher temperatures. Further increasing ti times resulted in larger particles with 

boarder size distributions. Hollow CuS particles achieving maximum diameters of 
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approximately 1, 1.5, 2 and 3 µm at ti = 0.5, 1, 1,5 and 2 hrs respectively. These results indicate 

that determining the ti time facilitated control over the size of the sulfur templates and in turn 

the size of the hollow CuS particles. This is in line with DLS data obtained on the growth of 

sulfur colloids (see Figure 5.7) and with the earlier series of reactions which varied ti at higher 

copper concentrations (see Figure 5.10). 

 

Figure 5.17: SEM images of templated CuS particles formed with a Cu2+:S2- concentration ratio of 0.1:1, at 

100 ºC with induction times (ti) and reaction times (tr) of ti = 0 hrs and tr = (a) 0.5 and (b) 2 hrs; ti = 0.5 hrs and 

tr = (c) 0.5 and (d) 2 hrs; ti = 1 hr and tr = (e) 0.5 and (f) 2 hrs; ti = 1.5 hrs and tr = (g) 0.5 and (h) 2 hrs; ti = 2 hrs 

and tr = (i) 0.5 and (j) 2 hrs. 

 Figure 5.18 contains SEM images taken of two additional morphologies also found in 

the above series of reactions. The ‘platelet domes’ seen in Figure 5.18 (a) and (b) were found 

occasionally in these 0.1:1 samples and were always attached to the surface to one of the 

microspheres. Additionally, a number of these domes such as the one seen in Figure 5.18 (a) 

showed clear signs of being hollow. This strongly indicates that their formation is associated 

with a sacrificial sulfur template. One possibility is that internal sulfur within the microspheres 

leaked out of a crack in the CuS shell and reacted with Cu2+ when exposed the solution, thus 

forming the hollow dome. The intersecting platelets were discussed earlier (see Figure 5.15), 

they occur commonly in all samples prepared at 0.1:1 but the above series of reactions 

demonstrated that they become more numerous with increasing ti times. This observation may 

further indicate that the intersecting platelets are formed from a rupturing of the CuS shell. As 

clearly demonstrated above, larger ti time result in larger particles. This means more internal 

sulfur is held within the CuS shell, thus a rupturing event would result in a greater number of 

the intersecting platelets in the sample. 
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Figure 5.18: SEM images taken of the (a),(b) ‘platelet dome’ and (c),(d) ‘intersecting platelets’  CuS 

morphologies from the sample prepared at 100 ºC, ti =1.5 hrs, tr  = 2 hrs, and a Cu2+:S2- concentration ratio of 

0.1:1. 

5.4.5 Mechanism. 

Over the course of this work, the synthesis of templated CuS particles has yield a variety 

of complex and unexpected morphologies. There is a strong need to document these 

morphologies along the reaction conditions which yielded them in order to better understand 

the mechanism governing their growth. Unfortunately, little information is available on CuS 

particles formed in this manner, making it difficult to develop a unified mechanism which 

rationalises this complex morphological behaviour. However, this rationalisation can be 

assisted by considering related systems. For instance, a number of studies have performed in-

depth examinations into the mechanical stresses experienced by a water droplet freezing from 

the outside in.34, 35 They observed that once nucleation had been induced, dendritic ice spread 

rapidly across droplet surface forming a solid shell around a slushy core. Ice has a specific 

volume greater than water, thus the formation of the ice shell induces pressure on the confined 

slushy core which increases dramatically as the ice shell grows thicker. This results in 

mechanical stress on the ice shell which can be released in a number of ways. The ice shell 

may fracture, this often results in two roughly equal halves and an ejection of internal water 

not yet frozen. Alternatively, internal water may try to break through at a weak spot in the ice 

shell, at which point it will freeze and form a spicule of ice on the shells surface. Once the 

growth of the spicule stops, the internal pressure will begin to increase again and may result in 
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cracking and fracturing of the ice shell. This process was documented in detail by Wildman et 

al. using high speed photography (Figure 5.19).   

 

Figure 5.19: High speed images documenting the inwards freezing of a water droplet. (a) nucleation of ice on 

the surface, (b) formation of the ice shell, (c) initial growth of the ice spicule, (d) appearance of cracks in the ice 

shell and vapour cavities when spicule growth halts, (e) cavities heal, (f) the tip of the spicule shatters, (g) 

additional cracks and cavities form, (h) position of the droplet pre-explosion and (i) final explosion with 

fragment velocities. Figure reproduced from reference 33. 

We believe the formation of this ice spicule to be analogous to the formation of the 

biomorphic tendrils observed in the templated CuS samples. Elemental sulfur (S8) and CuS 

have densities of 2.07 g/cm3 and 4.76 g/cm3 respectively. Therefor the conversion of a given 

mass of sulfur to a stoichiometrically equivalent mass of CuS would result in a 29.7 % increase 

in the volume (eqn. 5. 4). The formation of templated CuS, involves the conversion of sulfur 

colloids to CuS from the outside in and therefor will experience mechanical stresses similar to 

that of a freezing ice droplet. 

S density = 2.07 g/cm3, Mw = 32.06 g/mol , 1 mole =   15.48 cm3 

CuS density = 4.76 g/cm3, Mw = 95.606 g/mol , 1 mole = 20.09 cm3 

S →  CuS = 4.61 cm3 increase  

 

4.61 cm3

15.48 cm3
×  100 = 29.8 % increase 

(5.4) 

Figure 5.20 contains the proposed unified reaction mechanism describing the formation 

of a variety of morphologies, resulting from the templated synthesis CuS. This mechanism has 

been divided into nine key steps and is accompanied with SEM images displaying archetypal 

examples of these morphologies: 
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(i) The addition of the HCL solution marks the beginning of the induction time (ti) and will 

initiate the dissociation of thiosulfate, eventually resulting in the nucleation of sulfur particles, 

(S8) according to the LaMer model.31 These particles will grow over time into spherical colloids 

which will act as templates for the formation of CuS. Larger templates will result from a longer 

ti period which is concluded by the addition of the CuCl2 solution (tr begins). The concentration 

of this solution was varied to achieve different Cu2+:S2- ratios. 

(ii) At lower concentrations of copper, covellite (CuS) will preferentially form on the surface 

of the sulfur colloids. After the formation of the initial CuS shell encasing the colloids the Cu2+ 

ions will migrate through this layer to react with sulfur held within. This process will increase 

the thickness of the CuS layer, but the low availability of Cu2+ at this concentration will ensures 

that only relatively thin walled CuS shell may form. A toluene wash will remove any excess 

sulfur while leaving the insoluble CuS unaffected. This results in a hollow CuS sphere such as 

the one pictured in Figure 5.20 (d).  

(iii) Hollow particles formed at this low copper concentrations were often accompanied by two 

additional morphologies: the ‘platelet domes’ and ‘intersecting platelets’. The exact 

mechanism governing the formation of these structures is not entirely known but it is believed 

that both result from a release of internal sulfur within the CuS shell, which reacts with Cu2+
 

when exposed to the external solution. The ‘platelet domes’ (Figure 5.20 (b)) from a gradual 

budding of sulfur through a weak point in the shell, and the ‘intersecting platelets’ 

(Figure 5.20 (c)) from a more sudden release of sulfur out of a break in the shell. 

(iv) At higher concentrations of the copper solution the Cu2+ will initially result in the formation 

of a non-equivalent form of copper sulfide (Cu2-xS) such as digenite (Cu1.8S). This process was 

discussed in detail in Section 5.5.2, Figure 5.9. 

(v) As tr progresses, inward migration of the Cu2+
 from solution will reduce the excess ratio of 

copper to sulfur. This results in a reorganisation of the layer to copper sulfide with equivalent 

ratios of copper to sulfur i.e. covellite (CuS). Additionally the increased availability of  Cu2+ 

means the CuS layer can grow much thicker relative to the samples prepared at lower copper 

concentration.  

(vi) Due to the volume increase associated with the conversion of sulfur to CuS (see eqn. 5.4), 

as the thickness of CuS layer grows the sulfur core will begin to experience a building pressure 

(P).  
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(vii) Eventually this internal pressure will become too great for the CuS shell to withstand. To 

relieve the pressure the particle may fracture, potentially expelling nascent sulfur into the 

solution. This would result in the large fractured microspheres (Figure 5.20 (f)) and ‘hexagonal 

platelets’ (Figure 5.20 (g)), which form as Cu2+ in solution reacts with the expelled sulfur and 

are highly related to the ‘intersecting platelets’ discussed earlier. 

(viii) Alternatively, the pressure can be relieved through a rupture of the CuS shell. This would 

be followed by an expulsion of the internal sulfur, which when exposed to the external solution 

would immediately react with the remaining Cu2+ ions. This form of pressure release is less 

violent than the fracturing discussed in previous step, and it may occur preferentially in smaller 

microspheres where rate of pressure build-up would be slower. 

(ix) This is the process which forms the biomorphic tendrils form parent spheres 

(Figure 5.20 (e)), and is analogous to formation if spicules form frozen water droplets as 

outlined by Wildeman.34 CuS tendril formation can also be likened to that of chemical gardens, 

as discussed in the introduction.  

(x) These tendrils may remain attached to the parent sphere or become separated due to 

mechanical stress, resulting in the ‘detached tendrils’ common in these samples 

(Figure 5.20 (h)). In some cases the parent spheres may begin to partially disintegrate after the 

formation of their associated tendril, resulting in ‘wide trunk tendrils’, evidence of  which is 

seen in Figure 5.20 (i).  
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Figure 5.20: (a) Proposed mechanism for the formation of a variety of morphologies obtained from the 

templated synthesis of CuS from colloidal sulfur, accompanied with SEM images displaying archetypal 

examples of the (b) ‘platelet dome’, (c) ‘intersecting platelets’, (d) ‘hollow microsphere’, (e) ‘budding 

microsphere’, (f) ‘fractured microsphere’, (g) ‘hexagonal platelets’ , (h) ‘detached tendril’ and (i) ‘wide trunk 

tendril’ morphologies. 
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5.5 Conclusions 

In this chapter a reliable synthetic method for the formation of hollow CuS microspheres 

was developed, using elemental sulfur colloids as a sacrificial template. These templates were 

formed form the dissociation of Na2S2O3, initiated by the introduction of a strong acid. It was 

found that the size of the templates, and accordingly the size of the templated CuS particles 

could be controlled by the induction time (ti) i.e. the time allowed between the addition of the 

acid solution to Na2S2O3 and the addition of the CuCl2 solution. Limiting the concentration of 

this CuCl2 solution was determined to be crucial in formation of hollow particles with a 0.1:1 

relative concentration ratio of CuCl2 to Na2S2O3 (Cu2+:S2-) being the most effective. Hollow 

particles formed in this manner were often accompanied by secondary CuS morphologies such 

as the ‘platelets domes’ and ‘intersecting platelets’. Additionally it was it was found that 

increasing the Cu2+:S2- relative concentration of copper initiated a drastic shift in sample 

morphology, signified by the rise of ‘budding microspheres’, ‘cracked microspheres’ and 

detached tendril morphologies. This complex morphological behaviour was discussed in detail 

and a unified mechanism was proposed, which likened the templated synthesis of CuS to the 

freezing of a water droplet from the outside in, as according to Wildman.34 
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6.1 Outline 

The purpose of this chapter is to provide a brief outline of ongoing and potential future 

work stemming from the findings of this thesis. This includes a number of proposed 

performance enhancing redesigns of the hydrothermal injection rector, an expanded library of 

target materials synthesised via the reactor and a deeper exploration of the colloidal template 

route to hollow metal sulfide microspheres. 

6.2 Reactor redesigns 

The hydrothermal injection reactor presented in this work represents the first of its kind, 

brought to functioning capacity after a lengthy design and commissioning phase as described 

in Chapter 2. Subsequently, Chapter 3 and 4 present the first application of the reactor to a set 

of synthetic reactions performed over a range of reaction conditions. While serving to further 

our understanding of CdS formation, this study has also provided a practical framework by 

which to consider the reactor’s performance and to inform potential redesigns. Such 

adaptations to the design and set up would aim to expand the levels of control and versatility 

already demonstrated by the reactor without compromising on safety. 

A number of the issues in the current set up stem from the Gilson model 302 HPLC pump 

which is used to inject the secondary solution into the preheated reactor. This older generation 

pump has a minimum dispensing capacity 2.5 mL and given the 7.5 mL maximum operating 

volume of the reactor, this relatively large injection volume is highly constricting to 

experimental deign. The ability to inject smaller volumes would allow greater freedom in 

tailoring reaction conditions such as total volume and relative concentrations. In addition, 

within the current set up there is no means of controlling the rate at which the solution gets 

injected. Currently the minimum injection period (tinj) is exactly 7 seconds and as described in 

Section 3.3.5.3 Figure 3.25 this relatively long tinj causes a slow mixing rate between the two 

solutions, which may be adversely affecting the final morphology the samples, particularly at 

high temperatures. All of these issues could be easily resolved with the incorporation of a 

modern HPLC pump. Also discussed in Chapter 2 (Figure 2.5), when tinj begins the temperature 

of the preheated internal solution experiences a moderate drop as the room temperature 

secondary solution is introduced. After tinj ends the temperature quickly recovers, but although 

short lived, this drop in temperature may have some effect on particle formation, and attempts 

should be made to obtain a system where temperature remains consistent before and after 
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injection. Achieving this would require a means of preheating the secondary solution. In order 

to prevent the use of high boiling point organic solvents and to maintain a purely hydrothermal 

system this would necessitate another stainless steel chamber to contain the secondary solution 

and an additional heating source. If these redesigns were achieved, both solutions could be 

preheated in tandem to the desired temperature and then mixed in the reactor via the same 

HPLC injection mechanism.  

As discussed in Chapter 2 the reactor features five branching inlets: one at the top for 

the internal thermocouple, one for the HPLC pump and check valve, one for the pressure relief 

valve and two for a looped pressure transducer. If this pressure transducer was replaced with a 

single inlet transducer, which are commercially available, the same function could be 

performed while freeing up one inlet. This free inlet could be adapted for a number of purposes 

but may be best used by the addition of a second HPLC and check valve duo. Provided that the 

max volume of the reactor (7.5 mL) is accounted for, this would facilitate the injection of a 

second solution and allow for more complex multi-stage synthesis reactions to be designed for 

the reactor. For example, considering some of the complex CdS morphologies presented in this 

chapter, the formation mechanisms governing their growth could be better understood if a 

means was developed to trap their intermediate structures. This could be achieved by the 

injection of a second solution containing a saturated concentration of capping agents which 

may arrest particle growth and allow the isolation of intermediates. 

6.3 Additional target materials 

In this thesis the size, shape and phase control abilities of the hydrothermal injection 

reactor has been thoroughly demonstrated. This was achieved by applying this novel method 

to the synthesis of CdS, a known polymorphic material with well understood behaviour when 

prepared via the conventional hydrothermal and hot-injection techniques. However, the 

reactor’s potential extends far beyond the synthesis of just CdS, as there exists a vast library of 

inorganic materials whose properties are highly dependent on the size, shape and crystals phase 

of the resulting particles. Thus, stemming from this work, fellow postgraduate researchers at 

the Dunne group have carried out extensive work exploring the synthesis of additional target 

materials via the reactor. 

PhD candidate Adrián Sanz Arjona has explored the phase selective synthesis of 

calcium carbonate (CaCO3) via the hydrothermal injection reactor. CaCO3 is a polymorphic 
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material with three crystallographic phases: vaterite, aragonite and calcite, each of which 

exhibit different physical and chemical properties.1, 2 Therefore, controlling which polymorph 

is expressed in the resulting particles or the ratio polymorphic expression, is crucial for the 

development of future applications. Samples were prepared via the reactor injection method, 

over a range of carbonate:calcium (CO3
2-:Ca2+) relative ratios, a range of reaction temperatures 

and with multiple carbonate sources. Rietveld refinement calculations were applied to XRD 

patterns collected from each sample, which provided a reliable quantification of the phase 

compositions. The results of these calculations indicated that the injection method could 

achieve excellent phase control over the resulting particles, far superior than that of the 

conventional hydrothermal technique. Nearly phase pure samples of vaterite, aragonite and 

calcite were obtained as well as a range of mixed phase products. The reaction temperature and 

CO3
2-:Ca2+ relative ratios were found to be highly influential on the phase composition. 

Samples prepared under low temperatures and a low concentration of the carbonate source 

preferred the vaterite phase, but increasing the value of these variables pushed the phase 

composition of the sample towards aragonite. The phase composition of a given sample was 

found to have a massive influence of on the shape of the CaCO3 microcrystals. This 

phenomenon can be observed in figure 6.1 (a), (b) and (c) which shows SEM images taken of 

phase pure samples composed of vaterite, aragonite and calcite respectively.  

 

Figure 6.1: SEM images of phase pure CaCO3 samples prepared via the reactor injection method and composed 

of the (a) vaterite (b) aragonite and (c) calcite phase. Presented with permission from Adrián Sanz Arjona. 

Finally, principal component analysis (PCA) was applied the large data set of collected CaCO3 

XRD patterns. This dataset contains three district crystallographic phases which increases its 

complexity when compared to the CdS XRD dataset described in Chapter 4. When applied to 

the raw XRD data, PCA had difficulty in distinguishing the samples according to the presence 

vaterite, aragonite or calcite. XRD patterns were then converted to a their pair distribution 
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functions (PDF) which describe the crystal structure according to interatomic distances. When 

PCA was applied to this new dataset of PDF diagrams a much better position to phase 

percentage relationship was observed in resulting score plot, which agreed well with Rietveld 

refinement calculations 

PhD candidate Annie Regan is currently exploring the synthesis of magnetic 

nanoparticles via the hydrothermal injection reactor with a particular focus on iron oxides 

(FexOy) and cubic ferrites (MIIFe2O4). Magnetic nanoparticles have a vast and expanding 

library of applications including data storage, biomedical imaging, catalysis and magnetic 

separation.3-5 Access to these applications requires fine control over the size, shape and 

monodispersity of particles.6, 7 In the past, many synthetic strategies have been employed to 

control these variables such as sol-gel combustion and the hydrothermal method. However, the 

hydrothermal injection reactor offers a green synthetic route to these materials with potentially 

superior control over the size, shape and monodispersity of the sample through the separation 

of the nucleation and growth phases according to the LaMer model. To date this project 

investigated the synthetic landscape of iron oxides and cubic ferrites accessible via the 

conventional sol-gel and hydrothermal techniques. This work serves as a control but also to 

inform the design and optimisation of future experiments conducted in the reactor, which are 

currently ongoing. 

6.4 Hollow metal sulfide microspheres 

Chapter 5 outlines the development of a reliable synthetic method for the size controlled 

synthesis of hollow CuS microspheres, using elemental sulfur colloids as a sacrificial template. 

However, when this method was applied to the formation of hollow particles composed of other 

metal sulfides, the results were disappointing. In the case of CdS, this is likely because the  

relatively low temperatures at which the reaction takes place (100 °C) is not sufficient for the 

for its formation. In order to increase the temperature while still using water as the solvent, this 

reaction must take place via the conventional hydrothermal method. As detailed in Chapter 4 

Section 4.3.1.1, hollow CdS particles were serendipitously discovered when cadmium nitrate, 

Cd(NO3), was reacted with sodium thiosulfate, Na2S2O3, in a hydrothermal autoclave. This 

discovery was the first to indicate that, within a hydrothermal system, the acid mediated 

dissociation of Na2S2O3 could form elemental sulfur colloids, which in turn could serve as 

templates for the formation of hollow microspheres. Further lessons from Chapter 5 indicated 
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that the hollow particles formed best when the sulfur colloids were allowed to grow separately 

without interruption from any competitive reactions and that that the size of the colloids had a 

major influence in the resulting hollow particles. Can these lessons be retroactively applied to 

the one-pot hydrothermal synthesis of hollow CdS microspheres? 

Ongoing work aimed at developing a reliable hydrothermal route to sulfur templated, 

hollow CdS microspheres is being conducted. Samples were prepared over a series of Cd(NO3): 

Na2S2O3: thiourea ratios in different concentrations of HNO3, under hydrothermal conditions 

at 200 °C. The purpose of the HNO3 is to provide an acidic environment for the formation of 

sulfur colloids at room temperature, early in the reaction when the there is no competition from 

the formation of CdS. Figure 6.2 contains some early results from the project, these SEM 

images were taken of samples formed at a concentration ratio of 0.1:1:0.1 and over a series of 

HNO3 concentrations. At 0 M HNO3 (Figure 6.2 (a)) CdS microspheres were abundant in the 

sample, these particles had an average diameter of roughly 3 µm and showed no signs of being 

hollow in nature. When the acid concentration was increased to 0.5 M (Figure 6.2 (b)) many 

clear examples of hollow microspheres appeared, these spheres had increased in size to roughly 

5 µm in diameter. Finally at 0.75 M (Figure 6.2 (c)) the number of hollow spheres in the sample 

had increased dramatically. These particles had had a wide size distribution, some with 

diameters as large as 10 µm. This project is still in its early stages, but from these preliminary 

results is seems that increasing the concentration of HNO3 in the solution led to a greater 

proportion of hollow spheres with larger diameters. 

 

Figure 6.2: SEM images of CdS microspheres prepared via the conventional hydrothermal batch method at a 

Cd(NO3): Na2S2O3: thiourea ratio of 0.1:1:0.1 and at a HNO3 concentration of (a) 0 M, (b) 0.5 M and 

(c) 0.75 M. Presented with permission from Sinéad Goodall. 
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Chapter 3 

Figure A.1 contains the XRD patterns of CdS samples prepared with solutions of 

Cd(NO3)2 and thiourea at 300 ºC via the reactor batch and reactor injection methods. Samples 

prepared at a Cd2+:S2- concentration ratio of 1:1 and 1:2 contained CdCO3 but not the 1:6 

sample. These samples were washed with a 10% acetic acid solution to remove CdCO3, dried 

and XRD analysis was performed again.  

 

Figure A.1: XRD patterns of unwashed CdS samples prepared with Cd(NO3)2 and thiourea at 300 ºC, over a 

series of Cd2+:S2- ratios, via (a) the reactor batch method and (b) the reactor injection method. 

Figure A.2 contains the XRD patterns of CdS samples prepared at 300 ºC, a Cd2+:S2- 

concentration ratio of 1:1, via the reactor batch and reactor injection methods, and with 

solutions of Cd(NO3)2, and a thiourea solution prepared in 0.05, 0.1 and 0.15 M HNO3.  
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Figure A.2: XRD patterns of pH adjusted CdS samples prepared with Cd(NO3)2 and thiourea solutions prepared 

in 0.05, 0.1 and 1.5 M solution of HNO3, at 300 ºC, a Cd2+:S2- concentration ratio of 1:1 and via the (a) reactor 

batch and (b) injection method. 

 

Chapter 4 

Figure A.3 contains the XRD pattern of a CdS sample prepared with solutions of 

Cd(NO3)2 and Na2S2O3 before a toluene wash was applied to the sample. Like all samples 

prepared with Na2S2O3 it contained elemental sulfur S8. The purpose of the toluene wash is to 

dissolve the sulfur and leave a pure CdS sample. 

 

Figure A.3: XRD patterns of unwashed CdS samples prepared with Cd(NO3)2 and Na2S2O3 via the conventional 

batch method at 200 ºC, a Cd2+:S2- concentration ratio of 1:6 and a heating time ,th, of 3 hrs. 

Figure A.4 contains the XRD pattern of a CdS sample prepared with solutions of 

Cd(NO3)2 and Na2S at 300 ºC via the reactor batch and reactor injection methods. Samples 

prepared at a Cd2+:S2- concentration ratio of 1:1 and 1:2 contained Cd(OH)2 but not the 1:6 

sample. These samples were washed with a 10% acetic acid solution to remove Cd(OH)2, dried 

and XRD analysis was performed again. 
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Figure A.4: XRD patterns of unwashed CdS samples prepared with Cd(NO3)2 and Na2S at 300 ºC, 

over a series of Cd2+:S2- concentration ratios of and via the reactor batch method. 

Figure A.5 contains the full matrix of simulated CdS XRD patterns produced in GSAS 

over a series of Lx and Xh values. 
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Figure A.5: Simulated CdS XRD patterns produced with GSAS with Lx peak broadening values of 5, 25, 50, 

75, 100, 125, 150, 175, and 200;  and Xh values of (a) 0%, (b) 10%, (c) 20%, (d) 30%, (e) 40%, (f) 50%, (g) 

60%, (h) 70%, (i) 80%, (j) 90% and (k) 100%. Coloured according to their groupings PCA grouping in figure 

4.X. 
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Chapter 5 

Table A. 1: A summary of all templated CuS samples prepared with corresponding reaction 

conditions. 

Temperature  Cu2+:S2 Induction time ,ti, Reaction time, tr,   

(ºC)   (hr) (hr) 

100 1:1 0 0.5 

   1 

   1.5 

   2 

  0.5 0.5 

   1 

   1.5 

   2 

  1 0.5 

   1 

   1.5 

   2 

  1.5 0.5 

   1 

   1.5 

   2 

  2.0 0.5 

   1 

   1.5 

   2 

50  1.5 1 

   2 

   3 

   24 

100 0.1:1 0 0.5 

  0.5  

  1.5  

  2  

  0 2 

  0.5  

  1.5  

  2  

 0.2:1 1.5 2 

 0.3:1   

 0.4:1   

 0.5:1   

 0.6:1   

 0.7:1   

 0.8:1   

 0.9:1   

 

Figure A.6 contains SEM images of templated CuS particles prepared with 

Cu2+:S2- concentration ratios 0.6:1, 0.7:1, 0.8.1 and 0.9:1. These samples contained sizes and 

morphologies highly consistent with the samples prepared at a 1:1 ratio, containing cracked 

microspheres, budding microspheres and detached tendrils. 
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Figure A.6: SEM images of templated CuS particles prepared at 100 ºC with an induction time (ti) of 

1.5 hrs, a reaction time (tr) of 2 hrs and over a series a Cu2+:S2- concentration ratios. 


