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Abstract 
 

This thesis focuses on the synthesis and characterisation of nanomaterials produced 

using a continuous hydrothermal reactor. Cobalt oxide (Co3O4), magnesium hydroxide 

(Mg(OH)2) and zinc oxide (ZnO) nanomaterials were produced via a continuous 

hydrothermal flow synthesis (CHFS) process, where solutions of chemical precursors 

were mixed with hot, pressurised water. Samples were collected as slurries and 

processed to obtain dry powders.  

The effect of precursor concentration, mixing conditions and temperature profile on the 

nucleation and growth of Co3O4 were investigated. The use of a quench mixer to rapidly 

cool down the nascent feed of nanoparticles was explored. The role of experimental 

parameters and the extent of their effect on the size of the nanoparticles produced were 

discussed and ideal synthesis conditions for the synthesis of < 10 nm Co3O4 

nanoparticles were sought.  

The synthesis of Mg(OH)2 nanoparticles with a range of morphologies followed by their 

conversion to MgO via a heat treatment stage were investigated. The crystal planes and 

their position within the nanoparticles of magnesium hydroxide and oxide were 

investigated to unveil preferred morphologies for the preferential exposition of certain 

crystal planes. Experimental parameters such as concentration, temperature, reaction 

time and presence of surfactants/additives and their effect on the size and morphology 

of the produced Mg(OH)2 were investigated. 

Dispersions of ZnO nanoparticles and their UV attenuation properties were investigated. 

The use of seeds, dopants and surfactants on the ZnO particle size were discussed. 

Possible mechanisms for the improvement of the nucleation of ZnO were considered 

and experiments were carried out to test some hypotheses. The UV attenuation 

properties of the as prepared dispersions and re-dispersed powders were evaluated and 

allowed for a better understanding of the factors influencing the UV absorbance profile 

of ZnO.  
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Chapter 1 – Literature review  
 

1.1 Introduction to nanomaterials 
A nanomaterial is defined as a material that has at least one dimension smaller than 100 

nm. The term nanomaterial covers a large variety of shapes (rods, tubes, ribbons, 

spheres, cubes, amongst others) and composition (organic, inorganic). The study of 

nanomaterials has been enabled by the advancement of imaging techniques and a better 

understanding of the effect of size on physical properties. Nanomaterials can be used in 

a number of fields, including electronics, healthcare, energy etc., as illustrated in Figure 

1.11. 

 

 
Figure 1.1. Major applications of nanoparticles (adapted from1) 
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Inorganic nanomaterials are of interest because of their small size, which leads to a very 

high surface area. If a particle becomes small enough, most of its atoms are on its 

surface. The dominance of surface properties and quantum effects against those of bulk 

means that nanomaterials can exhibit unique mechanical, electrical, magnetic and 

optical properties2. Some surprising properties can arise when approaching the 

nanoscale. For example, nickel oxide (NiO) nanoparticles exhibit magnetic properties 

that bulk NiO do not3,4. Titania (TiO2) and zinc oxide (ZnO) are two materials 

extensively used for UV protection. In their bulk size, they scatter visible light as well 

as absorb UV light. When reaching nano-size, they no longer scatter visible light, 

making them less visible to the human eye, whilst retaining some UV attenuation 

properties5. Gold is another interesting example as it is inert as a bulk material but 

becomes catalytically active as a nanoparticle due to quantum effects, resulting in 

changes in the electronic structure of the particles, namely the formation of a band gap6. 

Nanotechnology research has focused on the characterisation of materials and the 

development of ways to take advantage of these interesting new properties. These 

materials can be used as standalone or as a part of a device. 

There is a need for metal oxide and metal hydroxide nanoparticles in the 

aforementioned applications, and research efforts include finding cost efficient ways to 

produce large amounts of nanomaterials for commercialisation7. This thesis will focus 

on the controlled synthesis and characterisation of commercially interesting 

nanomaterials in specific chosen fields. 

 

1.2 Nanoparticle formation 
1.2.1 Top-down and bottom-up 
A number of synthesis techniques can be used to produce nanomaterials. These can be 

classified in two categories: bottom-up and top-down. The top-down method consists of 

taking a material in its bulk form and breaking it into smaller parts. The bottom-up 

approach aims to synthesise nanoparticles from its molecular or atomic level 

constituents. A simplified illustration of the two strategies is shown in Figure 1.2. 
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Figure 1.2. Illustration of the bottom up and top down approaches 

 

The most common top-down techniques are ball milling, lithography and etching. 

Whilst etching and lithography are very interesting techniques, they are limited by their 

nature to substrate modification. They are very effective in producing nano or micro 

structures but are not convenient for large-scale production of nanoparticles. Ball 

milling is the most commonly used technique used to produce nanoparticles from bulk 

powders. It relies on ceramic or metal spheres crushing larger particles into smaller 

ones. The resulting products usually have a relatively low surface area and a wide 

particle size distribution. Moreover, the milling step lasts days, making it time 

inefficient. Another issue encountered is low reproducibility due to batch-to-batch 

variation8. As the properties of particles at a nanolevel are partly affected by the size of 

material, ball milling is not an ideal manufacturing method. Hence the need for a more 

effective, precise, and reproducible manufacturing methods.  

Bottom-up techniques can be classified into two categories: gas and liquid phase 

reactions. Before describing the hydrothermal method, it is important to understand the 

mechanisms that allow for the formation and growth of nanoparticles. 

 

1.2.2 Stages of nanoparticle formation 
The formation of nanoparticles for both liquid and gas phase synthesis occurs in four 

stages: (I) precursor formation, (II) nucleation, (III) growth and (IV) coarsening9,10. The 

formation of an initial solid is called nucleation. Growth is the attachment of atoms 

present in the environment to the nuclei. Coarsening is the phenomenon by which larger 

particles will grow using other particles present in the environment. Termination is 

defined as the end of the synthesis when particles stop to grow11. Figure 1.3 illustrates 

the formation of a nanoparticle. 
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Figure 1.3. Illustration of the nucleation and growth of a nanoparticle 

 

The widely accepted theory of nucleation and growth of particles was first described for 

the synthesis of sulfur sols and is known as the LaMer Mechanism12. The nucleation 

and growth of nanoparticles under this theory can be described as a three stage process. 

Stage (I) is the increase in concentration of precursor in solution; stage (II) is the 

nucleation of the nanoparticles, resulting in a quick decrease in the concentration of 

precursor; and stage (III) consists of the growth of the particles through the diffusion of 

the precursor in the solution. The concentration of the precursor in solution as a function 

of time is represented in Figure 1.4.  

 

 
Figure 1.4. Representation of the concentration of precursor as a function of time for the 

LaMer model (adapted from12) 

 

Stage I consists of an increase in the concentration of precursor until a state of 

supersaturation is reached. Supersaturation is when the concentration of precursor in a 
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medium is higher than one in an equilibrium state. As a supersaturated system is 

unstable, it drives the nucleation of particles in stage II. Once the nucleation of the 

particles has occurred, the concentration of precursor decreases to reach a more stable 

value in stage III. When the concentration of precursor is lower than the nucleation 

threshold concentration, growth from solution may occur.  

For the synthesis of nanomaterials, the growth stage can be followed by a coarsening 

phase (stage IV) as part of which particles grow without consuming precursors from 

solution but, rather, consume other particles. In this stage, the size of the particles 

increases whilst the number of particles decreases13.  

 

1.2.3 Nucleation  
Nucleation occurs when a cluster of critical size (n*) is formed through a chemical 

reaction. This reaction can sometimes be reversible, i.e. a cluster can dissolve back into 

ions. The cause of nucleation of a cluster is dependent on the synthesis method. Cluster 

nucleation conditions include temperature-induced decomposition or the addition of a 

chemical. Nucleation is driven by the difference in the chemical potential of the 

molecule in a cluster (µc) and the chemical potential of the species in solution (µg). This 

if defined as the thermodynamic driving force for nucleation (Δµ), given by Equation 

1.114: 

 

∆" = 	"% − "'    Equation 1.1 

 

The driving force for cluster formation can also be written as follows: 

 

∆" = 	()	ln	(-)   Equation 1.2 

 

Where k is the Boltzmann constant, T the temperature and S the supersaturation. 

Supersaturation is a state of non-equilibrium that allows the driving force for cluster 

formation (i.e. nucleation). This factor can be influenced by various methods that will 

be detailed later on. If a cluster is of a larger size than the critical size (n*), it will 

become stable and grow to form a nanoparticle. However, if a cluster does not reach the 
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critical size, it may dissolve. If the supersaturation is not sufficient, a critical size cluster 

cannot be formed15. Supersaturation is defined by Equation 1.3: 

 

- = 	
/0
10	/2

12…/4
14

/05
10	/25

12…/45
14   Equation 1.3 

 

Where i (i= 1,2…j) describes the number of ions present in solution, ni is the number of 

ions in a cluster. The actual activities are expressed as a, whilst the equilibrium 

activities are expressed as ae. If the product of the actual concentrations is higher than 

the product of the equilibrium concentrations, the value of the supersaturation will be 

superior to 1. The value of ln(S) will then be positive, leading to Δµ being positive as 

well (Equation 1.2). If the driving force is positive, nucleation of particles will be 

possible. This means that nucleation will be favoured by a supersaturated solution and 

that the supersaturation can be controlled by changing the concentrations of the 

chemicals present in solution. The work (W) necessary for the formation of a cluster is 

defined by Equation 1.415: 

 

6 7 = −7Δ" + 	:(7)  Equation 1.4 

 

Where -nΔµ is the energy gained from creating a cluster, φ(n) is the excess energy of 

the cluster and n is the number of ions present in a cluster. This number is expressed as 

n* when the cluster reaches critical size. The excess energy of the cluster is difficult to 

define experimentally as it is dependent on the synthesis method and conditions. 

Experimentally, particle nucleation and critical cluster formations are merely observed 

by the study of synthesis conditions on the resulting particle size. 

The determination of φ(n) is made even harder by its dependence on the nucleation type 

(homogeneous or heterogeneous), the morphology and structure of the cluster, and the 

interface between the cluster and the solution. In order to overcome those difficulties, 

nucleation theory was formulated15 and can be summarised by Equation 1.5: 

 

;6∗

;Δ" = −7∗ Equation 1.5 
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Where dW* is the work needed for the nucleation of a critical cluster, dΔµ is the change 

in the driving force that happens during the formation of a cluster. In practice, this 

equation has been shown to hold true and is regarded as a decent model regarding the 

nucleation of nanoparticles16. Equation 1.5 can be linked to the supersaturation of a 

system through Equation 1.2 and gives: 

 

;6∗

;ln S = −7∗() 

 

The ideal model of nucleation is the formation of a spherical cluster of radius r that 

grows in an isotropic manner within a supersaturated environment. In the ideal scenario, 

the critical cluster size n* is equivalent to the critical cluster radius r*. The change in the 

total free energy (ΔG) is described as: 

 

ΔG r = −
4
3BC

DΔGE + 4BCFG 

 

Where γ is the surface energy and ΔGv the free energy of the bulk crystal. The volume 

dependent term corresponds to the energy gained to create the volume of the cluster 

inside the solution and the surface dependent term corresponds to the excess energy 

from the cluster17. Those are equivalent to the concept defined in Equation 1.4. For a 

specific reaction in which a spherical isotropic nucleation occurs, a critical cluster size 

can be obtained by differentiation of Equation 1.7. Figure 1.5 illustrates the free energy 

as a function of particle radius. The critical cluster size will correspond to the highest 

free energy value, at which the reaction is most favourable.  

 

 

Equation 1.6 

Equation 1.7 
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Figure 1.5. Balance between the excess energy and the energy for creation of a critical 

cluster (adapted from17) 

 

The rate of nucleation of N particles during time t can be described by Equation 1.8, 

which shows that three experimental parameters can be varied to increase the nucleation 

rate: temperature, supersaturation and surface free energy18.   

 

;H
;I = J	KLM −

ΔG∗

() = J	KLM −
16πγDRF

3(D)D(S7-)F  

 

1.2.4 Growth 
After the nucleation of particles, the concentration of precursor is below the 

supersaturation level and growth from solution of the formed particles can occur. The 

growth of nanoparticles is influenced by two mechanisms: the reaction happening at the 

surface of the nanoparticle and the diffusion of the reagent to the surface of the particle. 

This process can be either diffusion-limited or reaction-limited depending on the 

kinetics of incorporation of the atoms to the formed nuclei. If the incorporation of 

precursor to the particles is fast, the growth will be diffusion limited, i.e. limited by the 

supply of precursor to the surface of the particle. Inversely, if the reaction occurring at 

the surface of the particle is slow, the growth will be limited by the rate of the 

Equation 1.8 
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reaction19,20. The change in particle size over time for a diffusion limited growth can be 

described by Equation 1.9.  

 

;C
;I =

TR
C (UV − UW) 

 

Where r is the particle radius, t the time, D the diffusion coefficient, v is the molar 

volume, Cb is the bulk concentration of the monomer and Cr the solubility of the 

particle. Equation 1.9 shows that the growth rate is faster for smaller particles than for 

larger ones and that growth is faster at a higher precursor concentration. Equation 1.10 

describes the growth rate when the stage is reaction-limited: 

 

;C
;I = (R(UV − UW) 

 

Where k is the rate of the surface reaction, which can vary with surface area. In this 

case, the growth of larger particles is favoured as their area is larger.  

One of the major challenges linked to the synthesis of nanoparticles is the control of 

size, size distribution and composition of the particles formed. To affect these 

parameters, control of the nucleation and growth process is needed. The end of a 

chemical reaction is either reached when an equilibrium is achieved or when all the 

reagents are consumed. An equilibrium is reached when the formation or growth of a 

particle is energetically unfavourable; this can be caused by a reduction in precursor 

concentration, a reduction in temperature or a change in surface energy. To this effect, 

supersaturation and the driving force are useful parameters. Indeed, the supersaturation 

of a system will determine if and when the nucleation and growth of nanoparticles 

happens. Temperature can also have an important effect, as seen in Equation 1.2. 

Experimentally, the system pressure and solvent nature have also been found to have an 

effect on nanoparticle development21. 

 

Equation 1.9 

Equation 1.10 
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1.2.5 Coarsening 
Other processes come into action during an increase in size of nanoparticles after the 

growth stage. Namely, particle-to-particle growth, which includes Ostwald ripening, 

coalescence and orientated attachment.  

During Ostwald ripening, larger crystals grow at the expense of smaller ones, as 

illustrated in Figure 1.6.  

 

 
Figure 1.6. Illustration of the mechanism of Ostwald ripening 

 

This is due to the solubility of the nanoparticles being dependent on their size, as 

described by Equation 1.11: 

 

UW = UWXYexp	(
2GR
^)C) 

 

Where Cr=∞ is the solubility of a particle with an infinite radius and R the ideal gas 

constant. This means that smaller particles are more soluble than larger ones and will 

dissolve and re-crystalise on the larger particles. The theory developed to explain the 

phenomenon is called LSW theory, after Lifshitz and Slyozov, and Wagner22,23. This 

theory and the underlying mathematics are complex but some of the findings can be 

simplified. For example, the number of particles is inversely proportional to the reaction 

time. Moreover, the average particle size is proportional to the cube root of time, as 

shown in the following equation: 

 

^ D − ^_ 	
D = M

8γCWXYRFT
9^) I 

 

Equation 1.12 

Equation 1.11 
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Where <R> is the average particle radius, R0 is the initial particle size, D the diffusion 

coefficient of the particle material. In bottom-up syntheses, it is usually considered that 

the initial particle size is null. It is then possible to experimentally asses if a synthesis is 

nucleation or growth/coarsening dominated by studying the effect of reaction time on 

particle size19.  

Coalescence and oriented attachment are other growth mechanisms that can increase the 

particle size. In both cases, two or more particles join together to form a new particle. If 

this attachment is random, it is called coalescence. If the attachment occurs in a specific 

direction or on a specific plane, it is called oriented attachment13,24,25. The resulting 

particles might be polycrystalline or monocrystalline depending on the coarsening time. 

Figure 1.7 illustrates the attachment of two particles.  

 

 
Figure 1.7. Illustration of the attachment of two nanoparticles 

  

Particle agglomeration is another phenomenon that makes particle size control difficult 

to achieve. Aggregation of nanoparticles is driven by their high surface energy. This 

high energy is due to atoms on the surface not being fully coordinated. Nanoparticles 

will tend to aggregate to reduce this excess of energy. There are two ways of limiting 

this process: charge or steric stabilisation. Charge stabilisation occurs when particles 

have similar charges on their surface (i.e. both positive or both negative). They then 

repel each other. Steric stabilisation is commonly achieved by coating individual 

particles with a capping agent. Capping agents commonly used are organic molecules, 

primarily polymers. They bind to the surface of the particle, creating a steric barrier 

limiting aggregation and growth26. 

 

1.3 Hydrothermal synthesis 
Continuous hydrothermal synthesis is the method that was used for the synthesis of 

nanomaterials throughout the work presented in this thesis. Briefly, it consists of mixing 

a feed of superheated or supercritical water with a feed of aqueous metal precursor, 



Chapter 1 – Literature review 

 

 

 

31 

resulting in the formation of metal oxide or hydroxide nanoparticles. In order to 

understand the main features and nucleation and growth mechanisms of this synthesis 

method, the properties of water at high temperatures need to be introduced.  

 
1.3.1 Properties of water at high temperature and pressure 
A supercritical fluid is a substance which exists above a critical point, defined by a 

critical temperature (Tc) and critical pressure (Pc). Above this critical point the 

distinction between gas and liquid disappears, leading to a substance that can behave 

simultaneously like a liquid and a gas. A supercritical fluid (SCF) can dissolve materials 

like a solvent, whilst showing high miscibility with gases. A number of supercritical 

fluids have been used for the synthesis of metal oxide nanomaterials as well as 

polymers and structured materials27,28. These fluids include water, methanol, ethanol 

and CO2
29.  

The work presented in this thesis focuses on the synthesis of nanomaterials using water 

as a SCF. This choice is motivated by the low environmental impact that hydrothermal 

synthesis has, compared to some of the solvents used in methods named previously21,30. 

A phase diagram of water is given in Figure 1.8 and illustrates the boundaries of the 

supercritical state.  

 

 
Figure 1.8. A typical phase diagram of water 
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For water, the critical temperature (Tc) is 374 °C and the critical pressure (Pc) is 22 

MPa. Above this point, the boundary between gas and liquid disappears and the fluid 

exhibits properties that are unlike water at room temperature and atmospheric 

pressure31. One of the properties that changes dramatically is density. At room 

temperature and atmospheric pressure, the density of water is of 1000 kg.m-3 and 

decreases to 322 kg.m-3 at the supercritical point, as plotted on Figure 1.932. 

 

 
Figure 1.9. Temperature dependence of the density of water for a range of pressure 

(adapted from32) 

 

The dielectric constant of water also undergoes tremendous changes when it becomes 

supercritical or near supercritical. Under standard conditions (atmospheric pressure and 

room temperature), water is a polar liquid. This means it is able to dissolve ionic solids 

and is miscible with other polar liquids. At higher temperatures, water’s dielectric 

constant lowers, therefore changing the solubility of other chemical species in this 

medium. This change in the dielectric constant and solubility is believed to be the one 

of the main driving factors for nanoparticle nucleation in hydrothermal systems 33. 
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Under standard conditions, water has a dielectric constant of 80. At 210 °C, under the 

minimum pressure required to keep it in liquid state (above the saturation curve), the 

value of the dielectric constant is as low as 33. This is comparable to methanol under 

standard conditions. At the critical point (374 °C, 22 MPa), the dielectric constant is 5, 

which is similar to chloroform. At higher temperatures (500 °C), the dielectric constant 

of water reaches values as low at 1, making it comparable to a non-polar solvent such as 

hexane under standard conditions. The evolution of the dielectric constant of water as a 

function of temperature and pressure is plotted in Figure 1.1033. 

  

 
Figure 1.10. Pressure and temperature dependence of water’s dielectric constant 

(adapted from34) 

 

In part, the drastic changes of the dielectric constant affect the solubility of ions in 

solution and forces the precipitation of ionic solids. Hence, there is a benefit to being in 

the critical or sub-critical region for the precipitation of solids in hydrothermal 

synthesis. 
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Another interesting change in properties of supercritical water can be attributed to the 

variation of the ion product (K). K is the product of the concentrations of the two 

dissociated ions of water, H+ and OH- ions, as shown in Equation 1.13.  

 

 

c =	 de fdg  

 

Under standard conditions, the value of the ion product is of 10-14 mol2.dm-6. The pH of 

water under standard conditions is 7. This value is obtained using Equation 1.13. and 

the fact that for pure water the concentration of H+ ions and OH- ions are the same, i.e. 

10-7 mol2.dm-6 35 each. 

 

Md = 	−Shi de  

 
The effects of temperature and pressure on the value of K have been studied extensively 

and allow the prediction of the pH of supercritical water. The maximum value it reaches 

is ca. 10-12 mol2.dm-6 at 300 °C, regardless of pressure. This implies an increase by a 

factor 10 of the concentration of both OH- and H+. It means that water in sub-critical 

conditions can exhibit the properties of an acid and a base simultaneously, although at 

the critical point (374 °C, 22 MPa) the value of K drops to a value ca. 10-13 mol2.dm-6. 

This evolution is plotted in Figure 1.1136. 

 

Equation 1.12 

Equation 1.13 
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Figure 1.11.  Ion product as a function of temperature at 25 MPa 

(adapted from36) 

 

All these aforementioned changes properties suggest that supercritical or superheated 

water may be an interesting medium for chemical reactions to occur in. The exploitation 

of these unusual properties is the foundation of the hydrothermal synthesis method i.e. 

using hot water for the formation of nanomaterials from metal salt solutions.   

 

1.3.2 Hydrothermal formation of nanomaterials 
Hydrothermal synthesis can be defined as a process in which a heterogeneous reaction 

occurs in an aqueous medium at temperatures above the boiling point and pressures 

higher than ambient30. Per the etymology of the word, the use of water and temperature 

are the main defining traits of this method.  

Hydrothermal synthesis presents a range of advantages for the synthesis of materials. 

Firstly, the use of water as a solvent and reagent makes it a more environmentally 

friendly method than processes using organic solvents33,37. The reaction temperatures 

typically used (e.g. range 200 - 400 °C) are lower than solid state synthesis, for which 

temperatures can usually reach 1000 °C. A range of materials have been produced via 

hydrothermal synthesis. These include metal hydroxides, oxides and phosphates. A 
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number of reviews are available in literature, offering a comprehensive range of 

materials that can be produced hydrothermally21,29,30,38.  

The hydrothermal reaction to form a metal oxide is typically a two step reaction 

consisting of a hydrolysis step (Equation 1.14) followed by a dehydration step 

(Equation 1.15), as described below in the case of the precursor being a metal 

nitrate39,40:  

 

j(HfD)k	 /l + LdFf
									

	j(fd)k	 m + LdHfD 

 

j(fd)k	 m
									

	jf(kF)	 m
+
L
2dFf 

 

In the hydrolysis step, the metal salt precursor is hydrolysed to form the metal 

hydroxide. The dehydration step leads to the formation of the metal oxide via 

dehydration of the metal hydroxide. The rate of reaction of these two steps can be 

influenced by the reaction temperature, the pH and ionic product of the medium as well 

as the dielectric constant of water. The hydrothermal synthesis of nanomaterials 

principally relies on the change of the supersaturation of the species in solution at 

elevated temperatures (discussed in section 1.2.3), resulting in the nucleation of 

nanoparticles.  

The traditional way of producing nanomaterials via hydrothermal synthesis is through 

the use of an autoclave, which is a batch process. In batch hydrothermal synthesis, the 

reagents are typically mixed at room temperature and placed in an autoclave. This 

autoclave is then placed in an oven for a set amount of time and the reaction is stopped 

by taking the autoclave out of the oven. This batch approach has been widely used but it 

has limitations inherent to any batch process: batch to batch variations, difficult 

scalability, slow and poor control of reaction parameters (especially temperature). To 

overcome these limitations, a continuous approach to hydrothermal synthesis was 

developed.  

 

Equation 1.14 

Equation 1.15 
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1.4 Continuous hydrothermal synthesis 
1.4.1 Introduction 
The first continuous hydrothermal reactor was reported by the Arai group in Japan in 

199240. The main idea behind this reactor was the mixing of a superheated feed of water 

with a room temperature feed of aqueous metal salt, resulting in the formation of metal 

oxide or hydroxide nanoparticles. In this first publication, the formation of AlOOH, 

Fe2O3, Fe3O4, Co3O4, NiO, ZrO2 and anatase TiO2 was reported. This approach was 

novel as it allowed the chemical species to reach the reaction temperature very rapidly 

(within seconds). This is to contrast with batch hydrothermal methods in which the 

heating step can take minutes to hours. Since the first report, the field of continuous 

hydrothermal synthesis has grown with multiple research groups across the world 

developing their own reactors for the synthesis of a number of materials. Continuous 

hydrothermal processes have shown their capability to produce materials for 

applications in bioceramics41-44, lithium iron batteries45-52, catalysis53-57, 

photocatalysis58,59, sensors60,61, dielectric materials62-65, luminescent materials66-69 and 

UV attenuation70. 

 

1.4.2 Continuous hydrothermal reactor designs 
The first hydrothermal reactor developed by the Arai group in Japan consisted of two 

pumps, one pumping a water feed (2.5 to 6 mL.min-1) through a heater and one 

pumping a feed of aqueous metal precursor (0.8 to 2.2 mL.min-1). The supercritical 

water feed was heated to temperatures up to 490 °C and met the metal precursor feed to 

result in a reaction temperature of 400°C. After flowing through a heated tube, the 

product was cooled by passing through a heat exchanger and the pressure in the reactor 

was maintained between 30 and 35 MPa by a back-pressure regulator. The residence 

time of the product in the reactor was estimated to be ~2 minutes40. Figure 1.12 is the 

schematic of this reactor.  
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Figure 1.12.  Schematic of the first continual hydrothermal reactor (adapted from40)  

 

Modifications to this reactor were made by introducing additional pumps that allowed 

the introduction of more than one precursor in the reactor45 and widened the range of 

materials that could be produced. Feeds of precursors were introduced separately to 

avoid any undesirable reactions. For example, the addition of base to increase the pH of 

the reaction usually results in the hydrolysis of the metal precursor and can be avoided 

by pumping the metal feed and the base feed separately. Additional pumps can also be 

used to do multiple-step reactions in the flow reactor such as pre-precipitation or pre-

heating a mixture71.  

The ways in which the base feed can be mixed in a continuous hydrothermal reactor 

were also investigated. Two mixing scenarios were studied: one where the base was 

pre-mixed with the hot water feed before meeting the metal feed (hot mixing) and one 

where the base feed was pre-mixed with the metal feed before being mixed with the hot 

water feed (cold mixing). Hot mixing was observed to yield smaller iron oxide and 

cobalt oxide nanoparticles with more pronounced faceting.   

A number of continuous hydrothermal flow synthesis (CHFS) reactors have been 

developed by the Clean Materials Technology Group since its beginnings at Queen 

Mary University of London (now at University College London). The operating 
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principles of all these reactors are very similar to the reactors reported by the Arai group 

in the 1990s40,71. Figure 1.13 is a diagram of a typical CHFS reactor for which three 

pumps are used, one to provide a feed of supercritical water, one a feed of aqueous 

metal salt precursor and one an aqueous base feed. The metal salt and base feed are pre-

mixed at room temperature before meeting the supercritical water feed at the mixing 

point.  

 

 
Figure 1.13.  Schematic of a typical continuous hydrothermal flow synthesis reactor 

 

Variations of this design are detailed in literature and have allowed the use of CHFS for 

high throughput synthesis of materials with the capability of producing a large number 

of samples in a short amount of time and allowed for combinatorial studies to be carried 

out72-74. These reactors were good at producing libraries of materials but were not able 

to produce large amounts of materials (i.e. 100 g.h-1).  

More recently, a pilot plant scale CHFS reactor was built to allow for the production of 

larger amounts of materials. Because the formation of the product occurs at the mixing 

point, it is relatively easy to scale up the CHFS process by using pumps with higher 

flow rates, resulting in a larger throughput as the reaction volume remains similar. The 

development and testing of this pilot plant reactor is discussed in great detail in Dr 
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Gruar’s PhD thesis and the successful synthesis of nanomaterials at pilot scale has been 

demonstrated in the literature52,75,76. The total volumetric output of the pilot plant 

reactor is 800 mL.min-1 and precursor concentrations as high as 1 M can be used during 

the synthesis, resulting in the production of  >1 kg.h-1 of dried nanomaterials.  

The latest reactor built in the CMTG is a laboratory scale reactor, which is effectively a 

scale down of the pilot plant reactor. Its volumetric output is 160 mL.min-1 and was 

built in a convenient way to investigate a larger number of samples than at the pilot 

plant scale, whilst still being able to produce grams of materials in the range of minutes.  

It is also easier to modify the components of this reactor to change experimental 

parameters, such as mixing conditions and residence time. This reactor was the one used 

for the CHFS synthesis of materials throughout the work presented in this thesis. 

The first industrial scale continuous hydrothermal reactor was built by Hanwha 

Chemical Corporation Ltd in South Korea and produces lithium iron phosphate (known 

as SafEnPo®) for use in lithium ion batteries77. In Europe, another industrial scale plant 

is being built as part of the SHYMAN project at the University of Nottingham with a 

goal of producing 100 tons of nanomaterials per year78.  

In this section, a brief overview of the history and development of continuous 

hydrothermal reactors has been presented. Although most reactors have been designed 

very similarly to the initial reactor reported by the Arai group, there is one component 

that can be different for each reactor: the mixing point where the superheated feed of 

water meets the feed of aqueous metal precursor.  

  

1.4.3 Mixing point designs 
The first mixing point reported by Adschiri et al. was described as a stainless steel 

vertical tube reactor with an internal diameter of 9.5 mm and a length of 400 mm with 

the feeds of hot water and precursor meeting in a tee-piece at the inlet of this tube40,79. 

Since then, a number of mixing point designs have been developed and tested to 

investigate the effect of the mixing on the particle size and particle size distribution of 

the produced nanoparticles. In an ideal mixer, the feed of superheated water and the 

feed of metal precursor are mixed in a homogeneous manner for the formation of 

nanoparticles to occur in a constant reaction environment in the mixer. This 

homogeneity would limit the effect on particle size of locally hotter areas or local 
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supersaturation, in case of poor mixing, and result in a more consistent and 

homogeneous product. Another factor to consider during the formation of solids is their 

removal so that blockages do not occur and result in the reactor being inoperable. It has 

been reported that the mixing in continuous hydrothermal reactors can affect the 

reproducibility and size of the particles produced80. A number of mixer geometries have 

been investigated in literature. These include tee-shaped, swirling, central collision, 

counter-current and co-current mixers.  

To compare different mixing apparatus, the flow regime occurring in a pipe can be 

expressed with a dimensionless quantity called the Reynolds number (Re), which can be 

calculated using equation 1.16:  

 

Ro =
ρvd
µ  

 

Where ρ is the density of the fluid, v its velocity, d the internal diameter of the pipe and 

µ the viscosity of the fluid. The value of Re determines the nature of the flow of a fluid. 

If Re < 2000, the flow is considered laminar and if Re > 4000 the flow is considered 

turbulent. When 2000 < Re < 4000 the flow is considered as transitional, which has 

characteristics of both turbulent and laminar flow regimes.  

Experimentally in CHFS, the Reynolds number of the mixed feeds can be altered by 

changing the dimension of the mixer, the temperature and flow rates of the feeds as well 

as the relative flow rates of each feed. Indeed, decreasing the pipe diameter will 

increase Re as the velocity of the fluid will increase. Increasing the temperature of the 

mixture will also increase Re as the viscosity of water is lowered at higher temperatures. 

The temperature of the mixture can also be altered by changing the relative flow rates of 

the cold and hot feed. Changing the flow rates also has an effect on the Reynolds 

number through the velocity of the fluid. For the work presented in this thesis, the 

Reynolds numbers of the feed exiting the mixer were calculated following the model of 

Wagner and Pruβ, which describes the properties of pure water35.  

Three tee-piece arrangements were investigated by Kawasaki et al.: a conventional tee-

piece with an internal diameter of 2.3 mm and one with an internal diameter of 1.3 mm 

and a so-called micromixer with an internal diameter or 0.3 mm (as shown in Figure 

Equation 1.16 
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1.14)81. A range of flow rates and mixing directions (hot water going straight through 

the tee-piece, doing a 90 ° bend or counter current to the precursor feed) and their effect 

on the particle size of the produced NiO were studied. It was found that the size of the 

nanoparticles produced was reduced by decreasing the inner diameter of the tee-piece 

mixer and by increasing the flow rate of the feeds. This reduction in size was explained 

by a higher heating rate of the precursor solution when the mixer was smaller due to an 

increase in the Reynolds number (maximum Re reported of 96000) resulted in a faster 

nucleation rate owing to a more homogeneous supersaturation. Inversely, when the 

mixer had larger dimensions, the heating rate of the precursor feed was slower and 

partial nucleation occurred due to localised supersaturation followed by a growth stage 

as the remainder of the precursor feed was being heated up. The mixing direction was 

not found to influence the particle size significantly.  

 

 
Figure 1.14. Diagram of three tee-piece mixers used for the synthesis of NiO (adapted 

from81) 

 

Based on the results obtained with the tee-piece micromixer, Kawasaki et al. developed 

a so-called swirl mixer for which the supercritical feed of water was split in two and 

introduced at a 60 ° angle with respect to the precursor feed inside the mixer82. This 

arrangement, illustrated in Figure 1.15, resulted in a swirling flow of the mixed feeds. It 

was observed that the particle size of the NiO obtained was smaller and the particle size 

distribution narrower for a micro swirl mixer than for a tee-piece micromixer. This was 

observed even though the Reynolds number for the micro swirl mixer was 58000, a 

lower value than the 96000 achieved with the tee-piece micromixer. The result 

suggested that the geometry of the mixer also had an effect on the nucleation of 

nanoparticles.  
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Figure 1.15. Diagram of a micro swirl mixer (adapted from82) 

 

More recently, Aoki et al. studied the effect of reaction temperature and mixing 

Reynolds number on the size of CeO2 with the use of tee-piece mixers 83. It was 

reported that higher Reynolds numbers lead to smaller particles for Re < 10000. When 

the Reynolds number was increased above 10000, the reduction in particle size was 

found to be negligible. Higher reaction temperatures also resulted in smaller particles at 

equivalent Reynolds numbers, suggesting that the temperature and its effect on the 

nucleation rate also played a role in the formation of smaller particles.  

Sue et al. developed a central collision mixer (CCM), as illustrated in Figure 1.1684, to 

limit the nucleation of nanoparticles on the walls of the mixer by having the mixing 

point in the middle of a 6-branch mixer. The feed of supercritical water entered through 

the four horizontal sides of the mixer, whilst the precursor entered through the top of the 

apparatus, flowing vertically. The product flowed downwards to exit the mixer. This 

arrangement was used for the synthesis of Fe2O3 and it was observed that the particle 

size was smaller with a CCM than with a tee-piece micromixer and a narrower particle 

size distribution was also obtained. This result was explained by the fact that, in a CCM, 

nucleation on the sides of the mixer was limited in comparison to a micromixer.  



Chapter 1 – Literature review 

 

 

 

44 

 
Figure 1.16.  Schematic of a central collision mixer (adapted from84) 

 
A counter-current mixer was developed by Lester et al. at Nottingham University to 

address the issue of  blockages that typically occur in tee-piece reactors80. Simulations 

also revealed that the difference in densities between the supercritical water feed (~ 371 

kg.m-3) and the metal precursor feed (~ 998 kg.m-3) resulted in the presence of 

buoyancy forces upon interaction of the two feeds. It was found that those buoyancy 

forces were the driving force of the mixing and that the geometry of a tee-piece mixer 

was very ineffective for such a mixing regime. To remedy these two issues, a counter-

current mixer was designed, in which the feed rate of supercritical water flows 

downwards to meet a feed of metal precursor flowing upwards, as illustrated in Figure 

1.17. This mixing arrangement was build with an inner pipe feeding the supercritical 

water, with an open-ended cone-shaped nozzle inside an outer pipe feeding the aqueous 

metal salt precursor.  

 

 
Figure 1.17. Schematic of a counter-current mixer (adapted from80) 
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Tighe et al. investigated the counter-current mixer and reported that some heat exchange 

occurred between the product feed and the supercritical water feed, resulting in a 

cooling of the supercritical water feed and a reduction of the temperature at the mixing 

point85. Additionally, it was observed that the downward flow of supercritical water 

penetrated far into the precursor stream, resulting in an uncertain mixing point that 

could result in a loss of control during the nanoparticle synthesis. To address these 

limitations, a co-current mixer was developed86. In this arrangement, also known as 

confined jet mixer (CJM), the feed of supercritical water and the feed of precursor met 

co-currently. A CJM consists of a pipe-in-pipe configuration with a supercritical water 

feed flowing upwards through the inner pipe inserted in a cross piece. The precursor is 

fed orthogonally to this inner pipe and meets the supercritical water feed at the exit of 

the inner pipe, as illustrated in Figure 1.18. The nanoparticles formation occurs at the 

mixing point of the two feeds and the products are carried away upwards towards a 

cooler87.  

 

 
Figure 1.18. Schematic of a confined jet mixer (adapted from87) 

 

The CJM was evaluated for the synthesis of zinc oxide on a laboratory and pilot plant 

scale. It was observed that the mixing was effective and the the production of very 

similar nanoparticles was possible for both scales. In-situ temperature measurements 
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showed that the mixing between the two feeds was almost instantaneous and that 

blockages were avoided due to the momentum driven nature of the mixing75,87. 

Throughout the work presented in this thesis, confined jet mixers were used. Specific 

details about these mixers are given in Chapter 2.  

 

1.4.4 Surfactants 
For a number of applications, nanoparticles need to be dispersed in a medium (e.g. oil 

for cosmetics, solvent for inks), which means there is a need to limit their 

agglomeration and settling. The most common way to disperse nanoparticles is through 

the use of a surface agent, or surfactant. The addition of a surface agent can result in a 

steric and/or electrostatic stabilisation of the particles. Steric stabilisation occurs when a 

bulky molecule is bound to the surface of the nanoparticles, which physically separates 

the particles and hinders agglomeration. Electrostatic stabilisation is the result of 

particles having the same electric charge on their surface and repulsing each other due 

to their similar charge. The choice in surface agent is usually dictated by the surface 

chemistry of the material to be dispersed and the solvent used88.   

A number of reports in literature have demonstrated that surface functionalisation of 

nanoparticles in a continuous hydrothermal reactor is possible. Hayashi developed a 

reactor in which a surface modifier was introduced through a tee-piece after the 

particles were formed 89. It was observed that the particle size of the BaTiO3 was not 

altered by the use of a surfactant, but the agglomeration of the particles was reduced and 

better dispersion stability was obtained. Lu et al. reported the synthesis of surface 

functionalised cobalt aluminate with the use of hexanoic acid as a surfactant90. In this 

case, the surfactant was mixed with the metal precursors before meeting the feed of 

superheated water. This resulted in the formation of smaller particles that were not 

agglomerated. The particles were also effectively hydrophobic due to the presence of 

hexanoic acid on the particles, which meant that they had an affinity to transfer into less 

polar solvents than water. Similar experiments were carried out on the surface 

functionalisation of ZnO and TiO2
91,92. 

In the CMTG, Gruar et al. investigated the surface functionalisation of iron oxide 

nanoparticles with citric acid using a confined jet mixer to form the nanoparticles 

followed by a counter current mixer to feed the capping agent93. The produced samples 
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were stable dispersions of nanoparticles and showed high levels of citric acid on the 

surface of the nanoparticles. The stability of the dispersions was influenced by the 

turbulence and time of the mixing of the capping agent feed with the product feed.  

 

1.5 Aim and objectives 
In this chapter, the fundamentals to the understanding of this thesis were presented. The 

nucleation and growth mechanisms of nanoparticles were discussed as well as the 

properties of water at high temperature/pressure and its potential as a reaction medium. 

The history and development of the relatively young field of continuous hydrothermal 

synthesis were recounted.  

A number of materials were studied across the work presented in this thesis. For each 

material, a short review of the synthesis pathways is given at the beginning of the 

relevant chapters. The specificities, potential uses and interest in each compound are 

discussed in these introductory sections. They are followed by a presentation of the 

experimental methods, in which specific equipment or methods used for the synthesis of 

the nanomaterials are detailed. The results are then presented and discussed before a 

conclusion of the work is drawn. More details about experimental conditions are given 

in the appendix. 

The objectives of this thesis are:  

i. To investigate the synthesis of Co3O4 via continuous hydrothermal synthesis for 

possible future applications in energy storage or Fischer Tropsch catalysis. The 

aim is to determine the experimental factors that can influence the size of the 

Co3O4 nanoparticles. Are chemical parameters such as precursor concentration 

able to influence the size of the formed nanoparticles? Can reactor design affect 

the nucleation of growth of Co3O4? Do the mixing conditions inside the reactor 

have an influence? Can the growth be stopped by quenching the product?  

ii. To investigate the synthesis of MgO and Mg(OH)2 nanoparticles using CHFS. Is 

it possible to produce MgO in a one-step manner using CHFS? If not, how can 

this limitation be overcome by a heat treatment step? How are the crystal planes 

arranged in the formed Mg(OH)2 and how do the facets develop after heat 

treatment to MgO?  
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iii. Can CHFS be used to obtain different morphologies of Mg(OH)2 to favour 

certain crystal planes and inhibit others? Can surfactants be used to direct the 

growth of magnesium hydroxide into elongated structures? Can other additives 

be used for the formation of varied Mg(OH)2 morphologies?  

iv. Can the size of ZnO nanoparticles produced by CHFS be affected by the 

presence of a TiO2 sol seed? If so, will the UV attenuation properties of the 

product be altered? Additionally, what could be the mechanisms leading to the 

formation of smaller ZnO nanoparticles?  

v. Can alternatives to a TiO2 seeds result in similar changes in size and UV 

attenuation properties? Can a dopant/seed be introduced as an aqueous precursor 

addition as opposed to a pre-formed solid? If so, how is the size of the ZnO 

nanoparticles impacted and are the UV attenuation properties altered? 

In summary, this thesis will explore the different experimental parameters capable 

of influencing the nucleation and growth of nanoparticles produced by CHFS. The 

size and morphology of the nanoparticles will be evaluated to determine if CHFS is 

a suitable synthesis method for materials with potential industrial applications. It is 

hoped that the work presented in this thesis will benefit the field of continuous 

hydrothermal synthesis and create interest for further development.  
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Chapter 2 – Experimental methods  
 

2.1 Introduction 
This chapter discusses the experimental methods and processes used throughout this 

work. A description of the continuous hydrothermal flow synthesis (CHFS) system and 

the different mixers used is given, followed by the techniques used for sample 

processing and characterisation. The aim of this chapter is to give an overview of the 

synthesis and characterisation methodologies. Specific methodologies will be detailed 

in each chapter where relevant.  

2.2 Continuous hydrothermal flow synthesis 
The first CHFS reactor in the Clean Materials Synthesis Group was built by Professor J. 

Darr and Dr P. Boldrin at Queen Mary University of London in 200394. More recently, a 

laboratory scale reactor was built at University College London with a range of 

modifications described in Dr R. Gurar’s thesis75. The following sections provide a 

description of the process as it was used in this work and any modifications that were 

carried out during the work described in this thesis.  

 

2.2.1 Laboratory scale reactor 
The laboratory scale CHFS reactor at UCL was built by Dr R. Gruar and Dr N. 

Makwana. The purpose of this reactor when it was initially designed was to be able to 

produce ~ 100 grams of material per day. A schematic diagram of the reactor in a three-

pump configuration is shown in Figure 2.1. All fittings and pipes were made of 316L 

stainless steel procured from Swagelok (Kings Langley, UK). The pipe diameters were 

in the range 1/8 in. to 3/4 in.   

Three identical high-pressure diaphragm pumps, model Primeroyal K from Milton Roy 

(Pont-Saint-Pierre, France), were used simultaneously to provide three independent 

feeds into the reactor. The flow rate, composition and concentration of each feed could 

thus be changed easily, allowing a large number of experiments to be carried out. Each 
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pump was connected to its individual precursor pot (1 L conical vessel) and to a 

communal 100 L water tank. The switch between the precursor vessel and the water 

vessel was operated by the use of a three-way ball valve. Each pressured line was then 

equipped with a pressure relief valve (Parker HPRV, relief pressure 276 bar), a pressure 

gauge and a non-return valve assembly before the feed was introduced into the reactor. 

The pressure relief valves ensured that the pressure in the system did not increase above 

276 bar in case of a pipe blockage, making the system safer to operate. The pressure 

gauges allowed for the independent monitoring of the pressure in each feed. The non-

return valve assembly was used to prevent backflow occurring in one line in case of 

pump failure.  

In a typical experiment, pump P1 was used to provide a feed of deionised water (> 10 

MΩ resistivity) through an electrical heater (the design of which is detailed in Dr 

Makwana’s PhD thesis95) before entering the reactor mixing point. Pumps P2 and P3 

were typically used to provide feeds of aqueous metal salt and base, respectively, at 

ambient temperature. These two feeds were mixed in line before entering the mixing 

apparatus. At the mixing point, the feed of superheated water from P1 was mixed with 

the combined reagent feed from P2 and P3. The product feed exiting the mixer was then 

cooled down to ~ 40 °C by flowing through a pipe-in-pipe heat exchanger. Once cooled, 

the product flowed through a backpressure regulator (Tescom, model 26-1762-24-194) 

which maintained the pressure in the reactor at 24 MPa. At the outlet of the process, the 

product was typically collected in a beaker. 

The design, construction and components involved in this apparatus are given in much 

greater detail in the theses of Dr Makwana and Dr Gruar75,95. 

Figure 2.2 is photograph of the laboratory scale CHFS apparatus showing the main 

components of the reactor.   
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Figure 2.1. Schematic diagram of the laboratory scale CHFS reactor 

 

 
Figure 2.2. Photograph of the laboratory scale CHFS reactor 
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2.2.2 Confined jet mixer 
The mixing point in the CHFS process is where the feed of superheated water was 

mixed with the chemical precursor solutions. In the work presented in this thesis, a co-

current mixer configuration was used. This patented mixing arrangement, hereafter 

referred to as confined jet mixer (CJM), was designed and evaluated by Professor J. 

Darr, Dr C. Tighe and Dr R. Gruar86. In a CJM, the precursors and hot water are 

introduced in a co-axial geometry, as illustrated in Figure 2.3. The product then flows 

upwards towards the heat exchanger. All mixers used in this work were constructed in a 

similar manner with different tubing and fitting sizes. A typical mixer was set up with 

the hot water feed flowing upwards into a cross union via a bored-through union fitting. 

The superheated feed pipe terminated above the level of the precursor inlet annuli. The 

pre-mixed precursor feed was fed through the side of the cross union, perpendicularly to 

the hot water feed.  

 

 
Figure 2.3. Illustration of a confined jet mixer 

 

2.2.3 Single mixer arrangement 
The single mixer arrangement was the configuration used the most throughout this 

work. It comprised a single confined jet mixer. The hot water inlet pipe had an outer 
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diameter (O.D.) of 3/16 in. and an outlet pipe O.D. of 3/8 in. The size of the cross fitting 

was of 3/8 in. The typical flow rates used were as follows: 80 mL.min-1 for the hot 

water feed, 40 mL.min-1 for the metal salt feed and 40 mL.min-1 for the base feed. When 

the hot water feed temperature was set at 450 °C, the Reynolds number of the mixed 

feed at the outlet of the CJM was calculated to be 6900, resulting in a turbulent mixing 

of the product. The mixing temperature under these conditions was 335 °C.  For the 

work presented in this thesis, the Reynolds numbers and mixing temperatures of the 

feed exiting the mixer were calculated following the model of Wagner and Pruβ, which 

describes the properties of pure water35. This model predicted the viscosity, velocity and 

density of water at a set temperature, which allowed to calculate the Reynolds number. 

The equation used to calculate the Reynolds number is given in Chapter 1, Equation1.16 

(p. 41).  

 
2.2.4 Double mixer arrangement 
Another configuration that was used in the course of this work was a double mixer 

arrangement. This arrangement consisted of standard confined jet mixer followed 

directly by a second confined jet mixer, also called quench mixer. A fourth pump (P4) 

was used to provide a quenching feed, as illustrated in Figure 2.4.  
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Figure 2.4. Schematic diagram of the laboratory scale CHFS reactor equipped with a 

double mixer arrangement 

 

Because the quenching feed was at room temperature, the quench mixer could be used 

to rapidly cool down the feed of nascent nanoparticles or to introduce an organic 

surfactant to functionalise the surface of the product. The double mixer arrangement is 

illustrated in Figure 2.5.  
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Figure 2.5. Illustration of the double mixer arrangement 

 

The dimensions of the quench mixer were as follows: the inlet pipe, which was the 

outlet of the first CJM, had an O.D. of 3/8 in. The outlet of the quench mixer had an 

O.D. of 3/4 in. The cross fitting had a size of 3/4 in. The typical flow rate used for the 

quench feed was of 160 mL.min-1, providing a total outlet flow rate of 320 mL.min-1. 

When the hot water feed temperature was set at 450 °C, the Reynolds number of the 

mixed quenched feed at the outlet of the quench mixer was calculated to be ca. 3300. 

The temperature at the outlet of the quench under these conditions was ~180 °C. Figure 

2.6. illustrates the approximate temperatures experienced by the product feed in the 

CHFS reactor as a function of time with and without the use of the quench. The 

temperature profiles plotted are not accurate and are only given as a visual aid to 

understand the benefits of the use of a quench feed. The temperatures were measured at 

the exit of the mixer, entry of the cooler and outlet of the reactor. The rapid cooling 
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effect of the quench is of particular interest as it allowed the reaction time to be greatly 

reduced.  

 

 
Figure 2.6. Temperature profile experienced by the product in the CHFS reactor with 

and without the use of a water quench 

 

2.2.5 Laminar mixer arrangements 
For some experiments the dimensions of the mixer were altered, which resulted in a 

reduction of the Reynolds number of the mixture coming out of the first CJM. Indeed, 

by increasing the cross and outlet size to 3/4 in. and reducing the flow rates (as detailed 

in Table 2.1.), the Reynolds number after the first CJM could be reduced to a value of 

2000. This value, classically, would be considered to be on the boundary of the 

transition from laminar to turbulent flow. In fact, the presence of nanoparticles in 

suspensions has been found to increase the Reynolds number of this transition96,97. The 

mixer, for which the dimensions are detailed in Table 2.1, will be called “laminar 

mixer” for the remainder of this thesis. A quench mixer was also used for some 

experiments after the laminar CJM and its dimensions are detailed in Table 2.1. 
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Table 2.1 – Flow rate and dimensions of the laminar mixer and its associated quench 

mixer. a = time before the mixture enters cooler b = time before the slurry meets the 

quench feed. 
 Inlet pipe 

O.D. 

(inch) 

Outlet 

pipe 

O.D. 

(inch) 

Residence 

time (s) 

Flow rate 

inlet 

(mL.min-1) 

Flow rate 

precursor or 

quench water 

(mL.min-1) 

Remix 

Laminar mixer 1/8 3/4 ~ 10a 50 50 2000 

Quench after 

laminar mixer 

3/4’ 3/8 ~ 3b 100 160 4600 

 

It is to be noted that when a quench was used with the laminar mixer, the associated 

quench mixer was not a confined jet mixer, as illustrated in Figure 2.7. This was 

because the inlet pipe diameter to the quench mixer (3/4 in.) was too large to build a 

confined jet mixer as the cross would have had to be larger than 1 in.   

 

 
 

Figure 2.7. Illustration of the (a) laminar and (b) laminar with quench mixers 
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2.2.6 Residence time 
The residence time, i.e. the time between the mixing of the superheated feed with the 

precursor solution and the entry to the cooler, was varied for some experiments. Three 

residence times were investigated:  

- Short: a 3/8 in. O.D. pipe was used from the exit of the mixer to the entry of the 

heat-exchanger (~ 50 cm), resulting in a residence time ~ 10 s. Unless stated 

otherwise, all experiments were carried out using this set up.  

- Medium: a 3/4 in. O.D. pipe was used from the exit of the mixer to the entry of 

the cooler (~ 50 cm), resulting in a residence time ~ 30 s. 

- Long: a 6 m coil of 1/2 in. O.D. pipe was attached between the exit of the mixer 

and the entry of the cooler, resulting in a residence time ~ 100 s.  

 

2.2.7 Materials synthesis 
A typical synthesis using the laboratory scale reactor consisted of a number samples 

being produced consecutively. Various reaction parameters could be modified to 

investigate their effect on the produced materials. These included temperature, 

composition and concentration of precursors, flow rates, turbulence of the mixing, 

residence time and in the case of the use of the quench, the presence and concentration 

of an additive. At the beginning of each synthesis, the flow rates of the pumps were 

measured, the pipe work was checked for leaks and the water tank filled up. The pumps 

were primed at ambient pressure for 5 minutes before pressurising the system using the 

backpressure regulator. Under pressure, the total volumetric output of the pumps was 

measured again. Once the reactor was considered safe for use, the heaters were powered 

and controlled by a PID controller. Once the temperature was reached, the precursors 

were introduced into their pots and switch valves turned to pump from the precursor 

vessels. When the precursors were exhausted, the valves were turned back to allow 

water from the storage tank to be pumped. The slurries were collected at the outlet of 

the system. 

 

2.2.8 Sample processing 
Samples were collected as nanoparticle-laden slurries and the solids were recovered 

from solution by centrifugation using a Sigma 4K15 (Sigma, Osterode am Harz, 
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Germany) centrifuge. Depending on the volumes collected, either 50 mL Falcon tubes 

or four 500 mL centrifuge buckets were used. The slurries were typically centrifuged at 

4500 rpm (4300 RCF) for 5 minutes or more, depending on the stability of the 

nanoparticles suspension. The supernatant was discarded and replaced with de-ionised 

water (> 10 MΩ). The solids were re-dispersed using a vortex mixer (VWR VM-3000) 

and centrifuged again. This process was repeated until the conductivity of the 

supernatant reached a value ≤ 100 µS.m-1, as measured by a model H198311 dissolved 

solid analyser (Hanna Instruments, Woonsocket, USA). 

If the nanoparticles were too stable in solution and could not be retrieved by 

centrifugation, the aqueous suspension was flocculated using 50 g.L-1 of sodium 

chloride. Samples were allowed to settle overnight, decanted into 50 mL centrifuge 

tubes and the sediment was re-dispersed in 50 mL of DI water and transferred into 

dialysis membrane tubing (Medicell International Ltd., London, UK) submerged in DI 

water. This water was replaced regularly until the conductivity of the dialate reached 

values ≤ 50 µS.m-1.  

The cleaned wet solids were freeze-dried in a Vitris Genesis 35 XL Freeze Drier (SP 

Scientific, New York, USA) by first freezing to -40 °C followed by freeze drying at -60 

°C for ~23 h at 3 x 10-7 MPa.  

 

2.2.9 Yield measurements 
The yield of the reaction was measured by weighing the solids once they were freeze-

dried. This recovered mass was compared against the theoretical yield if all the 

precursor was converted to the desired product. The steps of the calculation of the 

theoretical yield are detailed below, where Qprecursor and Qtotal are the flow rate of the 

metal salt precursor feed and the total flow rate.   

 

!!Vcollected →

×
Qprecursor
Qtotal

Vprecursor →
×[precursor ]⋅MW (precursor )

mprecursor →
× MW (product )
MW (precursor )

mproduct  

 

Because of the nature of the cleaning procedure, an error in the mass yield can be 

expected as a result of loss of product. This loss of product was particularly impactful 
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when the volumes collected were small, or when the precursor concentration was low, 

or when the sample was a stable dispersion that could not be flocculated due to the 

presence of a surfactant.  

Another method to measure the yield of the reaction was used in some cases: 

quantitative absorbance spectroscopy using Beer Lambert’s law. This absorbance yield 

was determined by measuring the absorbance of the supernatant after centrifugation 

using a UV-2401 PC (Shimadzu Corporation, Kyoto, Japan). If the precursor was 

coloured, this measurement could determine the concentration of unreacted precursor 

left in solution. The yield was determined by comparing the absorbance at a set 

wavelength with a set of reference solutions of known concentrations. This method 

assumes that there are no by products influencing the absorbance if the supernatant at a 

set wavelength and that the precursor only reacted to form the desired product.  

2.3 Materials characterisation 
The following section details the methods that were used to characterise the samples 

produced by CHFS.  

 

2.3.1 Powder X-ray diffraction 
Powder X-ray diffraction (XRD) was used to identify the phase composition of the 

samples produced. XRD patterns were obtained with one of two diffractometers: 

- A Bruker D4 Endeavor diffractometer using a Cu-Kα1 radiation (λ = 1.541Å). 

The powders were mounted in a PMMA flat-plate specimen holder. 

- A STOE StadiP diffractometer using a Mo-Kα1 radiation (λ = 0.7107 Å) in 

transmission mode. The powders were mounted between two transparent acetate 

sheets for analysis. 

The 2θ range, step size and acquisition time per step were dependent on the samples and 

are detailed in each chapter separately. The phase composition of the samples was 

compared to reference patterns available in the Inorganic Crystal Structure Database 

(ICSD).  

The crystallite size of the nanoparticles was estimated using the Scherrer equation98: 

t =
0.9w
xyhz{ 
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Where t is the crystallite size in nm, w the wavelength of the X-rays used, x the full 

width at half maximum in radian of the peak and { the angle, in radian, corresponding 

to the diffraction peak. It it to be noted that a standard was not used to evaluate the 

instrument broadening. The crystallite sizes given in this thesis are therefore not 

completely accurate. The Scherrer equation in this work was used to compare relative 

changes in peak breadth between samples, for samples measured on the same 

instrument. In that way, trends in crystallite size could be identified and confirmed 

afterwards using transmission electron microscopy.  

 

2.3.2 Dynamic light scattering 
Dynamic light scattering (DLS) was carried out using a Zetasizer Nano ZEN3600 

(Malvern Instruments Ltd). The size distributions were measured at an angle of 173 ° 

using a backscatter geometry. Each size distribution obtained was an average of 10 

measurements, each lasting 10 seconds.  

To prepare the suspensions, a small amount of powder (~ 5 mg) was dispersed in 50 mL 

DI water. The solution was then sonicated for 5 minutes to ensure good dispersion of 

the particles. 3 mL of the dispersion were introduced in a disposable PMMA cuvette (1 

cm path length) for measurements.  

The stability of suspensions was evaluated by measuring the evolution of the 

hydrodynamic diameter and the intensity of the signal collected as a function of time. 

Typically, 50 measurements were carried out with a 1-hour interval between each of 

them.  

 

2.3.3 UV-Vis 
UV/visible absorbance spectra (in the range 250-800 nm) were obtained using a 

Lambda 950 spectrophotometer (Perkin Elmer, USA). The absorbance spectra measured 

were for dispersions of particles in a liquid. Either diluted as-prepared dispersions or re-

dispersed powders were studied. In the case of the re-dispersed powders, 0.05 g of dried 

powder were added to 30 mL of DI water. The mixture was then sonicated for 3 minutes 

before being diluted into a 500 mL volumetric flask with DI water. For both 

measurements, 3 mL of diluted product were placed in a quartz cuvette (1 cm path 
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length). The wavelength range, step size and acquisition time are detailed in each 

chapter when relevant.  

 

2.3.4 Transmission electron microscopy 
Transmission electron microscopy (TEM) images were obtained with one of two 

microscopes: 

- A JEOL 100CX (100 keV accelerating voltage) equipped with a CCD camera 

(GATAN) for digital imaging for low magnification images. 

- A JEOL JEM-2100 (200 keV acceleration voltage) equipped with a CCD 

camera (GATAN) for high magnification images. 

The samples were prepared by dispersing a small amount of powder (~ 1 mg) in 

methanol followed by sonication for 3 minutes and dropping onto holey carbon film 

grids (Agar Scientific, UK).  

Measurements of particle size and determination of the circularity of the particles were 

carried out using the freely available ImageJ software (http://imagej.nih.gov/ij). 

Measurements were made for 300 individual particles when possible. When a lower 

number of measurements were made, it will be indicated in the relevant chapters. 

Circularity of the particles was determined by 

 

y = 4B
J
|F 

 

where A and P are the area and perimeter, respectively, of the 2D projection of the 

nanoparticle. The diameter of an equivalent sphere of perimeter P was selected as the 

characteristic size for comparing C as a function of particle size.  

 

2.3.5 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) measurements were collected using a Thermo 

Scientific K-Alpha spectrometer using Al-Kα radiation with constant pass energy of 50 

eV. Data was analysed using CasaXPS software.  
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2.3.6 Fourier transform infrared spectroscopy 
Fourier transform infrared spectroscopy (FTIR) spectra were recorded with a Perkin 

Elmer Spectrum 1 fitted with an ATR accessory. Spectra were obtained in the wave 

number range 400-4000 cm-1 with 20 scans and a spectral resolution of 1 cm-1. 
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Chapter 3 – Nucleation and Growth of 

Cobalt Oxide  
 

3.1 Aims 
The aim of this chapter is to synthesise cobalt oxide crystals using a continuous 

hydrothermal reactor and to identify the experimental parameters that can have an effect 

on the particle size of the formed product. A range of mixer designs resulting in 

turbulent and laminar mixing were used with and without a quench mixer to better 

understand the nucleation and growth behaviours occurring during the first moments of 

the synthesis of Co3O4 in CHFS.  

3.2 Introduction 
Cobalt oxides have a wide range of applications as supported catalysts for the Fischer-

Tropsch process99, supercapacitor electrodes100,101, anodes for Li-ion batteries102,103 

water oxidation catalysts104,105, magnetic materials106,107 and in biomedicine108,109. The 

phase, crystallite size, size distribution, crystallinity faceting and specific surface area of 

these materials at the nanometre scale are strongly correlated to their fundamental 

properties and their potential applications. For example, as a Fischer-Tropsch catalyst, 

cobalt oxide particles < 10 nm have better turnover and lower reduction temperatures 

than larger particles110 (> 20 nm) as well as improved catalytic activity99,111. Similarly, 

the surface area of an electrode of a supercapacitor greatly influences its 

performance112. Therefore, there is a significant amount of interest in the ability to 

control the particle size of cobalt oxides below 10 nm, in a scalable manufacturing 

process. 

The synthesis routes for cobalt oxides nanoparticles such as CoO and Co3O4 include 

solid state synthesis113, soft chemistry114, gas phase synthesis115, thermal 

decomposition116 and hydrothermal synthesis117-120. Some of the aforementioned 

synthesis methods. Some of these methods can produce very small (< 10 nm) 
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nanoparticles but require long reaction times. For example, a batch hydrothermal 

synthesis method yielding very small (ca. 3.5 nm) cobalt oxide nanoparticles was 

developed by Xu and Zeng121, but it is very long (> 72 hours) and requires the use of 

surfactants. A non-exhaustive list of synthesis routes for Co3O4 and the resulting 

particle size and synthesis times are detailed in Table 3.1. Most of these synthesis 

methods require a long synthesis time (≥ 2 hours for batch hydrothermal methods) 

and/or high temperatures. This is a reason why CHFS could be interesting by allowing 

the rapid continuous synthesis of Co3O4 nanoparticles.  

 

Table 3.1 – Summary of synthesis methods of Co3O4 

Synthesis method Size / nm Synthesis time Temperature / °C Reference 

Batch hydrothermal 20 12 hours 140 118 

Thermal decomposition 11 2 hours 175 116 

Chemical deposition in a 

template 
300 2 hours 500 101 

Incipient wetness 

impregnation 
7.5 2 hours 350 111 

Solvothermal 6 2 hours 200 106 

Flame spray pyrolysis 300 < 1 second > 700 115 

Soft chemistry 40 3 days 400 114 

Thermal treatment 30 5 hours 500 113 

Aqueous precipitation 6 3 days 95 110 

 

Boldrin et al. used CHFS to synthesise oxides, hydroxides and oxy-hydroxides of cobalt 

using cobalt(II) nitrate as a precursor119. A range of conditions were studied, such as 

high base concentration, the addition of hydrogen peroxide to enhance oxidation and/or 

polyvinylpyrrolidone (PVP) as a surfactant. It was found that smaller particles (ca. 16 

nm) could be synthesised through the addition of hydrogen peroxide and PVP in the 

precursor feed. Lester et al.122 have also reported the synthesis of cobalt oxide (Co3O4) 

using a counter-current mixer under laminar mixing conditions, in which cobalt(II) 

acetate was used as a precursor and hydrogen peroxide introduced in the hot water feed. 

The addition of hydrogen peroxide to the heated water feed was believed to enhance the 
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oxidation of cobalt through the decomposition of hydrogen peroxide into water and 

oxygen123,124. Surprisingly, it was observed that the particle size decreased with 

increasing precursor concentration. It was hypothesised that at higher concentrations, 

precipitation was nucleation dominated due to an increase in the supersaturation of the 

solution, depleting ions in solution and therefore limiting growth from precursor left in 

solution. Similar results have been observed previously for the sol gel synthesis of gold 

nanoparticles for which an increase in concentration, hence higher degree of 

supersaturation, lead to smaller particles due to an increase in the nucleation rate125.  

 

3.3 Experimental Methods 
3.3.1 Chemicals and materials 
Cobalt(II) acetate tetrahydrate [Co(CH3COO)2•4H2O, 98%] and hydrogen peroxide 

solution (H2O2, 30 wt. %) and sodium chloride (NaCl, 99%) were purchased from 

Sigma-Aldrich (Dorset, UK) and used as obtained. Deionised (DI) water was used for 

all experiments (resistivity > 10 MΩ.cm). 

 

3.3.2 General synthesis conditions 
The synthesis experiments discussed in this chapter were carried out using a laboratory 

scale CHFS reactor equipped with one of four mixer arrangements, as detailed in 

Chapter 2 sections 2.2.2 to 2.2.5: 

- A turbulent mixer  

- A turbulent mixer followed by a quench mixer 

- A laminar mixer 

- A laminar mixer followed by a quench mixer 

Three pumps were used with the first pump (P1) providing a feed of water (containing 

0.3 wt. % hydrogen peroxide), the second pump (P2) supplying an aqueous solution of 

cobalt acetate and the third pump (P3) supplying a feed of water when a quench set-up 

was used. The temperature of the hot water feed (P1) was set at 450 °C to provide a 

mixing temperature of 335 °C. The flow rate conditions used for each mixer used are 

given in Table 3.2.  
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The samples were recovered from solution by flocculating the collected product with 

the addition of sodium chloride and dialysing the sediment. 

 

Table 3.2 – Mixer dimensions, flow rates and Reynolds numbers of the mixing for the 

mixers used in the synthesis of cobalt oxide nanoparticles. a = time before the mixture 

enters cooler b = time before the initial nanoparticle slurry meets the quench feed. 
 Inlet pipe 

O.D. 

(inch) 

Outlet 

pipe 

O.D. 

(inch) 

Residence 

time (s) 

Flow rate 

inlet 

(mL.min-1) 

Flow rate 

precursor or 

quench water 

(mL.min-1) 

Remix 

Turbulent 

mixer 

3/16 3/8 ~ 10a 80 80 6900 

Quench after 

turbulent 

mixer 

3/8 3/4 ~ 1b 160 160 3300 

Laminar mixer 1/8 3/4 ~ 10a 50 50 2000 

Quench after 

laminar mixer 

3/4’ 3/8 ~ 3b 100 160 4600 

 

3.3.3 Yield measurements 
The yield of the reaction was measured in two ways: weighing the solid and quantitative 

absorbance spectroscopy of the supernatant. The mass yield of the reaction was 

determined by comparing the recovered mass of dried powder against the theoretical 

yield if all the cobalt acetate was converted to cobalt oxide. Because of the nature of the 

cleaning procedure, an error in the mass yield would be expected due to loss of product. 

This is especially important for lower concentration samples for which only small 

amounts were collected.  The absorbance yield was calculated by measuring the 

absorbance (UV-2401 PC, Shimadzu Corporation, Kyoto, Japan) of the supernatant 

after centrifugation of the flocculated samples to determine the concentration of 

unreacted precursor left in solution. The absorbance yield was determined by comparing 

the absorbance at 502 nm of the product with a set of cobalt acetate reference solutions. 

This UV-Vis method measured the concentration of unreacted precursor and assumed 
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that there are no by-products influencing the absorbance of the solution at the set 

wavelength. It was also assumed that cobalt acetate solely reacted to form cobalt oxide.  

 

3.3.4 Synthesis of Co3O4 
Table 3.3 lists the experimental parameters for the synthesis of cobalt oxide under the 

four mixing configurations used. Six concentrations of cobalt acetate in the range 0.005 

to 0.2 M were used for each mixing arrangement. A more detailed table containing the 

experimental parameters of the synthesis is available in appendix A (pp. 207-208). 

 
Table 3.3 – Experimental parameters for the synthesis of Co3O4 

Sample [Co] / M Mixing Quench 

Co-005-T/TQ 0.005 Turbulent No/Yes 

Co-01-T/TQ 0.01 Turbulent No/Yes 

Co-025-T/TQ 0.025 Turbulent No/Yes 

Co-050-T/TQ 0.05 Turbulent No/Yes 

Co-1-T/TQ 0.1 Turbulent No/Yes 

Co-2-T/TQ 0.2 Turbulent No/Yes 

Co-005-L/LQ 0.005 Laminar No/Yes 

Co-01-L/LQ 0.01 Laminar No/Yes 

Co-025-L/LQ 0.025 Laminar No/Yes 

Co-050-L/LQ 0.05 Laminar No/Yes 

Co-1-L/LQ 0.1 Laminar No/Yes 

Co-2-L/LQ 0.2 Laminar No/Yes 

 

3.3.5 Materials characterisation 
Cobalt oxide samples prepared by CHFS were characterised using powder X-ray 

diffraction and high resolution transmission electron microscopy. Powder XRD patterns 

were obtained using a STOE StadiP diffractometer in transmission mode equipped with 

a molybdenum source with 2θ in the range 10 to 30 °, a 0.015 ° step and an acquisition 

time of 10 seconds per step.  
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3.4 Results and discussion 
3.4.1 Synthesis results   
The absorbance at 502 nm of solutions of the pure cobalt acetate precursor was 

measured at a range of concentrations to establish a linear relationship between 

absorbance and concentration, which is plotted in Figure 3.1. 

 

 
Figure 3.1. Absorbance of cobalt acetate solutions as a function of concentration 

 

The concentration of precursor left in solution after the synthesis was determined using 

the relationship previously established. The dilution factor due to the hot water and 

quench feed was taken into consideration to calculate the ratio of precursor that did not 

react against precursor introduced, leading to a measurement of the yield by absorbance.  

Table 3.4 lists the mass yield, absorbance yield and pH for the Co3O4 samples produced. 

The products from all experiments were acidic; this is due to the formation of acetic 

acid during the hydrolysis of cobalt(II) acetate into cobalt hydroxide, which is the first 

step in the hydrothermal synthesis of Co3O4. 

 

Co(CH3COO)2 + 2H2O → Co(OH)2 + 2(CH3COOH) 

 

Without the quench, the pH of the product decreased with increasing precursor 

concentration for both the laminar and turbulent mixing. This is to be expected because 
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more acetic acid and Co3O4 is formed in the reactions with increasing precursor 

concentration.  

When the quench was added to the outlet of the turbulent mixer, the pH increased by 0 - 

0.4 points for all precursor concentrations; this equates to a 2.5 decrease in [H+]. This is 

reasonably consistent with a 1:1 dilution by the quench, which should have halved [H+] 

and increase pH by 0.2. When the quench was added to the outlet of the laminar mixer, 

the pH increased by 0.4 – 0.7 for precursor concentrations ≤ 0.05 M – a factor of up to 6 

decrease in [H+]. This is reasonably consistent with a 1:1.6 dilution by the quench, 

which should reduce [H+] by a factor 3 and increase pH by 0.4 points.  

However, for the laminar mixer, the pH increased considerably by 1.1 and 1.6 points on 

addition of the quench (reduction of [H+] by factor of 12 and 40) for precursor 

concentration of 0.1 and 0.2 M (samples Co-1 L/LQ and Co-2 L/LQ), respectively. This 

might have been because in this case, the product from the laminar mixer was still 

undergoing reaction when the quench was added, which was stopped in its tracks by 

dilution and cooling. This was supported by the significant decrease in yield on addition 

of the quench, as measured by both the mass and absorbance methods. A similar 

decrease in mass and absorbance yield was observed when the quench was added to the 

product from the turbulent mixer for concentrations > 0.1 M (sample Co-2-TQ), 

although in this case it was not associated with a significant increase in pH. 
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Table 3.4 – Yield and process outlet pH of cobalt oxide slurry produced by CHFS 

Sample Mass Yield / % Absorbance Yield / % pH 

Co-005-T/TQ 71 / 65 78 / 81 4.0 / 4.4 

Co-01-T/TQ 74 / 68 90 / 86 3.9 / 4.1 

Co-025-T/TQ 66 / 81 88 / 88 3.8 / 3.8 

Co-050-T/TQ 89 / 75 92 / 92 3.5 / 3.7 

Co-1-T/TQ 78 / 85 94 / 91 3.4 / 3.5 

Co-2-T/TQ 91 / 71 95 / 85 3.2 / 3.4 

Co-005-L/LQ 75 / 62 96 / 90 3.5 / 4.0 

Co-01-L/LQ 63 / 69 92 / 89 3.5 / 3.9 

Co-025-L/LQ 60 / 79 92 / 92 3.2 / 3.9 

Co-050-L/LQ 75 / 77 95 / 85 3.2 / 3.8 

Co-1-L/LQ 90 / 80 97 / 71 3.1 / 4.2 

Co-2-L/LQ 75 / 52 98 / 78 3.0 / 4.6 

 

 

3.4.2 X-Ray diffraction   
Powder X-ray diffraction patterns of the samples produced with a turbulent mixer are 

plotted in Figure 3.2. All the patterns demonstrated a phase pure Co3O4 cubic spinel 

structure (similar to PDF reference pattern 01-076-1802). A slight narrowing of the 

diffraction peaks could be observed with increasing metal salt concentration. The 

diffraction patterns for the samples produced with a turbulent mixer and with the use of 

the quench are plotted in Figure 3.3. All samples produced were phase pure Co3O4. 

Similarly to the samples produced without the quench, the peak breadth decreased with 

increasing precursor concentration. The signal to noise ratio was lower for the samples 

produced with the quench than without, suggesting a lower level of crystallinity. This 

suggested that although the reaction forming Co3O4 appeared to have stopped, 

crystallisation improvements of the nanoparticles was still occurring when the quench 

was added. 
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Figure 3.2. XRD patterns of the cobalt oxide produced with a turbulent mixer 

 

 
Figure 3.3. XRD patterns of the cobalt oxide produced with a turbulent mixer and the 

use of the quench 
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Figure 3.4 and Figure 3.5 show the XRD patterns for the samples produced without and 

with the water quench, respectively. An increase in the breadth of the diffraction peaks 

was observed with increasing concentration when the water quench was used (Figure 

3.5). For the samples synthesised with a precursor concentration < 0.1 M, the 

crystallinity of the samples remained similar whether or not the quench was used. At 

concentrations ≥ 0.1 M, a decrease in crystallinity was observed when the quench was 

used with the laminar mixer, as shown by a reduction of the signal to noise ratio. This 

indicated that for precursor concentrations < 0.1 M both reaction and crystallisation had 

stopped when the quench was added. In contrast, at concentrations ≥ 0.1 M, the product 

from the laminar mixer was still undergoing both reaction and crystallisation.  

 

 
Figure 3.4. XRD patterns of the cobalt oxide produced with a laminar mixer 
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Figure 3.5. XRD patterns of the cobalt oxide produced with a laminar mixer and the use 

of the quench 

 

The crystallite sizes calculated from the Scherrer equation are plotted in Figure 3.6. The 

red dots are for samples made without the quench and the blue diamonds are for 

samples made with the quench. It can be seen that under turbulent mixing (Figure 3.6 

a)), the crystallite size of Co3O4 increased with increasing precursor concentration 

regardless of the use of the quench. The effect of the quench was a reduction in all 

crystallite sizes by 3-4 nm on average. Under laminar mixing (Figure 3.6 b)), the 

crystallite size decreased with increasing concentration up to 0.05 M then increased for 

concentrations of 0.1 and 0.2 M when no quench was used. When the quench was used, 

this decreasing trend was observed for all precursor concentrations up to 0.2M.  
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Figure 3.6. Crystallite sizes for the Co3O4 particles produced under turbulent and 

laminar regimes with and without the use of the quench 

 

3.4.3 Electron microscopy  
The TEM images, exemplified by Figure 3.7, often revealed cubic nanoparticles with a 

distribution of sizes mixed with nanoparticles that appeared to have morphologies closer 

to that of a sphere. It was observed that the spheroids tended to be smaller than the 

cubes.  

 

a) b) 
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  Figure 3.7. TEM micrographs of (a) sample Co-01-LQ and (b) sample Co-2-LQ 

 

Figure 3.8 shows the circularity of the 2D projections of the nanoparticles plotted 

against the equivalent sphere diameter. It was observed that as particles got larger the 

circularity tended to reduce from 0.92 (a spheroid) to 0.78 (a square); this suggested that 

the nanoparticles nucleated as spheres before undergoing anisotropic growth to form 

cubes. 

 

 
Figure 3.8. Circularity of nanoparticles as a function of equivalent sphere diameter for 

sample Co-2-LQ (data from TEM images) 
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Additionally, the predominant morphology of each sample produced was dependent on 

the average particle size (and therefore amount of growth). Samples with larger 

crystallites tended to consist more of cuboids, as shown in Figure 3.9. 

 

 
Figure 3.9. TEM micrographs of Co3O4 nanoparticles synthesised using the turbulent 

mixer with the quench at precursor concentrations of (a) 0.005, (b) 0.01, (c) 0.025, (d) 

0.05, (e) 0.01 and (f) 0.2 M 

 
Figure 3.10 is a high resolution TEM image of part of a cubic Co3O4 nanoparticle. The 

lattice fringes show a d-spacing of 0.28 nm, which corresponds to the (222) plane of 

cubic spinel Co3O4. 
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Figure 3.10. High resolution TEM micrograph of a cobalt oxide nanoparticle from 

sample Co-005-L 

 

3.4.4 Turbulent mixing  
Histograms of the particle size distributions for selected samples produced under 

turbulent conditions with and without the quench water are plotted in Figure 3.11. For 

concentrations of 0.005 M and 0.05 M, as shown in Figure 3.11 a) and b), the 

introduction of the quench did not cause the particle size distribution to become 

significantly narrower, but slightly reduced the average size. At a precursor 

concentration of 0.2 M, as shown in Figure 3.11 c), the quench both reduced the average 

size and caused a significant narrowing of the distribution. These results suggested that 

the particles were still growing in size when the quench was added.  

At precursor concentrations ≤ 0.1 M, it was previously shown that the reaction forming 

Co3O4 had stopped in the product from the turbulent mixer, but the particles continued 

to crystallize; thus, it appears that at low concentrations this continued growth must 

have been the result of coarsening and crystallisation of the nanoparticles. Conversely, 

the much more marked effect of the quench on the size distribution at a precursor 

concentration of 0.2 M, along with the indication that both reaction and crystallisation 

were still proceeding as discussed earlier, suggested that surface growth from solution 

may also have had role to play in this case. 

 



Chapter 3 –  Nucleation and Growth of Cobalt Oxide 

 

 

 

79 

 
 

Figure 3.11. Particle size histograms (smoothed with bin size = 1 nm) for samples 

produced at 0.005, 0.05 and 0.2 M metal salt concentrations under turbulent conditions. 

 

TEM particle size measurements are plotted in Figure 3.12. D10 (the 10th percentile of 

the particle size distribution) correlates to the size of the smaller particles, or nuclei. 

D50 (the 50th percentile of the particle size distribution) correlates to particles that have 

started to grow/coalesce. D90 (the 90th percentile of the particle size distribution) 

correlates to the size of the largest particles, and is indicative of growth. These 

parameters, as opposed to average and standard deviation, were used because they 

allowed a better visualisation of the trends in the change of particle size. For example, 

through the use of D90, growth of large particles is more visible. The dotted lines in 

Figure 3.12 are a visual aid to highlight the different trends observed. 

Figures 3.12 a) and b) show that in the turbulent regime, the size of the cobalt oxide 

nanoparticles increased monotonically with the concentration of the precursor. At the 

concentration of 0.2 M, D90 increases sharply from 23 to 33 nm. When the quench 

water was introduced after the turbulent mixer, the nanoparticles were diluted and 

cooled very rapidly soon after their initial formation (< 1 s after the mixing of the metal 

salt feed and the supercritical water). At precursor concentrations < 0.2 M, the 

nanoparticles were ~3 nm smaller than without the quench, which is consistent with the 

full size distributions in Figure 3.11. Interestingly, the sharp increase in size previously 
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observed between precursor concentrations of 0.1 M and 0. 2M disappeared when the 

quench was introduced. These TEM results are in agreement with the crystallite size 

results presented in Figure 3.6.  

 

 
Figure 3.12. Parameters of the size distribution (D10, D50 and D90) of cobalt oxide 

nanoparticles vs. precursor concentration (logarithmic scale) for turbulent mixing 

 

For turbulent conditions at concentrations ≤ 0.1 M, when the quench water was used, 

the crystallinity of the product was reduced, suggesting that the quench stopped a 

process that was still ongoing by diluting and cooling the nanoparticles slurry. The 

reduction of the particle sizes and narrowing of the size distribution confirmed that a 

growth stage was halted by the quench. The use of the quench for those concentrations 

did not significantly affect the yield of the reaction, indicating that the precipitation of 

all cobalt oxide nanoparticles had occurred before the introduction of the quench. The 

growth of the nanoparticles had therefore to be driven by coarsening (or Ostwald 

ripening) and crystallisation. These results suggest that, at precursor concentrations ≤ 

0.1 M, the synthesis of cobalt oxide nanoparticles under turbulent mixing conditions 

occurred through complete nucleation of the nanoparticles followed by growth via 
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coarsening; clearly the final stage of this growth was inhibited by the dilution and 

cooling effect of the quench. The increase in particle size with increasing concentration 

might then be explained by the higher probability of particle collisions at higher 

concentration, thus increasing the rate of coalescence.  

For the specific case of 0.2 M metal salt concentration, a sharp increase in particle size 

was observed. This increase was stopped by the introduction of the quench water, 

suggesting that the quench water halted an ongoing growth. The lowering of the yield 

observed when the quench was introduced indicated that incomplete conversion of the 

precursor had not occurred before the quench water was mixed with the nanoparticles 

slurry, leaving unreacted precursor in solution. This incomplete nucleation may have 

been the result of the low pH of the product (~ 3), which is known to inhibit nucleation 

of Co3O4
126. These results suggest that at precursor concentration ≥ 0.2 M, the synthesis 

of cobalt oxide nanoparticles under turbulent mixing conditions occurred through 

incomplete nucleation of particles followed by growth from both solution and particle-

to-particle. The growth from solution appeared to be stopped by the diluting and cooling 

of the product by the quench. 

 

3.4.5 Laminar mixing  
Figures 3.13 a) to c) are histograms showing the particle size distributions of selected 

samples produced under laminar conditions with and without the quench water. For 

concentrations of 0.005 M and 0.05 M, as shown in Figure 3.13 a) and b), the 

introduction of the quench did not significantly change either the average size or the 

breadth of the size distribution. Figure 3.13 c) shows that at precursor concentration of 

0.2 M, the introduction of the quench narrowed the particle size distribution and 

reduced the average particle size significantly. These results suggested that the particles 

had stopped growing when the quench was added; thus reaction, crystallisation and 

growth had all stopped by the time the quench was added for a precursor concentration 

≤ 0.05 M. At the higher concentrations, it was shown that the product from the laminar 

mixer continued to undergo reaction and crystallisation. The marked effect of the 

quench on the size distribution, as with the turbulent mixer at high precursor 

concentrations, suggested that surface growth from solution may have also occurred. 
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Figure 3.13. Particle size histograms (smoothed with bin size = 1 nm) for samples 

produced at 0.005, 0.05 and 0.2 M metal salt concentrations under laminar conditions. 

 

In contrast to the turbulent mixer, for which the particle size increased with increasing 

concentration of precursor, under a laminar regime the size of the particles decreased 

with precursor concentration up to 0.05 M, as seen in Figure 3.14. However, for 

precursor concentrations of 0.1 and 0.2 M, the size distribution histograms [Figure 3.14 

a)] showed a sharp increase in particle size with the laminar mixer similar to the one 

observed with the turbulent mixer at precursor concentration of 0.2 M. In common with 

the turbulent mixer, introducing quench water after the laminar mixer stopped the sharp 

increase in particle size at higher concentrations of precursor, resulting in a particle size 

which decreased monotonically with increasing precursor concentration. These results 

are in agreement with the crystallite size results presented previously in Figure 3.6. 
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Figure 3.14. Parameters of the size distribution (D10, D50 and D90) of cobalt oxide 

nanoparticles vs. precursor concentration (logarithmic scale) for laminar mixing 

 

For concentrations < 0.1 M, when the quench water was used, the crystallinity of the 

product was not significantly reduced, suggesting that the growth of the crystallites had 

already occurred before the quench water and nanoparticles slurry mixed. The particle 

size, particle size distribution and reaction yield were not significantly affected either by 

the addition of the quench, confirming that all particles had nucleated and grown before 

the addition of the quench. These results suggested that, at precursor concentrations < 

0.1 M, the synthesis of cobalt oxide nanoparticles under laminar mixing conditions 

occurred through complete nucleation of the nanoparticles followed by limited growth 

via particle-to-particle growth. The decrease of particle size with increasing precursor 

concentration supported the hypothesis that at low precursor concentrations, an increase 

in concentration can lead to higher nucleation rates due to an increase in the level of 

supersaturation of the solution upon mixing with the supercritical water, resulting in 

smaller particles. This hypothesis was previously suggested by Lester et al. for cobalt 

oxide synthesis using a continuous hydrothermal reactor under laminar conditions with 

a counter current mixer122,127. Owing to the streamline nature of laminar flow, the 
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probability of the particle-particle collisions at any concentration would be expected to 

be much less than in turbulent flow, resulting in a low rate of coalescence. An increased 

rate of nucleation with limited growth by coarsening would explain the decreasing 

particle size with increasing precursor concentration. 

Similar to the turbulent mixer, for precursor concentrations ≥ 0.1 M, a sharp increase in 

particle size was observed. This increase was stopped by the introduction of the quench 

water, suggesting that the quench water halted an ongoing growth stage. Lower 

crystallinity combined with a reduction of particle across the whole distribution, as 

previously discussed, lended support to the hypothesis that growth was halted by the 

addition of the quench. The decrease in yield (and significant increase in the pH of the 

product) when the quench was introduced indicates that complete precipitation of cobalt 

oxide nanoparticles had not occurred before the quench water was mixed with the 

nanoparticles slurry, leaving unreacted precursor in solution. This suggested that at 

precursor concentrations ≥ 0.1 M, the synthesis of cobalt oxide nanoparticles under 

laminar mixing conditions occurred by incomplete nucleation of particles (due to low 

pH ~ 3, as with turbulent mixer) followed by growth from solution. 

 

3.5 Conclusion 
The synthesis of cubic spinel Co3O4 by a CHFS process has been studied at a range of 

metal salt concentrations, using four different mixer configurations in either laminar or 

turbulent flow regimes in the pipe downstream of the mixer. The distribution of sizes of 

the nanoparticles was affected by the flow regime, the concentration of the precursor 

and the introduction of quench water after the initial precipitation. Mechanisms of 

complete nucleation followed by growth via coarsening and incomplete nucleation 

followed by growth from solution were observed. The nature of the nucleation and 

growth were strongly dependent on the mixing conditions as well as the initial cobalt 

acetate concentration and resulting product pH. The use of the quench feed allowed for 

a reduction of the average crystallite size without significantly influencing the yield of 

the reaction when growth occurred via Ostwald ripening. A significant lowering of the 

yield was observed when growth occurred from solution, although the growth limiting 

effect of the quench was greater under those conditions. An increase of the crystallite 
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size with increasing concentration was observed for turbulent mixing conditions 

whereas a decrease in size with increasing concentration was observed for laminar 

mixing conditions. Table 3.5 gives a summary of the proposed nucleation and growth 

mechanisms for the four mixer configurations used. 

 

Table 3.5 – Summary of the nucleation and growth mechanisms observed for all of the 

mixer configurations studied 
 Turbulent mixing Turbulent mixer + 

quench 
Laminar mixing Laminar mixing + 

quench 

Low concentrations 
of metal salt 

 

pH > 3.2 

Complete 
nucleation 

 

Fast growth from 
coarsening due to 

high collision rate in 
turbulent flow 

Increasing particle 
size with increasing 

precursor 
concentration due to 

higher rate of 
coarsening 

Size reduced as 
particles still 

coalescing when 
quench introduced 

 

No significant effect 
on yield as all 

precursor consumed 

Complete 
nucleation 

 

Slow growth from 
particle coarsening 
due to low rate of 

collision in laminar 
flow 

Decreasing particle 
size with increasing 

precursor 
concentration, due 

to higher 
supersaturation at 

supercritical 
conditions, thus 
smaller nuclei 

No significant effect 
on size or yield as 
all nucleation and 

growth occur before 
quench 

High concentrations 
of metal salt 

 

pH < 3.2 

Incomplete 
nucleation due to 

low pH 

 

Fast growth from 
particle coarsening 
and growth from 

remaining precursor 
in solution 

Growth from 
solution and particle 
coarsening slowed 
due to cooling and 

dilution of the 
slurry. 

Lower yield due to 
precursor left in 

solution 

Incomplete 
nucleation due to 

low pH 

 

Growth from 
remaining precursor 

in solution 

Growth from 
solution stopped 

due to cooling and 
dilution of the slurry 

Lower yield due to 
precursor left in 

solution 
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Chapter 4 – Magnesium hydroxide and 

its conversion to magnesium oxide 
 

4.1 Aims 
The aim of this chapter is to synthesise magnesium hydroxide crystals that can be 

thermally transformed to magnesium oxide. Emphasis will be made on identifying the 

parameters influencing the size of the formed magnesium hydroxide crystals as well as 

the optimal conditions for their dehydration to the oxide. Identifying the direction of the 

crystal planes for both the oxide and hydroxide will also be an area of interest.  

4.2 Introduction 
Magnesium hydroxide can be used as as fire retardant in polymers128-130, antacid in 

medicine131. Magnesium oxide has applications as a heavy metal remover132,133, a 

destructive adsorbent for toxic substances such as organochlorides134, a CO 

adsorbent135, or as a catalyst136,137. For some of these applications, the morphology of 

the particles and the exposition of the some crystal planes influence the reactivity and 

performance of the magnesium hydroxide/oxide particles136-141. For example, the 

preferential exposure of the (111) and (110) MgO planes is of interest due to their 

higher reactivity. Table 4.1. presents a non-exhaustive list of synthesis methods that can 

be used to produce Mg(OH)2 and MgO. It can be seen from this list that most synthesis 

methods require a long time for the synthesis of Mg(OH)2 and high temperatures for 

MgO synthesis. Most methods reported in literature produce MgO by heat treating the 

Mg(OH)2 product obtained, making it a two step process. It would be of interest to 

produce Mg(OH)2 in a rapid and continuous manner and to investigate if the direct 

synthesis of MgO at temperature ≤ 450 °C is achievable.  
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Table 4.1 –Summary of a selection of synthesis methods for Mg(OH)2 and MgO 

Synthesis method Compound Synthesis time Temperature / °C Reference 

Batch solvothermal Mg(OH)2 12 hours 265 142 

Batch hydrothermal Mg(OH)2 5 hours 180 143 

Chemical precipitation Mg(OH)2 1 hour 60 144 

Electrolysis Mg(OH)2 Continuous 25 145 

Ultrasonic method Mg(OH)2 1 hour 100 146 

Calcination of 

Mg(OH)2 
MgO 1 hour ≥ 400 142,143,146 

Sol-gel followed by 

calcination 
MgO 1 hour 300 137 

Spray pyrolysis MgO < 1 second ≥ 500 147 

Thermal evaporation MgO 1 hour 1200 148 

 

CHFS has not been used in the past to produce magnesium oxide or magnesium 

hydroxide. Therefore, it is of interest to investigate if Mg(OH)2 and MgO particles can 

be produced with a range of sizes/morphologies using CHFS. Unfortunately, MgO 

hydrolyses easily to Mg(OH)2 in the presence of water149, which may require the 

synthesis of Mg(OH)2 followed by a heat treatment to obtain MgO particles. However, 

Golmohammadi et al. recently reported the partial batch hydrothermal formation of 

MgO at 500 °C150. 

This chapter will investigate if the one step CHFS synthesis of MgO is feasible and 

explore the possible strategies for size control and plane exposure.  

The effect of process conditions in CHFS e.g. pH, temperature, concentration were 

investigated as well as the use of a heat treatment step.  

 

4.3 Experimental Methods 
4.3.1 Chemicals and materials 
Magnesium nitrate hexahydrate ([Mg(NO3)2 • 6H2O], 99 %), potassium hydroxide 

(KOH, ≥ 85 %) were purchased from Sigma Aldrich (Dorset, UK). 10 MΩ Deionised 

water (DI) was used throughout.  
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4.3.2 General synthesis conditions 
The synthesis experiments discussed in this chapter were carried out using a laboratory 

scale CHFS reactor equipped with a short residence time configuration resulting in a 

residence time < 5 s, as detailed in Chapter 2. Unless stated otherwise, all experiments 

were conducted under balanced flow rates conditions with a superheated water feed 

pumped at 80 mL.min-1 and metal and base feeds both pumped at 40 mL.min-1. The 

pressure inside the reactor was maintained at 24 MPa. The hot water temperatures used 

and their resulting mixing temperatures for balanced flows are listed in Table 4.2. These 

were calculated from the properties of pure water following the model of Wagner and 

Pruβ35. The magnesium hydroxide powders were heat treated in a muffle furnace in air. 

 

Table 4.2 – Hot water feed temperatures and resulting mixing temperatures 

Thot / ° C Tmix / °C 

200 109 

250 136 

300 165 

350 200 

365 250 

400 305 

450 335 

 

4.3.3 pH, concentration and temperature study 
An extensive set of experiments was carried out at varying KOH and magnesium nitrate 

concentrations to assess the ideal metal to base ratio to maximise the reaction yield and 

to determine if MgO would form directly in the CHFS reactor and if MgO/Mg(OH)2 

could be produced at high concentration. Samples were produced at a set of reaction 

temperatures for a high base concentration (3:1 base:metal ratio, sample MgH) and low 

base concentration (2:1 base:metal ratio, sample MgL). The experimental parameters 

for those samples are listed in Table 4.3. Samples MgH-375 and MgL-375 were 

produced using unbalanced flow rates at 80/25/25 to increase the mixing temperature to 
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375 °C. A more detailed table containing the experimental parameters of the synthesis is 

available in appendix B (pp. 209-212). 

 
Table 4.3 – Experimental parameters for the synthesis of MgO/Mg(OH)2 

Sample [Mg] / M [KOH] / M Tmix / °C 

Mg1-1 0.1 0.1 335 

Mg1-2 0.1 0.2 335 

Mg1-3 0.1 0.3 335 

Mg1-4 0.1 0.4 335 

Mg2-3 0.2 0.6 335 

Mg3-3 0.3 0.9 335 

Mg4-3 0.4 1.2 335 

Mg5-3 (MgH) 0.5 1.5 335 

MgH-375 0.5 1.5 375 

MgH-305 0.5 1.5 305 

MgH-200 0.5 1.5 200 

MgH-165 0.5 1.5 165 

Mg5-2 (MgL) 0.5 1 335 

MgL-375 0.5 1 375 

MgL-305 0.5 1 305 

MgL-200 0.5 1 200 

MgL-165 0.5 1 165 

 

4.3.4 Materials characterisation 
Magnesium oxide and hydroxide samples prepared by CHFS were characterised using 

X-ray diffraction, high resolution transmission electron microscopy. Powder XRD 

patterns were obtained using a Bruker D4 equipped with a copper source. 

Measurements were obtained for 2θ in the range 15 to 80 °, with a 0.05 ° step and for 3 

s/step.  
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4.4 Results and discussion 
4.4.1 Synthesis results   
The following section discusses the results of the synthesis of MgO/Mg(OH)2 and how 

the precursors, their concentrations and the mixing temperature during the CHFS 

synthesis affected the phase, yield and morphology of the formed nanoparticles. Table 

4.4 details the product pH and reaction yield of the samples produced using CHFS. It 

was observed that the yield increased significantly from 25 % at 1:1 base to metal ratio 

(sample Mg1-1) up to 88 % for a 4:1 ratio (sample Mg1-4). The discrepancies in yield 

values for ratios ≥ 3:1 can be attributed to loss of product during the cleaning process 

and it can be postulated that the reaction yield was close to 100 % for those ratios. The 

reaction yield for the high pH (≥ 12) samples was not significantly affected by the 

temperature. Inversely, for the low pH (< 12) the temperature played a major role in the 

reaction yield, e.g. it was of 85 % for a mixing temperature of 375 °C (sample Mg5-2-

375) and dropped down to 32 % when that temperature was lowered to 165 °C (sample 

Mg5-2-165).  
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Table 4.4 – Experimental parameters for the synthesis of MgO/Mg(OH)2 

Sample Base:metal pH Mass yield / % 

Mg1-1 1:1 9 25 

Mg1-2 2:1 10 59 

Mg1-3 3:1 13 73 

Mg1-4 4:1 14 88 

Mg2-3 3:1 14 85 

Mg3-3 3:1 14 76 

Mg4-3 3:1 14 88 

Mg5-3 (MgH) 3:1 14 91 

Mg5-3-375 3:1 14 85 

Mg5-3-305 3:1 14 92 

Mg5-3-200 3:1 14 97 

Mg5-3-165 3:1 14 99 

Mg5-2 (MgL) 2:1 10 53 

Mg5-2-375 2:1 10 85 

Mg5-2-305 2:1 10 48 

Mg5-2-200 2:1 10 44 

Mg5-2-165 2:1 10 32 

   
The XRD patterns for the samples produced at different base ratios are plotted in Figure 

4.1. All samples were similar to the reflections of the strandard reference pattern for 

brucite Mg(OH)2 (PDF 00-044-1482). Samples at low base concentrations (≤ 2:1) had 

sharp peaks, whereas samples made at high base concentrations (≥ 3:1) had broad 

peaks, suggesting that at low base concentrations the particles were larger than at high 

base concentrations. The relative intensities of the peaks changed as well, with the (102) 

and (103) peaks displaying more breadth than the other peaks, suggesting that one 

dimension of the particles might be smaller than the other. The crystallite size from the 

Scherrer equation for sample Mg1-4 were of 28.1 nm for the (101) peak and of 7.5 nm 

for the (102) peak, confirming this initial observation. For samples at low base 

concentrations, the (101) diffraction peak had the highest intensity whilst for the high 
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base concentrations, the (001) peak had the highest intensity. A change in relative peak 

intensity may be due to a preferential alignment of the particles in the powder.  

 

 
Figure 4.1. XRD patterns of Mg(OH)2 samples produced at different base:metal ratios 

 
The samples made with a magnesium nitrate salt concentration in the range 0.1 to 0.5 M 

had very similar XRD patterns, as shown in Figure 4.2. The intensities and breadth of 

the peaks did not change with increasing concentration, suggesting no large change in 

size, morphology or alignment of the particles.  

 

 
Figure 4.2. XRD patterns of Mg(OH)2 samples produced at different Mg concentrations 
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The XRD data for samples for which the reaction temperature was changed at high pH 

(≥ 12) are shown in Figure 4.3. All samples were magnesium hydroxide. With 

increasing temperature, a narrowing of the diffraction peaks was observed as well as an 

increase in relative intensity of the (001) peak.  

 

 
Figure 4.3. XRD patterns of Mg(OH)2 produced at 165-375 °C and high pH 

 

The reaction temperature had a more pronounced effect on the XRD patterns of 

Mg(OH)2 produced at low pH (< 12) as seen in Figure 4.4. An increase in temperature 

resulted in a significant narrowing of the diffraction peaks as well as a change in 

relative intensity of the (001) peak. This change in relative intensities was more 

important for the low pH (< 12) samples than the high pH samples (≥ 12).  
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Figure 4.4. XRD patterns of Mg(OH)2 produced at 165-375 °C and low pH 

 
TEM micrographs (Figure 4.5) of a sample produced at low base concentration (sample 

MgL) and one at high base concentration (sample MgH) at a reaction temperature of 

335 °C revealed that the pH of the product had a significant influence on the size and 

morphology of the Mg(OH)2 particles. Sample MgL [Figure 4.4 a)] comprised large 

particles (~ 400 nm average size) that appeared to be thin due to the contrast they 

provided in the microscope images. This observation is to compare with the crystallite 

size obtained from the Scherrer equation, which was of 33.8 nm for the (101) peak. This 

discrepancy made it unreliable to draw conclusions on the size of the nanoparticles by 

the use of the crystallite size. This is certainly due to the fact that instrument broadening 

was not taken into account in the calculation of the crystallite size. It is therefore 

difficult to assess the actual size of larger crystals such as the ones of sample MgL. 

Sample MgH [Figure 4.4 b)] consisted of hexagonal particles (60 nm average size) with 

pronounced faceting. In addition, the particles had a plate-like morphology, i.e. had a 

thickness (6 nm average) much lower than their width.  



Chapter 4 – Magnesium hydroxide and its conversion to magnesium oxide 

 

 

 

95 

 
Figure 4.5. TEM micrographs of Mg(OH)2 samples (a) MgL and (b) MgH 

 

An additional TEM micrograph of sample MgH [Figure 4.6 a)] clearly showed 

magnesium hydroxide plates lying on their side. High resolution micrographs of those 

plates revealed lattice fringes with a spacing of 0.24 nm, which corresponds to the d-

spacing of the (002) Mg(OH)2 planes.  

 

 
Figure 4.6. Additional TEM micrographs of sample MgH 
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4.4.2 Heat treatment of Mg(OH)2 
A sample produced at high base concentration (MgH, pH > 12, base:metal ratio 3:1) 

was heat treated at temperatures in the range 400-900 °C to evaluate the conversion of 

Mg(OH)2 to MgO. The heat treatment ramp was of 1 °C/min and the dwell time was 5 

hours. The XRD patterns of the heat treated powders are shown in Figure 4.7. They 

revealed that Mg(OH)2 converted to cubic MgO (close match to reference pattern PDF 

01-077-2364) from temperatures of 400 °C. The breadth of the peaks for the sample 

heat treated at 400 °C was larger than for the as-prepared sample, suggesting smaller 

crystallites. Smaller crystallites forming upon heat treatment are commonly due to a 

product becoming polycrystalline. Increasing the temperature resulted in sharper 

diffraction peaks, which could be due to the growth of the MgO crystals and possibly 

sintering at the more elevated temperatures.  

 

 
Figure 4.7. XRD patterns of the heat treated sample MgH at a range of temperatures 

 

 

Similar heat treatments were carried out for sample produced at low base concentration 

(MgL, pH < 12, base:metal ratio 2:1). The XRD patterns of the heat treated samples are 
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plotted in Figure 4.8. In an analogous manner to sample MgH, Mg(OH)2 was 

dehydrated to MgO at 400 °C. As above, the initial Mg(OH)2 crystallite size was not 

reached for the lowest heat treatment temperature. The changes of relative peak 

intensities observed for the Mg(OH)2 were not reflected in the MgO samples, which had 

relative intensities very similar to the standard (PDF 01-077-2364).  

 

 
Figure 4.8. XRD patterns of the heat treated sample MgL at a range of temperatures 

 

The crystallite sizes calculated from the Scherrer equation are plotted as a function of 

temperature for samples MgH (Figure 4.9 a)) and MgL (Figure 4.9 b)) are plotted in 

Figure 4.9. It can be seen that in both cases the crystallite size of MgO at 400 °C is 

lower than initial Mg(OH)2 crystallite size. When the heat treatment temperature is 

increased, the crystallite size increased and surpassed the initial magnesium hydroxide 

crystallite size. This result suggested that the MgO crystals grew and sintered with 

increasing temperature. Interestingly, the initial Mg(OH)2 crystallite size was reached at 

lower temperatures for sample MgH (between 700 and 800 °C, Figure 4.9 a)) than for 

sample MgL (between 800 and 900 °C, Figure 4.9 b)). A sharp size increase was 
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observed at 900 °C for sample MgH, suggesting an earlier onset of sintering for smaller 

particles than for larger ones.  

 
Figure 4.9. Crystallite size of heat treated MgO as a function of temperature for sample 

MgH (a) and MgL (b) 

 

TEM micrographs of the heat treated samples MgL [Figure 4.10 a-c)] and MgH [Figure 

4.10 d-f)] samples revealed that the particles had become polycrystalline. This is shown 

in Figure 4.10 a-b) for sample MgL heat treated at 500 °C and 700 °C and in Figure 

4.10 d) for sample MgH heat treated at 400 °C. With increasing heat treatment 

temperatures, the particles became monocrystalline again [Figure 4.10 c) and f)] but the 

particles lost their initial faceted morphology. The particles did not appear to sinter 

appreciably at temperatures up to 800 °C. Some porosity developed during the heat 

treatment for both low and high pH samples, although it was more visible for sample 

MgL. These pores were bigger and fewer for higher heat treatment temperatures, as 

clearly seen in Figure 4.10 a) to c).  

a) b) 
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Figure 4.10. TEM micrographs of heat treated sample MgL at (a) 500 °C, (b) 700 °C, 

(c) 800 °C and of sample MgH at (d) 400 °C, (e) 700 °C and (f) 800 °C 

 
High resolution TEM micrographs of heat treated plates on their side revealed that the 

top and bottom of the plates were constituted of (111) MgO planes whilst the (220) 

planes were orthogonal to those surfaces.  

 

 
Figure 4.11. HRTEM micrographs of the heat treated MgH sample at 700 °C 
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Additional HRTEM micrographs of heat treated sample MgL are presented in Figure 

4.12. The two images showed that the (220) MgO planes were on the side of the plates. 

 

 
Figure 4.12. HRTEM micrographs of heat treated MgL sample at 700 °C 

 

X-ray photoelectron spectroscopy was used to determine the nature of chemical states in 

the as-prepared and heat treated (400 °C, 5 hours) sample MgH. The survey spectra 

(Figure 4.13) contained peaks for magnesium, oxygen and carbon. Elemental 

composition measurements revealed that the as-prepared sample was composed of 61 

at. % O and 39 at. % Mg. These results were in accordance with the sample being 

Mg(OH)2. Elemental analysis of the heat treated sample revealed that the sample 

comprised 46 at. % Mg and 53 at. % O, which corresponded to the sample being MgO, 

for which each atom of Mg had one O atom associated to it.   

Fourier transform infrared spectroscopy (FTIR) spectra were obtained for the as-

prepared and heat treated sample MgH, and are plotted in Figure 4.14. For the as 

prepared sample, the peak at ~3700 cm-1 was attributed to the (OH) lattice vibration of 

Mg(OH)2. Upon heat treatment this peak disappeared, suggesting the transformation of 

Mg(OH)2 to MgO. However, a peak at 1450 cm-1 that can be attributed to the symmetric 

stretching of carbonate groups appeared, suggesting the chemisorption of CO2 on the 

surface of MgO151,152.  
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Figure 4.13. X-ray photoelectron spectroscopy survey scan for as-prepared and heat 

treated sample MgH 

 

 
Figure 4.14. Fourier transform infrared spectroscopy spectra for the as-prepared and 

heat treated sample MgH 

 

4.4.3 Discussion 
In this section, it was determined that the CHFS synthesis of MgO was not readily 

achievable. The hexagonal plate-like morphology of the produced nanoparticles was 
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suggestive of the formation of Mg(OH)2 in the reactor. This meant that the focus of the 

work was limited to the direct synthesis of Mg(OH)2 via CHFS and its subsequent 

conversion to MgO through a heat treatment step.  

The results presented in this section showed that the pH of the product had a 

considerable effect on the reaction yield and on the resulting size of the Mg(OH)2 

particles. The Pourbaix diagram of Mg (Figure 4.15) could provide an explanation as to 

why such changes were observed. Under the pH ~ 11.5, the precipitation of Mg(OH)2 

was not preferred, whereas above that value Mg(OH)2 precipitation was favourable. At 

low pH, the use of superheated water allowed for the incomplete nucleation of 

Mg(OH)2, resulting in a considerable proportion of Mg2+ ions left in solution. These 

ions then helped to grow the formed nuclei from solution and resulting in the formation 

of large plates and a low reaction yield. Inversely, at high pH (≥ 12) the rapid nucleation 

of Mg(OH)2 occurred, depleting the Mg2+ in solution and thereby limiting growth.  

 

 
Figure 4.15. Pourbaix diagram for Mg (adapted from reference153) 
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Preferential alignment of the particles was suggested on several occasions by XRD data 

and was an indication of the level of growth of the particles. Indeed, larger plates made 

at low pH and high temperatures displayed a higher level of preferential alignment, 

which can be expected given the morphology of the particles. Irrespective of the pH, an 

increase in temperature resulted in a sharpening of diffraction peaks, which meant that 

the particles became larger. This can be explained by a higher coarsening rate at higher 

temperatures. The nature of the coarsening was certainly different for the two pH 

regimes, with a growth dominated by Ostwald ripening or coalescence at high pH, 

compared to growth from solution at low pH. 

HRTEM allowed the identification of the crystal planes in the as-prepared Mg(OH)2 

plates, which is illustrated in Figure 4.16. This was achieved by identifying the (001) 

planes which were located on the top and bottom of the plates and the fact that the 

particles had hexagonal plate-like morphologies and Mg(OH)2 having a hexagonal 

crystal structure.  

 

 
Figure 4.16. Illustration of the crystal plane orientations of the produced Mg(OH)2 

particles 

 

The heat treatment of CHFS made Mg(OH)2 formed polycrystalline MgO particles. The 

formation of MgO from Mg(OH)2 was confirmed by XRD, XPS and FTIR analysis. The 

formation of polycrystals, as observed by TEM, could be explained by the fracture of 

hydroxide structure due to large mass and volume changes upon heat treatment. Indeed, 

a theoretical mass loss of 30.8 % occurs upon dehydration of Mg(OH)2 into MgO 

following the reaction written below: 

 

Mg(OH)2 → MgO + H2O 
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This mass loss probably created strain in the parent crystal structure, resulting in its 

fission. The morphology of the particles was maintained upon heat treatment at lower 

temperatures (400-500 °C). A polycrystalline product may not be preferred in 

applications for which the exposure of certain planes influences the performances of the 

material. Higher heat treatment temperatures promoted the reformation of 

monocrystalline particles but also resulted in the presence of porosities and a loss of the 

faceted morphology The porosities formed upon the heat treatment of Mg(OH)2 and 

were initially contained between the small crystals forming the polycrystalline particle. 

When the heat treatment temperature was increased (500-700 °C), the small crystals 

grew to form a monocrystalline particle, resulting in the merger of small porosities into 

larger porosities. Some of the porosities migrated to the surface of the particle and 

therefore altered the faceting and morphology of the nanoparticles. Higher heat 

treatment temperatures (≥ 800°C) resulted in monocrystalline particles without porosity 

but also without faceting. This proposed mechanism is illustrated in Figure 4.17. 

 

 
Figure 4.17. Illustration of crystalline growth and porosity migration in MgO 

 

The orientation of the crystal planes in the heat treated MgO particles was determined 

by HRTEM in correlation with the possible angles between some planes in a cubic 

crystal system listed in Table 4.5. It was shown that the top of the plates was the (111) 

MgO plane. The side of the plates must therefore be composed of planes that have a 

possible angle of 90 ° with the (111) MgO planes. Those include the (110), (211) and 

(321) planes. 
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Table 4.5 – Possible angles (°) between some miller planes in a cubic crystal 

 (100) (110) (111) (211) (321) 

(100) 0 

90 

    

(110) 45 

90 

0 

60 

90 

   

(111) 54.7 35.3 

90 

0 

70.5 

109.5 

  

(211) 35.3 

65.9 

30 

54.7 

73.2 

90 

19.5 

61.9 

90 

 

0 

33.6 

48.2 

 

(321) 36.7 

57.7 

74.5 

19.1 

40.9 

55.5 

 

22.2 

51.9 

72.0 

90 

10.9 

29.2 

40.2 

 

0 

31.0 

64.6 

73.4 

 

It was observed by TEM that the (110) planes were indeed on the side of the MgO 

plates. The proposed arrangement for the planes in the heat treated MgO plates is 

illustrated in Figure 4.18. This arrangement supposes that the wall of the plates stayed 

straight upon heat treatment. The presence of either (211) or (321) planes would be 

dictated by the morphology of the particles and the angles between the facets of the 

plates. It can be safely assumed that at least two facets, and a maximum of four of the 

heat treated plates were composed of (110) planes.  

 

 
Figure 4.18. Illustration of the proposed plane arrangement of the MgO plates 
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The position of the (110) planes was determined on the heat treated samples of MgO. 

To maximise the continuous surface of (110) planes, the optimal morphology was 

determined to be rods. Indeed, long and thin rods provide good exposure of the (110) 

planes as it minimises the relative amount of (110) planes present in the bulk of the 

particle, as illustrated in Figure 4.19. To maximise the (111) MgO plane exposure, very 

thin, broad sheets is the optimal morphology.  

 

 
Figure 4.19. Illustration of the (110) face in a MgO plate and in a rod 

 

4.5 Conclusions 
In this chapter, it was demonstrated that CHFS can be used for the synthesis of 

Mg(OH)2. The importance of the reaction pH and temperature on the size of the 

particles was discussed. The growth from solution of large Mg(OH)2 plates was the 

result of a pH (< 12) unfavourable to the formation of Mg(OH)2. High pH conditions (≥ 

12) resulted in the formation of smaller plates due to conditions promoting the 

nucleation of magnesium hydroxide. The growth of particles was promoted by an 

increase in the reaction temperature for both low and high pH samples. The heat 

treatment at relatively low temperatures (≤ 500 °C) of the as-prepared powders resulted 

in the formation of polycrystalline MgO with a good retention of the original particle 

morphology. Higher heat treatment temperatures (≥700 °C) resulted in the MgO 
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particles becoming monocrystalline at the cost of a partial loss of morphology and 

faceting. The position of the planes in both the as-prepared Mg(OH)2 and the heat 

treated MgO particles was observed by electron microscopy and possible morphologies 

were discussed for the preferential exposition of the MgO (110) and (111) crystal 

planes.   
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Chapter 5 – Changing the Morphology 

of Magnesium Hydroxide 
 

5.1 Aims 
In Chapter 4, the synthesis of magnesium hydroxide plates via CHFS was presented. 

The orientation of the crystal planes in the synthesised and heat treated particles was 

discussed and potential morphologies for the preferential exposition of the (110) or 

(111) MgO planes were suggested. In this chapter, the aim will be to determine if it is 

possible to alter the morphology of the Mg(OH)2 particles produced using CHFS. The 

formation of magnesium hydroxide rods will be the main focus of this study as it would 

allow for a good exposure of the (110) MgO planes after heat treatment.  

5.2 Introduction 
The synthesis of Mg(OH)2 rods has been reported in literature using a range of methods. 

One included the use of a large excess of ethylenediamine as a structure-directing 

coordination molecular template in water and a growth stage at 180 °C for 20 

hours154,155. Another approach was a two step process with the formation of magnesium 

oxysulfate rods/wires for 12 h followed by their hydrothermal hydrolysis156,157. 

Similarly, basic magnesium chloride rods could be formed over a period of 48 hours 

and hydrolysed to produce magnesium hydroxide158. The one step hydrothermal 

synthesis of Mg(OH)2 rods was achieved by adding ammonium hydroxide to a 

magnesium sulfate solution followed by hydrothermal treatment at 160 °C for 10 h159. 

All these methods involved long growth periods on the scale of hours at relatively low 

temperatures. The direct synthesis of rods was only achieved with the excessive use of 

amines, which can have adverse effect on health and the environment. In this chapter, 

the possibility of the synthesis of Mg(OH)2 rods using more benign chemicals and 

shorter timescales will be discussed.  
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The CHFS reactor typically had a short residence time in the scale of seconds, minutes 

at most, which meant that the growth stage needed to be as fast as possible to form rods. 

The highest level of growth was observed in the previous chapter at high temperatures 

and low pH for which the nucleation of Mg(OH)2 was incomplete and a high level of 

growth from solution was observed. To obtain rods, that growth needed to be re-

directed. Surfactants were used to that effect, as they may preferentially bind to the 

sides of the plates, leaving only the top of the plate available for growth, as illustrated in 

Figure 5.1. 

 

 
Figure 5.1. Illustration of the growth of rods with the use of surfactant 

 

This chapter will investigate if CHFS is suitable for the formation of Mg(OH)2 rods. 

The use of surfactants and additives and their influence on the phase and morphology of 

the produced particles will be discussed. Changes in process conditions e.g. pH and 

temperature will also be presented. The heat treatment of the produced magnesium 

hydroxide to magnesium oxide will also be explored.  

 

5.3 Experimental Methods 
5.3.1 Chemicals and materials 
Magnesium nitrate hexahydrate ([Mg(NO3)2 • 6H2O], 99 %), magnesium sulfate 

heptahydrate (MgSO4 • 7H2O, ≥ 98 %), potassium hydroxide (KOH, ≥ 85 %), 

Polyvinylpyrrolidone (PVP, ~ MW 10,000), sodium dodecyl sulfate (SDS, ≥ 99 %), 

diammonium hydrogen phosphate ([(NH4)2HPO4], ≥ 98 %), sodium pyrophosphate 

decahydrate (Na4P2O7 • 10H2O, ≥ 99 %), vinylphosphonic acid (CH2=CHP(O)(OH)2, 
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97 %) were purchased from Sigma Aldrich (Dorset, UK). Lubrizol D570 and D540 

were provided by Lubrizol Ltd (Derby, UK). 10 MΩ Deionised water (DI) was used 

throughout.  

 

5.3.2 General synthesis conditions 
The synthesis experiments discussed in this chapter were carried out using a laboratory 

scale CHFS reactor equipped with a short, medium or long residence time configuration 

resulting in a 10 s, 30 s and 100 s residence time respectively, as detailed in Chapter 2. 

Unless stated otherwise, all experiments were conducted under balanced flow rates 

conditions with a superheated water feed pumped at 80 mL.min-1 and metal and base 

feeds both pumped at 40 mL.min-1. The pressure inside the reactor was maintained at 24 

MPa. A more detailed table containing the experimental parameters of the samples 

produced is available in appendix C (pp. 213-215). The hot water temperatures used and 

their resulting mixing temperatures for balanced flows are listed in Table 5.1. These 

were calculated from the properties of pure water following the model developed by 

Wagner and Pruβ35. When a surfactant or an additive was used, it was mixed with the 

magnesium salt feed, unless stated otherwise. The magnesium hydroxide powders were 

heat treated in a muffle furnace in air.  

 

Table 5.1 – Hot water feed temperatures and resulting mixing temperature 

Thot / ° C Tmix / °C 

200 109 

250 136 

300 165 

350 200 

365 250 

400 305 

450 335 
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5.3.3 Use of surfactants to affect morphology 
A set of samples were produced with the addition of surfactants in the metal salt feed. 

The surfactants used are listed in Table 5.2. All experiments were carried out at a 

mixing temperature of 250 °C using a medium residence time apparatus and at a 2:1 

base:metal ratio ([Mg] = 0.5 M). The surfactants were added to obtain a 10 wt. % 

loading in the final product.  

  

Table 5.2 – Experimental parameters for the use of surfactants for Mg(OH)2 synthesis 

Sample Surfactant 

MgL-250 NA 

MgL-250-PVP PVP 

MgL-250-SDS SDS 

MgL-250-D570 D570 

MgL-250-D540 D540 

 

5.3.4 Lubrizol D540   
Lubrizol D540 was studied further as a growth directing surfactant at different mass 

loadings. Details for these experiments are listed in Table 5.3. The mixing temperature 

was set to 250 °C and the reactor was used in a medium residence time configuration. 

 

Table 5.3 – Details for the Mg(OH)2 synthesis at different loadings of Lubrizol D540 

surfactant 

Sample [D540] / wt. % [Mg] / M [KOH] / M 

MgH-D540-20 20 0.5 1.5 

MgL-D540-10 10 0.5 0.8 

MgL-D540-20 20 0.5 0.8 

MgL-D540-50 50 0.5 0.8 
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For a mass loading of 30 wt. % D540, a set of experiments were carried out at different 

mixing temperatures using a long residence time configuration. Samples at low (MgL) 

and high (MgH) base concentrations were produced. The samples are listed in Table 5.4  

 

Table 5.4 – Mg(OH)2 synthesis at different temperatures with 30 wt. % D540 

Sample [Mg] / M [KOH] / M Tmix / °C 

MgL-109-D540 0.5 0.8 109 

MgH-109-D540 0.5 1.5 109 

MgL-136-D540 0.5 0.8 136 

MgH-136-D540 0.5 1.5 136 

MgL-165-D540 0.5 0.8 165 

MgH-165-D540 0.5 1.5 165 

MgL-200-D540 0.5 0.8 200 

MgH-200-D540 0.5 1.5 200 

 
 

For a mass loading of 30 wt. % D540, two further samples were produced with different 

magnesium sources. The mixing temperature was set at a 250 °C using a long residence 

time configuration. The concentration of Mg The details of those experiments are given 

in Table 5.5. 

 

Table 5.5 – Experimental details for the use of Mg nitrate and sulfate with D540 

Sample Mg Source [Mg] / M [KOH] / M 

MgL-Nit-D540 Sulfate 0.5 0.8 

MgL-Sul-D540 Nitrate 0.5 0.8 

 
 

5.3.5 Phosphorous-based additives   
Alternative sources of phosphate/phosphorus were investigated and are listed in Table 

5.6. The long residence time apparatus was used with a mixing temperature set at 250 

°C, magnesium nitrate concentration was 0.5 M and KOH was 0.8 M apart from sample 
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MgH-NaPy for which the KOH concentration was of 1.5 M. All these additives were 

introduced in the base feed.  

 

Table 5.6 – Alternative phosphate sources for Mg(OH)2 synthesis 

Sample Additive [Additive] 

MgL-DHP Diammonium hydrogen phosphate 0.2 M 

MgL-VP Vinylphosphonic acid 50 wt. % 

MgL-NaPy Sodium pyrophosphate 0.1 M 

MgH-NaPy Sodium pyrophosphate 0.1 M 

 

5.3.6 Materials characterisation 
Magnesium hydroxide samples prepared by CHFS were characterised using X-ray 

diffraction, high resolution transmission electron microscopy. Powder XRD patterns 

were obtained using a Bruker D4 equipped with a copper source or a STOE StadiP 

diffractometer equipped with a molybdenum source. Measurements were obtained for 

2θ in the range 15 to 80 °, with a 0.05 ° step and for 3 s/step for the copper source. 

When using the molybdenum source, the measurements were acquired with 2θ in the 

range 7 to 35 °, with a 0.5 ° step and for 5 s/step.  

 

5.4 Results and discussion 
5.4.1 Use of surfactants to affect morphology 
A mixing temperature of 250 °C was first used in order to limit the damage to organic 

surfactants used. The pH and reaction yield for the four surfactants screened (PVP, 

SDS, D570 a non-ionic surfactant and D540 an anionic surfactant) are detailed in Table 

5.7. The use of surfactant did not result in a change in pH and the reaction yields were 

very similar for all samples apart for sample MgL-250-D570. This sample produced a 

stable dispersion of nanoparticles and the low yield could be explained by a loss of 

product during the cleaning procedure as it was not possible to separate all the solids 

from solution.  
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Table 5.7 – pH and yield for Mg(OH)2 synthesis with surfactants 

Sample pH Yield / % 

MgL-250 10 66 

MgL-250-PVP 10 68 

MgL-250-SDS 10 64 

MgL-250-D570 10 33 

MgL-250-D540 10 64 

 

The XRD patterns of the as-produced powders are plotted in Figure 5.2. All samples 

were confirmed as phase prue Mg(OH)2. The breadths of the diffraction peaks were 

affected by the addition of SDS, D570 and D540, suggesting that the size of the 

crystallites may have been altered by the addition of surfactants.  

 

 
Figure 5.2. XRD patterns for Mg(OH)2 produced with surfactants 

 

TEM micrographs revealed that the use of PVP [Figure 5.3 a)] did not change the size 

or morphology of the produced Mg(OH)2 at low pH (Chapter 4). SDS, D570 and D540 

[Figure 5.3 b-c)] reduced the particle size of Mg(OH)2, with a reduction more 

pronounced for D570. The faceting was more pronounced for sample MgL-250-SDS. 
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Micrographs of sample MgL-250-D540 showed that some of particles had a rectangular 

morphology along with small plates.  

 

 
Figure 5.3. TEM micrographs for Mg(OH)2 produced with (a) PVP, (b) SDS, (c) D570, 

(d) D540 

 

Further high resolution micrographs (Figure 5.4) showed that the positioning of the 

(001) planes of Mg(OH)2 was reminiscent of the one seen for plates on their side 

(Chapter 4). This result suggested that the particles seen in Figure 5.4 were plates on 

their side with the difference that they were thicker than the ones previously observed.   
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Figure 5.4. HRTEM micrograph of sample MgL-250-D540 

 

The initial results on the use of surfactant during the synthesis of Mg(OH)2 showed that 

the presence of a surfactant could reduce the particle size (from ~ 400 to ~ 50 nm) 

without significantly affecting the yield or the phase produced. This meant that the same 

amount of Mg(OH)2 was produced but the particles were smaller, suggesting that the 

growth of the particles was retarded by the introduction of the surfactant.  

This reduction in size was observed for SDS, D570 and D540. Thin plates of Mg(OH)2 

were obtained with use of SDS or D570, suggesting that these surfactants bonded to all 

the faces of the plates to stop the growth. For the case of D540, plates with increased 

thickness were produced. This meant that, possibly, the surfactant preferentially bonded 

to the sides of the magnesium hydroxide plates, leaving their top accessible for growth 

from solution to occur. 

 

5.4.2 Lubrizol D540   
This promising result was taken forward with an additional set of experiments to 

investigate the effect of the mass loading of D540 on the morphology of the particles. 

An additional experiment at high pH was also carried out. The pH and yield of the 

products are listed in Table 5.8. The yield of MgH-D540-20 was high (87 %), as 

expected due to the high pH of the product. For the low pH samples, the pH and 

reaction yield were similar for all loadings of D540 (in the range 60-70 %).  
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Table 5.8 – pH and yield for Mg(OH)2 synthesis with D540 surfactant 

Sample pH Yield / % 

MgH-D540-20 12.9 87 

MgL-D540-10 9.7 61 

MgL-D540-20 9.6 67 

MgL-D540-50 9.5 64 

 

The XRD patterns of the samples are plotted in Figure 5.5 and showed that Mg(OH)2 

was produced at both high and low pH. Interestingly, it was observed that the breadth of 

the (001) reflection was reduced with increasing D540 loading, whilst the breadth of the 

other peaks did not change significantly. This might have been the indication that one 

direction of the crystallites was larger than the others.  

 

 
Figure 5.5. XRD patterns for Mg(OH)2 produced with D540 with surfactant weight 

loading in the range 10-50 wt. % 

 

TEM micrographs (Figure 5.6) revealed that increasing the loading of D540 at low pH 

resulted in an increase in the number and the length of elongated particles [Figure 5.6 b 

to d)]. At high pH [Figure 5.6 a)], some rectangular particles were observed but 

significantly fewer than at low pH for a similar loading of D540 [Figure 5.6 c)]. 
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Figure 5.6. TEM micrographs of as-prepard samples (a) MgH-D540-20, (b) MgL-D540-

10, (c) MgL-D540-20, (d) MgL-D540-50 
 
High resolution micrographs of sample MgL-D540-50 (Figure 5.7) revealed that the 

longest dimension of the rods was orthogonal to the (001) planes of Mg(OH)2.  

 

 
Figure 5.7. HRTEM micrographs of sample MgL-D540-50 
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Sample MgL-D540-50 was heat treated at 600 °C for 5 hours as it had the highest 

number of rod-like particles. TEM micrographs of the heat treated samples (Figure 5.8) 

revealed that the rod-like particles conserved their overall morphology upon heat 

treatment. Some porosities inside the rods could be observed [Figure 5.8 b)]. 

 

 
Figure 5.8. TEM micrographs of sample MgL-D540-50 heat treated at 600 °C 

 

X-ray photoelectron spectroscopy was used to determine the nature of chemical states in 

the as-prepared and heat treated sample MgL-D540-50. The survey spectra (Figure 5.9) 

contained peaks for magnesium, oxygen, phosphorous and carbon. Elemental 

composition measurements revealed that the as-prepared sample was composed of 61 

at. % O and 35 at. % Mg and 4 at. % P. These results were in accord with the sample 

being Mg(OH)2 and a phosphate-based surfactant binding to the surface of the particles. 

Elemental composition of the heat treated sample gave a composition of 53 at. % O, 43 

at. % Mg and 4 at. % P. These result are not entirely a match for MgO as a 10 at. % 

difference between O and Mg was calculated. This may mean that the surface of the 

particles reacted with the ambient air and re-hydrated the MgO, leading to the formation 

of surface Mg(OH)2. The relative phosphate composition did not change upon with heat 

treatment.  
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Figure 5.9. X-ray photoelectron spectroscopy survey scan for as-prepared sample MgL-

D540-50 

 

Fourier transform infrared spectroscopy (FTIR) spectra were obtained for the as-

prepared and heat treated sample MgL-D540-50 and are plotted in Figure 5.10. For the 

as prepared sample, the peak at ~3700 cm-1 was attributed to the (OH) lattice vibration 

of Mg(OH)2. Upon heat treatment, this peak disappeared, suggesting the transformation 

of Mg(OH)2 to MgO. However, a peak at 1450 cm-1 appeared, which can be attributed 

to the symmetric stretching of carbonate groups developed, which could in turn be 

credited to the chemisorption of CO2 or to the polymeric nature of the D540 

surfactant151,152. The presence of a peak at 1020 cm-1 can be attributed to the bending 

mode of phosphate groups160. The intensity of the peak was reduced by the heat 

treatment stage but phosphate groups were still present after heat treatment. For the heat 

treated sample, a broad peak was observed at ~ 3400 cm-1, which is suggestive of 

hydroxyl group being present on the surface of the particles and is supportive of 

observations made by XPS.  
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Figure 5.10. Fourier transform infrared spectroscopy spectra for the as-prepared and 

heat treated sample MgL-D540-50 

 

In this section, it was shown that the use of D540 resulted in the formation of Mg(OH)2 

rods. The formation of rod-like particles was more prevalent at low pH conditions, for 

which growth from solution was shown to be more prominent in Chapter 4. Increasing 

the surfactant concentration resulted in an increase in the number of rods and their 

length.  

High resolution TEM micrographs clarified that the rods were indeed plates that had 

grown vertically. This was a significant result as it raised the possibility of directing the 

growth of plates into rods using a surfactant.  

The formation of rods using a ~ 30 s residence time was a promising result. However, a 

majority of the particles produced still had a plate-like morphology. To improve the 

number of rods, a long residence time (~ 100 s) setup was used to allow for a longer 

growth stage.  

A set of reactions were carried out with a 30 wt.% loading of D540 at different 

temperatures to elucidate the mechanisms of rod formation. The pH and yield of the 

reactions are detailed in Table 5.9. It was observed that at high pH, the yield was not 

affected by the reaction temperature. Inversely, the reaction yield increased with 

increasing concentration under low pH conditions from 50 % at 109 °C up to 77 % at 

200 °C.  
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Table 5.9 – pH and yield for Mg(OH)2 synthesis with D540 at different temperatures 

Sample pH Yield / % 

MgL-109-D540 10.2 50 

MgH-109-D540 12.8 86 

MgL-136-D540 9.8 66 

MgH-136-D540 12.9 86 

MgL-165-D540 9.9 68 

MgH-165-D540 12.9 80 

MgL-200-D540 9.4 77 

MgH-200-D540 12.7 83 

 

TEM micrographs for the samples produced at high and low pH revealed that for 

reaction temperatures ≤ 136 °C [Figure 5.11 a) and d)], no rod formation was observed 

and that all particles were hexagonal plates. For a mixing temperature of 165°C, some 

elongated particles were observed at high pH [Figure 5.11 b)] but not at low pH [Figure 

5.11 e)]. At the highest temperature of 200 °C, the formation of rods was observed for 

both high and low pH samples [Figure 5.11 c) and f)]. However, the rods appeared to be 

slightly longer and more numerous for sample MgL-200-D540.  

These results showed that the formation of Mg(OH)2 rods with the addition of D540 

was significantly influenced by the temperature. The increase in reaction yield with 

temperature at low pH correlated with the increase in the number of rods suggested that 

the formation of rods was the result of precipitation of Mg2+ ions from solution on the 

nucleated plates. However, the presence of rods at high pH without an increase in yield 

due to an increase in temperature would suggest that particle to particle growth (i.e. 

Ostwald ripening or preferential attachment) had an important impact on the formation 

of rods. The role of the surfactant in this case would have been to limit coarsening on 

the side the plates, resulting in the growth of rods via re-crystallisation.  
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Figure 5.11. TEM micrographs of Mg(OH)2 produced at high pH at (a) 136 °C, (b) 165 

°C, (c) 200 °C and at low pH at (d) 136 °C, (e) 165 °C, (f) 200 °C 

 

A final set of experiments was carried out with D540 at a reaction temperature of 250 

°C. Magnesium nitrate and sulfate were used as precursors. Table 5.10 lists the pH and 

yield of the products. The reaction yields were quite high for low pH samples and could 

be explained by the use of the long residence time setup at a relatively high temperature. 

The pH for the sulfate sample was slightly higher.  
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Table 5.10 – pH and yield for Mg(OH)2 synthesis with magnesium nitrate and sulfate 

Sample pH Yield / % 

MgL-Nit-D540 9.3 82 

MgL-Sul-D540 10.2 88 

 

TEM micrographs showed the formation of a reasonable number of rods for the sample 

produced with magnesium nitrate [Figure 5.12 a) and b)]. More interestingly, the use of 

magnesium sulfate as precursor resulted in the formation of some particles with tube-

like morphologies [Figure 5.12 c) and d)].   

 

 
Figure 5.12. TEM micrographs of sample (a,b) MgL-Nit-D540 and (c,d) MgL-Sul-

D540 

 

Upon heat treatment at 400 °C for 5 hours, the rods formed in sample MgL-Nit-D540 

conserved their morphology [Figure 5.13 a)]. For sample MgL-Sul-D540, no tubes 
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could be observed [Figure 5.13 b)], suggesting that the particles with tube-like 

morphologies broke down during the heat treatment stage. 

 

 
Figure 5.13. TEM micrographs of sample (a) MgL-Nit-D540 and (b) MgL-Sul-D540 

heat treated at 400 °C 

 

The results presented showed that two very distinct morphologies could be obtained by 

changing the precursor from the nitrate salt of magnesium to the sulfate salt. This 

difference was certainly due to the different solubility of the salts and possibly a change 

in interaction of the counter-ion with the surfactant D540. The formation of micelles 

could also be a possible explanation, or the initial formation of a magnesium oxysulfate 

compound with a preferred tube-like morphology. Heat treating the nanotubes resulted 

in their disappearance, certainly due to the strain of the mass loss on such delicate 

structures. The mechanisms of formation of the nanotubes were not studied as the 

formation of rods was of greater interest, thus the remainder of this chapter will be 

focusing on the formation of magnesium hydroxide rods.   

In this section, it was shown that the growth of magnesium hydroxide nanorods using 

CHFS was made possible by the use of a surfactant. The growth of these rods was 

identified as the result of coarsening by growth from solution and particle to particle 

growth. Altering the pH and temperature of the reaction resulted in longer and more 

numerous rods due to conditions favourable to growth from solution.  
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5.4.3 Phosphorous-based additives     
Although a significant number of rods were produced with the use of D540, a large 

number of plates remained and a more homogeneous product would be more preferable.  

Lubrizol D540 is an anionic surfactant with a phosphate functional group. Due to the 

proprietary nature of this surfactant, alternative phosphate sources were investigated for 

the formation of magnesium hydroxide rods to be more cost efficient and to provide a 

better insight into the mechanisms of rod formation.  

The pH and yield of the samples made with diammonium hydrogen phosphate, sodium, 

pyrophosphate and vinylphosphonic acid are listed in Table 5.11. The reaction yield for 

sample MgL-DHP was higher than the theoretical yield of full conversion of Mg into 

Mg(OH)2. The samples produced at low pH with sodium pyrophosphate and 

vinylphosphonic acid had similar yields and pH. Sample MgH-NaPy had a pH >12, 

which is favourable to Mg(OH)2 nucleation, and a high yield of 90 %.  

 
Table 5.11 – pH and yield for Mg(OH)2 synthesis with different phosphate sources 

Sample pH Yield / % 

MgL-DHP 9.9 116 

MgL-VP 9.8 66 

MgL-NaPy 10.6 76 

MgH-NaPy 12.7 90 

 
 

The XRD patterns (Figure 5.14) of the samples made with phosphate sources revealed 

that sample MgL-DHP was amorphous. Sample MgL-VPA had some peaks identifiable 

to Mg(OH)2, but the (001) peak was not distinguishable from the background noise. 

Additionally, this sample had broad diffraction peaks and appeared to be poorly 

crystalline. Samples MgL-NaPy and MgH-NaPy both have a good match the reference 

pattern for Mg(OH)2. The signal to noise ratio was higher for the sample produced at 

high pH (> 12). Moreover, the peaks were broader for sample MgH-NaPy than for 

sample MgL-NaPy.  
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Figure 5.14. XRD patterns for Mg(OH)2 produced with phosphate sources 

 

TEM micrographs [Figure 5.15 a)] revealed that sample MgL-DHP was made of 

circular particles that appeared to be hollow in their centre. No rod or plates were 

observed in for this sample. When VPA was used, most of the particles had a sheet 

morphology [Figure 5.15 b)]. The sheets were relatively broad (> 100 nm) and their 

thickness very small, as indicated by their wrapping and the contrast provided by the 

sheets lying flat on the surface of the TEM grid. Sample MgL-NaPy [Figure 5.15 c)] 

was comprised of a mixture of morphologies: circular particles similar to the ones 

observed for the use of DHP, plates, and rod-like particles. A mixture of long (> 500 

nm) and short (< 500 nm) rods were observed. The longer rods appeared to have 

pointed tips. Sample MgH-NaPy [Figure 5.15 d)] presented the largest number of rod-

like particles. Apart from these rods, only particles with plate-like morphologies were 

observed.  
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Figure 5.15. TEM micrographs of as-prepared sample (a) MgL-DHP, (b) MgL-VPA 

and (c) MgL-NaPy, (d) MgH-NaPy 

 

The samples were heat treated at 400 °C for 5 hours. The XRD data (Figure 5.16) for 

the heat treated sample MgL-DHP did not match the reference pattern for MgO (PDF 

01-077-2364). The peaks highlighted with a “•” are believed to be associated to a 

phosphate compound of magnesium. These peaks could not be matched to a specific 

reference pattern but as this secomdary phase was only observed with the addition of 

phosphates, it is believed to be a magnesium phosphate compound and will be refered 

as such in the remainder of this chapter. Samples MgL-VPA and MgL-NaPy comprised 

two phases after heat treatment that were MgO and a magnesium phosphate compound. 

Only the heat treated sample MgH-NaPy was phase pure magnesium oxide.  

 



Chapter 5 – Changing the morphology of magnesium hydroxide 

 

 

 

 

129 

 
Figure 5.16. XRD patterns of the heat treated Mg(OH)2 samples produced with 

phosphate sources 

 

TEM micrographs (Figure 5.17) revealed that the samples produced with all phosphate 

sources retained their morphology upon heat treatment. The sheets of heat treated 

sample MgL-VPA presented some porosities and appeared polycrystalline. For both 

heat treated samples MgL-NaPy and MgH-NaPy, the morphology of the rod-like 

particles was well preserved and they appeared to be polycrystalline.  

High resolution TEM micrographs (Figure 5.18) of sample MgH-NaPy revealed that the 

orientation of the planes was similar to the one observed for the rod-like particles 

formed with D540. The elongated dimension of the rod-like particles was orthogonal to 

the (002) planes of Mg(OH)2 planes for the as-prepared sample and to the (111) MgO 

planes for the heat treated samples.  
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Figure 5.17. TEM micrographs of sample (a) MgL-DHP, (b) MgL-VPA, (c) MgL-NaPy 

and (d) MgH-NaPy heat treated at 400 °C 

 

 
Figure 5.18. HRTEM micrographs of sample MgH-NaPy (a) as prepared and (b) heat 

treated at 400 °C 
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The size distribution in length [Figure 5.19 a)] and width [Figure 5.19 b)] of the rod-like 

particles (100 measured) were acquired for one sample produced with sodium 

pyrophosphate under low pH conditions (MgL-NaPy) and high pH conditions (MgH-

NaPy). The data showed that the length of the rods under low pH conditions (< 12) was 

of an average of 404 nm and the distribution of sizes was very broad with a standard 

deviation of 510 nm. This is in comparison to the rods produced under high pH 

conditions (> 12) for which the average size was 141 nm and a narrower size 

distribution with a standard deviation of 86 nm. Across both samples, the majority of 

the rods were of similar width, but sample MgL-NaPy had a number of rods with large 

widths in the range 100-250 nm, which increased the average value.  

 

 

 
Figure 5.19. Particle size distribution of the (a) length of the rods (smoothed with bin 

size = 10 nm) and (b) width of the rods (smoothed with bin size = 2 nm) for samples 

MgL-NaPy and MgH-NaPy 

 

X-ray photoelectron spectroscopy was used to determine the nature of chemical states in 

the as-prepared and heat treated sample MgH-NaPy. The survey spectra (Figure 5.20) 

contained peaks for magnesium, oxygen, carbon and faint peaks corresponding to 

phosphorus. Elemental composition measurements revealed that the as-prepared sample 

was composed of 64 at. % O and 35 at. % Mg and 1 at. % P. This composition was in 

accord with sample MgH-NaPy being Mg(OH)2. The presence of phosphorous was not 
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as pronounced as for when D540 was used (1 at. % vs. 5 at. % P). This suggested that 

the addition of sodium pyrophosphate either resulted in the incorporation of some 

phosphorous inside of the rods or in their adsorption on the surface of the rod-like 

particles. For the heat treated sample, the composition was calculated to be 45 at. % Mg, 

53 at. % O and < 1 at. % P, which was in accordance with the heat treated sample being 

MgO. The level of P was almost negligible at < 1 at. % and made the use of sodium 

pyrophosphate preferential as the residual amount of phosphorus in the product was 

much lower than for the use of Lubrizol D540.  

 

 
Figure 5.20. X-ray photoelectron spectroscopy survey scan for as-prepared sample 

MgH-NaPy 

 

Fourier transform infrared spectroscopy (FTIR) spectra were obtained for the as-

prepared and heat treated sample MgH-NaPy and are plotted in Figure 5.21. For the as 

prepared sample, the peak at ~3700 cm-1 was attributed to the (OH) lattice vibration of 

Mg(OH)2. Upon heat treatment this peak disappeared, suggesting the transformation of 

Mg(OH)2 to MgO. However, a peak at 1450 cm-1 that can be attributed to the symmetric 

stretching of carbonate groups developed upon heat treatment, which could be attributed 

to chemisorption of CO2 by the MgO particles151,152. The presence of a peak at 1020 

cm-1 can be attributed to the bending mode of phosphate groups160. The intensity of the 
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peak was significantly reduced by the heat treatment stage but phosphate groups could 

still be observed after heat treatment. 

 
Figure 5.21. Fourier transform infrared spectroscopy spectra for the as-prepared and 

heat treated sample MgH-NaPy 

 

The formation of different morphologies was observed with the use of phosphorus 

based additives in the CHFS reactor. The addition of diammonium hydrogen phosphate 

resulted in the synthesis of an amorphous product with a mass exceeding the expected 

theoretical yield for the formation of Mg(OH)2. These results suggested that the 

phosphate additive reacted with the magnesium precursor to form a magnesium 

phosphate compound. This was supported by the XRD pattern of the heat treated 

powder that did not have peaks in common with MgO.  

In the case of vinylphosphonic acid, the formation of Mg(OH)2 occurred. However, a 

magnesium phosphate secondary phase was observed by XRD when the sample was 

heat treated, suggesting the additive partially reacted with the magnesium precursor. 

The addition of vinylphosphonic acid resulted in the synthesis of wide, thin sheets of 

Mg(OH)2. This change in morphology suggested that this organophosphorus compound 

bounded to the top of the Mg(OH)2 plates, enabling their lateral growth into sheets. The 

morphology of the sheets was well conserved upon heat treatment, making the sheets an 

interesting material for the preferential exposition of (001) Mg(OH)2 planes or (111) 

MgO planes.  
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The introduction of sodium pyrophosphate resulted in the formation of Mg(OH)2 for 

both low and high pH. However, under low pH conditions, a secondary phase of a 

magnesium phosphate compound was formed, as revealed by the XRD of the heat 

treated samples. An Mg(OH)2 phase pure sample was only obtained when value of the 

pH was higher than 12. Both samples produced with sodium pyrophosphate had 

particles with rod-like morphologies and plate-like morphologies. Only the low pH 

sample had round particles. These results suggested that at low pH, the sodium 

pyrophosphate partially reacted with the magnesium precursor to form a magnesium 

phosphate compound. This partial reaction did not occur at high pH as the formation of 

magnesium hydroxide was favourable so all the magnesium precursor was consumed to 

form Mg(OH)2.  

The rod-like particles were the longest at low pH, for which growth from solution has 

been shown to be favoured earlier in this chapter. Complete nucleation of Mg(OH)2, 

favoured by a high pH (> 12), resulted in smaller rods with narrower size distributions. 

The width of the majority of the rods were similar for both pH conditions, which 

suggested that the rods formed from the same building block: a magnesium hydroxide 

plate. The mechanisms by which sodium pyrophosphate facilitated the formation of 

rods were not evident but the presence of phosphate certainly had an effect on the 

preferred direction of growth and coarsening. It was suspected that the phosphate 

groups were present on the surfaces of the plates/rods and inhibited growth in one 

direction and accentuated it in another, which could mean they were also integrated in 

the structure of the particles. Almeida et al. reported the formation of Fe2O3 rods with 

the addition of phosphates and concluded that the presence of PO4
3- acted as a surfactant 

and also influenced the solubility of the particle leading to their dissolution and 

recrystallisation to form rod-like particles161. Another hypothesis is that oriented 

attachment of the plates could have resulted in the formation of the rods. This may be 

supported by the shape of the rods, which had flat extremities suggestive of a layered 

growth and by the presence of more rods with relatively narrow width size distribution 

at high pH. Such growth mechanism has been reported in literature for a range of 

compounds including TiO2
9, CeO2

162
 , ZnO163 and platinum18. 
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5.5 Conclusions 
In this chapter, it was shown that CHFS can be used for the synthesis of Mg(OH)2 with 

a range of morphologies including nanotubes, sheets and rods. Two methods were 

developed for the synthesis of particles with a rod-like morphology: a surfactant 

approach and a phosphate salt approach. The formation of rods without the use of 

surfactants or amines was achieved in a relatively short synthesis time (~ 100 seconds) 

and in a continuous manner. Although full conversion of the plates into rods was not 

achieved, the results obtained were promising and showed the effects the nature of the 

growth could have on the size and morphology of the produced particles.  

Future work could involve the optimisation of the number of rods produced. This could 

possibly be done by increasing the reaction temperature and the residence time. 

Alternatively, increasing the Reynolds number of the mixture would potentially increase 

the coarsening rate and result in a higher prevalence of rods.  
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Chapter 6 – TiO2 sol seeded Zinc 

Oxide for UV Attenuation 
 

6.1 Aims 
Initial proof of concept work was produced by Dr Neel Makwana95. This chapter 

involves the synthesis of zinc oxide (ZnO) nanoparticles dispersions using CHFS. The 

initial ultraviolet light (UV) attenuation results obtained were promising, therefore 

investigations into the synthesis of ZnO dispersions was warranted. The aim of the work 

presented in this chapter is to identify the parameters influencing the UV attenuation 

properties of these dispersion, in particular to try to enhance the absorbance of the UVB 

and UVC components, whilst obtaining good optical transparency in the visible light 

region.  

 

6.2 Introduction 
Zinc oxide’s physical and chemical properties have led to its use in a range of 

applications such as a current agent in rubber manufacture, medicines and cosmetics164. 

Some of those properties are dictated by the size of the zinc oxide particles. The ability 

ZnO has to absorb, scatter and reflect UV radiations is the main physical property of 

interest in this chapter. The UV attenuation properties of ZnO are mainly due to the fact 

that it is a semi-conductor with a band gap of 3.3 eV, which is equivalent to the energy 

of a photon with a wavelength of 375 nm. Therefore, it could be of interest to minimise 

the size of the ZnO nanoparticles to reduce the amount of visible light that is scattered, 

especially for cosmetics and sun care applications where the transparency of a sun 

cream is an important consideration. 

CHFS has been used in the past to produce zinc oxide nanoparticles in a scalable 

manner76,87. The choice of precursors and their concentrations165,166, mixer 

dimensions167, doping59,70, temperature and pH168 have all been shown to have an effect 
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on the size and morphology of ZnO particles made using continuous hydrothermal 

synthesis methods. The ZnO sizes obtained using continuous hydrothermal methods are 

summarised in Table 6.1.  

Table 6.1 – Summary of ZnO particle sizes obtained using continuous hydrothermal 

methods 

Size control strategy 

ZnO 

particle 

size / nm 

Comments Reference 

Precursor choice and 

concentration 
16 

Use of LiOH instead of KOH decreased 

particle size. Lower precursor 

concentration resulted in smaller 

particles 

166 

Reactor design 28 

Decreasing the size of the mixing 

chamber decreased the size of the 

particles. Thought to be linked to higher 

mixing rate 

165 

Doping 23 
Doping ZnO with titanium reduced the 

particle size of ZnO 
59 

Rapid cooling 9 

The slurry of nanoparticles was cooled 

rapidly to limit growth of particles after 

reaction in a microreactor  

167 

Temperature and pH 29 
pH and temperature influenced the 

morphology and the size 
168 

 

More recently, a method that involves introducing a stable suspension of TiO2 

nanoparticles in the reactor (with the the zinc precursor) has shown interesting results in 

reducing the size of the ZnO particles. This approach will be referred to as “seeding” for 

the remainder of the manuscript.  

The effect of seeding and surface functionalisation on the particle size, morphology, 

stability of the dispersion and UV absorbance profiles were investigated.  
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6.3 Experimental Methods 
6.3.1 Chemicals and materials 
Zinc nitrate hexahydrate ([Zn(NO3)2 • 6H2O, 98 %]), titanium(IV) bis(ammonium 

lactato)dihydroxide (TiBALD, 50 wt.% in water), potassium hydroxide (KOH, ≥ 85 %),  

 ß-Alanine (99 %), 2-(2-Methoxyethoxy)acetic acid (MEAA, technical grade), 

poly(methacrylic acid, sodium salt) solution (Mw ~ 9500, 30 wt.% in water), 

poly(acrylic acid sodium salt) (Mw ~5100, powder),  were purchased from Sigma 

Aldrich (Dorset, UK). Lubrizol D570 was provided by Lubrizol Ltd (Derby, UK). 

Deionised water (DI) was used throughout.  

 

6.3.2 General synthesis conditions 
 Unless stated otherwise, all synthesis experiments discussed in this chapter were 

prepared using the laboratory scale CHFS reactor equipped with a standard double 

mixer under balanced conditions (80/40/40/160) as described in Chapter 2. The first 

mixer was used to mix the feed of supercritical water with the feed of metal salt/base 

and the second jet mixer was used to quench the reaction and introduce an organic 

surfactant to functionalise the nascent nanoparticles and render the suspension stable. 

The hot water temperature was set to 450 °C and the pressure at 24 MPa for all 

experiments. The collected slurries were cleaned by centrifugation as described in 

Chapter 2.  

6.3.3 TiO2 sol seeding 
In order to build upon the results that were obtained previously, the most promising 

samples produced previously by Dr Neel Makwana were scaled up. Those involved the 

use of a TiO2 nanoparticles stable dispersion, also called sol. The synthesis of this TiO2 

sol is discussed in detail in Dr Makwana’s thesis95. Briefly, the sol is synthesised using 

a CHFS reactor equipped with a double mixer under balanced conditions (80/40/40/160) 

with pumps pumping water (P1), a solution of 0.3 M TiBALD (P2), a solution of 0.18 

M KOH (P3) and a solution of 0.3 M TiBALD (P4). This resulted in a stable suspension 

of nanoparticles with a total concentration of Ti equal to 0.1875 M.  

The initial three samples were produced by introducing water in the system with P1, a 

solution of zinc nitrate mixed with a known concentration of TiO2 sol with P2, a 0.4 M 
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KOH solution with P3 and a solution of 0.5 v.% Lubrizol D570 with P4. The 

experiments details for the samples produced initially are given in Table 6.1. A more 

detailed table containing the experimental parameters of the synthesis is available in 

appendix C (pp. 213-215). 

 

Table 6.1 – Experimental parameters for TiO2 seeded ZnO 

Sample [Zn] / M Ti source [Ti] / M Ti / % 

ZnO-P 0.2 NA 0 0 

ZnO-Sol-21 0.14 TiO2 sol 0.0375 21 

ZnO-Sol-13 0.16 TiO2 sol 0.0250 13 

ZnO-Sol-6 0.18 TiO2 sol 0.0125 6 

 

6.3.4 Alternative surfactants 
The surfactant Lubrizol D570 was used in the past as it resulted in the product being a 

stable suspension of nanoparticles in water. However, it is of industrial interest not to 

use a proprietary chemical. ß-alanine, MEAA, poly(methacrylic acid) and poly(acrylic 

acid) were introduced in the quench in place of Lubrizol D570 to find a suitable 

inexpensive and widely available replacement that would allow a comparable 

suspension stability to be obtained. The conditions used to produce sample N8803 (21 

at. % titanium using TiO2 sol) were mimicked and only the nature of the surfactant and 

its concentration were changed, as detailed in Table 6.2.  

 

Table 6.2 – Experimental parameters for new surfactants for TiO2 seeded ZnO 

Sample Surfactant [Surfactant] / M 

ZnO-ß ß-alanine 0.35 

ZnO-MEAA MEAA 0.0175 

ZnO-PMA Poly(methacrylic acid) 0.035 (monomer) 

ZnO-PAA Poly(acrylic acid) 0.035 (monomer) 
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6.3.5 UV visible measurements 
For each sample, two absorbance measurements were carried out. The first 

measurement performed was on the as prepared product. A small amount (ca. 3 mL) of 

product was diluted to 50 mL with DI water. The second measurement was performed 

on a suspension re-dispersed powder. 0.05 g of dried powder were introduced in 30mL 

of DI water. The mixture was then sonicated for 3 minutes before being diluted into a 

500 mL volumetric flask with DI water. For both measurements, 3 mL of the diluted 

product was then placed in a quartz cuvette (1 cm pathlength). A Lambda 950 

spectrophotometer (Perkin Elmer, USA) was used to measure the absorbance of the 

ZnO dispersions from 250 to 560 nm, with a 1 nm step and for 0.2 s/step.  

The UV-Vis curves for the as-prepared samples were normalised by dividing the 

absorbance by the value of absorbance at 360 nm. For the re-dispersed powders, the 

mass extinction coefficient (in mL.g-1.cm-1) was calculated by dividing the measured 

absorbance by the mass loading of the dispersion.  

 
6.3.6 Materials characterisation 
Zinc oxide samples prepared by CHFS were characterised using powder X-ray 

diffraction (XRD), dynamic light scattering and high resolution transmission electron 

microscopy. XRD patterns were obtained using a STOE StadiP diffractometer equipped 

with a molybdenum source. Measurements were obtained for the 2θ range from 5 to 35 

°, with a 0.5 ° step and for 10 s/step.  

 

6.4 Results and discussion 
6.4.1 TiO2 sol seeding 
The following section reports the results of using a TiO2 sol for seeding ZnO and its 

effect on the size of ZnO nanoparticles and the UV attenuation properties of the 

resulting dispersions. Three levels of Ti addition were investigated at 6, 13 and 21 at.%. 

These were compared to sample ZnO-P, a ZnO sample made without any Ti addition 

with the use of D570 in the quench. The pH and mass yield of the products are listed in 

Table 6.3. No significant change in yield was observed with the addition of TiO2 sol. 
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However, the products were stable suspensions and part of it was lost during the 

centrifugation step as full recovery from solution was not always possible. The pH also 

varied across samples as the total metal/base ratio was not the same for all samples, 

which may have also affected the reaction yields.  

 
 Table 6.3 – pH and reaction yield of ZnO produced with TiO2 sol 

Sample TiO2 sol addition / at. % pH Yield / % 

ZnO-P None 6.6 47 

ZnO-Sol-21 6 at. % 8.3 42 

ZnO-Sol-13 13 at. % 7.7 35 

ZnO-Sol-6 21 at. % 6 49 

 

Figure 6.1 shows the XRD patterns for the samples produced with the TiO2 sol. All 

samples were indexed to the hexagonal wurtzite structure of ZnO, in agreement with 

reference pattern PDF 01-076-0704. For sample ZnO-Sol-21, an additional reflection 

was observed ca. 2θ = 12 ° (noted with a • on Fig. 6.1) and could be attributed to the 

presence of anatase TiO2 due to the addition of the sol. This suggested the presence of 

both ZnO and TiO2 particles in the samples. A broadening of the diffraction peaks with 

increasing sol concentration was also observed, suggesting a possible reduction in 

crystallite size.  
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Figure 6.1. XRD patterns for the ZnO samples produced with TiO2 sol 

 

The TEM micrographs obtained, as displayed in Figure 6.2 a) to d), revealed that the 

ZnO particle size decreased with increasing sol concentration. Samples made with the 

addition of TiO2 sol [Figure 6.2 b) to d)] also appeared to be formed of a mix of very 

small (< 5 nm) aggregated particles and larger particles.  

 
Figure 6.2. TEM micrographs of ZnO synthesised (a) without TiO2 sol, (b) 6 at. % TiO2 

sol, (c) 14 at. % TiO2 sol and (d) 21 at. % TiO2 sol  

 

Multiple high resolution images, exemplified by Figure 6.3, revealed that the smaller 

particles were in fact TiO2 nanoparticles. This was revealed by observing the lattice 
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fringes that showed a d-spacing of 0.35 nm for small particles, which corresponds to the 

(101) planes of anatase TiO2 and for larger particles a d-spacing of 0.24 nm, which 

corresponds to (101) planes of hexagonal ZnO. These observations were consistently 

made on multiple occasions, which demonstrated that the products synthesised with the 

presence of TiO2 sol were made of a combination of small TiO2 particles and larger 

ZnO nanoparticles.  

 

 
Figure 6.3. HRTEM micrographs of sample ZnO-Sol-21 

 

Due to the difference in contrast and size of the particles, it was relatively 

straightforward to identify which particles were ZnO and which were TiO2. There did 

not appear to be any specific ordering between the two compounds as illustrated in 

Figure 6.4, in which TiO2 particles were manually coloured blue and ZnO particles 

coloured red to aid visualisation.  

 



Chapter 6 –  TiO2 sol seeded zinc oxide for UV attenuation 
 

 

 

144 

 
Figure 6.4. Colourised TEM micrographs of TiO2 (blue) sol seeded ZnO (red) 

 

Particle size distribution measurements (300 particles) were conducted on the TEM 

images for the ZnO samples made with and without TiO2 sol. For the mixed materials, 

care was taken to only measure the size of the ZnO particles and not that of the TiO2 

particles. Figure 6.5 shows the histograms of the particle size distributions. It was 

observed that the addition of TiO2 sol greatly reduced the average ZnO particle size and 

narrowed the particle size distribution, with the average size being 44 nm without TiO2 

sol and 14 nm with 21 at. % TiO2 sol addition.  

 

 
Figure 6.5. Particle size distribution histograms (smoothed with bin size = 1 nm) for 

ZnO samples produced with and without the use of TiO2 sol 
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UV-Vis spectra were acquired for the as prepared dispersions in water. The absorbance 

curves (normalised at 360 nm) in Figure 6.6 revealed that the pure ZnO sample 

exhibited a second “hump” ca. 310 nm, which was unusual for ZnO, as shown in 

contrast with the industrial standard (grey curve in Figure 6.6). More importantly, it was 

observed that with increasing concentration of TiO2 sol, the absorbance in the UVB 

(280-315 nm) and UVC (250-280 nm) regions increased greatly through a “tail” at those 

wavelengths.  

 

 
Figure 6.6. UV-Vis spectra for as prepared TiO2 sol seeded ZnO samples 

 

Figure 6.7 presents the spectra of the re-dispersed samples. These spectra were not 

normalised and represent the attenuation coefficient of the dispersions. The results 

appeared slightly different to the as-prepared samples in a number of ways. Firstly, the 

pure ZnO spectrum did not present a “hump” anymore but simply a slight “tail” in the 

UVB/UVC. This difference could be linked to the removal of additional ions in solution 

during the cleaning process that might have contributed to the absorbance to create a 

“hump”. The samples produced using a TiO2 sol also exhibited a higher tail in the 

UVB/UVC with increasing TiO2 concentration. Simultaneously the UVA (315-400 nm) 

absorbance decreased with increasing TiO2 sol concentration. The transparency of the 

dispersions (determined by how low the attenuation coefficient at wavelengths > 400 
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nm) increased with increasing TiO2 concentration. In summary, the introduction of TiO2 

sol to the CHFS reactor for the synthesis of ZnO improved the UVB/UVC absorption 

properties of the product, reduced the UVA attenuation slightly and resulted in more 

transparent dispersions.  

 
Figure 6.7. UV-Vis spectra for re-dispersed TiO2 sol seeded ZnO samples 

 
Sample ZnO-Sol-21 was re-dispersed in an alternative solvent: isopropyl myristate 

(IPM). The dispersion was not as stable as in water with visible sedimentation occurring 

over 1 hour. The difference in the shape of the spectra (Figure 6.8) revealed that the 

normalised absorption for as-prepared and re-dispersed ZnO in water were similar. 

However, the IPM dispersion exhibited less UV light absorption and more visible light 

absorption, making it a far inferior formulation.  
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Figure 6.8. Normalised absorbance spectra for re-dispersed powders in water and 

isopropyl myristate  
 

This result is significant as it showed that the stability of the particles in solution was 

very important for the UV attenuation of the dispersion. Particular care should be taken 

in the choice of surfactant, solvent and re-dispersion methodology. For the remainder of 

this chapter, both the as-prepared and re-dispersed spectra will be presented to confirm 

that the shape/intensities of the curves were consistent, and to eliminate any differences 

due to the stability of the re-dispersion or contamination in the as-prepared samples.  

An additional two dispersions were produced: one in cyclohexane and one in 

methylated spirit. The dispersion in cyclohexane was not stable with visible 

sedimentation starting to appear after a few minutes. The methylated spirit dispersion 

appeared more stable in the same timeframe. The spectra plotted in Figure 6.9 showed 

that even though the shape of the UV-vis spectra might not have been affected by the 

stability of the dispersion, the attenuation coefficient could still be greatly affected by 

the stability of the dispersion. Samples in the remainder of this chapter were therefore 

re-dispersed in water as it was the solvent that resulted in optimal attenuation 

coefficients in the UV region and improved transparency.  
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Figure 6.9. Attenuation coefficients of ZnO re-dsipersed in methylated spirit, water and 

cyclohexane 

 

Finally, the UV-Vis absorbance spectrum of the dilute TiO2 sol was acquired and is 

plotted against that of pure ZnO and TiO2 sol seeded ZnO (normalised at 300 nm) in 

Figure 6.10. The TiO2 sol exhibited a steep increase in absorbance with lowering 

wavelengths below 320 nm. 

 

 
Figure 6.10. UV-Vis spectra for TiO2 sol seeded ZnO and dilute TiO2 sol 
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The results presented in this section have shown that the use of TiO2 sol in the CHFS 

synthesis of ZnO resulted in products comprising a mixture of TiO2 and ZnO 

nanoparticles. This seeding approach greatly reduced the average size of the formed 

ZnO nanoparticles. The reaction yield did not appear to be altered by the use of the 

seed, which suggested that the same amount of zinc precipitated from solution. 

Obtaining smaller particles whilst keeping a constant yield suggested that the TiO2 

nanoparticles provided nucleation sites for the precipitation of ZnO. An enhanced 

nucleation rate resulted in smaller particles as the precursor was consumed more 

rapidly. 

The UV attenuation properties were affected by the use of the TiO2 sol in several ways. 

Firstly, an increase in TiO2 seed concentration resulted in a higher level of transparency 

for the ZnO dispersions. This could be easily explained by the reduction of the overall 

ZnO particle size leading to a lower amount of light scattering. The calculated 

absorbance, scattering and attenuation spectra for 220, 100, 50 and 20 nm sized 

particles were plotted in Figure 6.11. They were calculated and provided by our 

industrial collaborator following results and calculations reported in literature169. The 

attenuation in this case was the sum of the absorbance and scattering. The spectra 

clearly showed that light scattering was significantly decreased when the particle size 

was reduced to 20 nm, resulting in the attenuation being almost solely provided by the 

absorption of the particles. The shape of the absorbance component also changed 

noticeably when the particle size was reduced, with a tail at lower wavelengths that 

became more pronounced and an overall higher absorbance was calculated. 

Transparency and UVB/UVC protection are desirable differentiating features for a ZnO 

dispersion, especially for coatings or cosmetics applications.  

 



Chapter 6 –  TiO2 sol seeded zinc oxide for UV attenuation 
 

 

 

150 

 
Figure 6.11. Calculated absorbance, scattering and attenuation spectra for 220, 100, 50 

and 20 nm ZnO nanoparticles 

 

The use of the TiO2 sol also altered the overall shape of the absorption spectra, with 

accentuation of the UVB/UVC tail with increasing TiO2 concentration. The absorbance 

spectrum of the TiO2 (Figure 6.10) suggested that the accentuation of the UVB/UVC 

might have been due to the presence of discrete TiO2 particles and their contribution to 

the overall absorbance of the product. However, a similar tail of lesser intensity has 

previously been observed with a pure ZnO sample (ZnO-P) and calculated from results 

reported in literature169. It can safely be said that the TiO2 particles had a significant 

contribution to the appearance of this tail but the possibility remained that the tail might 

have been a combination of the presence of TiO2 particles and the reduction of ZnO 

particle size. Identifying the provenance of this tail and how it can be accentuated will 

be discussed further in this chapter.  

Finally, it was demonstrated that the stability of the dispersion had a large effect on the 

measured absorbance. This was very important knowledge as it defined two parameters 

affecting the UV attenuation properties of a dispersion: the nanoparticles and their 

stability in solution. Improvements on both sides need to be made to optimise the 

performance of the materials produced.  

 
6.4.2 Alternative surfactants 
Lubrizol D570 (a non ionic surfactant) was used in the quench during the CHFS 

synthesis of ZnO and TiO2 seeded ZnO. This was a useful surfactant for research 

purposes as it produced relatively stable suspensions of nanoparticles and the dried 
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powders could be re-dispersed by simple sonication. However, for scale up and 

industrial purposes, the use of such a surfactant was considered unsuitable as it relied on 

a proprietary and expensive surfactant. Affordable alternatives that were suitable for 

industrial use were therefore sought. Four alternative surfactants were tested following 

recommendations from Dr Peter Marchand (UCL) who has extensive experience in ZnO 

surface functionalisation. These were ß-alanine, MEAA, poly(methacrylic acid) and 

poly(acrylic acid). The pH and reaction yield of the samples produced are detailed in 

Table 6.4.  

 
Table 6.4 – pH and reaction yield of ZnO produced with TiO2 sol and a surfactant 

Sample Surfactant pH Yield / % 

ZnO-Sol-21 Lubrizol D570 6.6 49 

ZnO-ß ß-alanine 8.4 64 

ZnO-MEAA MEAA 9 48 

ZnO-PMA Poly(methacrylic acid) 11 64 

ZnO-PAA Poly(acrylic acid) 11 63 

 
 

Poly(acrylic) acid (PAA) was the only surfactant that yielded a stable suspension. The 

focus of this section will be to present and compare the results obtained with PAA 

(sample ZnO-PAA) to the ones obtained with D570 (sample ZnO-Sol-21). XRD 

patterns for the samples produced are plotted in Figure 6.12. Both were primarily 

hexagonal ZnO with a secondary phase of anatase TiO2 (highlighted by a •). The 

breadth and intensity of the peaks for both samples were very similar.  
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Figure 6.12. XRD patterns for TiO2 sol seeded ZnO produced with PAA and D570 

 

TEM micrographs (Figure 6.13) revealed the two samples had a similar morphology 

and both were comprised of discrete ZnO and TiO2 particles. The size of the ZnO 

nanoparticles were very similar with an average particle size for sample ZnO-Sol-21 of 

14.4 nm and of 13.7 nm for sample ZnO-PAA.  

 

 
Figure 6.13. TEM micrographs of TiO2 sol seeded ZnO with (a) D570 and (b) 

poly(arylic) acid 

 

The stabilities of the as-prepared dispersions were quantified using dynamic light 

scattering. Figure 6.14 is a plot of the hydrodynamic diameters and derived count rate as 

a function of time for both samples. 50 measurements were acquired with a waiting time 
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of 1 hour between measurements. The initial hydrodynamic diameters for both samples 

were comparable. The average size and count rate for the two dispersions decreased 

with time, indicating settling of the larger agglomerates of particles. An ideal dispersion 

would have a constant hydrodynamic diameter and count rate. Therefore, the use of 

D570 and PAA resulted in dispersions with similar stabilities. 

 

 
Figure 6.14. Hydrodynamic diameter and count rate of TiO2 seeded ZnO dispersions as 

a function of time 

 

The normalised UV-Vis spectra of the two as-prepared dispersions (Figure 6.15) were 

both of very similar shape and normalised intensity. This suggested that the surfactant 

D570 did not contribute to the UV attenuation of the dispersions.  
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Figure 6.15. UV-Vis spectra for as prepared ZnO samples with D570 and poly(acrylic 

acid) 

 

Different profiles were observed for the re-dispersed powders (Figure 6.16) and could 

be linked to the fact that the PAA sample did not re-disperse after drying as well as the 

D570 sample. Indeed, the PAA sample appeared whiter than the D570 and some 

sedimentation was also observed. This was an additional result highlighting the 

importance of the quality of the dispersion on the measured absorbance.  

 

 
Figure 6.16. UV-Vis spectra for re-dispersed ZnO with D570 and PAA 
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In this section it was shown that D570 could be replaced by an alternative surfactant. 

The change of surfactant did not affect the phase produced, the particle size distribution 

or the stability of the as-prepared dispersions. These dispersions were not optimised and 

exhibited sedimentation over time. They were however satisfactory for the screening of 

materials for UV attenuation. PAA exhibited good dispersion capabilities for the as 

prepared sample but did not yield good dispersions of dried powders. The optimisation 

of the dispersions is not in the scope of this study as a surfactant will have to be decided 

in accordance with industrial requirements. For the remainder of the study, D570 was 

used as a surfactant in the quench as this approach has been shown to be suitable for 

making powders that are readily re-dispersable in water. 

 

6.5 Conclusions 
In this chapter, the use of a TiO2 sol during the CHFS synthesis of ZnO was discussed. 

It was shown that the presence of pre-formed TiO2 particles resulted in a decrease in the 

ZnO average particle size. The possible mechanisms by which this size reduction 

occurred were discussed and it is believed that the TiO2 sol provided nucleation sites 

resulting in the faster nucleation of ZnO. The UV-Vis absorbance properties of ZnO 

dispersions were altered by the addition of seeds and the resulting change in particle 

size. The effect of particle size on the UVB/UVC, UVA and visible absorbance were 

discussed and it was shown that smaller ZnO nanoparticles were more desirable as they 

provided enhanced UVB/UVC attenuation and better optical transparency. The presence 

of TiO2 particles also greatly improved the absorption in the UVC region. The stability 

of the dispersions was also identified as an important factor influencing the UV-Vis 

performance. Indeed, unstable dispersions had inferior UV attenuation and were less 

optically transparent. 
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Chapter 7 – Doped and Seeded Zinc 

Oxide for UV Attenuation 
 

7.1 Aims 
In Chapter 6, it was shown that the presence of TiO2 seed nanoparticles during the 

synthesis of zinc oxide could improve the nucleation and result in smaller particles. 

Smaller ZnO particles were demonstrated to provide better UVB/UVC attenuation 

properties and better transparency in the visible range. In this chapter, the use of 

TiBALD as a titanium source and the investigation of the addition of other metal will be 

presented. The differences and similarities between introducing pre-formed particles or 

a precursor in solution in the reactor will be discussed. The aim of this chapter is to 

improve further on the UVB/UVC absorbance of ZnO and the optical transparency of 

the dispersions.  

 

7.2 Introduction 
The use of a TiO2 sol for enhancing the nucleation of ZnO via CHFS was shown to be 

an interesting approach to reducing the size of ZnO nanoparticles. Unfortunately, using 

a TiO2 sol required its prior synthesis via CHFS, making the ZnO seeded reaction a 

two-step synthesis overall. Using TiBALD precursor in place of the TiO2 sol would be a 

one-step method for the synthesis of smaller ZnO nanoparticles if similar effects on the 

nucleation of ZnO are observed. Alternatively, other seeds/dopants could be introduced 

in the reactor to examine wether similar size reduction effects can be obtained with 

other elements than Ti. In this chapter the addition of calcium, iron, cerium, manganese, 

zirconium and niobium will be investigated. These were selected as they were reported 

to increase the specific surface area of ZnO when doped into ZnO using CHFS59. 

The effect of these additions on the particle size, morphology, stability of the dispersion 

and UV absorbance profiles were all investigated.  
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7.3 Experimental Methods 
7.3.1 Chemicals and materials 
Zinc nitrate hexahydrate ([Zn(NO3)2 • 6H2O, 98 %]), titanium(IV) bis(ammonium 

lactato)dihydroxide (TiBALD, 50 wt.% in water), potassium hydroxide (KOH, ≥ 85 %),  

magnesium nitrate hexahydrate ([Mg(NO3)2 • 6H2O], 99 %), calcium nitrate 

tetrahydrate ([Ca(NO3)2 • 4H2O], 99-103 %), iron(III) nitrate nonahydrate ([Fe(NO3)3 • 

9H2O], ≥ 98 %), cerium(III) nitrate hexahydrate ([Ce(NO3)3 • 6H2O], ≥ 99 %), 

manganese(II) nitrate tetrahydrate [Mn(NO3)2 • 4H2O, ≥ 97 %], zirconium(IV) 

oxynitrate hydrate ([ZrO(NO3)2 • xH2O], 99%) and ammonium niobate (V) oxalate 

(C4H4NNbO9 • xH2O, 99%) were purchased from Sigma Aldrich (Dorset, UK). Lubrizol 

D570 was provided by Lubrizol Ltd (Derby, UK).  

 
7.3.2 General synthesis conditions 
Unless stated otherwise, all synthesis experiments discussed in this chapter were 

prepared using the laboratory scale CHFS reactor equipped with a standard double 

mixer under balanced conditions (80/40/40/160) as described in Chapter 2. The first 

mixer was used to mix the feed of supercritical water with the feed of metal salt/base 

and the second jet mixer was used to quench the reaction and introduce an organic 

surfactant to functionalise the nascent nanoparticles and render the suspension stable. 

The hot water temperature was set to 450 °C and the pressure at 24 MPa for all 

experiments. The collected slurries were cleaned by centrifugation as described in 

Chapter 2.  

 
7.3.3 TiBALD addition 
A set of reactions were carried out by replacing the TiO2 sol with TiBALD, whilst still 

using D570 as surfactant in the quench, as detailed in Table 7.1.  

 
Table 7.1– Experimental parameters for new ZnO seeding approach 

Sample [Zn] / M Ti source [Ti] / M Ti / % [KOH] / M D570 / v.% 

ZnO-TiB-6 0.18 TiBALD 0.0125 6 0.4 0.5 

ZnO-TiB-21 0.14 TiBALD 0.0375 21 0.4 0.5 
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An in-depth study of the effect on particle size and UV-Vis profile of TiBALD addition 

was carried out by ranging the concentration of Ti from 0 to 25 at. % for zinc nitrate 

concentration in the range 0.1 to 0.5 M. This study allowed the potential scalability of 

the use of TiBALD as a nucleation aid for ZnO to be determined. Table 7.2 provides the 

experimental details for the synthesis of those samples. A more detailed table containing 

the experimental parameters of the synthesis is available in appendix C (pp. 213-215). 

 

Table 7.2 – Experimental parameters for TiBALD ZnO seeding approach 

Sample [Zn] / M Ti source [Ti] / M Ti / % [KOH] / M D570 / v.% 

ZnO-TiB-5 0.19 TiBALD 0.01 5 0.4 0.5 

ZnO-TiB-10 0.18 TiBALD 0.02 10 0.4 0.5 

ZnO-TiB-15 0.17 TiBALD 0.03 15 0.4 0.5 

ZnO-TiB-20 0.16 TiBALD 0.04 20 0.4 0.5 

ZnO-TiB-25 0.15 TiBALD 0.05 25 0.4 0.5 

ZnO-01-TiB-10 0.09 TiBALD 0.01 10 0.2 0.25 

ZnO-05-TiB-10 0.45 TiBALD 0.05 10 1 1.25 

 
7.3.4 Alternative dopants and seeds for ZnO 
To provide a better understanding of the parameters influencing the UV attenuation 

properties of ZnO nanoparticles, a set of reactions was carried out to test alternative 

dopants and/or seeds. The difference between a dopant and a seed in this instance is that 

the dopant is incorporated inside the crystal structure of the ZnO nanoparticles, whereas 

a seed forms separate particles. All samples were made at a 10 at. % (0.02 M) addition 

with a zinc nitrate concentration of 0.18 M, a KOH concentration of 0.4 M and a 0.5 v. 

% solution of Lubrizol D570 in the quench. The experimental conditions are provided 

in Table 7.3. The precursors used for each dopant/seed are detailed in section 7.3.1. 

 
Table 7.3 – Experimental parameters for alternative dopants/seeds for ZnO 

Sample Dopant/seed Introduced with feed 

ZnO-Mg Magnesium Metal 

ZnO-Ca Calcium Metal 
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ZnO-Fe Iron Metal 

ZnO-Ce Cerium Metal 

ZnO-Mn Manganese Metal 

ZnO-Zr Zirconium Metal 

ZnO-Nb Niobium Base 

 

7.3.5 UV visible measurements 
For each sample, two absorbance measurements were carried out. The first 

measurement performed was on the as prepared product. A small amount (ca. 3 mL) of 

product was diluted to 50 mL with DI water. The second measurement was performed 

on a suspension re-dispersed powder. 0.05 g of dried powder was introduced in 30mL 

of DI water. The mixture was then sonicated for 3 minutes before being diluted into a 

500 mL volumetric flask with DI water. For both measurements, 2 mL of the diluted 

product was then placed in a quartz cuvette (1 cm pathlength). A Lambda 950 

spectrophotometer (Perkin Elmer, USA) was used to measure the absorbance of the 

ZnO dispersions from 250 to 560 nm, with a 1 nm step and for 0.2 s/step.  

The UV-Vis curves for the as-prepared samples were normalised by dividing the 

absorbance by the value of absorbance at 360 nm. For the re-dispersed powders, the 

mass extinction coefficient (in mL.g-1.cm-1) was calculated by dividing the measured 

absorbance by the mass loading of the dispersion.  

 
7.3.6 Materials characterisation 
Zinc oxide samples prepared by CHFS were characterised using powder X-ray 

diffraction (XRD), dynamic light scattering and high resolution transmission electron 

microscopy. XRD patterns were obtained using a STOE StadiP diffractometer equipped 

with a molybdenum source. Measurements were obtained for the 2θ range from 5 to 35 

°, with a 0.5 ° step and for 10 s/step.  
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7.4 Results and discussion 
7.4.1 TiBALD addition 
The use of a TiO2 sol for enhancing the nucleation of ZnO via CHFS was shown to be 

an interesting approach for reducing the size of ZnO nanoparticles. Unfortunately, using 

a TiO2 sol required its prior synthesis via CHFS, making the ZnO seeded reaction a 

two-step synthesis overall. Using TiBALD precursor in place of the TiO2 sol would be a 

one-step method for the synthesis of smaller ZnO nanoparticles if similar effects on the 

nucleation of ZnO are observed. This section will compare the two methods and discuss 

the similarities and differences between the two approaches.  

Initially, two samples were produced to mimic the TiO2 sol additions of samples ZnO-

Sol-6 and ZnO-Sol-21. The pH and reaction yield of the two samples are given in Table 

7.4. An increase in reaction yield (47 % for ZnO) was observed with increasing 

TiBALD concentration to reach a maximum yield of 74 % for sample ZnO-TiB-21. 

 
Table 7.4 – pH and mass yield of ZnO produced with TiBALD in process 

Sample Ti / % pH Mass yield / % 

ZnO-TiB-6 6 7 61 

ZnO-TiB-21 21 6.4 74 

 

The XRD patterns (Figure 7.1) acquired showed a broadening of the peaks with 

increasing TiBALD concentration. All peaks were attributed to wurtzite ZnO and no 

anatase TiO2 reflections were observed for TiBALD additions up to 21 at. %. The 

crystallite size decreased from 23 nm for sample ZnO-P down to 10 nm for ZnO-TiB-

21.  
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Figure 7.1. XRD patterns for ZnO produced with TiBALD addition 

 

TEM micrographs (Figure 7.2) revealed the presence of both TiO2 and ZnO 

nanoparticles, as highlighted in Figure 7.2 b) where both the spacing of lattice fringes 

for (100) ZnO and (101) TiO2 were measured. The TiO2 particles were poorly 

crystalline as shown in Figure 7.2 d). The ZnO particle size decreased with higher 

TiBALD concentration, as suggested by the crystallite sized obtained using the Scherrer 

equation. 
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Figure 7.2. TEM micrographs of samples ZnO-TiB-6 and ZnO-TiB-21 at low 

magnification (a and c) and high magnification (b and d) 

 

The particle size distributions for samples ZnO-TiB-6 and ZnO-TiB-21 were measured 

using the TEM micrographs and were plotted against that of sample ZnO-P and ZnO-

Sol-21 in Figure 7.3. The average ZnO particle size for 6 at. % TiBALD addition was 

13 nm. This value is comparable to the average particle size of sample ZnO-TiB-21 (21 

at. % TiO2 sol), which was 14 nm. The minimum ZnO average particle size of 8 nm was 

reached with a 21 at. % TiBALD addition. 
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Figure 7.3. Particle size distribution histograms (smoothed with bin size = 1 nm) for 

ZnO samples produced with the addition of TiBALD  

 

UV-Vis spectra were acquired for the as-prepared samples and are plotted on Figure 

7.4. The UVB/UVC absorption tail became more pronounced with increasing TiBALD 

concentration. The intensity of the tail was higher for TiBALD addition than for TiO2 

sol addition for the same nominal level of Ti.  

 

 
Figure 7.4. UV-Vis spectra for as prepared samples of ZnO produced with TiBALD 

addition and TiO2 sol  
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The spectra for the re-dispersed powders (Figure 7.5) showed a different result: the 

attenuation coefficient for λ = 250 nm was the same for both TiO2 sol and TiBALD 

sample at the same nominal level to Ti. Different attenuation coefficients in the UVA 

and visible regions were observed, with lower values for sample ZnO-TiB-21.  

 

 
Figure 7.5. UV-Vis spectra for re-dispersed samples of ZnO produced with TiBALD 

addition and TiO2 sol  

The results presented in this section showed that using a TiO2 sol or TiBALD to reduce 

the particle size of ZnO yielded different results. Firstly, a secondary phase of anatase 

TiO2 was not observed by XRD, even at 21 at. % TiBALD addition. This may have 

been due to the fact that the titania particles formed were poorly crystalline and very 

small in comparison to the TiO2 sol method in which the titania particles effectively 

passed through the CHFS reactor twice, certainly resulting in a higher degree of 

crystallinity.  

The use of TiBALD resulted in smaller particles than the use of TiO2 sol for the same 

level of Ti added. In fact, 21 at. % TiO2 sol addition yielded the same ZnO particle size 

reduction as the use of 6 at. % TiBALD, suggesting that the use of TiBALD was much 

more effective at particle size reduction. The postulated mechanism for ZnO particle 

size reduction is that the TiO2 nanoparticles provided nucleation sites for the formation 

of ZnO. For the case of TiBALD, the TiO2 nanoparticles were formed at the same time 
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as the ZnO nanoparticles so they were certainly less agglomerated than when re-

introduced with the sol, resulting in a higher exposed surface area of the TiO2 

nanoparticles and more nucleation sites leading to more rapid nucleation of the ZnO 

particles. Additionally, the use of TiBALD appeared to increase the overall reaction 

yield, which was not observed for the TiO2 sol method in this study. This difference 

needs further investigation to be able to stipulate a mechanism but is in accordance with 

a surface-based interaction between TiO2 and ZnO. 

The UV-Vis properties of the ZnO particles produced with TiBALD appeared to be 

superior for the normalised absorbance measurements. However, for the re-dispersed 

powders, the UVB/UVC performances were very similar for the TiBALD and sol 

samples at equal Ti addition levels whilst the UVA and visible attenuation coefficient 

were lower for the TiBALD sample. It was shown earlier in this chapter that the 

UVB/UVC absorption tail might be linked to the level of Ti in the sample and that the 

UVA absorption and transparency are linked to the size of the ZnO particles. This was 

additional evidence that the UVB/UVC component of TiO2 seeded ZnO absorbance was 

certainly due to the the presence of titania nanoparticles in the product and that the 

transparency of the dispersions was correlated to the size of the nanoparticles. 

In summary, the use of TiBALD as a titania source for the reduction of ZnO particle 

size is much more efficient per unit of Ti introduced than the TiO2 sol seeding 

approach. For this reason, an additional set of samples was produced to further study the 

effect of TiBALD addition on the particle size of ZnO and their resulting UV-Vis 

properties.  

Table 7.5 lists the level of Ti precursor addition, the total metal salt concentration, the 

product pH and reaction yield. The yield of the reaction increased with increasing 

TiBALD concentration from 47 % for pure ZnO up to 74 % for 25 at. % TiBALD. The 

reaction yields also seemed to increase with overall metal salt concentration. Indeed, the 

yield at 0.1 M was quite low (35 %) whereas the yield at 0.5 M was the highest 

measured yield (79 %). The change in pH across the range of samples may be linked to 

the introduction of TiBALD, a relatively complex chemical that may require the 

alteration of the concentration of KOH to balance the pH.  

 
Table 7.5 – Total metal concentration, level of Ti addition, pH and mass yield of ZnO 

produced with TiBALD addition 
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Sample [Zn+Ti] / M Ti / at. % pH Mass yield / % 

ZnO-P 0.2 0 6.6 47 

ZnO-TiB-5 0.2 5 6.0 45 

ZnO-TiB-10 0.2 10 6.0 63 

ZnO-TiB-15 0.2 15 6.8 75 

ZnO-TiB-20 0.2 20 7.2 67 

ZnO-TiB-25 0.2 25 7.8 74 

ZnO-01-TiB-10 0.1 10 6.1 35 

ZnO-05-TiB-10 0.5 10 6.5 79 

 

XRD patterns for samples produced with a 10 at. % Ti addition at 0.1 M (ZnO-01-TiB-

10), 0.2 M (ZnO-TiB-10) and 0.5 M (ZnO-05-TiB-10) total metal salt concentration 

were acquired and are plotted in Figure 7.6. All three samples only had ZnO reflection 

peaks with similar relative peak intensities.  

 

 
Figure 7.6. UV-Vis spectra for 10 at. % TiBALD addition 

 

TEM micrographs (Figure 7.7) revealed that the three samples contained ZnO and TiO2 

particles. More interestingly, some of the ZnO particles formed in sample ZnO-01-TiB-

10 [Figure 7.7 a)] had rod-like morphologies. This morphology, although common for 
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zinc oxide particles, had not been observed in Chapter 6 for samples produced with the 

addition of the TiO2 sol.  

 

 
Figure 7.7. TEM micrographs of ZnO samples produced with TiBALD addition of 10 

at. % with a total metal salt concentration of (a) 0.1 M, (b) 0.2 M and (c) 0.5 M 

 
Particle size distribution measurements (Figure 7.8) revealed that the size of the ZnO 

nanoparticles varied significantly with total metal salt concentration. It decreased from 

16 nm at 0.1 M to 9 nm for 0.5 M for a same level of Ti addition (10 at. %).  

 
Figure 7.8. Particle size distribution histograms (smoothed with bin size = 1 nm) for 

ZnO samples produced with the addition of 10 at. % TiBALD at 0.1, 0.2 and 0.5 M 
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The normalised spectra for the as prepared dispersions are plotted in Figure 7.9. They 

showed a clear trend in increase of the UVB/UVC tail with increasing TiBALD 

concentration.  

 

 
Figure 7.9. UV-Vis spectra for as prepared ZnO produced with TiBALD 

 
The spectra for the re-dispersed powders (Figure 7.10) demonstrated a similar trend 

with the addition of a decrease in the UVA and visible absorbance. Those results are in 

accordance with the initial results for the use of TiBALD. 

 

 
Figure 7.10. UV-Vis spectra for re-dispersed samples of ZnO produced with TiBALD  
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The UV-Vis spectra of the ZnO samples produced with a range of metal salt 

concentrations from 0.1 to 0.5 M revealed that the as-prepared samples (Figure 7.11) 

had almost identical absorbance curves.  

 

 
Figure 7.11. UV-Vis spectra for as-prepared ZnO samples produced at 0.1, 0.2, 0.5 M 

Similarly, the re-dispersed powders (Figure 7.12) exhibited analogous attenuation 

coefficients for all concentrations. 

 

 
Figure 7.12. UV-Vis spectra for re-dispersed ZnO samples produced at 0.1, 0.2, 0.5 M 
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Dynamic light scattering measurements were obtained for the re-dispersed powders in 

water. The size distribution of the agglomerates sizes for samples produced with 

TiBALD are plotted in Figure 7.13. The hydrodynamic diameter mean for the volume 

distribution was 213 nm for ZnO-P. This value decreased with increasing TiBALD 

concentration to reach 129 nm for sample ZnO-TiB-20. This meant that the aggregates 

suspended in solution became smaller when the amount of titanium introduced in the 

reaction increased. 

 

 
Figure 7.13. Dynamic light scattering size measurements by volume of ZnO samples 

produced with TiBALD  

 

The results presented in the second part of this section showed that the addition of 

TiBALD increased the reaction yield significantly, which was in accordance with initial 

results. The reaction yield increased from 35 up to 79 % when the total metal 

concentration was increased from 0.1 to 0.5 M for a 10 at. % TiBALD addition. 

Additionally, the average particle size at 0.1 M was of 16 nm, whilst the average ZnO 

particle size at 0.5 M was of 9 nm. A decrease in size with increasing concentration 

suggested that the level of supersaturation had a large effect on the ZnO particle size 

when TiBALD was used. The morphology of the ZnO particles was also different at the 

lowest concentration for which rods were observed, in contrast with small rhombic 

particles formed at higher concentrations. The change in morphologies in addition to the 
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significant yield difference supported that at lower concentrations, growth from solution 

had occurred due to a low level of supersaturation and Zn2+ ions left in solution, 

resulting in the formation of rods. Inversely, at higher concentrations, the level of 

supersaturation increased the nucleation rate, lowered the nuclei size and yielded 

smaller particles by depleting the Zn2+ ions in solution.  

In both cases, the relative amount of Ti introduced in the system was the same, which 

suggested that the relative surface area of TiO2 nanoparticles present during the 

nucleation of ZnO was not the sole factor driving the formation of smaller ZnO 

nanoparticles. The increase of the reaction yield attributed to the presence of TiBALD 

was more pronounced with higher total metal salt concentration, suggesting that the 

addition of TiBALD also increased the level of supersaturation of ZnO resulting in a 

higher reaction yield and smaller ZnO nanoparticles. It is important to note that an 

increase in yield was not observed when the TiO2 sol was used. The effect of TiBALD 

addition on particle size and yield may therefore be due to a combination of two factors:  

- TiBALD increasing the level of supersaturation forcing the enhanced 

precipitation of ZnO, resulting in smaller particles and an increase in the 

reaction yield. 

- High surface area TiO2 nanoparticles providing nucleation sites for ZnO 

nanoparticles resulting in smaller ZnO particles 

The absorbance of the dispersions in the UVB/UVC increased with increasing 

concentration of TiBALD whilst the UVA and visible absorbance decreased. The latter 

has been previously linked to the reduction in particle size. DLS measurements 

suggested that the aggregates suspended in solution were smaller when the particle size 

was smaller, which supported the notion that reduction in the amount of scattering 

resulted in more optically transparent dispersions. The UVB/UVC component of the 

absorbance curve is believed to be mainly linked to the addition of TiO2. For the same 

level of TiBALD addition, three different particle sizes were obtained. The absorbance 

and attenuation profiles for these three samples were essentially identical. In addition, 

the UVB/UVC absorbance of the TiO2 sol seeded products were comparable to the 

samples produced with TiBALD, even though the ZnO particle sizes were different. 

These results supported the hypothesis that the UVB/UVC tail was linked to the amount 

of TiO2 nanoparticles present in the final product and not the ZnO average particle size. 
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In this section, a hypothesis regarding the mechanisms of size reduction of ZnO with the 

use of TiBALD was put forward. It was demonstrated that the use of TiBALD was 

superior to the use of a TiO2 sol for the reduction of ZnO particle size but resulted in 

similar UVB/UVC performances of the final product. Even though the samples 

produced proved to have better transparency and better UVB/UVC attenuation 

properties than pure ZnO, the presence of discrete TiO2 particles was not ideal for 

regulatory purposes in sun screens. The rest of this chapter will discuss some alternative 

seeding/doping approaches that may allow for a one phase product with enhanced 

UVB/UVC absorbance.  

 

7.4.2 Alternative dopants and seeds  
In this section, the use of other elements during the synthesis of ZnO will be 

investigated with the effect they had on the particle size and UV-Vis absorption 

properties. It will be of interest to compare these results with the TiBALD addition 

results as new knowledge and understanding may be obtained. 

In this section, a dopant is defined as an additive that did not create discrete particles 

and is suspected to be incorporated in the ZnO structure. A seed is an additive that 

precipitated to form discrete particles, as seen in the case of TiBALD and TiO2 sol 

addition. Table 7.6 details the elements tested as seeds/dopants and the product pH and 

reaction yield, all additions were made at a 10 at. % level. No product was formed when 

magnesium was added. This might have been due to a level of KOH being too low to 

compensate for change of pH due to the dopant/seed precursor. This sample was 

discarded for the remainder of this study. All other samples had similar yields in the 50-

60 % region, which are standard values for ZnO under these conditions. 

 

Table 7.6 –pH and mass yield of ZnO produced with a range of dopant/seed elements 

Sample Dopant/seed pH Mass yield / % 

ZnO-Mg Magnesium 5.8 5 

ZnO-Ca Calcium 6.4 63 

ZnO-Fe Iron 6.5 56 

ZnO-Ce Cerium 6.5 51 
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ZnO-Mn Manganese 6.2 52 

ZnO-Zr Zirconium 6.7 62 

ZnO-Nb Niobium 6.7 58 

 

Figure 7.14 is a photograph of the prepared powders. A change of colour, from white to 

orange, was observed for the addition of Fe and Mn. A slight yellow tint was also 

observed for the addition of Ce. All the other samples were white.  

 

 
Figure 7.14. Photograph of ZnO produced with seed/dopants 

 

XRD patterns for the powders (Figure 7.15) revealed that sample ZnO-Ce comprised a 

secondary phase of CeO2 with two clearly identifiable reflections (marked with a •). The 

rest of the samples did not appear to have a clearly identifiable secondary phase. 

Significant peak broadening was observed for the addition of Fe, Mn and Nb. The 

crystallite size determined using the Scherrer equation was of 10 nm for Fe addition, 13 

nm for Mn addition and 12 nm for Nb addition. This is in comparison to a crystallite 

size of 25 nm for ZnO produced without any addition.  
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Figure 7.15. XRD patterns for ZnO produced with a range of dopants/seeds 

 

TEM micrographs revealed that the addition of Ca [Figure 7.16 a)] resulted in large 

ZnO nanoparticles. No discrete calcium compound nanoparticles were found so it could 

be assumed that the calcium was doped into the structure. The addition of Fe [Figure 

7.16 b)] resulted in a reduction of the ZnO nanoparticle size, no particles other than 

those with ZnO morphology were observed at low magnification. The addition of Ce 

did appear to give a mixture of large and small ZnO particles [Figure 7.16 c)] and small 

cerium oxide nanoparticles were identifiable, as expected from the XRD pattern. 

Sample Zn-Mn [Figure 7.16 d)] had a few particles with a rod-like morphology in 

addition to the typical ZnO rhombic shaped particles. The addition of Zr [Figure 7.16 

e)] resulted in the presence of a large number of rod-like particles in the sample and 

some aggregates of small rounded nanoparticles. Sample ZnO-Nb [Figure 7.16 f)] 

exhibited some elongated nanoparticles and the remainder of the particles had a high 

level of agglomeration. 
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Figure 7.16. TEM micrographs of ZnO samples produced with 10 at. % addition of (a) 

Ca, (b) Fe, (c) Ce (d), Mn, (e) Zr and (f) Nb precursors 

 

High resolution micrographs were obtained for the samples produced with Fe, Mn, Zr 

and Nb to identify if the different morphologies could be attributed to a compound 

formed by the addition of the dopant/seed. For the addition of iron, a number of 

particles were identified as magnetite iron oxide (Fe3O4) by measuring a distance of 

0.47 nm [Figure 7.17 a)] between lattice fringes, which corresponded to the d-spacing 

of the (111) planes of Fe3O4. Those particles were difficult to identify visually due to 

their similar size and morphology to ZnO. In a similar manner, Mn3O4 nanoparticles 

were identified in sample Zn-Mn by measuring the d-spacing of the (111) planes of 0.50 

nm [Figure 7.17 b)]. The morphology and size of the manganese oxide particles were 

also very similar to the ZnO particles. For the case of Zr addition, very small spherical 

particles were easily identifiable as zirconium dioxide nanoparticles. Confirmation was 

obtained by measuring a distance of 0.29 nm [Figure 7.17 c)] between lattice fringes, 

corresponding to the d-spacing of the (011) planes of ZrO2. The elongated particles 

present in the sample with Nb addition were identified as NbO nanoparticles by 
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measuring a lattice spacing of 0.24 nm [Figure 7.17 d)], attributed to the (111) planes of 

niobium oxide. In summary, all elements apart from Ca formed distinct nanoparticles. 

 

 
Figure 7.17. HRTEM micrographs of ZnO samples produced with 10 at. % addition of 

(a) Fe, (b) Mn, (c) Zr and (d) Nb  

 

The particle size distribution measurements (Figure 7.18) revealed that the addition of 

calcium did not have an effect on the ZnO particle size, Ce reduced the average particle 

size to 28 nm. The addition of Fe had the most pronounced effect on the ZnO particle 

size by reducing it to 9 nm. Mn and Nb additions had similar effects on the size of ZnO 

resulting in a 13 nm average particle size. The use of Zr reduced the average of the ZnO 
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particles but also promoted the growth of elongated rod-like particles with an average 

length of 40 nm (50 measurements). 

 

 
Figure 7.18. Particle size distribution histograms (smoothed with bin size = 1 nm) for 

ZnO produced with the addition of 10 at. % (a) Ca, Fe, Ce, (b) Mn, Zr and Nb (b) 

 
Fourier transform infrared spectroscopy (FTIR) spectra were obtained for the powders 

of the doped/seeded samples and are plotted in Figure 7.19. A selected wavenumber 

range is displayed, showing the intensities of absorbance peaks of the surface hydroxyl 

groups. It was observed that the absorbance was lower than pure ZnO for the addition of 

Ca and Zr and was more pronounced for the additions of Fe and TiBALD, suggesting 

that different seeds had different amounts of hydroxyl groups on their surface.  
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Figure 7.19. Fourier transform infrared spectroscopy spectra for the seeded ZnO 

The normalised UV-Vis spectra for the samples produced with Ca, Ce and Zr (Figure 

7.20) showed that the addition of Ca did not alter significantly the shape of the 

absorbance curve. A second absorbance hump was observed for sample ZnO-Ce. 

Sample ZnO-Zr presented an absorbance tail in the UVB/UVC, reminiscent of those 

observed previously with the addition of TiBALD.  

 

 
Figure 7.20. UV-Vis spectra for as prepare samples of ZnO produced a 10 at. % 

addition of Ca, Ce and Zr 
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The attenuation coefficient measurements (Figure 7.21) revealed that sample ZnO-Ca 

had good transparency and UV absorbance overall and had an absorbance tail in the 

UVB/UVC. Sample ZnO-Ce had poor overall UV attenuation properties. Sample ZnO-

Zr had poor transparency and the absorbance tail at lower wavelengths was not as 

pronounced as for the as prepared sample, which suggested that the powders did not re-

disperse well in water.   

 

 
Figure 7.21. UV-Vis spectra for re-dispersed samples of ZnO produced a 10 at. % 

addition of Ca, Ce and Zr 

 
The normalised UV-Vis spectra for the samples produced with Fe, Mn and Nb are 

plotted in Figure 7.22. The samples produced with Fe and Mn gave very similar curves 

with a steep UVB/UVC absorbance tail and reduced UVA absorbance. Sample ZnO-Nb 

had a similar profile but with a steeper tail at a lower normalised absorbance value. 

These tails could be attributed to the presence of CeO2 Fe3O4, Mn3O4 and NbO 

particles, respectively170-173.  
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Figure 7.22. UV-Vis spectra for as prepared samples of ZnO produced a 10 at. % 

addition of Fe, Mn and Nb 

 
The attenuation coefficient measurements for the re-dispersed powders (Figure 7.23) 

revealed that the sample produced with Fe addition had very low attenuation in the 

visible range, the sample ZnO-Mn dispersion was less transparent but provided similar 

UV attenuation coefficients. Sample ZnO-Nb had the highest attenuation coefficient in 

the UVC region but had poor transparency. 

 

 
Figure 7.23. UV-Vis spectra for re-dispersed ZnO produced with Fe, Mn and Nb 
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Dynamic light scattering measurements were obtained for the re-dispersed powders in 

water. The size distribution of the agglomerates sizes for samples produced with Fe, Mn 

and Nb are plotted in Figure 7.24. The hydrodynamic diameter mean for the volume 

distribution was 213 nm for sample ZnO-P. This value decreased with increasing the 

addition of Fe and Mn to 75 nm and 96 nm, respectively. For sample ZnO-Nb, the mean 

size of the volume distribution was 1716 nm, suggesting that very large aggregates were 

present in solution.  

 

 
Figure 7.24. Dynamic light scattering size measurements by volume of ZnO samples 

produced with Fe, Mn and Nb 

 

 

 

The results presented in this section showed that the use of a range of elements could 

produce a reduction in ZnO particle size. Although some doping may have occurred, 

most elements (Fe, Ce, Mn, Zr, Nb) formed discrete second phase metal oxide 

nanoparticles. Interestingly, the smaller seeds (i.e. Ce and Zr) did not necessarily lead to 

the largest particle size reduction. The smallest ZnO particles were obtained with the 

addition of iron, which formed Fe3O4 nanoparticles of similar size and morphology to 

the ZnO (~ 9 nm). Similar sizes were obtained for the addition of Mn and Nb and it was 

shown that the NbO particles were elongated and large in comparison to the ZnO 
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particles formed. These results suggested that the surface area of the seeds was not 

necessarily the most important factor for the reduction of the ZnO particle size. 

Amongst possible factors, surface chemistry may play a more important role in allowing 

for the accelerated hydrolysis of the zinc in solution. Indeed, the number of hydroxyl 

groups present on the surface of the seeds could possibly influence the nucleation of 

ZnO. FTIR results showed that samples made with Fe and TiBALD additions had the 

most pronounced surface hydroxyl group absorption peaks. Coincidentally, these were 

the samples with the smallest ZnO particle size. Furthermore, Fe3O4 nanoparticles have 

been reported to have a large number if hydroxyl groups on their surface174, as has 

anatase TiO2
175. It has also been observed in literature that ZrO2  can present more 

surface –OH groups than CeO2
176. Stronger reductions in particle size could be related 

to the likely presence of hydroxyl groups on the surface of the secondary phase 

nanoparticles. No significant effect on the reaction yield was observed, unlike for the 

use of TiBALD, which would suggest that the added elements helped the nucleation of 

the ZnO nanoparticles by providing nucleation sites for ZnO. The effectiveness of these 

nucleation sites was governed by their size (i.e. surface area) and their surface 

chemistry, although some other properties may be of importance.  

The UV-Vis results were in accordance with what was observed previously in this 

chapter i.e. in general smaller particles resulted in more transparent dispersions and 

weaker UVA absorption. DLS measurements showed that the transparency of the 

dispersions in the visible range was related to the size of the agglomerate suspended in 

solution. This was particularly shown in the case of samples ZnO-Mn and ZnO-Nb, 

which had very similar TEM sizes but very different agglomerate sizes in the re-

dispersed powders sample. This resulted in a dispersion that was more optically opaque 

for sample ZnO-Nb and one that was more transparent for ZnO-Mn. The transparency 

of the dispersions was therefore linked to the size of the agglomerates in solution, which 

in most cases became smaller when the ZnO particle size was reduced. Most UVB/UVC 

tails observed were certainly due to presence of discrete nanoparticles of compounds 

with band gaps leading to absorption at those wavelengths (Fe3O4, Mn3O4, NbO, CeO2). 

However, the sample produced with Zr had an absorption tail that could not be linked to 

the band gap of discrete particles (~ 5 eV for ZrO2), which suggested that the 
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UVB/UVC absorbance properties of ZnO nanoparticles could be increased by a 

reduction in their size.  

7.5 Conclusions 
This chapter has shown that CHFS with dopants/seeds can be used for the synthesis of 

small (< 20 nm) ZnO nanoparticles. A number of dopants/seeds were investigated to 

reduce the particle size of ZnO and several mechanisms were discussed to reach a better 

understanding of the seeding approach using CHFS. Different additives resulted in 

different levels of size reduction. For example, the addition of iron greatly reduced the 

size of the ZnO particles whilst the addition of cerium did not have as high an impact. 

The potential differences between seeds/dopants and their effectiveness at size 

reduction were discussed and a number of factors could be coming into play but surface 

chemistry of the seeds may have been playing a more important role than the surface 

area of the seeds. The UV-Vis absorbance properties of ZnO dispersions were altered 

by the addition of seeds and the resulting change in particle size. The effect of particle 

size on the UVB/UVC, UVA and visible absorbance were discussed and it was shown 

that smaller ZnO nanoparticles were more desirable as they provided enhanced 

UVB/UVC attenuation and better optical transparency due to smaller aggregates in 

solution.  

Future work could involve the use of other seeds/dopants to reduce the ZnO particle 

size without the formation of distinct particles influencing the UVB/UVC absorbance 

whilst retaining the white colour of ZnO. A large amount of work could also be done on 

optimising the use of surfactants in the CHFS as better dispersions resulted in better UV 

attenuation and transparency.  
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Chapter 8 – Conclusions and future 

work 
 

The work presented in this thesis investigated the synthesis and properties of 

nanomaterials made via the continuous hydrothermal method. The work demonstrated 

the effects that experimental parameters have on the nucleation and growth of 

nanoparticles. The hypotheses presented in Chapter 1 stated that the overall aim of the 

thesis was to investigate the nucleation and growth of nanoparticles in a continuous 

hydrothermal reactor. A range of nanomaterials were developed with differing 

sizes/morphology, and different synthesis control strategies were investigated in order 

to affect particle attributes.  

The synthesis of cobalt oxide (Co3O4) was carried out using a laboratory scale CHFS 

reactor. Characterisation of the samples revealed that the concentration of precursor, the 

flow regime and the temperature profile experienced by the nanoparticles influenced 

their average size and size distribution.  

- The concentration of precursor influenced particle size by having an effect on 

three mechanisms. Firstly, the pH of the product was influenced by the 

concentration, resulting in either nucleation favourable (lower concentrations) or 

nucleation unfavourable (higher concentrations) conditions. Secondly, higher 

concentrations resulted in a larger number of particles which, generally helped 

fuel particle-to-particle growth. Lastly, precursor concentration had an influence 

on supersaturation and resulted in a change in nuclei size.  

- The turbulence of the flow at or after the mixing point had an effect on the level 

of particle-to-particle growth that was observed, with a turbulent mixture 

increasing the coarsening rate and a laminar flow resulting in limited coarsening. 

- The introduction of a quench to rapidly cool the nanoparticles after their 

formation revealed that the particle-to-particle growth could be partially stopped 

and that growth from solution could be greatly reduced.   

These results showed that both reactor design and chemical parameters could be used to 

influence particle size and particle size distribution of the formed Co3O4. These results 
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are of interest as they show that the number of parameters can be used to obtain the 

required nanoparticle properties. These findings could potentially be applied to other 

compounds for which particle-to-particle growth is significant. Possible future works 

include:  

- Testing the performance of the produced materials for applications such as 

energy storage, and determine to what extent the size of the nanoparticles affects 

the performance.  

- A further study, with a wider range of Reynolds numbers for the mixed feeds, 

could determine the quantitative effect of the nature of mixing on the coarsening 

of the nanoparticles. Such a study, complemented with an investigation of the 

residence time (1 second to 2 minutes) would allow an even deeper 

understanding of the coarsening behaviours and dynamics in a CHFS reactor.  

- Investigate if similar size effects can be observed for other compounds and if 

improved/reduced coarsening rates can result in better materials properties.  

 

The CHFS synthesis of magnesium hydroxide [Mg(OH)2] was investigated. A study of 

the precursor concentration, temperature, pH and growth directing additives showed 

that the size of the produced Mg(OH)2 could be influenced by making the synthesis 

conditions more favourable or unfavourable to the formation of magnesium hydroxide.  

- Unfavourable conditions resulted in extensive growth from solution combined 

with coarsening whilst favourable conditions resulted in a coarsening dominated 

growth of the nanoparticles.  

- Through the addition of surfactants and phosphate based chemicals, the 

formation of nanotubes, sheets and rods was achieved. The formation of rods 

was of particular interest to preferentially expose some crystal planes and 

slightly different growth mechanisms were observed with the use of a surfactant 

or with the use of sodium phosphate.  

- Overall, growth from solution resulted in the formation of rods with a broad size 

distribution compared to particle-to-particle growth, which yielded smaller rods 

but with a narrower size distribution.  

These results were of interest as they showed that the formation of different 

morphologies of Mg(OH)2 was possible in a short amount of time (minutes at most) 
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compared to what was reported in literature (hours). Although this short reaction time is 

believed to be the reason why a full conversion of plates into rods has not been 

observed. In order to increase the occurrence of rods in the samples produced, a number 

of strategies could be employed in the future:  

- Increasing the reaction temperature to improve the growth rate and facilitate the 

formation of rods. Indeed, the temperatures studied in this thesis were limited by 

the use of organic surfactants but the non-organic phosphate route is not as 

limited by temperature.  

- Increasing the residence time with a smaller pipe diameter (to increase the 

Reynolds number of the mixing during the growth stage) and maximise the 

amount of coarsening occurring. Maintaining the mixture at a high temperature 

for longer would also be key for continued rod formation. 

- An optimisation of the heat treatment stage to MgO could also be carried out to 

obtain either non-porous polycrystalline MgO rods or porous monocrystalline 

MgO. This could be of interest if an application is dependent solely on the 

morphology of the particles or on the crystal planes exposed at the surface of the 

particle, respectively. 

- Testing of these materials in applications for which the preferential (110) MgO 

plane exposure is preferred or for which the (001) facets of Mg(OH)2 are 

detrimental in the case of rod-like particles. The relative amount of crystal 

surfaces exposed and its effect on the properties of the material could be an 

interesting avenue to explore.  

 

The synthesis of seeded zinc oxide was investigated. The use of pre-formed TiO2 

particles or aqueous solutions of Ti, Ca, Fe, Ce, Mn, Zr or Nb during the synthesis of 

ZnO showed that the addition of dopants/seeds could have an effect on the size of the 

ZnO particles and their resulting UV attenuation properties. Different mechanisms were 

hypothesised: 

- The addition of a TiO2 sol seeds resulted in a reduction in ZnO particle size but 

this size reduction was not as pronounced as when a soluble Ti precursor was 

used at similar nominal levels of Ti. It was believed that the presence of high 
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surface area nanoparticles at the mixing point resulted in the improved 

nucleation of ZnO, thus lowering the particle size of ZnO.  

- The use of non-Ti seeds/dopants revealed that similar particle size changes could 

be obtained for seed that were not necessarily small nanoparticles. This 

suggested that not only the surface area of the seeds played a role in the 

enhanced nucleation of ZnO, but also that the surface chemistry of these seeds 

could be an important factor in the improvement of the nucleation of ZnO.   

- Smaller ZnO nanoparticles were generally observed to give dispersions with 

better visible light transparency due to a reduction in scattering. This was linked 

to smaller particles generally forming smaller aggregates.  

- Smaller ZnO particles also had reduced UVA attenuation properties but 

improved UVB/UVC absorbance. This change in properties was linked to the 

reduction of the size of the seeded/doped zinc oxide nanoparticles. However, the 

change in absorbance in the UVB/UVC regions could also be linked to the 

formation discrete non-ZnO nanoparticles with band gaps matching these 

wavelength regions.  

These results were of interest as they showed that the attenuation properties of ZnO 

could be altered by change in particle size, resulting in absorbance profiles that were 

atypical for ZnO. The use of dopants/seeds is also an area of interest as it is difficult to 

comprehend and distinguish all the mechanisms that occur in the rapid nucleation of 

nanoparticles in a CHFS reactor and empirical evidence could possibly provide insight 

into further particle size control strategies. Future works might involve:  

- The use of dopants/seeds that are transparent in the UV region to eliminate any 

contributions from the discrete nanoparticles forming during the synthesis of 

ZnO via CHFS.  

- Investigating the level of seed/dopant addition to eliminate the formation of 

discrete nanoparticles whilst maintaining a reduction in ZnO particle size. 

Effective doping without formation of discrete nanoparticles could also be 

achieved by tailoring the mixing temperature.  

- Optimising the dispersions of the ZnO nanoparticles through the use of different 

surfactants and more turbulent mixing at the quenching point would allow for 

better coating of the particles. Increasing the residence time after the quenching 
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point could also potentially improve the amount of surfactant bound to the 

surface of the nanoparticles.  

 

Overall, the work presented in this thesis discussed a number of factors than can 

influence the size and morphology of nanoparticles produced using a CHFS process. 

The control of nucleation and growth in such a rapid synthesis is a challenge and will 

warrant further work in the future as every compound behaves differently and its 

specificities have to be taken into consideration when devising strategies to change the 

morphology or size of the nanoparticles. 
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Appendix 
Appendix A - Cobalt oxide samples 

CMTG 

name 

Thesis name Reactor configuration Product Flow 

P1 

Precursor P1 Precursor P2 Conc. 

P2 

Flow 

Pump 2 

Precurs

or P4 

Flow 

Pump 4 

Heater T° Residence time 

N4511 Co-005-T Single mixer Co3O4 80 1 v% H2O2 Cobalt Acetate 0.005 80 NA 0 450 5 + 

N4512 Co-01-T Single mixer Co3O4 80 1 v% H2O2 Cobalt Acetate 0.01 80 NA 0 450 5 + 

N4513 Co-025-T Single mixer Co3O4 80 1 v% H2O2 Cobalt Acetate 0.025 80 NA 0 450 5 + 

N4514 Co-050-T Single mixer Co3O4 80 1 v% H2O2 Cobalt Acetate 0.05 80 NA 0 450 5 + 

N4515 Co-1-T Single mixer Co3O4 80 1 v% H2O2 Cobalt Acetate 0.1 80 NA 0 450 5 + 

N4516 Co-2-T Single mixer Co3O4 80 1 v% H2O2 Cobalt Acetate 0.2 80 NA 0 450 5 + 

N4517 Co-005-TQ Quench mixer Co3O4 80 1 v% H2O2 Cobalt Acetate 0.005 80 DI 

Water 

160 450 0.7 

N4518 Co-01-TQ Quench mixer Co3O4 80 1 v% H2O2 Cobalt Acetate 0.01 80 DI 

Water 

160 450 0.7 

N4519 Co-025-TQ Quench mixer Co3O4 80 1 v% H2O2 Cobalt Acetate 0.025 80 DI 

Water 

160 450 0.7 

N4520 Co-050-TQ Quench mixer Co3O4 80 1 v% H2O2 Cobalt Acetate 0.05 80 DI 

Water 

160 450 0.7 

N4521 Co-1-TQ Quench mixer Co3O4 80 1 v% H2O2 Cobalt Acetate 0.1 80 DI 

Water 

160 450 0.7 

N4522 Co-2-TQ Quench mixer Co3O4 80 1 v% H2O2 Cobalt Acetate 0.2 80 DI 

Water 

160 450 0.7 

N4713 Co-005-L Laminar mixer Co3O4 50 1 v% H2O2 Cobalt Acetate 0.005 50 NA 0 450 5 + 

N4714 Co-01-L Laminar mixer Co3O4 50 1 v% H2O2 Cobalt Acetate 0.01 50 NA 0 450 5 + 

N4715 Co-025-L Laminar mixer Co3O4 50 1 v% H2O2 Cobalt Acetate 0.025 50 NA 0 450 5 + 
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N4716 Co-050-L Laminar mixer Co3O4 50 1 v% H2O2 Cobalt Acetate 0.05 50 NA 0 450 5 + 

N4717 Co-1-L Laminar mixer Co3O4 50 1 v% H2O2 Cobalt Acetate 0.1 50 NA 0 450 5 + 

N4718 Co-2-L Laminar mixer Co3O4 50 1 v% H2O2 Cobalt Acetate 0.2 50 NA 0 450 5 + 

N4719 Co-005-LQ Laminar mixer + 

quench 

Co3O4 50 1 v% H2O2 Cobalt Acetate 0.005 50 Water 160 450 2.8 

N4720 Co-01-LQ Laminar mixer + 

quench 

Co3O4 50 1 v% H2O2 Cobalt Acetate 0.01 50 Water 160 450 2.8 

N4721 Co-025-LQ Laminar mixer + 

quench 

Co3O4 50 1 v% H2O2 Cobalt Acetate 0.025 50 Water 160 450 2.8 

N4722 Co-050-LQ Laminar mixer + 

quench 

Co3O4 50 1 v% H2O2 Cobalt Acetate 0.05 50 Water 160 450 2.8 

N4723 Co-1-LQ Laminar mixer + 

quench 

Co3O4 50 1 v% H2O2 Cobalt Acetate 0.1 50 Water 160 450 2.8 

N4724 Co-2-LQ Laminar mixer + 

quench 

Co3O4 50 1 v% H2O2 Cobalt Acetate 0.2 50 Water 160 450 2.8 
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Appendix B - Magnesium hydroxide samples 
CMTG 

name 

Thesis 

name 

Reactor 

configuration 

Flow 

Pump 

1 

Precur

sor P1 

Precursor 

P2 

Precursor 2 P2 Con

c. P2 

Flow 

Pump 

2 

Precursor 

P3 

Precursor 2 P3 Con

c. P3 

Flow 

Pump 

3 

Heat

er T° 

Tm

ix 1 

Residen

ce time 

N8601 Mg1-1 Single mixer 80 Water Magnesiu

m nitrate 

  0.1 40 Potassium 

hydroxide 

  0.1 40 450 335 > 5 s 

N8602 Mg1-2 Single mixer 80 Water Magnesiu

m nitrate 

  0.1 40 Potassium 

hydroxide 

  0.2 40 450 335 > 5 s 

N8603 Mg1-3 Single mixer 80 Water Magnesiu

m nitrate 

  0.1 40 Potassium 

hydroxide 

  0.3 40 450 335 > 5 s 

N8604 Mg1-4 Single mixer 80 Water Magnesiu

m nitrate 

  0.1 40 Potassium 

hydroxide 

  0.4 40 450 335 > 5 s 

N8605 Mg2-3 Single mixer 80 Water Magnesiu

m nitrate 

  0.2 40 Potassium 

hydroxide 

  0.6 40 450 335 > 5 s 

N8606 Mg3-3 Single mixer 80 Water Magnesiu

m nitrate 

  0.3 40 Potassium 

hydroxide 

  0.9 40 450 335 > 5 s 

N8607 Mg4-3 Single mixer 80 Water Magnesiu

m nitrate 

  0.4 40 Potassium 

hydroxide 

  1.2 40 450 335 > 5 s 

N8608 Mg5-

3(MgH) 

Single mixer 80 Water Magnesiu

m nitrate 

  0.5 40 Potassium 

hydroxide 

  1.5 40 450 335 > 5 s 

N8609 MgH-

375 

Single mixer 80 Water Magnesiu

m nitrate 

  0.5 25 Potassium 

hydroxide 

  1.5 25 450 375 > 5 s 

N8610 MgH-

305 

Single mixer 80 Water Magnesiu

m nitrate 

  0.5 40 Potassium 

hydroxide 

  1.5 40 400 

(390) 

305 > 5 s 

N8611 MgH-

200 

Single mixer 80 Water Magnesiu

m nitrate 

  0.5 40 Potassium 

hydroxide 

  1.5 40 350 

(340) 

191 > 5 s 

N8612 MgH-

165 

Single mixer 80 Water Magnesiu

m nitrate 

  0.5 40 Potassium 

hydroxide 

  1.5 40 300 165 > 5 s 
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N8636 Mg5-

2(MgL) 

Single mixer 80 Water Magnesiu

m nitrate 

  0.5 40 Potassium 

hydroxide 

  1 40 450 335 > 5 s 

N8639 MgL-

375 

Single mixer 80 Water Magnesiu

m nitrate 

  0.5 40 Potassium 

hydroxide 

  1 25 450 375 > 5 s 

N8640 MgL-

305 

Single mixer 80 Water Magnesiu

m nitrate 

  0.5 40 Potassium 

hydroxide 

  1 40 400 305 > 5 s 

N8641 MgL-

200 

Single mixer 80 Water Magnesiu

m nitrate 

  0.5 40 Potassium 

hydroxide 

  1 40 350 191 > 5 s 

N8642 MgL-

165 

Single mixer 80 Water Magnesiu

m nitrate 

  0.5 40 Potassium 

hydroxide 

  1 40 300 165 > 5 s 

N8643 MgL-

250 

Single mixer 

with wide pipe 

80 Water Magnesiu

m nitrate 

  0.5 50 Potassium 

hydroxide 

  1 50 390 267 ~ 30 s 

N8644 MgL-

250-PVP 

Single mixer 

with wide pipe 

80 Water Magnesiu

m nitrate 

PVP 0.5 50 Potassium 

hydroxide 

  1 50 390 267 ~ 30 s 

N8645 MgL-

250-SDS 

Single mixer 

with wide pipe 

80 Water Magnesiu

m nitrate 

SDS 0.5 50 Potassium 

hydroxide 

  1 50 390 267 ~ 30 s 

N8646 MgL-

250-

D570 

Single mixer 

with wide pipe 

80 Water Magnesiu

m nitrate 

D570 0.5 50 Potassium 

hydroxide 

  1 50 390 267 ~ 30 s 

N8647 MgL-

250-

D540 

Single mixer 

with wide pipe 

80 Water Magnesiu

m nitrate 

D540 0.5 50 Potassium 

hydroxide 

  1 50 390 267 ~ 30 s 

N8679 MgH-

D540-20 

Single mixer 

with wide pipe 

80 Water Magnesiu

m nitrate 

20 wt.% D540 0.5 40 Potassium 

hydroxide 

  1.5 40 360-

365 

250 ~ 30 s 

N8680 MgL-

D540-10 

Single mixer 

with wide pipe 

80 Water Magnesiu

m nitrate 

10 wt.% D540 0.5 40 Potassium 

hydroxide 

  0.8 40 360-

365 

250 ~ 30 s 

N8681 MgL-

D540-20 

Single mixer 

with wide pipe 

80 Water Magnesiu

m nitrate 

20 wt.% D540 0.5 40 Potassium 

hydroxide 

  0.8 40 360-

365 

250 ~ 30 s 
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N8682 MgL-

D540-50 

Single mixer 

with wide pipe 

80 Water Magnesiu

m nitrate 

50 wt.% D540 0.5 40 Potassium 

hydroxide 

  0.8 40 360-

365 

250 ~ 30 s 

N8689 MgL-

109-

D540 

Single mixer 

with long res 

pipe 

80 Water Magnesiu

m nitrate 

30 wt.% D540 0.5 40 Potassium 

hydroxide 

  0.8 40 200 109 ~ 1.5 

min  

N8690 MgH-

109-

D540 

Single mixer 

with long res 

pipe 

80 Water Magnesiu

m nitrate 

30 wt.% D540 0.5 40 Potassium 

hydroxide 

  1.5 40 200 109 ~ 1.5 

min  

N8691 MgL-

136 -

D540 

Single mixer 

with long res 

pipe 

80 Water Magnesiu

m nitrate 

30 wt.% D540 0.5 40 Potassium 

hydroxide 

  0.8 40 250 136 ~ 1.5 

min  

N8692 MgH-

136-

D540 

Single mixer 

with long res 

pipe 

80 Water Magnesiu

m nitrate 

30 wt.% D540 0.5 40 Potassium 

hydroxide 

  1.5 40 250 136 ~ 1.5 

min  

N8693 MgL-

165-

D540 

Single mixer 

with long res 

pipe 

80 Water Magnesiu

m nitrate 

30 wt.% D540 0.5 40 Potassium 

hydroxide 

  0.8 40 300 165 ~ 1.5 

min  

N8694 MgH-

165-

D540 

Single mixer 

with long res 

pipe 

80 Water Magnesiu

m nitrate 

30 wt.% D540 0.5 40 Potassium 

hydroxide 

  1.5 40 300 165 ~ 1.5 

min  

N8695 MgL-

200-

D540 

Single mixer 

with long res 

pipe 

80 Water Magnesiu

m nitrate 

30 wt.% D540 0.5 40 Potassium 

hydroxide 

  0.8 40 350 199 ~ 1.5 

min  

N8696 MgH-

200-

D540 

Single mixer 

with long res 

pipe 

80 Water Magnesiu

m nitrate 

30 wt.% D540 0.5 40 Potassium 

hydroxide 

  1.5 40 350 199 ~ 1.5 

min  

N8703 MgL-

Nit-

D540 

Single mixer 

with long res 

pipe 

80 Water Magnesiu

m Sulfate 

30 wt.% D540 0.5 40 Potassium 

hydroxide 

  0.8 40 356 200 ~ 1.5 

min  
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N8706 MgL-

Sul-

D540 

Single mixer 

with long res 

pipe 

80 Water Magnesiu

m nitrate 

30 wt.% D540 0.5 40 Potassium 

hydroxide 

  0.8 40 349 200 ~ 1.5 

min  

N8729 MgL-

DHP 

Single mixer 

with long res 

pipe 

80 Water Magnesiu

m nitrate 

  0.5 40 Sodium 

hydroxide 

0.2 M Diammonium 

hydrogen phosphate 

0.8 40 362 250 ~ 1.5 

min  

N8731 MgL-

NaPy 

Single mixer 

with long res 

pipe 

80 Water Magnesiu

m nitrate 

  0.5 40 Sodium 

hydroxide 

6 g Sodium 

pyrophosphate 

0.8 40 363 250 ~ 1.5 

min  

N8733 MgL-VP Single mixer 

with long res 

pipe 

80 Water Magnesiu

m nitrate 

50 wt. % 

Vinylphosphonic 

acid 

0.5 40 Sodium 

hydroxide 

  0.8 40 361 250 ~ 1.5 

min  
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Appendix C - Zinc oxide samples 
CMTG 

name 

Thesis 

name 

Desired 

product 

Flow 

Pump 1 

Precursor 

P1 

Precursor 

P2 

Precursor 

2 P2 

Conc. 

P2 

Flow 

Pump 2 

Precursor 

P3 

Precursor 

2 P3 

Conc. 

P3 

Flow 

Pump 3 

Precursor P4 Conc. 

P4 

Flow 

Pump 4 

N8817 ZnO-P ZnO 80 Water Zinc 

Nitrate 

  0.2 40 Potassium 

hydroxide 

  0.4 40 D570 0.5 v.% 160 

N8803 ZnO-

Sol-21 

TiO2 

seeded 

ZnO 

80 Water Zinc 

Nitrate 

0.0075M 

TiO2 sol 

0.14 40 Potassium 

hydroxide 

  0.4 40 D570 0.5 v.% 160 

N8804 ZnO-

Sol-13 

TiO2 

seeded 

ZnO 

80 Water Zinc 

Nitrate 

0.0050M 

TiO2 sol 

0.16 40 Potassium 

hydroxide 

  0.4 40 D570 0.5 v.% 160 

N8805 ZnO-

Sol-6 

TiO2 

seeded 

ZnO 

80 Water Zinc 

Nitrate 

0.0025M 

TiO2 sol 

0.18 40 Potassium 

hydroxide 

  0.4 40 D570 0.5 v.% 160 

N8806 ZnO-ß TiO2 

seeded 

ZnO 

80 Water Zinc 

Nitrate 

0.0075M 

TiO2 sol 

0.14 40 Potassium 

hydroxide 

  0.4 40 Beta alanine 0.35 M 160 

N8807 ZnO-

MEAA 

TiO2 

seeded 

ZnO 

80 Water Zinc 

Nitrate 

0.0075M 

TiO2 sol 

0.14 40 Potassium 

hydroxide 

  0.4 40 MEAA 0.0175 

M 

160 

N8808 ZnO-

PMA 

TiO2 

seeded 

ZnO 

80 Water Zinc 

Nitrate 

0.0075M 

TiO2 sol 

0.14 40 Potassium 

hydroxide 

  0.4 40 Polymethacrylic 

acid 

0.035 

M 

160 

N8809 ZnO-

PAA 

TiO2 

seeded 

ZnO 

80 Water Zinc 

Nitrate 

0.0075M 

TiO2 sol 

0.14 40 Potassium 

hydroxide 

  0.4 40 Polyacrylic acid 0.035 

M 

160 
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N8812 ZnO-

TiB-6 

Ti doped 

ZnO 

80 Water Zinc 

Nitrate 

0.0125 

M 

TiBALD 

0.16 40 Potassium 

hydroxide 

  0.3 40 D570 0.5 v.% 160 

N8813 ZnO-

TiB-21 

Ti doped 

ZnO 

80 Water Zinc 

Nitrate 

0.035 M 

TiBALD 

0.14 40 Potassium 

hydroxide 

  0.3 40 D570 0.5 v.% 160 

N8818 ZnO-

TiB-5 

Ti doped 

ZnO 

80 Water Zinc 

Nitrate 

0.01 M 

TiBALD 

0.19 40 Potassium 

hydroxide 

  0.4 40 D570 0.5 v.% 160 

N8819 ZnO-

TiB-10 

Ti doped 

ZnO 

80 Water Zinc 

Nitrate 

0.02 M 

TiBALD 

0.18 40 Potassium 

hydroxide 

  0.4 40 D570 0.5 v.% 160 

N8820 ZnO-

TiB-15 

Ti doped 

ZnO 

80 Water Zinc 

Nitrate 

0.03 M 

TiBALD 

0.17 40 Potassium 

hydroxide 

  0.4 40 D570 0.5 v.% 160 

N8821 ZnO-

TiB-20 

Ti doped 

ZnO 

80 Water Zinc 

Nitrate 

0.04 M 

TiBALD 

0.16 40 Potassium 

hydroxide 

  0.4 40 D570 0.5 v.% 160 

N8822 ZnO-

TiB-25 

Ti doped 

ZnO 

80 Water Zinc 

Nitrate 

0.05 M 

TIBALD 

0.15 40 Potassium 

hydroxide 

  0.4 40 D570 0.5 v.% 160 

N8823 ZnO-01-

TiB-10 

Ti doped 

ZnO 

80 Water Zinc 

Nitrate 

0.01 

TiBALD 

0.09 40 Potassium 

hydroxide 

  0.2 40 D570 0.25 

v.% 

160 

N8825 ZnO-05-

TiB-10 

Ti doped 

ZnO 

80 Water Zinc 

Nitrate 

0.05 M 

TIBALD 

0.45 40 Potassium 

hydroxide 

  1 40 D570 1.25 

v.% 

160 

N8829 ZnO-Mg Mg 

doped 

ZnO 

80 Water Zinc 

Nitrate 

0.02 M 

Mg Nit 

0.18 40 Potassium 

hydroxide 

  0.4 40 D570 0.5 v.% 160 

N8830 ZnO-Ca Ca 

doped 

ZnO 

80 Water Zinc 

Nitrate 

0.02 M 

Ca Nit 

0.18 40 Potassium 

hydroxide 

  0.4 40 D570 0.5 v.% 160 

N8831 ZnO-Fe Fe doped 

ZnO 

80 Water Zinc 

Nitrate 

0.02 M 

Fe Nit 

0.18 38 Potassium 

hydroxide 

  0.4 43 D570 0.5 v.% 160 
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N8832 ZnO-Ce Ce 

doped 

ZnO 

80 Water Zinc 

Nitrate 

0.02 M 

Ce Nit 

0.18 38 Potassium 

hydroxide 

  0.4 43 D570 0.5 v.% 160 

N8833 ZnO-Mn Mn 

doped 

ZnO 

80 Water Zinc 

Nitrate 

0.02 M 

Mn Nit 

0.18 38 Potassium 

hydroxide 

  0.4 43 D570 0.5 v.% 160 

N8834 ZnO-Zr Zr doped 

ZnO 

80 Water Zinc 

Nitrate 

0.02 M 

Zr Nit 

0.18 38 Potassium 

hydroxide 

  0.4 43 D570 0.5 v.% 160 

N8835 ZnO-Nb Nb 

doped 

ZnO 

80 Water Zinc 

Nitrate 

  0.18 38 Potassium 

hydroxide 

0.02 Nb 

Oxalate 

0.4 43 D570 0.5 v.% 160 

 


