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Abstract 

The hydrothermal synthesis (HS) of α-Fe2O3 nanorods (NRs) is investigated using a 

combination of complementary analytical techniques. The construction of an HS 

‘process map’ as a function of temperature, time and phosphate (PO4
3-

) concentration 

provides insight into the nature of intermediate β-FeOOH NR precipitation, 

dissolution and subsequent α-Fe2O3 growth, along with the effect of PO4
3-

 anion 

concentration on the development of α-Fe2O3 particle shape. An HS processing 

temperature of 200˚C and an Fe
3+ 

: PO4
3- 

molar ratio of 31.5 yielded crystalline 

acicular α-Fe2O3 NRs with an aspect ratio of ~ 7 (~ 420 nm long, ~ 60 nm wide). The 

additional effects of FeCl3 concentration, pH, stage of phosphate addition and α-Fe2O3 

seed content on the growth of α-Fe2O3 NRs is investigated.  

The development of a novel valve-assisted pressure autoclave is described, 

facilitating the rapid quenching of hydrothermal suspensions into liquid nitrogen, 

providing ‘snapshots’ closely representative of the in situ physical state of the 

synthesis reaction products. Examination of the samples acquired as a function of 

reaction time and known reaction temperature provides fundamental insight into the 

anisotropic crystal growth mechanism of the acicular α-Fe2O3 NRs. It is considered 

that the release of Fe
3+

 ions back into solution through intermediate β-FeOOH 

dissolution supplies the nucleation and growth of primary α-Fe2O3 nanoparticles 

(NPs) (< 10 nm) which subsequently coalescence through a mechanism of oriented 

attachment (OA) with increasing temperature, into larger, acicular α-Fe2O3 NRs.   

Fourier transform infra-red spectroscopy investigation of the quenched 

reaction products provides evidence for PO4
3-

 absorption on the α-Fe2O3 NPs, in the 

form of mono or bi-dentate (bridging) surface complexes, on surfaces normal and 

parallel to the crystallographic α-Fe2O3 c-axis, respectively. The balance between bi-

dentate and mono-dentate phosphate absorption is considered to be critical in 

mediating the acicular shape of the α-Fe2O3 NRs.  

A feasibility study on the incorporation of ferromagnetic cobalt, Co3O4 NPs or 

CoFe2O4 NPs into α-Fe2O3 NRs during HS is presented. In all cases, there is no 

evidence for the incorporation of cobalt within the α-Fe2O3 NRs or the formation of 

hetero-nanostructures with the Co3O4 or CoFe2O4 NPs.  

The overall growth mechanism of single crystalline acicular α-Fe2O3 NRs 

involves the anisotropic growth and dissolution of intermediate β-FeOOH NRs, 

governed by its crystallographic structure, and the OA of primary α-Fe2O3 NPs, 

mediated by the preferential absorption of phosphate surfactant. 
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Chapter 1 Introduction 

Nanostructured materials have attracted considerable research interest over recent 

decades due to their potential applications in the fields of engineering, science and 

technology. However, developments in nanotechnology are dependent on the 

availability of new materials, and the ability to design and synthesise new 

nanostructured materials. Nano-materials are defined as materials of less than 100 nm 

in one or more dimension and exhibit novel physical properties that are not possessed 

by their bulk forms. Consequently, the synthesis, characterisation and application of 

nano-materials have been widely investigated in recent years. However, significant 

challenges remain regarding the preparation of well-crystallised nano-materials with 

definitive size and morphology.  

 One-dimensional (1D) nanostructures represent a group of nano-materials with 

highly anisotropic morphologies and have received much attention since the discovery 

of carbon nanotubes (CNTs) in 1991.
1
 Controlled nucleation and growth in a 

particular crystallographic direction is considered the basis for the formation of a 1D 

nanostructure. However, the growth mechanisms by which anisotropic development 

occurs can differ depending on the nano-material and its method of production.  

  Weakly-ferromagnetic α-Fe2O3 (hematite) is of particular interest as a cheap, 

environmentally friendly and thermodynamically stable iron oxide, and 1D α-Fe2O3 

nanorods (NRs) have been studied for a wide range of applications because their 

magnetic properties are greatly dependent on NR size and shape. NRs are capable of 

exhibiting much higher coercivities than their isotropic counterparts because of the 

effect of shape anisotropy.
2
  

Aqueous iron (III) chloride (FeCl3) solution is well established as a simple 

precursor for the formation of monodispersed α-Fe2O3 nanoparticles (NPs), and 

needle-shaped β-FeOOH (akaganeite) NPs are known to form as an intermediate 

phase which gradually diminishes as the α-Fe2O3 NPs develop.
3
 Further, a small 

addition of phosphate (PO4
3-

) anions has been shown to mediate the anisotropic 

growth of α-Fe2O3, leading to the development of acicular NRs.
3 

 To date, α-Fe2O3 nanostructures have been produced using a variety of 

techniques including sol–gel processing, microemulsion, forced hydrolysis, 



Chapter 1 Introduction 
 

2 

 

hydrothermal synthesis (HS) and chemical precipitation.  In particular, HS offers 

effective control over the size and shape of nanostructures at relatively low reaction 

temperatures and short reaction times, providing for well-crystallised reaction 

products with high homogeneity and definite composition.
 
 Indeed, the technique of 

continuous and high throughput HS has become a viable method for the commercial 

synthesis of nanostructures.
4-6

   

However, a gap in knowledge remains with regards to the distinct stages of the 

HS growth of α-Fe2O3 nanostructures. Ex situ investigations of the phase 

transformation of β-FeOOH to α-Fe2O3 under HS conditions, along with α-Fe2O3 

shape control within phosphate environments, can provide valuable insights into the 

growth of α-Fe2O3 NRs.
7
 Nevertheless, improved understanding of the in situ 

mechanistics of α-Fe2O3 NR growth is required in order to control fully the functional 

properties of these 1D nanostructures.  The use of HS reaction vessels under 

conditions of high temperature and pressure creates an aspect of inaccessibility which 

limits direct investigation.  Indeed, even in situ synchrotron and energy dispersive X-

ray diffraction methods are sensitive only to bulk crystal phase transformations.
8-10

 

Consequently, analysis of HS nanostructures to date on the localised scale has been 

restricted to post-synthesis reaction products isolated following cool down under 

equilibrium conditions, with possibility of loss of in situ constituent evidence 

demonstrating the specific mechanistics of growth.  

In this context, the focus of this project is to investigate the HS growth 

mechanism of high aspect ratio α-Fe2O3 NRs. A comprehensive HS ‘process map’ is 

presented, providing insight into the nature of β-FeOOH precipitation, dissolution and 

subsequent α-Fe2O3 growth, as well as the effect of PO4
3-

 anion concentration on the 

development of α-Fe2O3 particle shape. Further, the development of a novel, valve-

assisted, Teflon-lined, hydrothermal pressure autoclave which allows for the rapid 

quenching of hydrothermal products is reported. It is considered that the reaction 

products obtained from this autoclave are closely representative of the in situ physical 

state of the developing iron oxide nanostructures due to the large cooling rate 

experienced during quenching.  Hence, detailed analysis of quenched hydrothermal 

reaction solutions provides for better understanding of α-Fe2O3 NR growth.  

Examination of the HS reaction products using the combined complementary 

characterisation techniques of conventional and in situ transmission electron 

microscopy (TEM), selected area electron diffraction (SAED), energy dispersive X-
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ray (EDX) analysis, Fourier transform infrared (FTIR) spectroscopy, X-ray 

diffractometry (XRD), X-ray photoelectron spectroscopy (XPS) and reflection high 

energy electron diffraction (RHEED) has led to a detailed description of the 

fundamental growth mechanism of acicular α-Fe2O3 NRs.      

The thesis has been organised into nine chapters. Chapter 1 introduces the 

motivation, objectives and organisation of the thesis. Chapter 2 presents the research 

background and literature review for isotropic and 1D nanostructures, HS and iron 

oxides. Chapter 3 describes the pressure autoclaves and chemical solutions used 

during the HS process, as well as the characterisation techniques employed to examine 

the reaction products. Chapter 4 presents the development of β-FeOOH and α-Fe2O3 

nanostructures using a wide range of HS processing conditions, and emphasis is given 

to the construction of a comprehensive HS ‘process map’. Chapter 5 demonstrates the 

use of the novel valve-assisted pressure autoclave to provide descriptions of the 

localised development of the acicular α-Fe2O3 NRs. Chapter 6 presents a feasibility 

study on the incorporation of ferromagnetic cobalt within α-Fe2O3 NRs for the 

purpose of improving their magnetic performance. In Chapter 7, the HS process, 

phosphate surfactant, nucleation of nanostructures and growth mechanism of the β-

FeOOH and α-Fe2O3 NRs are discussed. The conclusions of this thesis are 

summarised in Chapter 8 and prospects for future development of this research 

activity are presented in Chapter 9.  
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Chapter 2 Literature review 

2.1  Introduction 

This chapter provides the context for the themes explored within this thesis. The 

underlying aspects are nanostructures, their synthesis techniques, iron oxides, their 

structures, surfactants, morphology, functional properties and applications. Emphasis 

is placed upon the size effect of NPs and their corresponding physical properties, 

providing a benchmark from which nanostructures with various morphologies can be 

discussed. In particular, focus is given to 1D nanostructures and the advantages 

offered by their shape effect. Several methods of nano-material production are 

available and HS is identified as a favourable technique, offering good control over 

the size and morphology of nanostructures. Iron oxides are multifunctional materials 

and easily produced using HS; hence their various phases and structures are outlined. 

Further, the hydrothermal fabrication of β-FeOOH and α-Fe2O3 nanostructures from a 

FeCl3 precursor solution is described. Small additions of PO4
3-

 based surfactants have 

been shown to increase the α-Fe2O3 nanostructure aspect ratio and their effect on the 

α-Fe2O3 shape is considered.           

   

2.2  Nanoparticles  

A particle which exhibits one or more dimensions on the nano-scale (< 100 nm) is 

considered a nanoparticle (NP).
11

 The scientific community is in general agreement 

with this definition. However, sub-micron sized particles are often regarded, 

mistakenly, to fall within this particular group of materials. Figure 2.1 illustrates the 

context of the NP size domain compared to the size of some well known objects.
12
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Figure 2.1 Schematic diagram showing the nano-scale domain (red) relative to some common physical 

and biological objects.
12 

 

2.2.1  Effect of NP size on physical properties 

NPs have attracted considerable attention because they act as an effective bridge 

between bulk materials and atomic or molecular structures. Bulk materials exhibit 

constant physical properties, irrespective of their size and mass. However, NPs 

possess unique size dependent properties due to the significant proportion of atoms 

existing on their surface in relation to the bulk, resulting in a large specific surface 

area, as demonstrated in Figure 2.2.
13

 In view of this, the electronic, optical and 

magnetic properties of materials are found to change as their size decreases towards 

the nano-scale. Accordingly, the size control of NPs is of particular interest due to the 

possibility of influencing their functional properties. The additional physicochemical 

properties of NPs that dictate their microscopic and macroscopic behaviours are 

summarised in Figure 2.3.
14

  

 

 
Figure 2.2 Schematic diagrams showing the scaling of ‘surface to bulk’ atoms to illustrate the size-

related effect of NPs.
13
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Figure 2.3 Schematic diagram showing the dependence of microscopic and macroscopic behaviours on 

NP size, shape, concentration, surface composition, and aggregation for passive and active 

nanostructures.
14

 

 

In terms of thermodynamics, total free energy of a NP is the sum of the free 

energy of the bulk and the surface of the NP:  

 

                               

                 

For a NP, the surface free energy becomes a large component of the total free 

energy and an important component of its overall phase stability.
15-17 

 

The electronic properties of NPs are dependent on their size. For example, the 

electronic band gap, Eg, for semiconductor NPs can be estimated for a spherical 

particle as:
18 

 

     
    

   
 

 
   

     

  
 

 

where h is Planck’s constant, R is the particle radius, μ is the reduced mass of the 

electron-hole pair, e is the electric charge and   is the dielectric constant of the 

semiconductor. The Fermi energy level (EF) is the highest occupied energy level of 

the system in its ground state, as shown in Figure 2.4.
19

 The band gap of such systems 

is the difference in energy between the highest occupied and lowest unoccupied 

energy states. A change in band gap influences many properties of NPs, including 

(2.2) 

(2.1) 
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surface reactivity. The Kubo gap, denoted by δ, is the average spacing between these 

energy levels. 

 

 
Figure 2.4 Evolution of the band gap and the density of states as the number of atoms in a system 

increases (from right to left). EF is the Fermi energy level and δ is the so-called Kubo gap.
19 

 

The optical properties of NPs also can differ greatly as a function of their size. 

For example, if a small spherical metallic NP is irradiated by light, the accompanying 

incident electric field induces the conduction electrons to oscillate coherently, as 

shown in Figure 2.5.
20

  

 

 
Figure 2.5 Schematic of a plasmon oscillation for a NP, showing displacement of the conduction 

electron charge cloud relative to the atomic nuclei.
20

 

 

This oscillation induces a displacement of the electron cloud relative to the 

atomic nuclei, prompting a restoring force between electrons and nuclei (Coulombic 

attraction). As a result, further oscillation of the electron cloud relative to the nuclear 

framework takes place. The overall electron oscillation is termed the dipole plasmon 

resonance. Depending on their size, the localised surface plasmon resonance (LSPR) 



Chapter 2 Literature review 

8 

 

of e.g. gold NPs can occur throughout the visible region of the spectrum. For 

example, Figure 2.6 demonstrates the relationship between the size of gold NPs and 

their corresponding luminescence.
21

 

 

 
Figure 2.6 Photograph showing the varied luminescence of e.g. gold NPs, providing evidence for the 

scaling of the semiconductor band gap with particle size.
21

  

 

Similarly, the magnetic properties of NPs can also be size-dependent. The 

balance between exchange energy and magnetocrystalline anisotropy energy results in 

typical magnetic domain wall widths of ~ 100 nm.
2
 These energies depend on the NP 

size and below a critical radius, rc (~ 100 nm), it becomes energetically unfavourable 

to form domain walls. As a result, single-domain NPs are produced. The 

magnetisation of a single-domain NP lies along an ‘easy direction’, which is 

determined by the NP shape and magnetocrystalline anisotropy, as illustrated, for 

example, for an Fe3O4 crystal in Figure 2.7.
22

  

 

 
Figure 2.7 (a) HRTEM image of an isolated faceted 50 nm diameter magnetite (Fe3O4) crystal; (b) 

magnetic induction map recorded using off-axis electron holography from the same particle, showing 

remnant magnetic states at room temperature.
22
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 In addition to its size, the shape of a nanostructure greatly affects their 

functional properties. Before application of an external field, the magnetisation of a 

single-domain NR lies along the easy direction (Figure 2.8a). When an external field 

is applied in the opposite direction, the NR is unable to respond by domain wall 

motion, and instead the magnetisation must rotate through the hard direction (Figure 

2.8b), to the new easy direction (Figure 2.8c).  The anisotropy forces which hold the 

magnetisation in an easy direction in NRs are stronger than isotropic NPs, and thus 

the coercivity is large.
2
 For this reason, 1D nanostructures are desirable for magnetic 

storage media applications. 

 

 
Figure 2.8 Schematic of the magnetisation rotation in single domain NRs. 

 

A more detailed review of 1D nanostructures will be presented in the next section. 
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2.3  Overview of one-dimensional nanostructures 

1D nanostructures represent a group of nano-materials with highly anisotropic 

morphologies. Typical examples include wires (aspect ratio > 10), rods (aspect ratio < 

10), belts, ribbons and tubes (hollow interior). They exhibit unique functional 

properties because of their shape anisotropy, and their growth, characterisation and 

application invoke all disciplines of science and engineering. Further, 1D 

nanostructures are considered ideal model systems for investigating the dependence of 

optical, electrical, magnetic and mechanical properties on size and morphology. 

Accordingly, NRs, nanowires (NWs) and nanotubes (NTs) are regarded promising for 

applications in electronics,
23,24

 photonics,
25-27

 hierarchical biologically inspired 

nanocomposites,
28-30

 (bio)chemical sensing and imaging
31,32

 and drug delivery.
33,34

  

 

2.3.1  Growth mechanisms and applications of 1D nanostructures 

Table 2.1 summarises many examples of 1D nanostructures fabricated using a wide 

range of production techniques, putting into context the diversity and potential 

applications of the various NRs, NR arrays, NWs and NTs currently available. 

Understanding their growth mechanisms is critical in mediating their development, 

thereby controlling their sizes, morphologies and dispersity. In recent years, a variety 

of chemical methods have been identified for generating 1D nanostructures, offering 

different levels of control over their dimensional parameters. Figure 2.9 schematically 

illustrates some of the growth mechanisms identified.
35

 

 The growth mechanism is governed by the material, production technique and 

environment, and may change drastically with slight variation in the processing 

conditions used. Hence, understanding the effect of each process variable on the 

development of 1D nanostructures is required to fully control their size, shape, phase 

and, by implication, their functional properties. For example, 1D nanostructures can 

be produced with relative ease through aqueous / solvent methods of manufacturing 

and will be discussed in the next section.   
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Figure 2.9 Schematic illustrations of different growth mechanisms for achieving 1D nanostructures: (a) 

dictated by the anisotropic crystallographic structure of a solid; (b) confinement by a liquid droplet as 

in the vapour-liquid-solid process; (c) direction as controlled through the use of a template; (d) kinetic 

control provided by a capping reagent; (e) self-assembly of NPs; and (f) size reduction of a 1D 

microstructure.
35

    

  

2.3.2  Aqueous / Solvent Manufacturing Methods 

Metal and metal oxide NPs and 1D nanostructures can be synthesised using various 

wet chemical methods: i.e. sol-gel processes,
36-38

 microemulsions,
39-42

 chemical co-

precipitation,
43-45

 solvo-
46-49

 or hydrothermal
50-53

 synthesis and the forced hydrolysis 

of precursors.
54-57

 These methods make use of precipitation processes within a 

solution to create a colloid. Solutions comprising different ions can be mixed under 

controlled temperatures and pressures to form insoluble precipitates. NPs of various 

sizes and morphologies can be produced by controlling their nucleation processes, 

further assisted by sono-chemical effects
58

 and growth kinetics.  

 The co-precipitation technique is a simple chemical pathway to obtain NPs, 

usually prepared by ageing a stoichiometric mixture of salts in an aqueous medium. 

When weak aqueous solutions have no effect, strong acids or bases can be added to 

act as a catalyst to ‘force’ the hydrolysis. In this context, the sol-gel process is based 

on the hydroxylation and condensation of molecular precursors in solution, creating a 

‘sol’ of metal oxide NPs. A micro-emulsion is generally defined as a 

thermodynamically stable, isotropic dispersion of two relatively immiscible liquids, 

consisting of micro-domains of one or both liquids stabilised by an interfacial film of 

surface active molecules.
59,60

 Solvo- and HS offers functional control over the size 

and shape of the NPs at relatively low reaction temperatures and short reaction times, 
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providing for well-crystallised reaction products with high homogeneity and definite 

composition.
61

  

 In view of this, the aqueous route and HS in particular (as shown in Table 2.1), 

allows the production of 1D nanostructures with dimension close to the critical single 

magnetic domain range. Accordingly, the HS approach will be discussed in more 

detail in the next section.  
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Material Synthesis Morphology Length Diameter Growth mechanism Applications Ref. 

MoS2 

redox reaction 

in aqueous 

solution 

NRs 50 – 150 nm 20 – 40 nm epitaxial growth on a template 
anti-wear and friction 

reduction 
62 

CNT fluid bed CVD S / MWCNT 
0.02 – 60 

 m 

3 – 11 / 5 – 200  

nm (inner / 

outer diameter) 

bulk or surface diffusion and precipitation on a 

catalyst 

optoelectronics, structural 

materials, biosensors and 

energy-storage devices 

63 

LnVO4 

(Ln=La, 

Nd, Sm, 

Eu, Dy) 

HS NRs 50 – 200 nm 10 – 50 nm 
crystalline nuclei formation and growth through 

Ostwald ripening 

efficient phosphor, a low-

threshold laser 
64 

BN 
boron oxide 

CVD 
NTs 10  m 50 nm catalytic growth parallel to (1010) planes 

host and a polariser 

material 
65 

Eu2O3 

simple 

precipitation 

with 

subsequent 

calcination 

NRs 200 nm 10 – 30 nm 

crystalline Eu(OH)3 nuclei formation and 

anisotropic growth in <001> direction, followed by 

calcination in air into Eu2O3 

luminescence activator 66 

CdS 
wet chemical 

method 
NRs < 64 nm < 25 nm 

dipole moment assisted OA of preformed quasi-

spherical particles along the dipole faceted direction 

<002> followed by coalescence 

photo-electronic 

applications 
67 

ZnO 
wet chemical 

method 
NR array 1 – 5  m 20 – 200 nm 

nucleation and anisotropic growth of aligned ZnO 

NRs along the c-axis on a ZnOf / Si substrate 

electronic and 

optoelectronic devices 
68 

TiO2 

sol-gel 

processing / 

electrophoretic 

deposition 

NW array 10  m 180 nm 

nucleation and growth of TiO2 NRs in a sol, 

followed by the sol being drawn into a 

polycarbonate membrane by capillary action 

electronic devices, sensors, 

and actuators 
69 

Si laser ablation NWs > 100  m 3 – 43 nm 

laser ablated material from the Fe / Si target 

collides with inert gas molecules and condenses in 

the gas phase, resulting in Fe-Si nanodroplets, 

which act as seeds for vapour-liquid-solid Si NW 

growth 

nano-electronics and 

sensors 
70 

Table 2.1 Overview of 1D nanostructures and their fabrication methods, morphologies, dimensions, growth mechanisms and applications. 
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Material Synthesis Morphology Length Diameter Growth mechanism Applications Ref. 

FePt 
solvothermal 

synthesis 
NWs 5  m 30 – 50 nm 

coarsening and ripening of aggregates into well 

defined NWs 

high-density data storage 

and high performance 

permanent magnets 

71 

W18O49 
solvothermal 

synthesis 
NWs 5 μm 

bundles of 2 – 5 

nm NWs 

alignment of ultra-thin NWs that grow 

anisotropically in the <010> direction 
gas sensors 72 

PbCrO4 
facile aqueous 

solution 
NRs < 2.5 μm > 150nm 

PbCrO4 NPs nucleate and grow up to 50 nm, 

agglomerate and crystallise into NRs 

dielectric materials, 

humidity sensing resistor, 

pigment, solid lubricants 

73 

CdS 
sonochemical 

synthesis 
NRs / NWs 1.3 μm 80 nm 

ultrasound expels S
2-

 and Cd
2+

 and strong penta-

dentate ligand complexing action mediates CdS NR 

formation along <001> direction 

laser light-emitting diodes 

and optical devices based 

on nonlinear properties 

74 

Bi2O3 
metalorganic 

CVD 
NRs 1 μm 40 – 250 nm 

self-catalytic process characteristic of vapour-solid  

growth process 
gas sensors 75 

SnO2 
thermal 

evaporation 
NWs 2 μm 20 – 60 nm 

self-catalytic process characteristic of vapour-solid  

growth process 

gas sensor, solar cell and 

transparent electrodes 
76 

Ge CVD NWs 1.2 μm 40 nm 
catalytic Ge growth in <111> direction from gold 

NPs deposited on Si substrate 
3-D electronics 77 

PbTe 

alkaline 

reducing 

chemical 

route 

NRs 0.3 – 2 μm 50 – 200 nm 
PbTe nucleates on Te NR templates and grows by 

consuming Te NRs 

high-efficiency 

thermoelectric micro-

devices 

78 

GaN 

radio 

frequency 

magnetron 

sputtering 

NWs 10 μm 100 – 400 nm 

decomposition of Ga2O3 and NH3 and subsequent 

formation of GaN micrograins through diffusion - 

laying foundation for GaN NRs 

optoelectronic material and 

high-temperature / high-

power electronic devices 

79 

BaTiO3 
pulsed laser 

deposition 
NTs 

200 – 1000 

nm 

5 – 20 / 20 – 

150 nm (inner / 

outer diameter) 

laser ablated material from target grows epitaxially 

on ZnO template 

non-volatile memories, 

piezoelectric 

optoelectronic devices 

80 

VOx HS NTs  50 – 140 nm 15 – 45 nm 

amine surfactant is directly intercalated into the 

precursor V2O5 layers, promoting anisotropic 

growth 

catalysis and as 

electrochemical devices 
81 

Table 2.1 continued… 
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2.4  Overview of hydrothermal synthesis  

The term ‘hydrothermal’ is of geological origin and has undergone several changes 

from the original Greek words ‘hydros’ and ‘thermos’ meaning water and heat, 

respectively. It was first used by the British geologist, Sir Roderick Murchison (1792-

1871), to describe the action of water at elevated temperature and pressure, leading to 

the formation of various rocks and minerals in the earth’s crust.
61

  

 

2.4.1  Temperature, pressure and boiling of liquids 

A liquid boils at the temperature at which its vapour pressure equals the surrounding 

pressure. The standard boiling point is defined as the temperature at which the liquid 

boils under a pressure of 1 bar.
82

 Increasing the pressure of the system allows a liquid 

to contain more thermal energy whilst remaining in a saturated state, thereby 

increasing the boiling point. This temperature of saturation can increase with pressure 

to a critical point at which its gas and liquid properties become identical, and cannot 

increase further, as shown for water in Figure 2.10. Likewise, the boiling point 

decreases with decreasing pressure until a triple point is reached at which it cannot be 

further reduced. Moreover, when a non-volatile solute is added to a solvent the 

boiling point of the solution will be higher than the solvent.
83

 This colligative 

property, i.e. dependent on the presence of dissolved particles and their number, 

irrespective of their identity, is called boiling point elevation.  

 

 
Figure 2.10 Pressure – Temperature diagram showing the phase change boundaries of water.

84
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In thermodynamic terms, boiling point elevation is entropic and can be 

explained in terms of the chemical potential of the solvent, as shown in Figure 2.11. 

Chemical potential is the change in energy of a species in a system if an additional 

particle of that species is introduced, with the entropy and volume held fixed. At the 

boiling point, the liquid and vapour phase have the same potential, i.e. they are 

energetically equivalent. When a non-volatile solute is added, the chemical potential 

of the solvent in the liquid phase is decreased by dilution, whilst the chemical 

potential of the solvent in the vapour phase is not affected. Hence, the equilibrium 

established between a liquid and the vapour phase is at a higher temperature in a 

solution than a pure solvent. 

 

 
Figure 2.11 Schematic of change in the chemical potential of a solution illustrating boiling point 

elevation.
85

  

2.4.2  Fundamental chemistry 

Hydrothermal processing can be defined as any heterogeneous reaction in an aqueous 

solvent (or non-aqueous solvent for solvothermal processing) under high pressure and 

temperature conditions, which induces the dissolution and recrystallisation of 

materials that are relatively insoluble under ordinary conditions. Figure 2.12 shows a 

pressure / temperature map of HS in relation to other material processing 

techniques.
86

 In comparative terms, the hydrothermal processing of materials is 

considered environmentally benign. Further, the hydrothermal technique offers the 

highly controlled diffusivity of strong solvent media in a closed system. In the context 

of nanotechnology, the hydrothermal technique provides an ideal method for 

producing ‘designer particulates’, i.e. mono-dispersed particles with high purity, high 

crystallinity and controlled physicochemical characteristics. Such particles are in great 

demand by industry. 
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Figure. 2.12 Pressure / temperature map of material processing techniques.

86
 

 

 Figure 2.13 shows the major differences in particle products obtained by ball 

milling, sintering / firing and hydrothermal methods.
87

 For example, ball milling 

involves breaking down bulk material into small irregular shaped particles, and hence 

is considered a crude fabrication method in comparison to the controlled growth 

provide by HS. The hydrothermal product particle size can range from a few 

nanometres up to several microns, depending on temperature, nucleation seed content, 

pH and solvent concentration.  

 

 
Figure 2.13 Particle processing by conventional and hydrothermal techniques, producing irregular 

shaped particles and ‘designer particulates’, respectively.
87
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 The behaviour of solvents under hydrothermal conditions allows the 

development of crystal structures under sub- and supercritical states (along with pH 

variations, viscosity, coefficient of expansion and density, etc.) to be understood in 

terms of varying pressure and temperature. Similarly, thermodynamic studies provide 

valuable information on the behaviour of solutions with respect to varying pressure 

and temperature conditions. Some commonly studied aspects are solubility, stability, 

yield and dissolution / precipitation reactions, etc. However, fundamental 

understanding of the kinetics during hydrothermal crystallisation is limited. This is 

due to an absence of data relating to the formation of intermediate phases and the 

inaccessibility of direct in situ investigation techniques under conditions of high 

pressure and temperature.  

 

2.4.3  Instrumentation for hydrothermal processing 

Hydrothermal materials processing requires a vessel capable of containing a highly 

corrosive solvent, operating under extreme pressure and temperature conditions. The 

hydrothermal apparatus, commonly known as an autoclave, reactor, pressure vessel or 

high pressure bomb, must meet a variety of objectives, processing conditions and 

tolerances. A generic hydrothermal autoclave should be: 

1)  Leak-proof under high pressure / temperature conditions. 

2) Easily assembled / disassembled. 

3) Inert to acids, bases and oxidising agents. 

4) Resilient to high pressure and temperature experiments, so that no machining 

or treatment is needed after each experimental run.  

 

 In view of the above requirements, autoclaves are generally fabricated from 

thick glass or quartz cylinders and high strength alloys, such as austenitic stainless 

steel, iron, nickel, cobalt-based super alloys or titanium and its alloys.
61

 The primary 

parameters to be considered in the selection of a suitable reactor are the experimental 

temperature and pressure conditions, including corrosion resistance in the pressure / 

temperature range for a given solvent. Materials processing from aqueous phosphoric 

acid media or other highly corrosive media, i.e. extreme pH conditions, require the 

use of an un-reactive Teflon lining, as shown in Figure 2.14,
87

 or inert tubes 

(platinum, gold or silver) to protect the autoclave body from corrosion. 
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Figure 2.14 General purpose pressure autoclave and white Teflon lining used for HS.

87
 

 

In order to gain insight into the distinct stages and growth mechanism of 

nanostructure development as a function of various HS processing conditions, a 

standard 125 ml capacity Teflon-lined stainless steel pressure autoclave and novel 50 

ml capacity valve-assisted Teflon-lined stainless steel pressure autoclave, developed 

for the purpose of rapid quenching of hydrothermal suspensions in liquid nitrogen, 

was used during this research (discussed in more detail in Section 3.2.2). 

 

2.4.4  Continuous hydrothermal synthesis 

HS has been shown to be a relatively simple, efficient and cheap process for the 

fabrication of nanostructures. However, the quantity of reaction product produced is 

dependent on the amount of precursor chemicals and the capacity of the autoclave 

used. For this reason, there has been much incentive to make the process 

continuous.
88-90

 The continuous production of metal oxide NPs may be achieved by 

mixing a metal salt aqueous solution with a preheated water stream, often 

supercritical, fed from separate inlet lines.  For example, mixed oxide  

Ce1-xZrxO2 NPs were obtained continuously by the hydrolysis of mixtures of 

[NH4]2[Ce(NO3)6] and [Zr(acetate)4] in near-critical water (ncH2O) using the reactor 

setup shown in Figure 2.15.
91
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Figure 2.15 Diagram of the flow reactor for the synthesis of metal oxide powders and solid solutions in 

ncH2O. A solution of Ce
4+

 and Zr
4+

 salts at room temperature is mixed with a stream of H2O heated up 

to 400 °C by the preheater (PH). The mixture is cooled immediately after the mixing point (X) by water 

cooling (C) and is then passed through a filter (F) (to remove any large aggregates) and a back-pressure 

regulator (BPR). Particles are then collected as a suspension. P denotes pumps.
91

 

  

 However, this method requires significant improvement before being applied 

industrially due to issues of reliability, reproducibility and process control. 

Consequently, a new reactor design was developed specifically to: (a) handle unusual 

mixing environments efficiently; (b) establish appropriate flow properties that could 

manage the particulate product; and (c) produce a greatly improved heat transfer 

profile. This particular reactor design for supercritical water HS (scWHS) known as 

the Nozzle Reactor,
92

 is illustrated in Figure 2.16.
93

 The arrangement comprises an 

internal pipe, with an open-ended nozzle and attached cone, positioned within an 

external pipe that contains the metal salt aqueous solution. The supercritical water is 

fed downwards through the internal pipe and out of the end of the nozzle, where it 

makes contact with the aqueous metal salt stream, fed upwards through the outer pipe. 

The reactor outlet for the resulting nanostructures, dispersed in solution, is situated 

upwards through the outer pipe. However, nanostructure development using 

continuous scWHS processes mostly involves nucleation with limited growth, 

restricting their particle size.   

  



Chapter 2 Literature review 

21 

 

 
Figure 2.16 (a) Schematic of the Nozzle Reactor design for scWHS with ideal heating / cooling profile; 

(b) Steady state concentration map of the Nozzle Reactor and (c) steady state computational fluid 

dynamics simulation.
93

  

 

Before outlining the critical issues for the development of the HS process, a 

brief overview of the crystallography of iron oxide is now given in advance of a 

review of the use of surfactants to mediate growth. 
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2.5  Iron oxide 

Iron is abundant in the Earth’s crust and an important element in our environment. It 

is present in soils as oxides
94

 and easily mobilised in natural waters in the form of 

molecular complexes and colloids. There are a number of iron oxides, hydroxides and 

oxy-hydroxides, as summarised in Table 2.2. For simplicity, this group of iron 

oxi((oxy)hydroxi)des is often referred to as iron oxide. 

 

Oxides Hydroxides Oxy-hydroxides 

FeO, iron(II) oxide, 

(wüstite) 

iron(II) hydroxide 

(Fe(OH)2) 
goethite (α-FeOOH), 

Fe3O4, iron(II,III) oxide, 

(magnetite) 

iron(III) hydroxide 

(Fe(OH)3), (bernalite) 
akaganéite (β-FeOOH), 

Fe2O3, iron(III) oxide  lepidocrocite (γ-FeOOH) 

α-Fe2O3, hematite  feroxyhyte (δ-FeOOH) 

β-Fe2O3  
ferrihydrite  

(Fe5HO8·4H2O approx.) 

γ-Fe2O3, maghemite   

 -Fe2O3   
Table 2.2 List of iron oxides, hydroxides and oxy-hydroxides. 

 

 The structural chemistry of these compounds is diverse, reflecting the large 

number of atomic structures, as summarised in Figure 2.17.
94-96

 Almost all these 

phases can be formed from chemical solution, alluding to a complicated chemistry of 

formation.
94,97,98

 In particular, the diversity of physicochemical conditions present in 

the environment (e.g. acidity, redox conditions, temperature, salinity, presence of 

organic or inorganic ligands, etc.) suggests, practically, all the iron oxide phases can 

be found naturally. The high versatility of iron chemistry in an aqueous medium 

originates from two factors: the occurrence of two oxidation states, Fe
2+

 and Fe
3+

, 

which are stable over a large range of acidity, and the high reactivity of iron 

complexes towards acid-base and condensation phenomena.
96

 

http://en.wikipedia.org/wiki/Iron%28II%29_oxide
http://en.wikipedia.org/wiki/W%C3%BCstite
http://en.wikipedia.org/wiki/Iron%28II%29_hydroxide
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http://en.wikipedia.org/wiki/Maghemite
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Figure 2.17 The many different phases of iron oxi((oxy)hydroxi)des formed as a function of 

hydroxylation ratio and composition in the ferrous–ferric system.
96 

 

2.5.1  Precipitation from FeCl3 aqueous solution 

Several experimental routes can be employed to produce iron (III) oxide. E.g. the 

slow or forced hydrolysis of Fe (III) salts; crystallisation from iron (III) hydroxide 

gels; the oxidation of Fe(OH)2 in aqueous suspension at various pH values; and 

crystallisation from mixed Fe(OH)2:Fe(OH)3 gels.
99

 Solid reaction products are easily 

formed through the hydrolysis of Fe
3+

 ions under hydrothermal conditions by the 

dissociation of an iron salt. The precipitation of β-FeOOH and α-Fe2O3 from FeCl3 

solution, shown in the simple chemical equations below, is a good example of the 

involvement of Fe
3+

 ions with aqueous media. Generally, the process of precipitation 

of such iron oxides, as well as particle sizes and morphologies, is dependent on the 

concentration of the iron salt, the presence of foreign ions and molecules, pH, 

temperature and the time of crystallisation.
100

  

 

Precipitation of β-FeOOH 

FeCl3 + 3H2O → FeOOH + 3HCl + H2O 

 

Dissolution of β-FeOOH 

FeOOH + H2O + 3H
+
→ Fe

3+
 + 3H2O  

 

Precipitation of α-Fe2O3 

2Fe
3+

 + 3H2O → Fe2O3 + 6H
+
  

2.3 

2.4 

2.5 
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2.5.2  Akageneite – β-FeOOH 

Akaganéite, β-FeOOH, is named after the Akagane mine in Iwate, Japan, where the 

mineral was first discovered.
101

 β-FeOOH is a typical product of the hydrolysis of 

dilute or concentrated ferric chloride solution at low pH value, and the subject of 

numerous studies due to its sorption, ion exchange, and catalytic properties.
102-106

 β-

FeOOH exists in the environment as a fine-grained material with a large specific 

surface area, which increases significantly with decreasing particle size. β-FeOOH 

was first recognised by Weiser and Milligan,
107

 who distinguished it from other 

members of the Fe–O–H–Cl system by means of powder diffraction. The crystal 

structure of β-FeOOH (Figure 2.18) was shown by Mackay
108

 to be related to the 

hollandite structure, with additional chloride anions occupying channels parallel to the 

crystallographic c-axis. β-FeOOH exhibits a monoclinic crystal structure with space 

group I4/m (tetragonal symmetry), a = 10.480 Å, b = 10.480 Å and c = 3.023 Å.  

 

 
Figure 2.18 The crystal structure of β-FeOOH viewed down the c-axis. Large spheres represent 

chlorine atoms which regularly occupy channels in the β-FeOOH lattice.
109

   

 

2.5.3  Hematite – α-Fe2O3 

Mineral hematite, α-Fe2O3, formerly spelt haematite, is derived from the Greek 

haimatite meaning ‘blood-like’, referring to its powder’s shade of red.
110

 In bulk 

compact form, it is coloured black or silver-grey. Hematite is mined as the main ore 

for producing iron. The structure of α-Fe2O3 (Figure 2.19a), determined by Pauling 

and Hendricks in 1925, is isostructural with corundrum, α-Al2O3.
111

 The space group 
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is R3c (rhombohedral symmetry) and the lattice parameters given in the hexagonal 

cell, shown in Figure 2.19b, are: a = b = 5.0346 Å and c = 13.752 Å.
112

 

 

 
Figure 2.19 (a) The arrangement of atoms in the structure of hematite (and corundum); small and large 

atoms represent oxygen and iron (or aluminium), respectively.
111

 (b) Model of the hematite unit cell.   

  

 Nanostructured α-Fe2O3 is the most thermodynamically stable iron oxide 

phase and is of particular interest because of its high resistance to corrosion, low 

processing cost and non-toxicity.
113

 This multifunctional material has therefore been 

investigated extensively for a variety of applications including photo-catalysis,
114

 gas 

sensing,
115,116

 magnetic recording,
116

 drug delivery,
117

 tissue repair engineering
118

 and 

magnetic resonance imaging,
119

 along with its use in lithium-ion batteries,
116

 spin 

electronic devices
120

 and pigments.
121

 In particular, the magnetic properties of α-

Fe2O3 have attracted much interest over the past decades. In the 1950s it was found to 

be canted antiferromagnetic (weakly ferromagnetic) at room temperature, 

antiferromagnetic below the Morin transition temperature of 250 K and paramagnetic 

above its Néel temperature of 948 K.  

 As mentioned in Section 2.2.1, 1D nanostructures exhibit higher magnetic 

coercivities than NPs. Accordingly, surfactants which promote the anisotropic growth 

of α-Fe2O3 nanostructures will be discussed in the next section.  
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2.6  Surfactants 

Surface active compounds used in practical applications are commonly known as 

surfactants.
122

 These are usually organic compounds that are amphiphilic, meaning 

they contain both hydrophobic and hydrophilic groups. Surfactants are employed in a 

variety of technologies including detergency, emulsification, dispersion, coating, 

wetting, flotation, petroleum recovery, lubrication and adhesion.
123-127

 However, 

surfactants can also be used to control the size and shape of nanostructures grown 

from chemical solution. For example, cetyltrimethylammonium bromide (CTAB) 

binds preferentially to side facetted gold NPs.
128

 Such binding stabilises the {100} 

crystal faces, promoting material addition along the [110] common axis on the {111} 

faces, resulting in anisotropic growth, as demonstrated in Figure 2.20.   

   

 
Figure 2.20 Proposed mechanism of surfactant-directed Au NR growth. The single crystalline seed 

particles have facets that are differentially blocked by the surfactant. Subsequent addition of metal ions 

and weak reducing agent lead to metallic growth at the exposed particle faces.
128 

 

2.6.1  Effect of surfactants on α-Fe2O3 morphology 

Similarly, several surfactants have been shown to affect the morphology of α-Fe2O3 

nanostructures produced through HS, resulting in various shapes including 

cubes,
129,130

 rods,
131,132

 tubes,
132,133

 rings,
134,135

 sheets,
132

 hollow spheres,
135,136

 pines
137

 

and snowflakes.
138

 Some examples of α-Fe2O3 nanostructures with these 
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morphologies are shown in Figure 2.21. Chloride, hydroxide, sulphate and phosphate 

anions have been shown to significantly change the α-Fe2O3 particle shape.
139-146

 In 

particular, phosphate anions have been widely used to obtain a variety of well defined 

α-Fe2O3 nanostructures. However, the mechanism by which these anions mediate α-

Fe2O3 particle growth is not fully understood and can differ depending on solution 

temperature, pH and concentration.   

 

 
Figure 2.21 (a) SEM micrograph of α-Fe2O3 cubes.

129
 (b) BF TEM images of α-Fe2O3 NT with SAED 

(inset);
132

 (c) nanorings;
133

 and (d) snowflakes.
138

 

 

2.6.2  Effect of phosphate ions on α-Fe2O3 morphology 

Kratohvil et al investigated the iron oxide hydrothermal precipitation process from 

FeCl3–NaH2PO2 aqueous solution at 245˚C,
147

 reporting the formation of particles of 

various shapes and a reduction of Fe
3+

 to Fe
2+

 which had an additional effect on the 

precipitation process. Ozaki et al showed that small additions of phosphate or 

hypophosphite ions to ferric chloride solution similarly had a significant effect on α-

Fe2O3 particle shape, resulting in ‘spindle-type’ colloidal particles.
3
 Since then, many 

surfactant compounds containing PO4
3-

 anions have been used to promote anisotropic 

growth of α-Fe2O3 nanostructures from chemical solution.
148,149

 However, the exact 
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role of PO4
3-

 anions in mediating the ‘spindle-type’ or acicular α-Fe2O3 particle shape 

is not fully understood.     

 

2.6.3  Effect of phosphate ions on the development of the α-Fe2O3 

Surfactants often restrict crystal growth in certain directions through preferential 

absorption, thereby promoting increased relative growth on other crystal faces. This 

surface interference through absorption can also affect the phase composition of the 

resultant precipitates. For example, increased phosphate additions may induce β-

FeOOH to become the dominant phase, as opposed to α-Fe2O3, during precipitation 

from FeCl3 solutions, with small amounts of α-FeOOH present, depending on pH.
150

 

Suppressed β-FeOOH dissolution through surface phosphate absorption is considered 

to inhibit subsequent α-Fe2O3 precipitation. α-Fe2O3 NPs may form after prolonged 

periods of processing due to the dependence of HS kinetics on phosphate 

concentration.  Very fine iron (III) phosphate particles or iron (III) phosphate 

complexes are also thought to serve as nuclei or templates for the growth of α-Fe2O3 

particles in suspension.
151

 Further, phosphorus atoms may become incorporated into 

the α-Fe2O3 structure during precipitation and inhibit growth.    
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2.7   Overview 

In summary, the critical issues regarding the HS of 1D α-Fe2O3 nanostructures that 

will be addressed in this thesis are: 

  

 The effect of HS processing conditions on the reaction products.  

 Acquiring evidence closely representative of the localised development of HS 

reaction products to allow for detailed descriptions of their growth. 

 In depth account of the β-FeOOH to α-Fe2O3 phase transformation. 

 The effect of phosphate surfactant on the phase and morphologies of β-

FeOOH and α-Fe2O3 nanostructures.  

 A detailed description of the hydrothermal growth mechanism of single crystal 

acicular α-Fe2O3 NRs. 
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2.8  Summary 

In this chapter, the dependence of the physical properties of various nanostructures, in 

particular 1D nanostructures, on their size and morphology have been outlined. HS is 

identified as an effective method for the production of monodispersed nanostructures 

with high purity, high crystallinity and controlled physicochemical characteristics. 

From literature, iron oxides are considered relevant, multifunctional materials with a 

wide range of potential applications. Heating of an FeCl3 precursor solution under 

hydrothermal conditions results in the formation and dissolution of a intermediate β-

FeOOH phase, prior to precipitation of the more thermodynamically stable α-Fe2O3 

phase. Addition of a PO4
3-

 containing surfactant can result in absorption onto β-

FeOOH and α-Fe2O3 crystals, mediating their shape control, as well as affecting both 

the β-FeOOH dissolution and α-Fe2O3 crystal growth. In this context, the research in 

this thesis is aimed at gaining fundamental understanding of the hydrothermal growth 

mechanism of single crystalline acicular shaped α-Fe2O3 NRs. Details concerning the 

relationship between the nanostructures’ phase, morphology, structure, etc., and the 

hydrothermal processing conditions will be documented. Further, in depth discussion 

on the intricate details related to phase transformation of β-FeOOH to α-Fe2O3, and 

the critical role of the phosphate surfactant, made possible by a novel valve-assisted 

pressure autoclave, will be presented. In addition, a feasibility study on the 

incorporation of ferromagnetic cobalt into α-Fe2O3 NRs for the purpose of improving 

their magnetic properties is presented. Finally, the main aspects concerning the 

hydrothermal growth of acicular single crystalline α-Fe2O3 NRs are discussed.    
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Chapter 3 Experimental methodology 

3.1  Introduction 

The experimental procedures used for the fabrication and characterisation of the 

nanostructures presented in this thesis will be discussed in this chapter. The first 

section concerns the technique of HS, including the equipment and chemical 

precursors used. The second section covers the complementary chemical, structural 

and surface characterisation techniques used to appraise the acquired nanostructures. 

    

3.2   Hydrothermal synthesis  

3.2.1  Basis of HS 

As outlined in Section 2.4, HS involves the nucleation of precipitates from an aqueous 

precursor solution under conditions of high temperature and pressure. The pressure 

autoclave needs to remain resistant to corrosion under hydrothermal conditions and 

provide reaction products with consistent size, phase and morphology. Accordingly, 

this section aims to provide detailed information on the hydrothermal vessels used in 

this research, with emphasis placed on the development of a novel valve-assisted 

Teflon-lined stainless steel pressure autoclave which allows for rapid quenching of 

the hydrothermal suspension in liquid nitrogen. The various precursor chemicals, 

solutions, phosphate surfactant and associated processing conditions are also 

discussed. 

   

3.2.2 Pressure autoclaves  

3.2.2.1  Standard pressure autoclave 

For the purpose of conventional HS and producing consistent reaction products, a 

standard 125 ml capacity stainless steel pressure autoclave was purchased from Parr 

Instruments, as shown in Figure 3.1a. The chemical equation (2.3) presented in 

Section 2.5.1 showed the formation of a corrosive HCl reaction product. Hence, the 

chemical precursor solution was poured into an un-reactive Teflon liner positioned 

within the pressure autoclave, as shown in Figure 3.1b. The bolts on the cap of the 
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autoclave were tightened to seal the solution within the vessel, as illustrated by an 

image of the cross section of the system (Figure 3.1c). The autoclave was inserted into 

a temperature controlled furnace at reaction temperature and placed onto a steel grid 

to allow uniform heating from all sides. After the reaction time, the autoclave, once 

removed from the furnace, was allowed to cool down to room temperature naturally.    

   

 
Figure 3.1 Images of (a) stainless steel pressure autoclave and (b) 125ml Teflon liner used for HS. 

(c) Schematic diagram illustrating the chemical solution (red) within the white Teflon liner of the 

pressure autoclave.  

 

3.2.2.2  Valve-assisted pressure autoclave 

A novel 50 ml capacity valve-assisted Teflon-lined stainless steel pressure autoclave 

(Figure 3.2) was developed for the purpose of rapid quenching of hydrothermal 

suspensions in liquid nitrogen. The approach facilitated ‘snapshot’ descriptions 

closely representative of the in situ physical state of the HS reaction product. The 

large cooling rate experienced during quenching from the reaction temperature is 

considered to restrict possible atom / ion transport, thereby locking-in the morphology 

of the nanostructures.  Hence, this ‘snapshot’ approach is thought to provide valuable 

insight into the development of nanostructures grown by HS. The autoclave was 

fabricated by machining the main body and lid from a section of stainless steel 

cylinder. The lid incorporated a release channel, extending from the reaction solution 

and attached to a stainless steel 1/8" needle valve. The autoclave also included a 

Teflon liner, machined from a section of Teflon cylinder into the main lining and lid. 

The Teflon lid incorporated a hole to allow for the release channel and was sealed 

with Teflon tape. The autoclave was sealed with six 6 mm bolts inserted through 

holes drilled in the lid and flange of the main body. The release channel also allowed 

for the insertion of a thermo-couple for the purpose of time lapse HS solution 

temperature measurement. 
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Figure 3.2 Image of the valve-assisted Teflon-lined stainless steel pressure autoclave. 

 

 Again, the autoclave was inserted into a temperature controlled furnace at 

reaction temperature and placed onto a steel grid to allow uniform heating from all 

sides. As illustrated in Figure 3.3, the autoclave was removed from the furnace at the 

reaction temperature and immediately transferred to a tripod support for stability, 

where the valve was opened and closed, as quickly as practically possible, for the 

release of sufficient hydrothermal product suspension into liquid nitrogen for the 

purpose of rapid quenching. It is recognised that cooling rate is dependent on the 

reaction solution pressure and thus the associated solution expulsion rate from the 

valve.  At low pressures, it is considered that the quenching time might be in the range 

of tenths of a second, whilst at high pressures, the cooling rate is thought to be 

significantly higher. The resultant suspension comprised frozen droplets, from a few 

tens of micrometres up to a few millimetres in diameter, with pale orange to reddish / 

brown appearance. 

  

 
Figure 3.3 Schematic diagram of the valve-assisted Teflon-lined stainless steel pressure autoclave. The 

hydrothermal suspension is released into liquid nitrogen and quenched to allow characterisation of the 

reaction products. 
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3.2.3 Materials and processing conditions 

3.2.3.1  Fabrication of β-FeOOH and α-Fe2O3 nanostructures 

For the purpose of constructing an HS ‘process map’, 0.2 ml of iron (III) chloride 

aqueous solution (45% pure FeCl3; Riedel-de Haen, Germany), further diluted in 40 

ml distilled water and mixed with and without an ammonium dihydrogen-phosphate 

(99.999% NH4H2PO4; Sigma-Aldrich, UK) surfactant, was mechanically stirred in the 

standard 125 ml Teflon-lined stainless steel pressure autoclave.  The controlling 

parameters of reaction temperature (100 to 240˚C), time (30 to 120 minutes) and 

surfactant concentration (0 to 5 mg phosphate addition) were varied in a systematic 

fashion to demonstrate the relationship between HS processing conditions and 

reaction products. Some additional experiments were performed to explore the effect 

of FeCl3 aqueous solution concentration, pH, stage of NH4H2PO4 addition and α-

Fe2O3 seed content on the development of β-FeOOH and α-Fe2O3 nanostructures. 

 To allow for rapid quenching of HS reaction products, 0.1 ml FeCl3 aqueous 

solution, further diluted in 20 ml of distilled water and mixed with 1.5 mg of 

NH4H2PO4, was mechanically stirred in the 50 ml capacity valve-assisted Teflon-

lined stainless steel pressure autoclave.  Initial experiments were performed as a 

function of discrete reaction time (20, 30, 40 or 50 minutes) at 200˚C. However, time 

lapse temperature measurements later confirmed the reaction solution only reached 

the desired temperature after ~ 80 minutes of processing. Accordingly, further 

experiments were performed as a function of known reaction temperature (100 to 

200˚C) for a reaction time of 80 minutes.  

 

3.2.3.2 Fabrication of Co3O4 and CoFe2O4 NPs 

To produce Co3O4 NPs, CoCl2 powder (20 and 100 mg) was added to 40 ml distilled 

water and mechanically stirred in the standard 125 ml Teflon-lined stainless steel 

pressure autoclave. For the fabrication of the CoFe2O4 NPs, CoCl2 powder (25 and 50 

mg) and FeCl3 (0.05, 0.1 and 0.2 ml) were added to 40 ml distilled water, mixed with 

and without NH4H2PO4 and mechanically stirred in the standard 125 ml Teflon-lined 

stainless steel pressure autoclave. NaOH solution was added drop-wise to adjust the 

pH of the precursor solution to ~ 8 and 12, for Co3O4 and CoFe2O4 NPs, respectively. 

In both cases, the sealed autoclave was then heated at 200˚C for 120 minutes.   
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The precursor concentrations, processing variables and HS autoclaves used for the 

samples investigated throughout this thesis are summarised in Table 3.1. 
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S1 (S32) 0.2  2 100 120   S 

S2 (S33) 0.2  2 120 120   S 

S3 (S34) 0.2  2 140 120   S 

S4 (S35) 0.2  2 160 120   S 

S5 0.2  2 200 120   S 

S6 (S36) 0.2 1 2 160 120   S 

S7 (S37) 0.2 2 2 160 120   S 

S8 (S38) 0.2 3 2 160 120   S 

S9 (S39) 0.2 4 2 160 120   S 

S10 0.2 5 2 160 120   S 

S11 0.2 3 2 120 120   S 

S12 0.2 3 2 140 120   S 

S13 0.2 3 2 180 120   S 

S14 0.2 3 2 200 120   S 

S15 0.2 3 2 220 120   S 

S16 0.2 3 2 240 120   S 

S17 0.2 3 2 200 30   S 

S18 0.2 3 2 200 60   S 

S19 0.2 3 2 200 90   S 

Effect of 

FeCl3 conc. 

S20 0.15 2.25 2 200 120   S 

S21 0.1 1.5 2 200 120   S 

S22 0.05 0.75 2 200 120   S 

Effect of pH 

value 

S23 0.2 3 2.5 200 120   S 

S24 0.2 3 3 200 120   S 

S25 0.2 3 4 200 120   S 

Stage of 

phosphate 

addition 

S26 0.2 3 2 110 120   S 

S26*   1.5 200 120   S 

S27 0.2  2 110 120   S 

S27*  3 1.5 200 120   S 

Effect of  

α-Fe2O3 seeds 

S28      Is sample   

S29 0.2 3 2 200 120 1  S 

S30 0.2 3 2 200 120 3  S 

S31 0.2 3 2 200 120 5  S 

Effect of 

reaction time 

Q20 0.1 1.5 2 200 20   V 

Q30 0.1 1.5 2 200 30   V 

Q40 0.1 1.5 2 200 40   V 

Q50 0.1 1.5 2 200 50   V 

Effect of 

reaction 

temperature 

Q100 0.1 1.5 2 100 80   V 

Q120 0.1 1.5 2 120 80   V 

Q140 0.1 1.5 2 140 80   V 

Q160 0.1 1.5 2 160 80   V 

Q180 0.1 1.5 2 180 80   V 

Q200 0.1 1.5 2 200 80   V 

Effect of CoCl2 

/ Co3O4 NPs 

S14*   8 200 120  100 S 

C1 0.2 3 2 200 120  100 S 

C2   8 200 120  20 S 

C2* 0.2 3 2 200 120   S 

Effect of 

CoFe2O4 NPs 

F1 0.2  12 200 120  50 S 

F2 0.1  12 200 120  25 S 

F3 0.1  12 200 120  50 S 

F4 0.05  12 200 120  25 S 

F5 0.05 3 12 200 120  25 S 

F6 0.05 6 12 200 120  25 S 

F6* 0.2 3 2 200 120   S 

Table 3.1 HS precursor concentrations, processing variables and HS autoclaves used. * Denotes a 

secondary HS process for selected samples. S and V signify the use of standard and valve-assisted 

pressure autoclaves, respectively.  
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3.3  Material characterisation techniques 

To appraise fully the nanostructures grown during HS, it is appropriate to use a 

combination of complementary chemical, structural and surface characterisation 

techniques. This section aims to provide a brief background on the analytical 

techniques used during this research programme, including sample preparation, X-ray 

diffractometry (XRD), secondary electron microscopy (SEM), transmission electron 

microscopy (TEM), reflection high energy electron diffraction (RHEED), energy 

dispersive X-ray (EDX) analysis, X-ray photoelectron spectroscopy (XPS) and 

Fourier transform infrared spectroscopy (FTIR).  

 

3.3.1 Sample handling 

3.3.1.1  Standard pressure autoclave  

For a comprehensive appraisal of the standard HS process, characterisation was 

carried out on the HS suspension taken directly from the autoclave, following 

ultrasonic dispersion. The ultrasonic method was used to separate out the 

nanostructures that may have settled during cooling, providing for an evenly dispersed 

suspension. The reaction products were deposited onto single crystalline Si substrates 

for the purpose of surface characterisation using XPS and RHEED, and bulk 

characterisation using XRD. For the purpose of survey TEM investigation, the HS 

product suspensions were deposited straight onto lacey carbon / copper mesh support  

grids (Agar Scientific Ltd., U.K.) for a generalised appraisal of the reaction products 

present. For the purpose of high level TEM and EDX analysis of individual 

nanostructures, the HS product suspensions were centrifuged for 6 min at 6000 rpm, 

cleaned with acetone, and dispersed using an ultrasonic bath before deposition onto 

the support grids. For the purpose of FTIR investigation, a few drops of the HS 

suspension were deposited onto the FTIR diamond sensor, where it was dried at 80°C 

using the heating stage and subsequently clamped.  

 

3.3.1.2  Valve-assisted pressure autoclave 

Frozen droplets of the quenched reaction suspension were removed from the liquid 

nitrogen using tweezers. For the purpose of XPS analysis, they were allowed to melt 

in a pipette at room temperature and deposited onto single crystalline Si substrates. 

For the purpose of TEM investigation, the frozen droplets were deposited straight 
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onto lacey carbon/copper mesh support grids and allowed to melt at room temperature 

prior to TEM investigation. For FTIR analysis, the frozen droplets were allowed to 

melt in a pipette at room temperature, deposited directly onto the FTIR diamond 

sensor, dried at 80°C using the heating stage and subsequently clamped.  

 

3.3.2 Material characterisation 

Diffraction provides evidence for the identification of a nanostructure’s 

crystallographic structure, which is governed by its arrangement of atoms. This 

section provides a brief background to the fundamental concepts underpinning the 

structural characterisation techniques of XRD and electron microscopy used during 

this research. 

 

3.3.2.1  Interaction of waves with crystal structures  

A wave is a disturbance or variation that travels through a medium and transfers 

energy. An example of a transverse wave with a wavelength (λ) is shown in Figure 

3.4a. According to Huygens’ Principle, a wave can be thought of as spreading 

spherically at every point along its wave-front. These spherical 'wavelets' are 

constantly interacting to maintain a planar wave-front. However, if the wave-front is 

interrupted by an obstacle, the wavelets spread spherically from the points of 

obstruction. These wavelets interfere with each other and several wavelets in phase 

result in constructive interference, as shown in Figure 3.4b. 

 

 
Figure 3.4 Schematic diagram of (a) a transverse wave and (b) interaction of waves with an obstacle, 

resulting in constructive and destructive interference. 

 

 For the case of X-rays, the incident waves may be scattered by atoms in the 

crystal lattice. The interference of waves scattered from different atoms form a 

distinct pattern of constructive and destructive interference (reconstructed intensities), 
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providing information on the atomic structure of the material. The structure factor, F, 

describes the way in which the incident wave is scattered by atoms of a crystal unit 

cell, obtained by summation of the waves scattered by the individual atoms. If a unit 

cell contains atoms 1, 2, 3,…, N, with fractional coordinates u1v1w1, u2v2w2, u3v3w3,… 

then the structure factor for an hkl reflection is given by:
152

  

 

          
                

 

 

 

 

 The amplitude of each scattered wave is given by the appropriate atomic 

scattering factor, f, which depends on the type of incident radiation, typically X-ray, 

electron or neutron.  

 

3.3.2.2  X-ray diffractometry  

XRD is commonly used for the determination of bulk crystallographic structure and 

the grain size of nanostructured materials. When a monochromatic beam of X-rays is 

directed towards a crystalline material, the incident X-ray photons interact with the 

electrons that surround the atoms.  The electron clouds scatter the X-rays in all 

directions. However, at certain angles (θ) the distance travelled by the incident and 

scattered X-rays differ by a complete number (n) of wavelengths, as illustrated by 

Figure 3.5. Consequently, the scattered X-rays remain in phase, known as 

constructive interference.
152

 

 

 
Figure 3.5 Schematic diagram illustrating the constructive interference of scattered waves (maxima and 

minima are superimposed).
153

 

 

 

(3.1) 
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X-ray diffraction occurs when the following equation, also known as Bragg’s 

law, is satisfied: 

 

            

 

where d is the lattice spacing, λ is the X-ray wavelength and θ is the angle of 

diffraction.  

 Samples were examined by plotting the angular positions (2θ) and their 

reconstructed intensities, resulting in diffraction patterns characteristic to individual or 

mixed phases. Information content from diffraction patterns is available from peak 

position, intensity and profile. XRD investigations were performed using a Siemens 

D500 X-ray diffractometer operating at 40 kV and 25 mA, using a CuK radiation 

source ( = 0.154 nm). Analysis was carried out at a 2 step rotation of 0.01 with a 

dwell time of 1.5 sec at room temperature (~25 C). Crystalline phase features were 

identified using DIFFRAC
plus

 computer software (Bruker Advanced X-ray Solutions). 

The particle size of nanostructures were determined by measuring peak 

breadth in an X-ray diffraction pattern, and applying the Scherrer equation:
152

  

 

      
  

           
 

  

where β is the peak width at half maximum intensity in radians, K is a constant  

(0.89 < K < 1), θ is the peak position and L is the crystallite size. The value of β can 

increase through instrumental broadening, which depends on the geometry of the 

diffractometer and spectral characteristics of the incident beam. Instrumental 

broadening can be corrected by subtracting the β value of a standard reference sample, 

assumed to comprise infinitely thick particles, from the measured β. 

 

 

 

 

 

 

 

(3.2) 

(3.3) 
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3.3.2.3  Electron microscopy 

Electron microscopy makes use of a beam of highly energetic electrons to examine 

materials on the very fine scale. Information e.g. sample crystallography, morphology 

and elemental composition can all be acquired. This section briefly outlines the 

underpinning concepts associated with the interaction of high-energy electrons with 

matter that are fundamental to electron microscopy. Consideration is then given to the 

TEM, selected area electron diffraction (SAED), high resolution TEM (HRTEM) and 

RHEED. 

 

  

3.3.2.4  Interaction of high energy electrons with matter 

The electron beam may be treated as both a succession of particles and a series of 

waves. According to de Broglie’s theory of wave-particle duality, the wavelength of a 

high energy electron is given by:  

 

  
 

         
  

     
  

 
  
 

  

where h  is Planck’s constant, m0 is the rest mass of an electron, e is the electron 

charge, V is the potential difference through which the electron is accelerated and c is 

the velocity of light.   

 Electrons may be scattered by both electrons and the nuclei in an atom. During 

scattering, the electron beam is capable of ejecting inner-shell electrons from the 

attractive field of a nucleus in an atom. Consequently, a wide range of secondary 

signals can be produced, as summarised in Figure 3.6. Many of these signals can be 

used for imaging, e.g. secondary electrons and backscattered electrons in SEM or 

elastically scattered electrons in TEM; or chemical analysis, e.g. characteristic X-rays 

in EDX analysis. Elastic electron-electron interactions usually result in a relatively 

low scattering angle, while electron-nucleus interactions cause higher-angle 

scattering. For TEM investigation, elastically scattered electrons are essential for the 

construction of diffraction patterns and diffraction contrast images. 

 

(3.4) 
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Figure 3.6 Electron scattering and secondary signal generation when a beam of high-energy electrons 

interacts with a thin specimen. 

 

3.3.2.5  Transmission electron microscopy  

TEM allows electron transparent specimens (< 100 nm thick) to be examined at a 

resolution approaching the atomic scale. In principle, resolution is only limited by the 

wavelength (λ) of the incident electron beam. However, in practice, resolution is 

dependent on the aberrations associated with the electron optics. A conventional TEM 

consists of a number of electron-optical components, as illustrated in Figure 3.7. 

Electrons produced by thermionic emission from a W or LaB6 filament, or by field 

emission from a single crystal W filament gun, are accelerated towards the anode at a 

high energy, typically between 100 and 400 kV. A series of condenser lenses focus 

the electrons into a probe and are responsible for varying the spot size. The condenser 

aperture filters out electrons far from the optic axis and controls the number of 

electrons incident on the specimen. The electron beam is transmitted through the 

specimen, generally inserted on a plane normal to the optic axis and situated close to 

the focal plane of the objective lens. The objective aperture, located in the back focal 

plane of the objective lens, blocks any transmitted electrons with a large scattering 

angle, thereby enhancing the contrast of the projected image. The image is projected 

onto an electron sensitive florescent screen or a charged couple device (CCD) camera 

by the projector lens. Images can be recorded on photographic film or digitised to be 

stored on computer.        
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Figure 3.7 Schematic diagram of the basic electron-optical components of a TEM. 

 

 For electron diffraction pattern formation, the objective aperture is removed 

and a selected area aperture is inserted into the intermediate image plane, and the 

projector optics are focused on the back focal plane of the objective lens. This allows 

a smaller area of the specimen to be selected for defining the electron diffraction 

pattern. The different optics for the formation of images and electron diffraction 

patterns within a TEM are illustrated in Figure 3.8. 
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Figure 3.8 Schematic diagram showing the optics for the formation of (a) electron diffraction patterns 

and (b) images within a TEM.
154

   

 

 Images in TEM can be formed either using directly transmitted or scattered 

electrons.  The electrons are selected by inserting an aperture into the back focal plane 

of the objective lens, thus blocking out most of the diffraction pattern. If the central 

spot is chosen, a bright field image is formed using directly transmitted electrons, as 

shown in Figure 3.9a. There are three modes of contrast formation in TEM images. In 

amorphous samples, thicker regions of the sample and areas with a higher atomic 

number appear dark, due to mass-thickness contrast. Low index crystalline 

orientations of crystalline samples that satisfy Bragg diffraction also appear dark, 

termed diffraction contrast. Further, if the objective aperture is removed, images with 

contrast arising from constructive and destructive interference of the electron waves, 

termed phase contrast, can reveal lattice with atomic resolution, known as HRTEM. 

In all cases, regions imaged with the transmitted beam are termed bright field (BF). 

Alternatively, by aligning a diffracted beam down the optic axis of the microscope, a 

dark field (DF) image may be formed, as shown in Figure 3.9b. Most of the 

conventional imaging and EDX analysis was performed on Jeol 2000fx with a LaB6 

filament operating at 200 kV. A Jeol 2100F equipped with a Gatan Imaging Filter 

(GIF) and Gatan double tilt heating holder was used for HRTEM imaging and in situ 

TEM (iTEM) investigations.      
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Figure 3.9 Schematic diagram showing the formation of (a) a BF diffraction contrast image using the 

direct transmitted beam and a (b) a centred DF diffraction contrast image, with the incident beam tilted 

so that the scattered beam remains on the optic axis.
154

   

 

3.3.2.6  Selected area electron diffraction  

SAED can provide information on the crystallography and crystal orientation of an 

individual NR. The angle of diffraction (θ) in SAED is very small because of the very 

small wavelength of high energy electrons (as compared with the wavelength of X-

rays) resulting in small distances between the transmitted electron beam and 

diffracted spots, Rhkl, as illustrated in Figure 3.10.   
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Figure 3.10 Schematic diagram to illustrate the concept of the camera constant in TEM. 

 

In view of this, the Bragg equation can be simplified: 

 

Since sinθ ≈ θ for small θ (in radians) 

         

 

From Figure 3.10, the geometric equation is obtained:     

       
    
 

       
    
 

 

 

where L is the camera length, the effective distance between the specimen and the 

recording plane. 

 

Combining equations 3.5 and 3.6 gives:  

             

 

 λL is termed the camera constant and can be obtained using a reference 

sample of known lattice parameter under the same electron-optic conditions. By using 

this equation, crystal plane spacings, dhkl, of an unknown material can be calculated 

and associated diffraction spots indexed.    

(3.5) 

(3.6) 

(3.7) 
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3.3.2.7  Reflection high energy electron diffraction  

The variant technique of RHEED within the TEM utilises the diffraction of electrons 

from the top few atomic layers of a sample, providing information on near surface 

crystal structure, preferred orientation and roughness.
155

 The sample is situated on a 

dedicated stage positioned directly below the projector lens of the Jeol 2000fx.  The 

stage (Figure 3.11) allows for tilt, rotation and translation of the sample on three axes 

to access any zone axis within the surface plane.
156

 During the RHEED process, the 

incident electron beam interacts with a surface area of ~ 1 mm
2
 at a glancing angle of 

~ 1˚ 

 

 
Figure 3.11 Photograph of the RHEED stage and its 3 axes of movement (labelled).

156
 

 

3.3.3 Chemical analysis 

In addition to structural characterisation, the identification of chemical elements and 

bonding associated with a nanostructured material is necessary to fully understand its 

growth. This sections aims to provide a brief background on the concepts applied in 

the chemical analyses techniques of EDX analysis, XPS and FTIR.     

 

3.3.3.1  Energy dispersive X-ray analysis 

EDX analysis is a standard method for local identification of elements within a 

sample in an SEM or TEM. As mentioned previously, the interaction with the inner 

most electron shell of an atom by the high energy electron beam will lead to the 

ejection of a photoelectron. Consequently, an electron from an outer orbiting shell 

jumps into the core level vacancy, and emits energy in the form of an X-ray photon.  

The energy of the X-rays arises from the difference in energy between the shells, is 

characteristic to the atomic number, and therefore can be used to ascertain the 
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elemental composition of a sample. The relationship between atomic number and 

energy for a given X-ray is given by Moseley’s Law:  

 

             

 

where E is the energy of the emission line for a given X-ray series (e.g. Kα, Kβ, Lα, 

Mα, etc.), Z is the atomic number and C1, C2 are constants.  

 In this work, EDX analysis was performed using an Oxford Link Isis package 

on a Jeol 2000fx TEM operated at 200 kV. This provided quantitative elemental 

compositions for individual nanostructures.  

 

3.3.3.2  X-ray photoelectron spectroscopy  

XPS is a widely used technique for surface compositional analysis.
157

 The sample is 

illuminated with monochromatic X-rays resulting in the emission of core shell 

photoelectrons. Their low kinetic energies (0 - 1500 eV) limit the depth from which 

they can emerge, hence the technique is sensitive only to the top few atomic layers (~ 

30 Å). The kinetic energies of the photoelectrons determine their binding energies 

(Figure 3.12). The binding energy, which is the energy required to remove an electron 

from its orbital, is unique to the element and its particular atomic orbital. A spectrum 

of emission intensity (in counts per second) versus binding energy of the 

characteristic photoelectron peaks may be plotted to identify the elements present and 

their quantity. High spectral resolution XPS studies can detect small shifts in the 

elemental binding energies and therefore also provide information about the chemical 

state of the surface elements. In this work, the samples were investigate using VG 58 

Scientific ESCALAB Mark II and Kratos AXISULTRA X-ray photoelectron 

spectrometers configured with monochromated AlK X-ray sources. The XPS spectra 

were analysed using CasaXPS software.  

 

(3.8) 
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Figure 3.12 Schematic diagram showing the irradiation of a surface with monochromatic X-rays and 

the emission of photoelectrons at a certain kinetic energy (K.E). hν is the photon energy from the X-ray 

source and EL is the binding energy of the photoelectron from the inner core shell. 

 

3.3.3.3  Fourier transform infrared spectroscopy  

Infrared (IR) spectroscopy uses the infrared region of the electromagnetic spectrum to 

identify covalent bonding present within materials. IR radiation is passed through the 

sample and absorbed by covalently bonded molecules at their resonant frequency of 

vibration. A molecule has many vibrational modes that are only considered "IR 

active" if they result in an associated change in permanent dipole. These vibration 

modes can be symmetrical, asymmetrical or scissoring. In FTIR, the IR radiation is 

collected by an interferometer, which measures all IR frequencies to produce an 

‘interferogram’. The data-processing technique of Fourier transformation converts the 

interferogram into a spectrum, a plot of wavenumber (wavelength) against absorbance 

or transmittance, signatures of which are characteristic to the covalent bonding 

present.
158

 In this research, IR spectra were recorded using a Bruker Tensor FTIR 

spectrometer and analysed using OPUS and CasaXPS software. 

 

3.3.4  Data handling 

The data acquired from each materials characterisation technique underwent some 

degree of processing for presentation. The raw data of the XRD spectra were 

converted to UXD format, which is compatible with Microsoft (MS) Excel. EDX 

spectra collected with the TEM using an Oxford Link Isis package were exported into 

MS Notepad in TXT format. XPS and FTIR spectra were analysed using CasaXPS 
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software, where specific regions of the spectra were deconvoluted into their individual 

spectral components. The EDX, FTIR and XPS data were rendered presentable using 

MS Excel. All data was subsequently imported into worksheets in Microcal (TM) 

Origin ® software, where the spectra were reconstructed, labelled and saved in JPEG 

format.  

 TEM images taken with the Jeol 2000fx were recorded on photographic film, 

developed and fixed. The plate negatives were then rinsed in water, dried at room 

temperature and scanned using an EPSON scanner. In all cases, the films were 

scanned as black and white negatives, at a resolution of 1200 dpi, and saved in JPEG 

format. TEM images taken on the Jeol 2100f were recorded using a CCD camera, 

processed using Gatan Digital Micrograph (DM) software and saved in both DM3 and 

JPEG formats.  Measurements carried out on TEM images were performed using 

ImageJ software. For the purpose of magnification scale calibration, BF phase 

contrast images of graphitised carbon and gold film reference samples, with known 

lattice plane fringe spacings, were collected from the Jeol 2000fx and 2100F 

microscopes, respectively. SAED patterns were collected from a reference aluminium 

foil sample to calibrate the camera constant, λL, of the Jeol 2000fx microscope using 

equation 3.7. Measurement of Rhkl values from SAED patterns allowed dhkl values to 

be calculated and matched with reference indices and indexed. Fast Fourier transform 

(FFT) processing was performed also on phase contrast images using ImageJ to 

investigate reciprocal space.  

 For the purpose of crystal structure modelling, reference crystal data was 

downloaded from the Inorganic Crystal Structure Database and rendered using 

CaRine Crystallographie and Balls & Sticks software. Appraisal of the relationship 

between crystallographic orientation and nanostructure morphology was achieved 

through correlation of BF images and real and modelled (CaRine) SAED patterns.  

 All images and spectra were cropped, edited, labelled and compiled, etc., 

using Adobe Photoshop CS2 software.   
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3.4   Summary 

The experimental procedures used for the fabrication and characterisation of the 

nanostructures in this research have been presented. A standard 125 ml Teflon-lined 

stainless steel pressure autoclave was used for production of HS reaction products 

over a range of processing conditions. Development of a novel 50 ml valve-assisted 

Teflon-lined stainless steel pressure autoclave for the purpose of rapid quenching HS 

reaction products in liquid nitrogen provided ‘snapshot’ descriptions closely 

representative of the in situ physical state. FeCl3 aqueous solution was used for the 

production of β-FeOOH and α-Fe2O3 nanostructures, whilst NH4H2PO4 was added as 

a phosphate surfactant. CoCl2 aqueous solution was used for the formation of Co3O4 

and CoFe2O4 NPs (in addition to FeCl3). NaOH was added to precursor solutions to 

alter the pH value. A combination of complementary chemical, structural and surface 

characterisation techniques were used to examine the nanostructures. Diffraction 

techniques of XRD, RHEED and SAED allowed for the bulk, surface and localised 

structural characterisation of the nanostructures, respectively. TEM and HRTEM 

provided diffraction contrast and phase contrast imaging of crystalline nanostructures, 

respectively. TEM imaging and SAED used in conjunction with CaRine crystal 

modelling provided information on the crystal orientation of individual 

nanostructures. EDX and XPS analysis techniques were used for compositional 

analysis of nanostructures and their surface, respectively. FTIR provided information 

on the covalent bonding associated with nanostructures and the mode of surfactant 

absorption to their surface. The data retrieved from all characterisation techniques was 

handled appropriately and compiled for presentation.    
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Chapter 4  Hydrothermal synthesis of β-FeOOH and  

α-Fe2O3 nanostructures  

4.1  Introduction 

In this chapter, the development of β-FeOOH and α-Fe2O3 nanostructures using a 

wide range of HS processing conditions is presented. Systematic investigation of the 

effect of HS temperature, phosphate surfactant and reaction time on the β-FeOOH to 

α-Fe2O3 phase transformation, morphology and crystallinity provides a 

comprehensive HS ‘process map’ for their development, giving valuable insight into 

the nature of β-FeOOH precipitation, dissolution, and subsequent α-Fe2O3 growth. In 

particular, emphasis is given to the effect of PO4
3-

 anion concentration on the 

mediation of α-Fe2O3 NP shape. In addition, the effects of FeCl3 aqueous solution 

concentration, pH, stage of NH4H2PO4 addition and α-Fe2O3 seeds on the β-FeOOH 

and α-Fe2O3 nanostructures are explored. The applicability of RHEED and XRD as 

techniques for the structural characterisation of β-FeOOH and α-Fe2O3 nanostructures 

is discussed and their relative merits highlighted. 

 

4.2   Effect of HS process conditions   

The hydrothermal processing of aqueous FeCl3 solution enabled the synthesis of 

either, or both, β-FeOOH or α-Fe2O3 NPs with differing aspect ratios, depending on 

the HS reaction temperature, time and NH4H2PO4 concentration. The range of HS 

experimental conditions investigated and the reaction products produced are 

summarised in Table 4.1; the evidence for which is now presented in detail.  

 

 

 

 

 

 



Chapter 4 Hydrothermal synthesis of β-FeOOH and α-Fe2O3 nanostructures 

52 

 

S
a

m
p

le
 

N
H

4
H

2
P

O
4

 

/ 
m

g
 

M
o

la
r 

ra
ti

o
 

F
e3

+
 : 

P
O

4
3

-  

T
em

p
er

a
tu

re
 

/ 
˚C

 

P
ro

ce
ss

 T
im

e
 

/ 
m

in
 

Reaction product Morphology 
Dimension (l/w) 

/ nm 

A
sp

ec
t 

R
a

ti
o

 

F
e 2

O
3
 

S1 0 - 100 120 β-FeOOH NRs <60/20 - 

S2 0 - 120 120 β-FeOOH + α-Fe2O3 NRs + Pseudocubes <60/20 + <60/55 1.1 

S3 0 - 140 120 β-FeOOH + α-Fe2O3 NRs + Pseudocubes <60/20 + <125/115 1.1 

S4 0 - 160 120 α-Fe2O3 Pseudocubes <150/140 1.1 

S5 0 - 200 120 α-Fe2O3 Agglomerated Pseudocubes -  

S6 1 94.4 160 120 α-Fe2O3` Pseudocubes / Round / Ellipsoidal <130/120 / <90 / <150/50 1.1/3 

S7 2 47.2 160 120 α-Fe2O3 Ellipsoidal NPs <330/90 3.7 

S8 3 31.5 160 120 β-FeOOH + α-Fe2O3 NRs + Partial acicular NRs <60/20 + <360/60 6 

S9 4 23.6 160 120 β-FeOOH + α-Fe2O3 NRs + Partial acicular NRs <60/20 + <250/50 5 

S10 5 18.9 160 120 β-FeOOH + α-Fe2O3 NRs + Partial acicular NRs <60/20 + <200/50 4 

S11 3 31.5 120 120 β-FeOOH NRs and NPs <50/15 - 

S12 3 31.5 140 120 β-FeOOH + α-Fe2O3 NRs + Partial acicular NRs <60/20 + <280/50 5.6 

S13 3 31.5 180 120 α-Fe2O3 Partial acicular NRs <400/60 6.7 

S14 3 31.5 200 120 α-Fe2O3 Fully formed acicular NRs <420/60 7 

S15 3 31.5 220 120 α-Fe2O3 Fully formed ellipsoidal NPs <360/100 3.6 

S16 3 31.5 240 120 α-Fe2O3 Fully formed rectangular NPs <240/70 3.4 

S17 3 31.5 200 30 β-FeOOH NRs and NPs <50/15 - 

S18 3 31.5 200 60 β-FeOOH + α-Fe2O3 NRs + Partial acicular NRs <60/20 + 280/50 5.6 

S19 3 31.5 200 90 β-FeOOH + α-Fe2O3 NRs + Partial acicular NRs <60/20 + <400/60 6.7 

Table 4.1 HS processing variables and a summary of the reaction products, morphologies, dimensions and aspect ratios of the α-Fe2O3 NPs. 
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4.2.1 Results 

4.2.1.1  Effect of reaction temperature 

The BF, diffraction contrast TEM images of Figures 4.1(a – e) illustrate the 

morphologies of the nano-materials grown in the absence of a surfactant, at 

temperatures from 100 to 200˚C (Samples S1 – S5), for a reaction time of 120 

minutes. The associated XRD patterns shown in Figure 4.1f, corresponding to 

Samples S1 to S4 for simplicity, chart the transformation from an intermediate phase 

of β-FeOOH to the well defined phase of α-Fe2O3 with increasing HS temperature. 

Indeed, Figure 4.1a illustrates the small (~ 60 nm long, ~ 20 nm wide) β-FeOOH NRs 

synthesised at 100˚C, as compared with Figure 4.1d which shows the larger (~150 nm 

sized) rhombohedral α-Fe2O3 NPs synthesised at 160˚C.  The intermediate stages of 

growth of the α-Fe2O3 NPs can be seen at the reaction temperatures of 120˚C and 

140˚C (Figures 4.1b & c), respectively. A small number of single crystal α-Fe2O3 NPs 

were identified in amongst the β-FeOOH NRs of Sample S2 (Figure 4.1b), but at a 

volume fraction beneath the detection limit of the XRD technique in this instance 

(Figure 4.1f). Inspection of Sample S5 synthesised at 200˚C indicated that some of the 

α-Fe2O3 NPs had agglomerated at this highest reaction temperature (Figure 4.1e). An 

additional diffraction peak was present (~ 28˚, Figure 4.1f) in the XRD patterns for 

Samples S1, S2 and S3. 

 SAED was used to chart the transformation of β-FeOOH to α-Fe2O3 on the 

localised scale.  For example, Figures 4.2a & b present electron diffraction patterns 

recorded from Samples S1 and S4, respectively. The measured interplanar spacings 

were found to be in excellent agreement with database values for β-FeOOH (Figure 

4.2a) and α-Fe2O3 (Figure 4.2b), respectively.  No diffraction rings attributable to β-

FeOOH were evident within the SAED patterns corresponding to α-Fe2O3 recorded 

from Sample S4, suggesting chemical transformation to be complete after 120 

minutes at 160 ˚C. It is noted that the continuous distinct rings of Figure 4.2a and the 

interrupted intense rings of Figure 4.2b are consistent with the very small sizes of the 

β-FeOOH nanostructures as compared with the larger, more well-defined α-Fe2O3 

NPs. 
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Figure 4.1 BF TEM images of the hydrothermal products synthesised in the absence of a surfactant, for 

a reaction time of 120 minutes. (a) 100˚C; (b) 120˚C with SAED inset; (c) 140˚C; (d) 160˚C; and (e) 

200˚C. (f) Associated XRD patterns corresponding to Samples S1 to S4 (with Miller indices 

corresponding to α-Fe2O3).   
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Figure 4.2 SAED patterns from (a) Sample S1, synthesised at 100˚C, matching β-FeOOH (JCPDS 34-

1266); and (b) Sample S4, synthesised at 160˚C, matching α-Fe2O3 (JCPDS 72-469).   

 

4.2.1.2  Effect of phosphate surfactant concentration 

The BF TEM images of Figures 4.3a – e illustrate the influence of increasing 

additions (1 to 5 mg) of phosphate surfactant on the shape of α-Fe2O3 NPs synthesised 

for 120 minutes at 160˚C (Samples S6 – S10; corresponding to Fe
3+ 

: PO4
3- 

molar 

ratios of (a) 94.4, (b) 47.2, (c) 31.5, (d) 23.6 and (e) 18.9, respectively). The 

associated XRD patterns of Samples S6 to S10 (Figure 4.3f), exhibited narrow, high 

intensity peaks characteristic of α-Fe2O3 at high molar ratios, with an ensuing loss in 

intensity, and by implication extent of crystallinity, with increasing PO4
3- 

anion 

concentration. The emergence of a few small peaks characteristic of the β-FeOOH 

phase was evident in the XRD patterns for Samples S9 and S10. The first stages of the 

changing shape of the α-Fe2O3 NPs were revealed in the TEM investigation of Sample 

S6, corresponding to an Fe
3+ 

: PO4
3- 

molar ratio of 94.4, with a mixture of 

‘pseudocubes’ and rounded and elliptical NPs (Figure 4.3a). Conversely, well defined 

acicular α-Fe2O3 NRs with an aspect ratio of 3.7 were evident within Sample S7, 

synthesised with a lower molar ratio of 47.2 (Figure 4.3b). Sample S8, synthesised 

using an Fe
3+

: PO4
3- 

molar ratio of 31.5 (Figure 4.3c), comprised partially crystalline, 

acicular α-Fe2O3 NRs exhibiting the highest aspect ratio of 6 for this Sample set.  A 

further decrease in the extent of crystallinity and the acicular α-Fe2O3 NR aspect ratio, 

from 5 to 4, was associated with Samples S9 and S10 synthesised with molar ratios of 

31.5 and 23.6, respectively (Figures 4.3d & e). 
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Figure 4.3 BF TEM images of hydrothermal products synthesised at 160˚C, for a reaction time of 120 

minutes, for increasing additions (1 - 5 mg) of phosphate surfactant, corresponding to Fe
3+ 

: PO4
3- 

molar 

ratios of (a) 94.4; (b) 47.2; (c) 31.5; (d) 23.6; and (e) 18.9, respectively. (f) Associated XRD patterns 

corresponding to Samples S6 to S10.  
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4.2.1.3 Effect of reaction temperature for a fixed surfactant 

concentration and reaction time 

The BF TEM images of Figures 4.4a – f illustrate the effect of increasing HS 

temperature, from 120 to 240˚C (Samples S11 – S16), on the shape of NPs 

synthesised with an Fe
3+ 

: PO4
3- 

molar ratio of 31.5 and a reaction time of 120 

minutes. The associated XRD patterns (Figure 4.4h) again demonstrated a 

transformation from β-FeOOH to α-Fe2O3 with increasing processing temperature. 

However, it is noted that peaks attributable to α-Fe2O3 as identified in Sample S3 

(Figure 4.1f), synthesised at 140˚C in the absence of a surfactant were not present in 

the corresponding XRD pattern for Sample S12 (Figure 4.4h), demonstrating that the 

presence of the surfactant, whilst mediating the NP shape, acts to inhibit the formation 

and lower the relative abundance of α-Fe2O3, for a given processing temperature. 

 The BF TEM image of Figure 4.4a, corresponding to Sample S11 grown at 

120˚C, confirmed the presence of β-FeOOH NPs and NRs, similar to those identified 

in Sample S1 (Figure 4.1a) synthesised at 100˚C, but smaller in size and without any 

of the rhombohedral α-Fe2O3 NPs, as identified in Sample S2 grown at 120˚C (Figure 

4.1b). Partially formed acicular α-Fe2O3 NRs and larger crystalline NRs were 

observed in Samples S12 and S13 (Figures 4.4b & c), synthesised at 140 and 180˚C, 

respectively, whilst Sample S14 (Figure 4.4d) synthesised at 200˚C showed the 

formation of fully crystalline acicular α-Fe2O3 NRs, exhibiting an aspect ratio of ~ 7, 

the highest for all the Samples investigated.  Further, Samples S15 and S16 (Figures 

4.4e & f) synthesised at 220 and 240˚C, respectively, exhibited ellipsoidal and 

rectangular α-Fe2O3 NRs with aspect ratios on the scale of ~ 3.5. 
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Figure 4.4 BF TEM images of the hydrothermal products synthesised for a reaction time of 120 

minutes with a constant Fe
3+ 

: PO4
3- 
molar ratio of 31.5. (a) 120˚C, (b) 140˚C, (c) 180˚C, (d) 200˚C, (e) 

220˚C and (f) 240˚C. (g) Associated FTIR spectra of the HS products (Samples S12, S8, S13 & S14) as 

a function of increasing processing temperature. (h) Associated XRD patterns (Samples S11, S12, S8, 

S13 & S14) charting the transition from β-FeOOH to α-Fe2O3 with increasing processing temperature.  
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4.2.1.4  Effect of reaction time 

The BF TEM images of Figures 4.5a, c & e illustrate the effect of increasing reaction 

times of 30, 60 and 90 minutes, respectively, on the progressive growth of α-Fe2O3 

NRs at a constant Fe
3+ 

: PO4
3- 

molar ratio of 31.5 and HS processing temperature of 

200˚C (Samples S17 – S19).  Figure 4.5a, corresponding to Sample S17 grown for 30 

minutes, confirmed the presence of β-FeOOH NPs and NRs, similar to those 

identified in Sample S11 (Figure 4.4a) after 120 minutes of synthesis at 120˚C. A 

similar distribution of β-FeOOH NPs and NRs was found for Sample S18, synthesised 

for 60 minutes at 200˚C, along with some partially crystallised acicular α-Fe2O3 NRs 

(Figure 4.5c). A higher proportion of partially formed acicular α-Fe2O3 NRs were 

observed within Sample S19 after 90 minutes of synthesis with some β-FeOOH NRs 

(Figure 4.5e), whilst the presence of fully formed α-Fe2O3 acicular NRs confirmed the 

reaction to be complete after 120 minutes of processing at 200˚C (Sample S14, Figure 

4.4d). 

 The EDX spectrum of Figure 4.5b (Sample S17), recorded using a spot size on 

the scale of an individual NR, indicated the presence of both phosphorus and chlorine, 

in addition to the expected signals for iron and oxygen (and a Cu artefact signal 

arising from the specimen support grid).  In this case the specimen was not cleaned in 

acetone prior to chemical analysis.  

 The associated XRD patterns of Figure 4.5f again demonstrated a 

transformation from β-FeOOH to α-Fe2O3 with increasing HS processing time. 

Similar to the XRD pattern of Figure 4.1f, some additional diffraction peaks were 

present (~ 28˚ to 31˚, arrowed, Figure 4.5f) in the XRD patterns for Samples S17 and 

S18.  Additional features were also discerned within some associated SAED patterns 

(e.g. Figure 4.5d, arrowed (Sample S18)), which were not attributable to either the β-

FeOOH or α-Fe2O3 phase. These features were attributed to incomplete precipitation 

and the presence of some iron chloride hydrate or possibly preliminary formed 

FeOCl.
109
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Figure 4.5 BF TEM images of the hydrothermal products synthesised at 200˚C with a constant 

Fe
3+

:PO4
3- 

molar ratio of 31.5 for reaction times of (a) 30 min, (c) 60 min and (e) 90 min. (b) 

Associated EDX spectrum acquired from Sample S17 shown in (a). (d) SAED from Sample S18 shown 

in (c) with magnified section inset showing additional diffraction features. (f) Associated XRD patterns 

from Samples S17 – S19, charting the transition from β-FeOOH to α-Fe2O3 with increasing processing 

time.  The additional features (arrowed) are attributed to some iron chloride hydrate or preliminary 

formed FeOCl.  

 

4.2.1.5  NR crystallographic orientation and chemical analysis 

SAED used in conjunction with diffraction contrast TEM allowed the crystallographic 

and morphological relationship of individual α-Fe2O3 NRs (e.g. Sample S14) to be 

examined in detail. In all cases, the major axis of the well-defined, single crystal 
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structure NRs was found to be parallel to the <006> direction (Figure 4.6a), i.e. the 

NR major axis corresponded to the c-axis of the α-Fe2O3 unit cell, as illustrated by the 

computer model of the α-Fe2O3 crystal structure with simulated diffraction pattern 

inset (Figure 4.6b). Complementary EDX investigation of such individual NRs 

(Sample S14) indicated the presence of iron, oxygen and a small amount of 

phosphorus (e.g. Figure 4.6c), considered to be residual within the bulk of the α-Fe2O3 

NR from the phosphate surfactant. In this instance, the specimen was cleaned in 

acetone prior to chemical analysis. 

 

 
                                                                                                               

 

Figure 4.6 (a) BF TEM image and SAED pattern of an individual α-Fe2O3 NR (Sample S14) showing 

the NR major axis to be parallel to the <006> direction. (b) CaRine model of the α-Fe2O3 crystal 

structure (with simulated diffraction pattern inset), showing the NR major axis to be parallel to the c-

axis of the α-Fe2O3 unit cell. (c) Associated EDX spectrum, demonstrating the presence of a small 

amount of phosphorus within such α-Fe2O3 NRs. 
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 Complementary XPS survey scans providing details on the near surface 

chemistries of Samples S11 and S14, corresponding to pure β-FeOOH and α-Fe2O3 

are presented in Figures 4.7a & b, synthesised with an Fe
3+ 

: PO4
3- 

molar ratio of 31.5 

and a reaction time of 120 minutes, at temperatures of 120˚C and 200˚C, respectively. 

The Fe and O binding energy peaks are consistent with the presence of β-FeOOH and 

α-Fe2O3 NPs, but the spectra appear to be nearly identical, consistent with a lack of 

immediate discrimination between iron oxide and iron hydroxide using this technique. 

A slight ‘shake-up’ peak is present in the high resolution Fe 2p scan of α-Fe2O3 

(Figure 4.7d) in comparison to β-FeOOH (Figure 4.7c) but is not considered 

definitive for phase identification. The presence of Cl 2s and 2p peaks (arrowed) are 

indicative of some residual surface FeCl3, with slightly stronger Cl peaks being 

associated with β-FeOOH, as Cl is known to occupy channels within the β-FeOOH 

crystal structure.
109

 It is noted that peaks characteristic to phosphorus are absent from 

both spectra, consistent with the suggestion that P does indeed become partitioned 

within the nanostructure, as indicated by EDX, rather than being residual on the 

surface.  

 

 
Figure 4.7 XPS survey spectra of the hydrothermal products synthesised with an Fe

3+
:PO4

3-
 molar ratio 

of 31.5 for a reaction time of 120 minutes at (a) 120˚C (β-FeOOH) and (b) 200˚C (α-Fe2O3), 

respectively; both with high resolution spectra of Fe 2p peaks ((c) & (d), respectively).  
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4.2.1.6  Reaction product summary and process map 

The complete HS process can be classified in three stages following the reactions 

introduced previously in Section 2.5.1, describing the generalised precipitation and 

dissolution of β-FeOOH and the subsequent precipitation of α-Fe2O3  

 Table 4.1 summarised the reaction products, morphologies, dimensions and 

aspect ratios of the α-Fe2O3 NPs as a function of the processing conditions 

investigated.  The schematic diagram of Figure 4.8 constitutes a ‘process map,’ 

illustrating the development of the shape and phases of the HS reaction products as a 

function of temperature, time and surfactant concentration. 
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Figure 4.8 ‘Process map’ illustrating the development of the shape and phases of the hydrothermal products synthesised using 0.2 ml of 45% pure FeCl3 in 40 ml water, as a 

function of temperature, time and phosphate concentration.  The main trends shown are: (a) β-FeOOH precipitation and dissolution and subsequent α-Fe2O3 precipitation with 

increasing HS temperature, in the absence of a surfactant; (b) α-Fe2O3 shape change with increasing PO4
3-

 concentration at an HS processing temperature of 160˚C; (c) β-

FeOOH precipitation and dissolution and subsequent α-Fe2O3 NR growth and shape change with increasing HS temperature at an Fe
3+ 

: PO4
3- 

molar ratio of 31.5 (3 mg 

NH4H2PO4); and (d) β-FeOOH precipitation and dissolution and subsequent α-Fe2O3 NR precipitation and growth with increasing reaction time at an HS processing 

temperature of 200˚C and an Fe
3+ 

: PO4
3- 

molar ratio of 31.5 (3 mg NH4H2PO4). 
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4.2.2   Discussion 

4.2.2.1  Process map 

Figure 4.8 provides a generalised summary of the HS reaction products as a function 

of temperature, time and PO4
3-

 anion concentration. The precipitation of β-FeOOH 

NRs from the FeCl3 salt solution occurred after 120 minutes of synthesis at 100˚C in 

the absence of a surfactant. Increasing the processing temperature promoted the 

dissolution of β-FeOOH and the nucleation and growth of equiaxed α-Fe2O3 NPs with 

rhombohedral morphology (Figure 4.8, axis (a)).  The increasing addition of PO4
3-

 

anions at 160˚C resulted in a shape change of the α-Fe2O3 NPs into acicular α-Fe2O3 

NRs with increasing aspect ratio, but then with progressive inhibition of α-Fe2O3 

phase formation (Figure 4.8, axis (b)).  Increasing the synthesis temperature in the 

presence of 3 mg of NH4H2PO4 was associated with the nucleation and growth of well 

defined single crystal, acicular NRs, with optimum size and aspect ratio at 200˚C 

(Figure 4.8, axis (c)). Increasing the time of synthesis at 200˚C in the presence of 3 

mg NH4H2PO4 was associated with the progressive formation and dissolution of β-

FeOOH and the growth of well-defined acicular α-Fe2O3 NRs with optimum aspect 

ratio after 120 minutes (Figure 4.8, axis (d)). EDX chemical analysis indicated the 

presence of P within the bulk of the α-Fe2O3 NRs, whilst XPS suggested an absence 

of P at the developed α-Fe2O3 NR surfaces. Signatures due to Cl were tentatively 

attributed to residual iron chloride hydrate or FeOCl within the dispersed reaction 

product, but it is considered that Cl was not incorporated within the bulk of the α-

Fe2O3 NRs. 

 

4.2.2.2  Morphology and phase analysis 

It is considered that the development of α-Fe2O3 NPs (Figure 4.8, axis (a)) is in 

accordance with the process of β-FeOOH phase precipitation, dissolution and 

subsequent α-Fe2O3 phase formation. The growth of α-Fe2O3 proceeds until the 

abundance of β-FeOOH is exhausted. Well-defined, rhombohedral α-Fe2O3 NPs with 

clear sharp facets were formed after 120 minutes of synthesis at 160˚C.  Rodriguez et 

al
159

 showed how such dissimilarly oriented rhombohedral NPs can appear hexagonal 

in projection in TEM.
159

 Increasing the HS processing temperature to 200˚C led to 

agglomeration and the fusing together of these α-Fe2O3 NPs, consistent with the high 

surface energies associated with uncoated crystal surfaces formed in the absence of 

surfactant.  
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 Synthesis at 160˚C in the presence of increasing PO4
3-

 concentration was 

associated with a significant variation in α-Fe2O3 shape and crystallinity (Figure 4.8, 

axis (b)).  An Fe
3+ 

: PO4
3-

 molar ratio of 94.4 resulted in the production of α-Fe2O3 

NPs with rounded, rough edges, whilst more ellipsoidal shaped α-Fe2O3 NPs were 

formed upon decreasing the Fe
3+ 

: PO4
3-

 molar ratio to 47.1.  The largest aspect ratio 

of 6, corresponding to partially formed acicular α-Fe2O3 NRs, was achieved with an 

Fe
3+ 

: PO4
3- 

molar ratio of 31.5.  Further decrease in the molar ratio to 23.6 and 18.9 

was associated with the production of ill-defined α-Fe2O3 NRs with reduced aspect 

ratio and further reduced levels of crystallinity. Conversely, increasing the HS 

processing temperature allowed for the recovery of α-Fe2O3 NR crystallinity (Figure 

4.8, axis (c)).  At a constant Fe
3+ 

: PO4
3-

 molar ratio of 31.5 and an initial HS 

processing temperature of 120˚C, small β-FeOOH NR and NPs were formed.  Partial 

α-Fe2O3 NRs were identified at 140˚C and these grew, at the expense of β-FeOOH, as 

the synthesis temperature increased.  Indeed, FTIR investigation (Figure 4.4g) 

reinforced the view that increasing HS temperature acts to drive the dissolution of β-

FeOOH and the subsequent precipitation of α-Fe2O3. As β-FeOOH dissolution occurs, 

OH
-
 bonds are broken and absorbed water is released, resulting in a steady increase in 

IR transmittance with increasing HS temperature and α-Fe2O3 precipitation. Well-

defined crystalline α-Fe2O3 NRs with a maximum aspect ratio of 7 were synthesised at 

200˚C.   Synthesis at even higher temperatures of 220˚C and 240˚C was associated 

with a truncation of the α-Fe2O3 NRs, with a reduction in length and becoming more 

ellipsoidal and rectangular in shape, suggesting a small degree of α-Fe2O3 NR 

dissolution at the tips at the higher temperatures.   

 A similar process of β-FeOOH precipitation, dissolution and α-Fe2O3 NR 

precipitation was demonstrated with increasing time of synthesis, at the elevated 

temperature of 200˚C and a constant Fe
3+ 

: PO4
3-

 molar ratio of 31.5 (Figure 4.8, axis 

(d)).  β-FeOOH NPs, partially formed α-Fe2O3 NRs and  larger α-Fe2O3 NRs (with a 

few β-FeOOH NPs) developed after 30, 60 and 90 minutes of synthesis, respectively, 

again leading to the optimised case of well-defined crystalline α-Fe2O3 NRs after 120 

minutes of synthesis. It is apparent that α-Fe2O3 NR growth in the presence of a 

surfactant proceeds through the nucleation, agglomeration and recrystallisation of 

smaller α-Fe2O3 NPs (Figure 4.3c), and will be discussed in detail in Chapter 5. 
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4.2.2.3  Effect of phosphate surfactant 

It is considered that the surfactant is preferentially adsorbed on the faces parallel to 

the c-axis of α-Fe2O3, in view of the better matching of the O-O inter-atomic distance 

of PO4
3-

 anions (2.50Å) with the Fe-Fe spacing parallel rather than perpendicular to 

this axis, thereby promoting the development of acicular shaped NRs.
142

 This will be 

discussed in more detail in Chapter 5.  XRD investigations support this description, 

noting that the peak intensity from the {104} planes in the absence of PO4
3-

 anions 

becomes slowly surpassed by the peak intensity of the {110} planes (nearly parallel to 

the c-axis) with increasing PO4
3-

 anion addition, and then back again, as the aspect 

ratio of the acicular NRs increases and then decreases (Figure 4.3f). 

 Accordingly, it is recognised that surfactant PO4
3- 

ions are critical in mediating 

the shape and crystallinity of α-Fe2O3 NRs.  It is noted that the β-FeOOH NRs formed 

initially in the presence of PO4
3- 

ions at 120˚C (Sample S11) were smaller than those 

formed in the absence of the surfactant at the same temperature (Sample S2), as 

evidenced by direct TEM observations, supported by the broader, lower intensity 

peaks of the associated XRD patterns. Comparison of these two Samples also 

demonstrated that the presence of PO4
3- 

ions was associated with a delayed onset of 

formation of α-Fe2O3 NRs with increasing synthesis temperature.  In this context, it is 

noted that the pH of ~ 1.2 - 1.4 of the HS product solution was much lower than the 

PZC of solid β-FeOOH (pH ~ 8).
160

  Hence, it is considered that strong electrostatic 

attraction, resulting in high PO4
3- 

anion adsorption,
161

 acts to inhibit the size of the 

initial β-FeOOH NRs, whilst then stabilising the β-FeOOH NRs and decreasing their 

solubility at higher synthesis temperatures, particularly in a phosphate-rich 

environment, with consequent inhibition of subsequent α-Fe2O3 formation.   

 It is noted that Sugimoto and Muramatsu
162

 suggest that more phosphate 

anions can become incorporated into the tunnel-like structures of β-FeOOH during 

growth than are adsorbed onto the surface.  This view is supported by EDX analysis 

which indicated that P was present within the bulk of the initially formed β-FeOOH 

NRs and the subsequently developed α-Fe2O3 NRs, whilst complementary XPS 

analysis indicated that P was absent from the developed NR surfaces. 
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4.2.2.4  Growth mechanism 

The development of equiaxed α-Fe2O3 NPs with clear, sharp facets in a surfactant-free 

environment at 160°C suggests the direct deposition of Fe
3+ 

species on to the NP 

surfaces. In the presence of a phosphate, it is considered that the incorporation of 

phosphate into the bulk of the initially formed β-FeOOH NRs would lead to a gradual 

liberation of PO4
3- 

anions back into solution during subsequent β-FeOOH dissolution; 

in which case, a lower proportion of surfactant PO4
3- 

anions would be available to 

promote the initial development of anisotropic α-Fe2O3 NRs, consistent with a near 

equiaxed shape for the case of synthesis under conditions of low surfactant 

concentration, developing gradually into a more acicular α-Fe2O3 NR shape with 

increasing surfactant concentration.  In view of the observation that NR growth 

proceeds through the nucleation, agglomeration and recrystallisation of smaller α-

Fe2O3 NPs (described in detail in Chapter 5), the stabilisation of these α-Fe2O3 NPs by 

the PO4
3- 

surfactant would act to hinder their coalescence, explaining the increasingly 

rougher edges and partial crystallinity associated with α-Fe2O3 NRs developed under 

increasingly phosphate-rich conditions. Indeed, phosphate adsorbed to the small α-

Fe2O3 NPs would become trapped within the bulk of the α-Fe2O3 NRs during 

crystallisation. This helps to explain why α-Fe2O3 NR formation becomes completely 

inhibited in the presence of even higher phosphate concentrations, and why it 

becomes necessary to increase the temperature of synthesis in order to recover the 

crystallinity of the α-Fe2O3 NRs. The development of the anisotropic α-Fe2O3 NRs is 

still evident at the higher HS temperatures of 220°C and 240°C, albeit with truncated 

shape. The growth mechanism of the high aspect ratio α-Fe2O3 NRs will be discussed 

in more detail in Chapter 5. 
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4.3  Effect of FeCl3 precursor concentration on α-Fe2O3 NR 

growth for fixed Fe3+ : PO4
3- molar ratio 

FeCl3 and NH4H2PO4 have been identified as simple precursors for the hydrothermal 

growth of α-Fe2O3 NRs. The effect of FeCl3 concentration on α-Fe2O3 NR growth and 

size is now explored now. As shown in section 4.2, the highest aspect ratio α-Fe2O3 

NR of ~ 6.7 (Sample S14) was achieved with 0.2 ml FeCl3 solution, further diluted in 

40 ml water, 3mg NH4H2PO4 (Fe
3+ 

: PO4
3- 

molar ratio of 31.5) and heated in the 

standard 125 ml Teflon-lined stainless steel pressure autoclave at 200˚C for 2 hours. 

Here, the amounts of FeCl3 and NH4H2PO4 were altered proportionally to produce 75 

%, 50 % and 25 % of the original concentration in 40 ml water, whilst keeping the 

Fe
3+ 

: PO4
3- 

molar ratio constant, as summarised in Table 4.2. 

 

Sample FeCl3 / ml NH4H2PO4 / mg % of Sample S14 

S14 0.2 3 100 

S20 0.15 2.25 75 

S21 0.1 1.5 50 

S22 0.05 0.75 25 

Table 4.2 Quantity of FeCl3 and NH4H2PO4 hydrothermal precursors. 

 

4.3.1  Results and discussion 

The BF TEM images of Figure 4.9 demonstrate the change in α-Fe2O3 morphology 

with decreasing FeCl3 precursor concentration. Sample S20 (Figure 4.9a) revealed 

large α-Fe2O3 NRs (~ 350 nm long, ~ 70 nm wide) as the primary morphology. A 

decrease in precursor concentration in Sample S21 resulted in the formation of some 

larger α-Fe2O3 NRs (~ 300 nm long, ~ 60 nm wide) and NPs (< 90 long, < 50 nm 

wide), as shown in Figure 4.9b. Sample S22 comprised α-Fe2O3 NPs < 70 nm in 

diameter (Figure 4.9c).              
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Figure 4.9 BF TEM images of hydrothermal products heated at 200˚C for 2 hours with c) 0.15 ml 

FeCl3 and 2.25 mg NH4H2PO4;  (b) 0.1 ml FeCl3 and 1.5 mg NH4H2PO4; and (a) 0.05 ml FeCl3 and 

0.75 mg NH4H2PO4. (All corresponding to an Fe
3+

 : PO4
3-

 molar ratio of 31.5)  

 

 It is evident that changing the FeCl3 and NH4H2PO4 precursor concentrations, 

whilst keeping the Fe
3+

 : PO4
3- 

molar ratio constant, had a significant effect on the size 

and morphology of the associated α-Fe2O3 nanostructures. The decrease in precursor 

concentration resulted in a trend of forming primarily large α-Fe2O3 NRs (Sample 

S20), α-Fe2O3 NPs  exhibiting a larger aspect ratio of ~ 2 amongst large α-Fe2O3 NRs 

(Samples S21) and α-Fe2O3 NPs (Sample S22). Hence, it is evident that the α-Fe2O3 

particle size is dependent on precursor concentration, decreasing in both size and 

aspect ratio when lowering the FeCl3 and NH4H2PO4 concentration. Whilst the main 

objective was to investigate the effect of FeCl3 concentration on particle size, the 

intention was for the α-Fe2O3 NRs to maintain their anisotropic morphology. 

Consequently, focus will be given to the original precursor concentration (0.2 ml 

FeCl3 solution and 3mg NH4H2PO4 further diluted in 40 ml water), resulting in the 

high aspect ratio α-Fe2O3 NRs, for the remainder of this Chapter.   
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4.4  Effect of pH on α-Fe2O3 NR growth 

FeCl3 solution is as an acidic salt solution with a low pH. Further, the synthesis 

equations in Section 2.5.1 show that HCl, a strong acid, is formed during the 

breakdown of the FeCl3 precursor. For this reason, the precursor and α-Fe2O3 reaction 

product solutions generally exhibit low pH values of ≤ 2. However, it is considered 

that the pH value of the hydrothermal solution affects the absorption of phosphate 

surfactant on to α-Fe2O3 surface. Accordingly, the pH value of the hydrothermal 

precursor solution is varied now, to investigate the subsequent effect on α-Fe2O3 

morphology. Again, starting with the highest aspect ratio α-Fe2O3 NRs (Sample S14 

with initial pH of ~ 2) was achieved with 0.2 ml FeCl3 solution, further diluted in 40 

ml water, 3mg NH4H2PO4 (Fe
3+ 

: PO4
3- 

molar ratio of 31.5) and heated in the standard 

125ml Teflon-lined stainless steel pressure autoclave at 200˚C for 2 hours. Here, the 

pH value of the precursor solution was altered (prior to heating), to 2.5, 3.5 and 4 with 

NaOH solution, added drop-wise into the Teflon liner, whilst using a pH meter to 

measure the associated pH value, as summarised in Table 4.3. 

 

Sample pH 

S14 2 

S23 2.5 

S24 3.5 

S25 4 

Table 4.3 pH values of precursor solutions. 

  

4.4.1  Results and discussion 

The BF TEM images of Figure 4.10 demonstrate the effect of precursor solution pH 

on the α-Fe2O3 morphology. Sample S23 consists of α-Fe2O3 NRs (< 270 nm long, < 

60 nm wide) (Figure 4.10a). A slight increase in pH value for Sample S24 resulted in 

α-Fe2O3 NRs (< 150 nm long, < 70 nm wide) with a noticeable decrease in aspect 

ratio (Figure 4.10b). Sample S25 comprised α-Fe2O3 NPs, < 90 nm in diameter 

(Figure 4.10c).  
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Figure 4.10 BF TEM images of hydrothermal products heated at 200˚C for 2 hours with precursor 

solution of 0.2 ml FeCl3 solution, further diluted in 40 ml water, 3mg NH4H2PO4with pH values, 

altered using NaOH, of (a) 2.5; (b) 3.5; and (c) 4.  

 

 It is evident that a small increase in pH has a marked effect on the resultant α-

Fe2O3 morphology. A decrease in aspect ratio from ~ 4.5 to ~ 1 was observed for the 

α-Fe2O3 nanostructures present in Samples S23 and S25, respectively. The pH of the 

reaction product solution (~ 1) in Sample S23 was much lower than the PZC of solid 

α-Fe2O3 (pH ~ 8.5).
163,164

  Hence, it is considered that strong electrostatic attraction, 

which would result in high PO4
3- 

anion adsorption, promotes the anisotropic α-Fe2O3 

NR growth. However, an increase in precursor solution pH (Sample S25) is associated 

with a significant reduction in the α-Fe2O3 aspect ratio. Hence, it is suggested that a 

change in phosphate absorption on the α-Fe2O3 surface takes place within this pH 

regime, and this will be addressed further in Chapter 5. 
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4.5  Effect of stage of phosphate addition 

Phosphate anions have been shown to influence the growth of 1D α-Fe2O3 NRs, even 

at relatively low concentrations.  However, little has been reported on the effect of 

phosphate on the initial development of β-FeOOH, in the context of the anisotropic 

growth of α-Fe2O3 nanostructures.  The growth of β-FeOOH and α-Fe2O3 

nanostructures is described now, with the phosphate surfactant added at different 

stages of the HS process, to appraise its effect on the morphology and growth of the 

reaction products. The reactant solution (0.2 ml FeCl3 solution further diluted in 40 ml 

water) was mixed with and without 3 mg of NH4H2PO4 surfactant (Samples S26 and 

S27, respectively), mechanically stirred in the standard 125 ml Teflon-lined stainless 

steel pressure autoclave, and then sealed and inserted into a temperature controlled 

furnace at a reaction temperature of 110˚C for 2 hours.  The experiment was repeated 

and after cooling, Sample S26 was reinserted into the furnace again at 200˚C for 2 

hours (Sample S26*), whilst 3 mg of NH4H2PO4 was added to Sample S27 before 

resealing and reinsertion into the furnace at 200˚C for 2 hours (Sample S27*). The 

processing conditions are summarised in Table 4.4. 

 

Initial HS Secondary HS 

Sample 
FeCl3 

/ ml 

NH4H2PO4 

/ mg 

Temperature 

/ ˚C 
Sample 

NH4H2PO4 

/ mg 

Temperature 

/ ˚C 

S26 0.2 3 110 S26* 0 200 

S27 0.2 0 110 S27* 3 200 

Table 4.4 HS processing conditions demonstrating discrete stages of NH4H2PO4 addition. 

 

4.5.1 Results and discussion 

Figure 4.11 presents a BF TEM image (with associated SAED pattern inset) and an 

associated XRD pattern from Sample S26*.  The XRD pattern (Figure 4.11b) 

confirmed that the Sample comprised solely the α-Fe2O3 phase.  TEM investigation 

confirmed the development of acicular α-Fe2O3 NRs, ~ 75 nm wide and ~ 450 nm in 

length, in this instance (Figure 4.11a).  In all cases, the major axis of these well-

defined, single crystalline NRs was found to be perpendicular to the {006} set of 

crystal planes (Figure 4.11a), consistent with section 4.2.1.5.   
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 BF TEM images of Samples S26, S27 and S27* are presented in Figures 

4.12a, b & c, respectively. The associated XRD patterns of Figure 4.12d confirmed all 

these samples to comprise β-FeOOH. Application of the Scherrer equation using the 

(310) diffraction peak suggested average grain size to be ~ 15 nm (S26), 19 nm (S27) 

and 24 nm (S27*), respectively, alluding to an increase in particle size. However, the 

Scherrer equation does not take into consideration particle morphology. 

 

 
Figure 4.11 (a) BF TEM image (with SAED pattern inset) of an individual α-Fe2O3 NR (Sample S26*). 

(b) Associated XRD pattern from Sample S26*, confirming the presence of the α-Fe2O3 phase.  

 

 TEM investigation of Sample S26 confirmed this suspension to be a mixture 

of small and round, as well as larger rod-like, β-FeOOH NPs, up to ~ 15 nm wide and 

~ 45 nm in length (Figure 4.12a).  Conversely, Sample S27 (Figure 4.12b) exhibited 

only the β-FeOOH NRs (~ 20 nm wide and ~ 60 nm in length).  Sample S27* 

displayed larger, well-crystallised β-FeOOH NRs, up to ~ 40 nm wide and ~ 120 nm 

in length (Figure 4.12c).   
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Figure 4.12 BF TEM images (with associated SAED patterns inset) of the hydrothermal products 

synthesised with (a) 3 mg NH4H2PO4 and heated at 110˚C (Sample S26); (b) no NH4H2PO4 and heated 

at 110˚C (Sample S27); and (c) 3 mg NH4H2PO4 added to Sample S27 and heated at 200˚C (Sample 

S27*). (d) Associated XRD patterns from Samples S26, S27 and S27* showing the formation of β-

FeOOH. 

 

 This combined TEM and XRD investigation confirmed that Samples grown 

with and without phosphate at 110˚C (Samples S26 & S27), and without phosphate at 

110˚C then with phosphate at 200˚C (Sample S27*) all comprised the β-FeOOH 

phase, whilst only Sample S26* grown in the presence of phosphate throughout, at 

110˚C and then 200˚C, comprised the α-Fe2O3 phase.  Hence, it is evident that the 

stage at which the NH4H2PO4 surfactant was added to the initial suspension had a 

dramatic effect on the crystalline phase of the reaction products synthesised at 200˚C, 

i.e. the presence of the phosphate was required at the outset for the efficient formation 

and development of α-Fe2O3 NRs, via the intermediate β-FeOOH phase. 

 Sample S26 synthesised at 110˚C in the presence of the surfactant comprised a 

mixture of small, rounded NPs and NRs.  Sample S27, synthesised at 110˚C in the 

absence of a surfactant, mainly consisted of slightly larger NRs, whilst TEM 

investigation of Sample S27*, synthesised at 200˚C subsequent to the addition of 
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NH4H2PO4 to Sample S27, revealed larger still, well-crystallised β-FeOOH NRs. 

Hence, it is apparent that the initial addition of surfactant to Sample S26 acted to 

inhibit the growth of the developing β-FeOOH NPs, as compared with Sample S27. It 

is noted that the precursor solution exhibited an initial pH of ~ 2, being much lower 

than the PZC of β-FeOOH (pH 8),
160

 and hence it is possible that the inhibition of 

particle growth arises from strong electrostatic attraction and the adsorption of high 

levels of PO4
3- 

anions (as mentioned in Section 4.2.2.3).   

 Indeed, strong surface PO4
3- 

anion adsorption onto the β-FeOOH NRs of 

Sample S27, after interruption of the HS process, is considered to stabilise these 

established β-FeOOH NRs at the elevated reaction temperature of 200˚C.  This delay 

to the timing of surfactant addition provides an element of control over the HS 

process, preventing the phase transformation of β-FeOOH in Sample S27* to α-

Fe2O3, whilst also assisting with increasing the size of the β-FeOOH NRs.  
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4.6  Effect of α-Fe2O3 NPs (seeds) on α-Fe2O3 NR growth 

It was suggested in Section 4.2 that α-Fe2O3 NR growth proceeds through the 

nucleation, agglomeration and recrystallisation of smaller α-Fe2O3 NPs. In this 

context, the effect of dispersing additional α-Fe2O3 NPs, called ‘seeds’, in the 

precursor solution, prior to HS, on α-Fe2O3 NR growth is investigated. The α-Fe2O3 

seeds were previously synthesised through the scWHS of iron (III) nitrate 

nonahydrate using a dehydration temperature of 100°C (Sample S28).
165

 Varied 

amounts of α-Fe2O3 seeds were dispersed ultrasonically in the precursor solution (0.2 

ml FeCl3 solution, further diluted in 40 ml water, 3mg NH4H2PO4) and heated at 

200˚C for 2 hours, as summarised in Table 4.5. 

 

Sample 
α-Fe2O3 seeds / mg 

(Sample S28) 

S29 1 

S30 3 

S31 5 

Table 4.5 Amount of α-Fe2O3 seeds dispersed in the HS precursor solution. 

 

4.6.1  Results and discussion 

The BF TEM images of Figure 4.13b – d illustrate the effect of α-Fe2O3 seeds on the 

development of α-Fe2O3 NRs (Samples S29 – S31, respectively). Figure 4.13a shows 

the α-Fe2O3 seeds (Sample S28) to be < 10 nm in diameter. The α-Fe2O3 NRs in 

Figure 4.13a (Sample S29) are observed to be ~ 400 nm long and ~ 70 nm wide. TEM 

investigation of Samples S30 and S31 revealed α-Fe2O3 NRs ~ 300 nm long, ~ 60 nm 

wide (Figure 4.13c) and ~ 250 nm long, ~ 60 nm wide (Figure 4.13d), respectively.    
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Figure 4.13 BF TEM images of (a) α-Fe2O3 seeds produced through the scWHS of iron (III) nitrate 

nonahydrate using a dehydration temperature of 100°C (Sample S28); (b) 1 mg, (c) 3mg and (d) 5 mg 

of α-Fe2O3 seeds, dispersed in 0.2 ml FeCl3, 3 mg NH4H2PO4, further diluted in 40 ml water.     

 

 The TEM investigation of Samples S29 – S31 revealed a trend of decreasing 

α-Fe2O3 NR size with increasing α-Fe2O3 seed content. The dispersed α-Fe2O3 seeds 

can be considered as additional centres of aggregation for the primary α-Fe2O3 NPs. 

Nevertheless, aggregation will still occur amongst the primary α-Fe2O3 NPs.  The 

overall quantity of α-Fe2O3 NRs is dependent on the amount of discrete aggregation 

sites and is expected to increase with α-Fe2O3 seed content. However, additional NR 

growth sites imply a lower supply of primary α-Fe2O3 NPs to individual α-Fe2O3 NRs, 

reducing their size with increasing α-Fe2O3 seed content.   
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4.7  RHEED / XRD comparison 

In sections 4.2, the use of appropriate material characterisation techniques allowed an 

HS ‘process map’ to be developed, providing an overall impression of the β-FeOOH 

and α-Fe2O3 phase transformation. In this section, the applicability of RHEED and 

XRD as techniques for the structural characterisation of nanostructured iron oxide are 

compared and their relative merits highlighted. The reactant solution consisting of 0.2 

ml FeCl3 and varied amounts of NH4H2PO4 was mechanically stirred in the standard 

125ml Teflon-lined stainless steel pressure autoclave, sealed and inserted into a 

temperature controlled furnace for 2 hours at reaction temperature, as specified in 

Table 4.6. Example RHEED patterns indexed to the phases of β-FeOOH and α-Fe2O3 

are presented in Figures 4.14a & b, respectively, to assist with the interpretation of 

RHEED patterns recorded as a function of the HS processing conditions.  Subtle 

differences in the spacings and intensities of the diffraction rings enabled the two 

distinct phases to be distinguished. 

  

Table 4.6 HS processing conditions of increasing reaction temperature (Sample S22 to S35) and 

increasing NH4H2PO4 (Samples S36 – S39). 

 

Sample 
NH4H2PO4 

/ mg 

Temperature 

/ ˚C 
Sample 

NH4H2PO4 

/ mg 

Temperature 

/ ˚C 

S32 0 100 S36 1 160 

S33 0 120 S37 2 160 

S34 0 140 S38 3 160 

S35 0 160 S39 4 160 
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Figure 4.14 Example RHEED patterns indexed to (a) β-FeOOH and (b) α-Fe2O3. 

 

4.7.1  Results 

4.7.1.1  Effect of HS reaction temperature 

Figure 4.15 presents XRD and RHEED patterns of the hydrothermal products 

synthesised at reaction temperatures of 100˚C to 160˚C, in the absence of a surfactant, 

accompanied by conventional BF TEM images showing the product morphologies 

(Samples S32 – S35).  The XRD patterns corresponding to Samples S32 – S35 

(Figure 4.15a) chart a transformation from an intermediate phase of β-FeOOH to a 

well defined phase of α-Fe2O3 with increasing HS temperature.  Figures 4.15b & c 

show the associated RHEED patterns from Samples S32 and S33, respectively, with 

diffraction spacings corresponding to β-FeOOH.  Conversely, the diffraction spacings 

from Sample S35 (Figure 4.15e) matched accurately with α-Fe2O3, whilst the RHEED 

pattern from Sample S34 exhibited rings attributable to β-FeOOH and additional, 

discrete diffraction spots attributable to α-Fe2O3 (Figure 4.15d).  The associated TEM 

image of Figure 4.15f (Sample S32) shows the small β-FeOOH NRs, with varying 

aspect ratios, synthesised at 100˚C, as compared with Figure 4.15i (Sample S35) 

which shows the larger rhombohedral / hexagonal α-Fe2O3 NPs synthesised at 160˚C.  

The intermediate stages of α-Fe2O3 NP growth are seen at the reaction temperatures of 

120˚C and 140˚C (Figures 4.15g, h). 
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Figure 4.15 (a) XRD patterns of the HS reaction products synthesised from 0.2 ml FeCl3 further diluted 

in 40ml and as a function of increasing temperature from 100 to 160˚C (Samples S32 – S35, 

respectively) in the absence of a surfactant, with indices attributed to β-FeOOH and α-Fe2O3.  

Associated RHEED patterns and BF, diffraction contrast TEM images corresponding to Samples (b,f) 

S32; (c,g) S33; (d,h) S34 and (e,i) S35.   

 

4.7.1.2  Effect of phosphate surfactant 

Figure 4.16 presents associated XRD and RHEED patterns of the hydrothermal 

products synthesised at a reaction temperature of 160˚C with surfactant additions of 1 

to 4 mg phosphate, along with BF TEM images showing the reaction product 

morphologies (Samples S36 to S39).  The XRD patterns of Figure 4.16a exhibit 

narrow, high intensity peaks characteristic of α-Fe2O3 at high Fe
3+

: PO4
3-

 molar ratios, 

but with an ensuing loss in intensity, and by implication extent of crystallinity, with 

increasing PO4
3-

 anion concentration.  The associated RHEED patterns of Figures 

4.16b – d (Samples S36 – S38) exhibit distinct, high intensity rings which reinforce 

the concept of superior crystallinity, as compared with Sample S39, corresponding to 

the highest phosphate concentration, which exhibits less distinct diffraction rings 

(Figure 4.16e).  The TEM image of Figure 4.16f illustrates the mixture of 

‘pseudocubes’ and rounded and elliptical α-Fe2O3 NPs comprising Sample S36.  

Conversely, well defined acicular α-Fe2O3 NRs with an aspect ratio of 3.7 were 
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evident within Sample S37 (Figure 4.16g).  Sample S38 (Figure 4.16h) comprised 

partial acicular α-Fe2O3 NRs exhibiting the highest aspect ratio of 6 for this sample 

set.  A further decrease in the extent of crystallinity and the acicular α-Fe2O3 NR 

aspect ratio was associated with Sample S39. 

 

 
Figure 4.16 (a) XRD patterns of the HS reaction products synthesised from 0.2 ml FeCl3 further diluted 

in 40ml at 160˚C in the presence of increasing phosphate concentration from 1 to 4 mg NH4H2PO4 

(Samples S36 to S39, respectively).  Associated RHEED patterns and BF TEM images corresponding 

to Samples (b,f) S36; (c,g) S37; (d,h) S38 and (e,i) S39. 

 

4.7.2  Discussion 

The data shows that both the XRD and RHEED techniques are capable of identifying 

and distinguishing between different β-FeOOH and α-Fe2O3 HS reaction products. For 

example, both the XRD and RHEED patterns for Samples S32 and S33 identify the β-

FeOOH phase, synthesised at the relatively low reaction temperatures of 100 and 

120˚C.  However, TEM investigation of Sample S33 revealed the additional presence 

of some small α-Fe2O3 NPs, suggesting that the volume fraction of α-Fe2O3 in this 

instance was beneath the detection limit of either diffraction technique.  

 The XRD pattern of Sample S34 demonstrates that α-Fe2O3 was the dominant 

phase at the intermediate temperature of 140˚C, with a reduced β-FeOOH peak 
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intensity compared to Samples S32 and S33.  TEM investigation reinforced this 

perception, with the presence of well developed α-Fe2O3 NPs up to 150 nm in size. 

However, the RHEED pattern of Sample S34 still showed continuous diffraction rings 

attributable to β-FeOOH with a few intense diffraction spots characteristic of α-Fe2O3. 

This reflects the surface sensitivity of the RHEED technique as compared with XRD.  

One possibility is that α-Fe2O3 NPs are terminated with a surface structure of β-

FeOOH at this intermediate temperature of 140˚C. Alternatively, there may be an 

issue for the separation of mixed phases from suspension. It is suggested that the 

denser and less soluble hexagonally closed-packed α-Fe2O3 crystals would settle 

comparatively quickly compared to the smaller body-centred tetragonal β-FeOOH 

NRs, during aqueous solution evaporation, leaving a higher β-FeOOH surface 

proportion which would dominate the RHEED in this instance.  At the highest 

reaction temperature of 160˚C (Sample S35), all three characterisation techniques of 

XRD, RHEED and TEM confirmed the sole presence of the α-Fe2O3 phase.  

 The XRD and RHEED data for Samples S36 to S39 similarly confirmed that 

α-Fe2O3 was the dominant phase at the reaction temperature of 160˚C in the presence 

of a phosphate surfactant. TEM investigation demonstrated a variation in α-Fe2O3 NP 

aspect ratio with increasing concentration of PO4
3-

 anions.  This aspect ratio 

dependence is reflected in the relative peak intensities of the XRD patterns.  Further, 

the suppression of α-Fe2O3 formation associated with Sample S39 was attributed to 

the hindrance of β-FeOOH dissolution, symptomatic of higher PO4
3-

 anion 

concentration and hence, absorption.  This observation is echoed in the both the 

reduced intensities of the XRD data (Figure 4.16a) and less distinct diffraction rings 

associated with the RHEED pattern of Figure 4.16e.  
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4.8  Summary 

The development of β-FeOOH and α-Fe2O3 nanostructures using a wide range of HS 

processing conditions has been presented. A ‘process map’ for the HS of single 

crystalline α-Fe2O3 NRs from aqueous FeCl3 was constructed, as a function of 

temperature, time and phosphate concentration. The ‘process map’ provided insight 

into the nature of intermediate β-FeOOH NR precipitation, dissolution and subsequent 

α-Fe2O3 growth, along with the effect of PO4
3-

 anion concentration on the α-Fe2O3 

particle shape. Increasing the processing temperature in the absence of a surfactant 

promoted the dissolution of initially formed β-FeOOH NRs and the nucleation and 

growth of equiaxed α-Fe2O3 NPs with rhombohedral morphology. Increasing 

additions of phosphate surfactant resulted in a shape change of the α-Fe2O3 NPs into 

acicular α-Fe2O3 NRs with increasing aspect ratio, but with progressive inhibition of 

α-Fe2O3 phase formation. Increasing the synthesis temperature in the presence of 

PO4
3-

 anions was associated with the recovery of well-defined single crystal, acicular 

NRs. Increasing the time of synthesis in the presence of PO4
3-

 anions was similarly 

associated with the progressive formation and dissolution of β-FeOOH and the growth 

of well-defined acicular α-Fe2O3 NRs. An HS processing temperature of 200˚C and an 

Fe
3+ 

: PO4
3- 

molar ratio of 31.5 yielded optimal crystalline acicular α-Fe2O3 NRs with 

an aspect ratio of ~ 7.  Additional effects of FeCl3 aqueous solution concentration, 

pH, stage of NH4H2PO4 addition and α-Fe2O3 seeds on the β-FeOOH and α-Fe2O3 

nanostructures synthesised using the high aspect ratio conditions were explored. The 

α-Fe2O3 particle size was found to be dependent on precursor concentration, 

decreasing in both size and aspect ratio when lowering the FeCl3 and NH4H2PO4 

concentration, whilst keeping the Fe
3+

 : PO4
3- 

molar ratio constant. A small increase in 

pH from ~ 2.5 to ~ 4 resulted in marked reduction in the α-Fe2O3 aspect ratio. 

Addition of the surfactant after β-FeOOH precipitation prevented the phase 

transformation of β-FeOOH to α-Fe2O3 and assisted with increasing the size of the β-

FeOOH NRs. XRD and RHEED techniques have both identified and distinguished 

between the different β-FeOOH and α-Fe2O3 HS reaction products. Subtle differences 

in the data arise from the surface sensitivity of the RHEED technique as compared 

with XRD. Investigation of the effect of the HS processing conditions has led to 

controlled growth of β-FeOOH to α-Fe2O3 nanostructures.  
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Chapter 5  Hydrothermal growth mechanism derived 

from analysis of quenched samples  

5.1  Introduction 

The use of HS reaction vessels under conditions of high temperature and pressure 

generally creates an aspect of inaccessibility which limits direct investigation. 

Consequently, the analysis of HS nanostructures in Chapter 4 was restricted to post-

synthesis reaction products isolated following cool down under equilibrium 

conditions, with possibility of loss of in situ constituent evidence demonstrating the 

specific mechanistics of growth. In this chapter, use of a novel 50 ml valve-assisted 

Teflon-lined stainless steel pressure autoclave to facilitate ‘snapshot’ investigation of 

HS product suspensions rapidly quenched in liquid nitrogen is presented. This 

approach is considered to provide descriptions closely representative to the in situ 

physical state of the synthesis reaction products.  In this context, the viability of this 

‘snapshot’ approach to provide information on the localised development of high 

aspect ratio acicular α-Fe2O3 NRs as a function of reaction time is investigated. 

Consequently, a more detailed description of the development of 1D α-Fe2O3 

nanostructures, as a function of known reaction temperature, providing for better 

understanding of the growth mechanism of α-Fe2O3 NRs, is presented. In particular, 

emphasis is given to the critical role of the PO4
3- 

surfactant mediating their acicular 

shape. In addition, in situ TEM (iTEM) investigation of β-FeOOH and α-Fe2O3 NRs, 

providing fundamental insight into the localised growth of these nanostructures as a 

function of temperature, for comparison with the quenched HS reaction products is 

presented. 
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5.2  Effect of reaction time on α-Fe2O3 NR growth 

A 50 ml valve-assisted Teflon-lined stainless steel pressure autoclave was constructed 

to investigate the in situ growth of α-Fe2O3 NRs, prepared through the hydrothermal 

reaction of the FeCl3 precursor solution, (0.1 ml 45% pure FeCl3 solution, further 

diluted in 20 ml water). Use of the valve-assisted pressure autoclave allowed 

snapshots of the synthesis to be obtained after 20, 30, 40 or 50 minutes (‘Quenched’ 

Samples, labelled Q20, Q30, Q40, and Q50, respectively, for simplicity) of 

processing, as summarised in Table 5.1. The autoclave was removed from the furnace 

at the reaction temperature and immediately transferred to a tripod support for 

stability, where the valve was opened and closed, as quickly as practically possible, 

for the release of sufficient hydrothermal product suspension into liquid nitrogen for 

the purpose of rapid quenching.   

 

5.2.1 Results 

Figures 5.1, 5.2 and 5.3 present TEM images that illustrate the development of the 

varied β-FeOOH and α-Fe2O3 reaction products on the atomic scale.  The phases 

present were identified by the matching of diffraction spots within SAED patterns and 

the characteristic lattice fringe spacings revealed by phase contrast imaging, as 

summarised in Table 5.1.   
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Reaction 

product 
Morphology 

Dimension 

(l/w) / nm 

Q20 1.5 200 20 β-FeOOH NRs and NPs <50/15 

Q30 1.5 200 30 

β-FeOOH 

α-Fe2O3 

α-Fe2O3 

NRs and NPs 

NPs 

NPs 

<50/15 

<70 

<10 

Q40 1.5 200 40 
α-Fe2O3 

α-Fe2O3 

NRs 

NPs 

<150/25 

<10 

Q50 1.5 200 50 α-Fe2O3 
NRs with tip 

filamentary features 
<400/80 

Table 5.1 Reaction times of ‘snapshots’ and a summary of the product phases, morphologies and sizes. 
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 TEM investigation of Sample Q20, quenched after 20 minutes of processing, 

revealed β-FeOOH NRs ~ 50 nm in length, as identified by the associated SAED 

pattern (Figure 5.1, inset). 

 

 
Figure 5.1 BF TEM images of ‘quenched’ hydrothermal products after 20 minutes of processing at 

200˚C (Sample Q20) and corresponding SAED pattern indexed to β-FeOOH (inset). 

 

 Figure 5.2a shows the fine details of the β-FeOOH NRs being readily 

distinguishable from the α-Fe2O3 phase because of their significantly larger lattice 

fringe spacings (Figure 5.2a, inset).  A large number of small α-Fe2O3 NPs (< 10 nm 

in diameter) were also identified within the sample.  Further, Figure 5.2b (boxed 

region) illustrates the development of a distinct, single crystalline α-Fe2O3 NP (~ 70 

nm in diameter) exhibiting an irregular structure with rough edges. 

 

 
Figure 5.2 BF and phase contrast TEM images of ‘quenched’ hydrothermal products after 30 minutes 

of processing at 200˚C (Sample Q30). (a) β-FeOOH, as identified by lattice fringes (inset) and (b) an α-

Fe2O3 NP (boxed), identified by lattice fringes and corresponding SAED pattern (inset). 
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 TEM investigation of the reaction products produced after 40 minutes of 

synthesis (Sample Q40) again indicated the presence of many small isotropic α-Fe2O3 

NPs (< 10 nm in diameter) along with development of larger α-Fe2O3 acicular NRs (~ 

150 nm long, ~ 25 nm wide), but without any noticeable evidence for the presence of 

the intermediate β-FeOOH phase (Figure 5.3).  Higher magnification examination 

illustrated the close association between the smaller α-Fe2O3 NPs and the 

development of the single crystalline α-Fe2O3 NRs.  Indeed, lattice fringes revealed by 

phase contrast imaging were consistent with the presence of only crystalline α-Fe2O3 

(Figure 5.3e).  

 

 
Figure 5.3 BF and phase contrast TEM images of the hydrothermal products after 40 minutes of 

processing at 200˚C (Sample Q40). (a) Larger α-Fe2O3 NRs (~ 150 nm long, ~ 25 nm wide) amongst 

smaller α-Fe2O3 NPs (< 10 nm); (b) large α-Fe2O3 NR with smaller NPs attached (inset); (c) & (d) 

smaller NPs on the edge of the lacey carbon support; and (e) an individual α-Fe2O3 NP. 

 

 TEM investigation of Sample Q50 (Figure 5.4) revealed the presence of large 

well-defined, crystalline, acicular α-Fe2O3 NRs, again identified by their lattice fringe 

spacings and associated SAED patterns (Figure 5.4a, inset).  Filamentary features 

observed at the ends of the developing NRs exhibited the same lattice fringe spacings 

(Figure 5.4b, inset), being crystallographically aligned with bulk crystal 

nanostructure.   
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Figure 5.4 BF TEM image of (a) large acicular α-Fe2O3 NRs synthesised for 50 minutes at 200˚C 

(Sample Q50), identified by lattice fringes and associated SAED pattern (e.g. inset) and (b) filamentary 

α-Fe2O3 feature at the tip of the developing NR.  

 

5.2.2 Discussion 

It is considered that the reaction products obtained from the valve-assisted pressure 

autoclave are closely representative of the in situ physical state of the developing iron 

oxide nanostructures, due to the large cooling rate experienced during quenching.  

This acts to restrict possible atom / ion transport, thereby locking-in the morphology 

of the nanostructures. 

 The dominant presence of β-FeOOH NRs after 30 minutes of processing 

(Sample Q30) confirms it to be an intermediate phase.   A number of small (< 10 nm) 

α-Fe2O3 NPs were also observed, along with a few large crystalline α-Fe2O3 NPs (~ 70 

nm in size) exhibiting irregular morphologies. It is noted that after 20 minutes of 

synthesis (Sample Q20), only β-FeOOH NRs were observed, as confirmed by SAED.  

 TEM investigation of the snapshot sample after 40 minutes of processing 

(Sample Q40) demonstrated the development of much larger α-Fe2O3 NRs (~ 150 nm 

in length), alongside many smaller (< 10 nm) α-Fe2O3 NPs, but with no evidence for 

the presence of any β-FeOOH nanostructures.  This is consistent with the suggestion 

that the β-FeOOH NRs dissolve, supplying Fe
3+ 

to support the growth of the α-Fe2O3 

NRs, the development of which occurs through the consumption of smaller α-Fe2O3 

NPs through a process of coarsening.
166

 The Ostwald rule of stages, concerning the 

competition between kinetics, irreversible thermodynamics and equilibrium 

thermodynamics, implies that the energetic barrier for formation and dissolution of 

metastable β-FeOOH is lower and easier to overcome than the higher energetic barrier 
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associated with the precipitation of the more stable α-Fe2O3 phase, being driven by 

the enthalpy for bond formation at increasing hydrothermal temperatures.
166

       

 The snapshot of Sample Q50 after 50 minutes of processing demonstrated a 

significant reduction in the number of the smaller α-Fe2O3 NPs, and the dominant 

presence of much larger (~ 400 nm in length), well-crystallised, acicular α-Fe2O3 NRs 

exhibiting distinctive filamentary features at their tips.  Indeed, lattice fringes 

indicated these features to be crystallographically aligned with the bulk NRs.  This 

confirms that the fundamental process defining the growth of the α-Fe2O3 NRs is that 

of agglomeration and re-arrangement of discrete α-Fe2O3 NPs, rather than one of 

dissolution and recrystallisation.   

 Further, the α-Fe2O3 filamentary features shown in Figure 5.4b suggest the 

preferential attachment of primary α-Fe2O3 NPs to faces normal to the α-Fe2O3 

crystallographic c-axis, with reduction in surface energy driving subsequent 

coalescence and crystallisation, mediated by the phosphate surfactant, to produce such 

acicular shapes. 

 Thus, improved understanding of the reaction products synthesised using the 

standard pressure autoclave has been gained based on the insights provided by these 

fundamental valve-assisted synthesis experiments.  In the case of conventional HS, as 

used in Chapter 4, it is considered that Fe
3+

 cations released through β-FeOOH 

dissolution may resort back to β-FeOOH during the process of cool down (< 120˚C), 

thereby providing a slightly misleading representation of the in situ state of the 

hydrothermal reaction products.  

 This valve assisted HS approach offers a rapid route for fundamental 

investigation of the growth mechanisms of many interesting nanostructures, and those 

of complicated chemical composition in particular, simply by changing the reactant 

solution, coupled with some knowledge of the anticipated hydrothermal or solvo-

thermal reaction products as a function of the processing conditions used. However, it 

is recognised that the cooling rate is dependent on the reaction solution pressure and 

thus the associated solution expulsion rate from the valve. At low pressures, it is 

considered that the quenching time might be in the range of tenths of a second, whilst 

at high pressures, there might be the possibility of some parasitic crystallisation and 

explosive nucleation caused by high supersaturation during quenching, as well as 

contamination artefacts.  Nevertheless, it is believed that this data presents a markedly 
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more accurate representation of α-Fe2O3 NR hydrothermal growth compared to that 

obtained from the standard pressure autoclave used in Chapter 4.   

 In this context, it is noted that the technique of in situ synchrotron X-ray 

diffraction may also be used to investigate of the hydrothermal growth of 

nanostructured materials such as hematite,
167

 but this approach is only sensitive to 

bulk crystal phase transformations.  The advantage of the present snapshot valve-

assisted HS approach, coupled with TEM, is that it facilitates the investigation of a 

sequence of in situ reaction products on the localised scale. 
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5.3 Effect of (known) reaction temperature on α-Fe2O3 NR 

growth 

These initial experiments have demonstrated the viability of the ‘snapshot’ approach 

to provide detailed insight into the localised development of acicular α-Fe2O3 NRs, as 

a function of reaction time.
168

 A more detailed investigation of the development of 1D 

α-Fe2O3 nanostructures, as a function of reaction temperature, using this 50 ml valve-

assisted Teflon-lined stainless steel pressure autoclave, recognising that thorough 

understanding of the temperature response of each reaction vessel is needed to fully 

appraise the growth, is now presented.  It is considered that detailed analysis of the 

quenched hydrothermal reaction solutions, acquired at known reaction temperatures, 

provides for better understanding of the development process of α-Fe2O3 NRs. In 

particular, emphasis is given to the critical role of the PO4
3- 

surfactant mediating their 

acicular shape. The ‘snapshot’ samples were prepared through the hydrothermal 

reaction of the FeCl3 precursor solution, as specified in Section 3.2.3.1. The time 

taken for the hydrothermal reaction solution to reach the furnace temperature (Table 

5.2 – ‘quenched’ samples labelled Q100 – Q200, for simplicity) was monitored using 

an integrated thermal couple (Figure 5.5).  This demonstrated that the autoclave, in 

this instance, required a dwell time of 80 minutes to achieve the desired hydrothermal 

reaction temperature, whilst the heating rate was dependent on the furnace 

temperature. 
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Reaction 

product 
Morphology 

Dimension 

(l/w) / nm 

Q100 1.5 100 80 
β-FeOOH  

α-Fe2O3  

NRs and NPs 

NPs 

<50/15 

< 10  

Q120 1.5 120 80 
β-FeOOH 

α-Fe2O3 

NRs and NPs 

NPs 

<50/15 

< 10  

Q140 1.5 140 80 

β-FeOOH 

α-Fe2O3 

α-Fe2O3 

NRs 

NPs 

Acicular NRs 

<50/15 

<10 

~ 150/50 

Q160 1.5 160 80 

β-FeOOH 

α-Fe2O3 

α-Fe2O3 

Few NRs  

NPs 

Acicular NRs 

< 40/15 

<10 

~350/60 

Q180 1.5 180 80 
α-Fe2O3 

α-Fe2O3 

NPs 

Acicular NRs 

<10 

~420/65 

Q200 1.5 200 80 α-Fe2O3 Acicular NRs ~ 450 / 80 

Table 5.2 ‘Snapshot’ samples investigated as a function of increasing temperature and a summary of the 

product phases, morphologies and sizes. 
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Figure 5.5 Hydrothermal reaction solution temperature plotted as a function of reaction time. 

 

5.3.1 Results 

Use of the valve-assisted pressure autoclave enabled investigation of the hydrothermal 

processing of aqueous FeCl3 solution, for the synthesis of either β-FeOOH or α-Fe2O3 

nanostructures, or both, depending on the HS reaction temperature. In this section, the 

valve-assisted pressure autoclave used to obtain snapshots of the synthesis after 80 

minutes of processing, after the HS reaction solution had attained the target (furnace) 

temperature, the evidence for which is now presented in detail. 

 

5.3.1.1  Transmission electron microscopy 

The BF, diffraction contrast TEM images of Figures 5.6a – f illustrate the varied β-

FeOOH and α-Fe2O3 reaction products, as a function of increasing HS temperature 

(Samples Q100 – Q200).  The phases present were identified from associated SAED 

patterns (Figures 5.6a – f inset and summarised in Table 5.2).  Sample Q100 (Figure 

5.6a) showed the presence of β-FeOOH needle-shaped NRs (< 50 nm long, 15 nm 

wide) and small α-Fe2O3 NPs (< 10 nm in diameter).  The same phases and particle 

morphologies were observed in Sample Q120 (Figure 5.6b), with the presence of 

slightly more of the small α-Fe2O3 NPs.  Conversely, Sample Q140 (Figure 5.6c) 

exhibited additional darker α-Fe2O3 NRs (~ 200 long, ~ 50nm wide, as arrowed) 

amongst the previously observed β-FeOOH and α-Fe2O3 nanostructures.  Further, 

Sample Q160 (Figure 5.6d) demonstrated an increased presence of the small isotropic 

α-Fe2O3 NPs (< 10 nm in diameter), along with the development of larger α-Fe2O3 

acicular NRs (~ 350 nm long, ~ 60 nm wide) and a correspondingly marked reduction 
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in the presence of the intermediate β-FeOOH phase.  The proportion and size of α-

Fe2O3 NRs (~ 420 nm long, ~ 65 nm wide) was even greater in Sample Q180 (Figure 

5.6e), without any noticeable evidence for the presence of the intermediate β-FeOOH 

phase amongst the remaining small α-Fe2O3 NPs.  Sample Q200 exhibited the largest, 

most well-defined, crystalline acicular α-Fe2O3 NRs (~ 450 nm long, ~ 80 nm wide) 

(Figure 5.6f).  

 Phase contrast imaging of Sample Q100 revealed details of the initial 

development of β-FeOOH nanostructures, as identified by characteristic lattice fringes 

corresponding to {110} and {200} planes (Figures 5.7a and 5.7b, respectively).  An 

embryonic β-FeOOH NP is shown in Figure 5.7a, whilst Figure 5.7b is representative 

of the first stages of development of a β-FeOOH NR, with characteristic {110} planes 

(d110 = 7.47Å) lying parallel to the NR growth axis (Figure 5.7b).  

 The BF and phase contrast TEM images of Figure 5.8 present details of the 

initially formed α-Fe2O3 NPs, as identified in Sample Q160. Lattice fringes consistent 

with the development of crystalline α-Fe2O3 were identified (Figure 5.8d), and 

confirmed by associated Fast Fourier Transform (FFT) patterns (Figure 5.8e). The 

initially formed α-Fe2O3 NPs were all isotropic in shape and < 10 nm in diameter.   
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Figure 5.6 BF TEM images of ‘quenched’ hydrothermal products synthesised from 0.1 ml FeCl3, 

further diluted in 20 ml water, and 1.5 mg NH4H2PO4, after 80 minutes of processing, having achieved 

temperatures of (a) 100, (b) 120, (c) 140, (d) 160, (e) 180 and (f) 200˚C, respectively (Samples Q100 – 

Q200), with corresponding SAED patterns (inset – (a) and (f) are indexed to β-FeOOH and α-Fe2O3, 

respectively).  
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Figure 5.7 Phase contrast TEM images of the hydrothermal products synthesised from 0.1 ml FeCl3, 

further diluted in 20 ml water, and 1.5 mg NH4H2PO4, at 100˚C (Sample Q100). (a) Small β-FeOOH 

NP (~ 15 nm in diameter); and (b) small developing β-FeOOH NR (~ 50 nm long, ~ 15 nm wide); both 

identified by lattice fringes.  

   

 
Figure 5.8 BF and phase contrast TEM images of the first stages of development of α-Fe2O3 NPs, 

synthesised from 0.1 ml FeCl3, further diluted in 20 ml water, and 1.5 mg NH4H2PO4, at 160˚C 

(Sample Q160). (a) Small α-Fe2O3 NPs (< 10 nm in diameter); (b) & (c) small α-Fe2O3 NPs on the edge 

of the lacey carbon support; (d) an individual α-Fe2O3 NP identified by lattice fringes and (e) 

corresponding FFT. 
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Figure 5.9 BF and phase contrast TEM images of the hydrothermal products processed at (a – c) 160˚C 

and (d) 180˚C, respectively.  (a) Initially formed α-Fe2O3 NR (~ 40 nm long, ~ 12 nm wide),  as 

identified by lattice fringes and associated FFT (both inset); (b) α-Fe2O3 NR (~ 120 nm long, ~ 25 nm 

wide) with corresponding SAED pattern (inset); (c) tip of an α-Fe2O3 NR, as identified by lattice 

fringes and SAED pattern (both inset), exhibiting filamentary features crystallographically aligned with 

the bulk NR (inset); and (d) tip of a developing α-Fe2O3 NR, as identified by lattice fringes (inset), with 

an irregular surface and uneven distribution of α-Fe2O3 NPs attached to the tip (inset).  

 

 TEM investigation of Samples Q160 and Q180 (Figures 5.9a – d) 

demonstrated the close association between the initially formed α-Fe2O3 NPs and the 

development of single crystalline α-Fe2O3 NRs.  Figure 5.9a shows a small crystalline 

α-Fe2O3 NR (~ 40 nm long, ~ 12 nm wide), as identified by lattice fringe spacings and 

associated FFT.  Figure 5.9b illustrates a slightly larger α-Fe2O3 NR (~ 120 nm long, 

~ 25 nm wide), with an irregular surface. The developing tips of such α-Fe2O3 NRs 

exhibited filamentary features, comprising α-Fe2O3 NPs of similar size to those shown 

in Figure 5.8, with lattice fringes aligned with the NR bulk (Figure 5.9c, inset).  

Associated SAED patterns (Figure 5.9c inset) demonstrated the α-Fe2O3 NR growth 

axis to be parallel to <006>.  It is considered that the TEM image of Figure 5.9d 

reveals details of the initial stages of attachment of crystalline α-Fe2O3 NPs to a 

developing α-Fe2O3 NR, prior to their crystallographic alignment with the bulk NR. 
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5.3.1.2  X-ray photoelectron spectroscopy 

Complementary XPS data from samples Q100 and Q160 (Figures 5.10a & b, 

respectively), showing details of Fe 2p and P 2p peaks, presented in Figures 5.10c & 

d, respectively. In Section 4.2.1.5, it was reported that Fe 2p and P 2p signatures from 

iron oxide and iron hydroxide grown by HS in a phosphate environment were nearly 

identical, limiting ease of discrimination between the surfaces of these phases using 

the technique of XPS.
7
 However, subtle differences in the near surface chemistries of 

these β-FeOOH and α-Fe2O3 nanostructures are revealed by the present data set.  

 Figure 5.10c shows Fe 2p3/2 binding energy peaks at 711.8 eV and 711.0 eV 

for samples Q100 and Q160, consistent with the presence of β-FeOOH and α-Fe2O3, 

respectively.
169,170

 Satellite peaks characteristic of Fe
3+

 were evident within both 

spectra, with differences in the binding energies between satellite and Fe 2p3/2 peaks 

being 7.60 eV and 4.50 eV for α-Fe2O3 and β-FeOOH, respectively. This observation 

is consistent with a recent report of an 8.0 eV separation between satellite peak and 

the Fe 2p3/2 binding energy for bulk α-Fe2O3.
171

 Further, Figure 5.10d showing P 2p 

peaks centred at 134.0 eV, 133.0 eV and 133.1 eV (Samples Q100, Q160 and Q200, 

respectively) is consistent with the presence of phosphate species on the surfaces of 

both β-FeOOH and α-Fe2O3 nanostructures.
172,173

  

   

 
Figure 5.10 XPS survey spectra of (a) Sample Q100 and (b) Sample Q160. XPS data showing (c) Fe 2p 

and (d) P 2p signatures from Samples Q100, Q160 & Q200.  

 



Chapter 5 HS growth mechanism derived from analysis of quenched samples 

99 

 

5.3.1.3  Fourier transform infrared spectroscopy 

The nature of the covalent bonding of the surface phosphate species was investigated 

using FTIR spectroscopy. Phosphate stretching modes
174

 were identified typically in 

the range of 900 - 1200 cm
-1

.  Figure 5.11a presents FTIR spectra obtained from 

Samples Q100, Q160 and Q200, as well as an additional spectrum from acetone 

cleaned Q200 (labelled Q200C). It is clear that the signal from Sample 200C is 

relatively small compared to Samples Q100, Q160 and Q200. For this reason, the 

signal from the original snapshot samples can be assigned to emission from surface 

species, as opposed to signal from the crystal bulk. Deconvolution of the Q100 and 

Q160 spectra into the individual spectral constituents was performed using CasaXPS 

software (Figures 5.11b and 5.11c / d, respectively). Sample Q100 demonstrated 

peaks at 1111, 1056 and 987 cm
-1 

(Figure 5.11b) whilst Sample Q160 showed peaks 

at 898, 934, 970, 1004, 1036, 1071 and 1149 cm
-1 

(Figure 5.11d).  

 

 

Figure 5.11 (a) FTIR spectra of phosphate species from Samples Q100, Q160, Q200 and Q200C; (b) 

deconvolution of Q100 showing labelled individual spectral constituents; (c) deconvolution of Q160 

showing individual spectral constituents; and (d) labelled individual peaks (Sample Q160). 
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5.3.2  Discussion 

5.3.2.1  Overview  

It is considered that sequential snapshot characterisation of the hydrothermal reaction 

products as a function of processing temperature allows for direct realisation of the α-

Fe2O3 NR growth mechanism. In this context, the present set of experiments chart the 

development of β-FeOOH and α-Fe2O3 reaction product phase and morphology as a 

function of stabilised temperature, attained using a valve-assisted pressure autoclave 

after 80 minutes of processing. Two considerations, however, should be noted. It is 

recognised that present set of experiments provides a series of steady-state 

observations as a function of known temperature, as distinct from a time dependent 

analysis of the development of reaction products, as described in Section 5.2. A lack 

of knowledge of the precise temperature during the time dependent heating stage in 

Section 5.2 prohibited direct association of HS temperature with nanostructure 

development.
168

 Nevertheless, the overall growth sequence elucidated using the 

present snapshot approach at known temperature, now reported here, is found to 

match the trends of the original HS ‘process map’ (Figure 4.8) for the standard 

pressure autoclave, as shown in Chapter 4.2.2.1.
7
 Indeed, it is worth emphasising that 

the ‘process map’ explored a wider range of processing conditions, i.e. reaction time; 

temperature and phosphate concentration, and this focused the attention on the present 

series of snapshot experiments at known temperature, for the purpose of gaining 

improved understanding of the hydrothermal growth mechanism. Accordingly, 

embryonic β-FeOOH NPs and NRs, by way of intermediate phase (Sample Q100), led 

to the development of small (< 10 nm) α-Fe2O3 NPs (Sample Q120) which increased 

in proportion along with the development of small crystalline α-Fe2O3 NRs (Sample 

Q140).  Maximisation of the quantity of small α-Fe2O3 NPs and corresponding 

reduction in the proportion of β-FeOOH NRs with increasing processing temperature 

(Sample Q160) led to further increase in the quantity and size of α-Fe2O3 NRs 

(Samples Q180 and Q200) at the expense of the α-Fe2O3 NPs.   

 

5.3.2.2  Stages of growth  

The development of large single crystalline α-Fe2O3 NRs can be considered as a two 

stage process: 1) the growth and dissolution of intermediate β-FeOOH nanostructures, 

alongside precipitation of α-Fe2O3 NPs; and 2) the agglomeration and coarsening of 

α-Fe2O3 primary NPs into α-Fe2O3 NRs.   
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 β-FeOOH has been described as being slightly metastable and therefore 

kinematically accessible when precipitated from aqueous solution.
16

 However, due to 

the very small (< 50 nm) β-FeOOH NP and NR sizes, with positive surface energies 

by implication, the easily hydrated particle surfaces reduce their effective surface 

enthalpies by up to 0.1 J/m
2
.
106

 Consequently, β-FeOOH NPs become partially 

thermodynamically stabilised.  As mentioned in the discussion of Section 5.2, the 

Ostwald rule of stages concerns the competition between kinetics, irreversible 

thermodynamics and equilibrium thermodynamics.
168

 A decrease in total surface 

energy is considered to be the driving force for the crystal growth kinetics of β-

FeOOH and α-Fe2O3.  As the more thermodynamically stable α-Fe2O3 primary NPs 

nucleate and grow, driven by the enthalpy for bond formation at increasing 

hydrothermal temperatures, the equilibrium Fe
3+

 concentration at the surface of α-

Fe2O3 becomes lower than that of β-FeOOH. The resulting concentration gradient 

leads to Fe
3+

 ions flowing from β-FeOOH to the newly formed α-Fe2O3 NPs, 

prompting β-FeOOH dissolution to restore the equilibrium Fe
3+

 concentration at the 

β-FeOOH surface.  An illustration of β-FeOOH dissolution and α-Fe2O3 crystal 

growth based on the Ostwald rule of stages is shown in Figure 5.12a.
166

 

 Further, it is considered that phosphate absorption on the α-Fe2O3 NP surfaces 

acts to stabilise the < 10 nm particle sizes,
149,175

 being distinct from the larger (< 150 

nm) isotropic α-Fe2O3 NPs which form under surfactant-free conditions.
7
 These 

primary α-Fe2O3 NPs may be considered as ‘building blocks’ that collide and coalesce 

in an oriented fashion to form the single crystalline acicular α-Fe2O3 NRs.  It is 

suggested that preferential phosphate absorption on specific α-Fe2O3 crystal faces is 

consistent with acting to promote the OA mechanism
176,177

 (Figure 5.12b).  If the α-

Fe2O3 NPs are not initially in compatible orientations at the point of coalescence 

(Figure 5.9d), they are still free to rotate to achieve structural coherence at a common 

interface (Figures 5.9a and 5.9c).  It is considered that this grain-rotation-induced 

grain coalescence (GRIGC) mechanism
178,179

 acts to minimise the area of high energy 

interfaces, allowing low-energy configurations to become established, eliminating 

misoriented grain boundaries and forming coherent grain-grain boundaries in 

accordance with the model proposed by Zhang et al.
176

  This OA mechanism appears 

to be equally applicable to the initial development of α-Fe2O3 NRs (Figure 5.9a), as to 

the attachment of α-Fe2O3 primary NPs to well-defined crystalline α-Fe2O3 NRs, 

creating the filamentary features observed at the NR tips (Figure 5.9c).  
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 These two distinct stages of crystal growth will be now discussed in more 

detail, with emphasis on the pivotal role of the phosphate surfactant on the 

development of the acicular shape of the α-Fe2O3 NRs.     

 

 
Figure 5.12 Schematic representation showing: (a) dissolution of intermediate β-FeOOH nanostructures 

(grey shading) alongside precipitation of α-Fe2O3 NPs (lined shading), based on the Ostwald rule of 

stages; and (b) agglomeration, rotation (arrowed) and coarsening of α-Fe2O3 primary NPs into an α-

Fe2O3 NR, based on the OA mechanism. 

 

5.3.2.3  Growth and dissolution of β-FeOOH  

The evidence from Samples Q100 and Q120 is consistent with the initial formation of 

β-FeOOH NPs (~ 15 nm in diameter, Figure 5.7a) followed by the development of β-

FeOOH NRs (~ 50 nm long, 15 nm wide, Figure 5.7b) with tetragonal crystal 

structure (Figure 5.13). The large channels associated with the principal growth c-axis 

(Figure 5.13c) are considered also to be energetically favourable for both growth and 

dissolution. It is suggested that chlorine and phosphate species occupy these channels, 

becoming incorporated within the β-FeOOH lattice during HS.
109,162

  It is likely that 

subsequent dissolution of β-FeOOH NRs occurs along the c-axis, with consequent 

release of any incorporated chemical species back into solution.  The marked 

reduction in the number of β-FeOOH NRs and degradation into smaller β-FeOOH 

NPs with increasing temperature (Sample Q160), as evidenced by associated SAED 

patterns (Figure 5.6d), is consistent with this process of β-FeOOH dissolution 

alongside the development of α-Fe2O3 NPs. From a processing point of view, the 

control of phosphate concentration (combined with temperature and time) provides a 

mechanism to mediate the supply of Fe
3+

 ions used for the growth of α-Fe2O3. 
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Figure 5.13 Schematic representation of the tetragonal β-FeOOH crystal structure showing: projections 

along the (a) <010> and (b) <110> zone axes; and (c) scaffold-like face normal to the c-axis revealing 

large channels. Small (red) and large (blue) atoms denote iron and oxygen, respectively. Terminal 

hydrogen atoms are not shown.  

 

5.3.2.4  Form of the phosphate surfactant  

Subtle differences in the Fe 2p data for β-FeOOH and α-Fe2O3 (Figure 5.10a) 

demonstrate that α-Fe2O3 (NPs and some NRs) had become the dominant phase by 

160C (Sample Q160), showing a similar XPS signature to that exhibited by fully 

formed acicular NRs synthesised at 200C (Sample Q200).  Further, noticeable P 2p 

peaks demonstrated the association of phosphorus, believed to be in the form of a 

phosphate complex, with both the β-FeOOH and α-Fe2O3 surfaces at all synthesis 

temperatures (Figure 5.10b).  In a similar fashion to α-Fe2O3, it is considered that 

these phosphate species act to restrict the size of the β-FeOOH nanostructures (< 50 

nm), as compared with β-FeOOH nanostructures (< 60 nm) synthesised in a 

phosphate-free environment.
7
 As mentioned in Section 4.2.2.3, phosphate complexes 

on iron hydroxide are known to depend on pH,
180-182

 with a general increase in 

adsorption being associated with decreasing pH. The HS reaction product solution 

used here exhibited an initial pH < 2, whilst the PZC of β-FeOOH is ~ 8.
160

 Hence, it 

is again evident that the high phosphate absorption associated with electrostatic 

attraction acts to suppress both β-FeOOH growth and dissolution.
160

  

 Further, the FTIR evidence presented here is consistent with the absorption of 

phosphate species on the iron atoms at the α-Fe2O3 surfaces, in the form of either 

mono or bi-dentate complexes.  Hence, the form and the role of the phosphate ions 
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attached to α-Fe2O3 needs to be considered in more detail. Assignment of the peaks in 

the FTIR spectra of Figure 5.11 is made with reference to established literature.
183-189

 

For example, Arai et al
183

 applied FTIR spectroscopy to investigate surface phosphate 

complexes on FeOOH surfaces at low pH values, whilst Rose et al
184

 and Wilhelmy et 

al
185

 both suggested mono-dentate phosphate complexation with ferric ions at pH < 2 

when using ferric chloride precursors under specific conditions. In this context, the 

single broad FTIR peak (Figure 5.11b) for Sample S100 at ~ 1050 cm
-1

 can be 

deconvoluted into peaks at 997, 1056 and 1111 cm
-1

 and these ν3 bands, consistent 

with C2ν symmetry or lower,
181

 are in good agreement with the three ν3 band
174

 

splitting signatures of mono or bi-protonated mono-dentate mononuclear phosphate 

complexes (FeHPO4
2+

 or FeH2PO4
2+

, both with C1 symmetry).
185

 The additional peak 

at ~ 850 cm
-1

 is characteristic of the β-FeOOH phase.
186

  

 In particular, the FTIR spectra from Samples Q160 and Q200 (Figure 5.11) 

provide valuable clues as to the nature of the phosphate complexes on the surfaces of 

both the α-Fe2O3 NPs and NRs. Elzinga et al
187

 reported on IR spectra of phosphate 

complexes bonding in a bi-dentate (bridging) fashion with hematite surfaces at low 

pH values. Accordingly, it is considered that the hematite rich reaction products 

examined here (Samples Q160 – Q200, pH ~1) exhibited similar phosphate bi-dentate 

surface complexes.  Deconvolution of the IR spectrum of Sample Q160 revealed 

strong peaks at 898  934, 970, 1004, 1036, 1071 and 1149 cm
-1

, (Figure 5.11d) which 

are all consistent with ν3 bands, with the exception of one ν1 band at 898 cm
-1

.
174

  The 

three ν3 bands at 934, 1036 and 1071 cm
-1

 are assigned to the presence of H2PO4
2-

 

surface species with C2ν symmetry or lower.
185

 According to Borgnino et al,
188

 this 

group of shifted H2PO4
2-

 vibrations are indicative of ‘inner-sphere surface 

complexes,’ attributable to the initial formation of the bi-dentate complex 

(FeO)2PO2.
189

 It is reasonable to assume this complex becomes protonated 

((FeO)2P(OH)2 with C2ν symmetry,
187

 at the low pH conditions associated with the HS 

system examined here. However, the three ν3 bands at 970, 1004 and 1136 cm
-1

, also 

indicative of C2ν symmetry or lower, are attributable either to a mono-protonated bi-

dentate complex (FeO)2(OH)PO or protonated mono-dentate surface complex 

(FeO)(OH)2PO (both with C1 symmetry).
187-189
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5.3.2.5  Role of the phosphate surfactant  

The coordination of phosphate species on the surface of α-Fe2O3 (NPs and NRs) may 

be considered in terms of the orientation of the crystal lattice.  It was suggested in 

Section 4.2.2.3 that the surfactant is adsorbed preferentially on faces parallel to the c-

axis of α-Fe2O3, in view of the better matching of the O-O inter-atomic distance of 

PO4
3-

 anions (2.50Å) with the Fe-Fe spacing parallel rather than perpendicular to this 

axis.
142

 Modelling using CaRine software showed the smallest Fe-Fe distances within 

the α-Fe2O3 lattice oriented parallel and normal to the c-axis to be 2.88Å and 5.02Å, 

respectively (Figure 5.14).  Hence, it is considered that the crystal structure of α-

Fe2O3 surface parallel to the c-axis is favourable for the formation of bridging bi-

dentate phosphate complexes, whilst such complex formation is not favourable on the 

c-plane.  By implication, it is considered that mono-dentate mononuclear phosphate 

complex absorption is associated more closely with the c-plane.  On this basis, 

configurations for the most strongly absorbed phosphate complexes on faces normal 

and parallel to the c-axis (without protonation) are proposed in Figures 5.14a and 

5.14b, respectively.  The association of the mono-dentate phosphate complex with the 

c-plane implies weaker absorption, as compared with the bi-dentate phosphate 

complex associated with planes parallel to the c-axis. This disparity is considered 

critical for mediating the attachment of the primary α-Fe2O3 NPs, and through the 

filamentary feature growth (Figure 5.9c), governs the acicular shape of the developing 

α-Fe2O3 NRs. The inference is that it is easier for such mono-dentate surfactant 

complexes to be displaced during α-Fe2O3 growth, as compared with bi-dentate 

complexes, consistent with the α-Fe2O3 crystal c-faces being favourable surfaces for 

OA.   
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Figure 5.14 Schematic diagram of the hexagonal α-Fe2O3 crystal lattice showing (a) mono-dentate 

phosphate adsorption on the c-plane; and (b) bi-dentate phosphate adsorption on a faces parallel to the 

c-axis (Red (small), blue (large) and green (smallest) spheres correspond to iron, oxygen and 

phosphorus, respectively.)  

 

5.3.2.6  Growth mechanism  

The schematic diagram of Figure 5.15 summarises the results of this in situ ‘snapshot’ 

approach, as used to investigate the hydrothermal growth of α-Fe2O3 NRs as a 

function of known temperature.  During Step 1 (100˚C), HS promotes the initial 

precipitation of kinematically accessible β-FeOOH NPs and NRs and a few α-Fe2O3 

NPs. Step 2 (120˚C) illustrates the further nucleation of α-Fe2O3 NPs at increased 

temperature. During Step 3 (140˚C), β-FeOOH dissolution begins to occur in response 

to the Fe
3+

 concentration gradient established with the additional nucleation of the 

more thermodynamically stable α-Fe2O3 NPs.  This further increase in temperature 

also provides the driving force for the suggested OA of α-Fe2O3 NPs, mediated by the 

stronger adsorption of bi-dentate (bridging) phosphate inner sphere complexes to 

faces parallel to the α-Fe2O3 c-axis.  Step 4 (160˚C) illustrates the degradation of β-

FeOOH NRs to a size similar to that of the α-Fe2O3 NPs, through dissolution of 

loosely packed c-planes. Thereafter, the α-Fe2O3 NRs grow and coarsen further during 

Steps 4 to 6 (160 - 200˚C) through the OA mechanism, until the supply of the primary 

α-Fe2O3 NPs is exhausted.  The highest hydrothermal temperature of 200˚C, after a 

processing time of 80 minutes in this instance, results in the production of large, 

acicular, single crystalline α-Fe2O3 NRs.    
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Figure 5.15 Schematic diagram summarising the HS growth mechanism for α-Fe2O3 NRs, as a function of increasing temperature: (1) precipitation of β-FeOOH NPs and NRs 

(grey), and α-Fe2O3 NPs (brown); (2) nucleation of additional α-Fe2O3 NPs; (3) dissolution of β-FeOOH NRs alongside oriented α-Fe2O3 NP attachment; (4) dissolution of β-

FeOOH NRs into NPs and growth of α-Fe2O3 NRs; (5) growth and coarsening of α-Fe2O3 NRs; and (6) large, single crystalline α-Fe2O3 NRs. 
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5.4  In situ TEM investigation of α-Fe2O3 NR growth 

It is recognised that examination of static reaction products, as seen in Sections 5.2 

and 5.3, only presents snapshot evidence for the dynamic evolution of nanostructures. 

In this context, complementary iTEM investigation into the development of β-FeOOH 

and α-Fe2O3 NRs, providing fundamental insight into the growth of these 

nanostructures as a function of temperature, for comparison with the quenched HS 

reaction products, is presented. In this instance, ‘snapshot’ samples S100 and S160 

from Section 5.3 allowed for iTEM investigation of the intermediate stages of β-

FeOOH and α-Fe2O3 development as a function of temperature (room temperature to 

450 ˚C at 50˚C / min under vacuum), performed using a Gatan double tilt heating 

holder within the Jeol 2100F TEM.  

 

5.4.1 Results 

Use of the 50 ml valve-assisted Teflon-lined stainless steel pressure autoclave enabled 

investigation of the hydrothermal processing of aqueous FeCl3 solution, for the 

synthesis of β-FeOOH and α-Fe2O3 nanostructures. The systematic investigation of 

quenched HS samples enabled a model describing the formation of α-Fe2O3 acicular 

NRs to be developed (Section 5.3.2.6), based on Ostwald’s rule of stages for the 

dissolution of β-FeOOH NRs and the formation of α-Fe2O3 NPs followed by a 

process of α-Fe2O3 NR growth based on the OA mechanism, as shown in Section 

5.3.2.2. Further investigation of these samples using iTEM provided complementary 

dynamic information in support of this model, the evidence for which is now 

presented in detail. 

 

5.4.1.1  iTEM investigation of β-FeOOH 

Figure 5.16 presents BF diffraction and phase contrast TEM images of Sample Q100 

acquired during the process of in situ heating within the TEM.  When imaged at room 

temperature, Sample Q100 comprised small β-FeOOH NRs and small α-Fe2O3 NPs 

(Figure 5.16a). Indeed, fringes lying parallel to the major growth axis of the NRs 

within this sample were characteristic of the {200} β-FeOOH lattice planes (Figure 

5.16d).  Selected images from a time lapse series acquired during in situ heating of 

Sample S100 up to 450˚C provided insight into the dynamic transformation of β-
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FeOOH NRs into embryonic and developed α-Fe2O3 NPs with increasing temperature 

(Figures 5.16b&c, arrowed).  The high magnification image of a NP in Figure 5.16e, 

showing {024} lattice fringes, confirmed these developed NPs to be α-Fe2O3. 

 

 
Figure 5.16 BF and phase contrast TEM images of Sample Q100 ‘quenched’ after 80 minutes of 

processing (a) examined at room temperature; (b) during in situ heating, revealing the formation of an 

α-Fe2O3 NP (arrowed); (c) heated in situ to 450˚C, revealing the growth of α-Fe2O3 NPs (arrowed); (d) 

small developing β-FeOOH NR (~ 30 nm long, ~ 15 nm wide) identified by lattice fringes (inset); and 

(e) high magnification of an α-Fe2O3 NP grown during in situ heating, identified by lattice fringes 

(inset).  

   

5.4.1.2  iTEM investigation of α-Fe2O3 

Figure 5.17 presents phase contrast images of Sample Q160 taken from a time lapse 

series during the process of in situ heating.  Figure 5.17a shows the tip of a 

developing α-Fe2O3 NR, comprising small, loosely packed α-Fe2O3 NPs.  Significant 

coarsening of the NR tip was evident following in situ heating up to 450˚C (Figure 

5.17b). 
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Figure 5.17 BF and phase contrast TEM images of Sample Q160 ‘quenched’ after 80 minutes of 

processing. (a) The tip of an individual α-Fe2O3 NR at room temperature, shown to comprise loosely 

packed α-Fe2O3 NPs (enlarged in (c)); (b) tip of the individual α-Fe2O3 NR shown in (a) after in situ 

heating to 450˚C, observed to have undergone coarsening (enlarged in (d)). 

   

5.4.2 Discussion 

Direct observation of the transformation of β-FeOOH into α-Fe2O3 NPs (Figure 5.16) 

and the coarsening of the tips of α-Fe2O3 NRs through the consumption and 

coalescence of α-Fe2O3 NPs (Figure 5.17) was provided by time lapse imaging, 

during the in situ heating of quenched HS samples within the TEM.  The caveat being 

that these transformations occurred in vacuum rather than within aqueous media in the 

presence of phosphate a surfactant.  Nevertheless, the evidence demonstrates that β-

FeOOH feeds the development of α-Fe2O3 NPs, which in turn feed the development 

of α-Fe2O3 NRs through a process of OA and coarsening, albeit at higher 

temperatures than those experienced during HS.  It is noted that the developing α-

Fe2O3 NPs adopt pyramidal and rhombohedral shapes in the absence of the mediating 

surfactant. 

 In the case of both HS processing and iTEM heating, it is evident that thermal 

energy is needed to promote the breakdown of the less thermodynamically stable β-

FeOOH NRs (Figure 5.16a), releasing Fe
3+

 anions into the local ambient to supply the 

growth and development of the α-Fe2O3 NPs.  Indeed, comparison of the HS sample 

Q160 (Figure 5.8) and the heat treated Sample Q100 (Figure 5.17c) indicates a 
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significant reduction in the proportion of β-FeOOH NRs along with an increase in the 

number of small α-Fe2O3 NPs, as a result of increasing temperature.  Further, direct 

observation of the development of the tips of individual acicular α-Fe2O3 NRs during 

in situ TEM heating, with loosely packed small α-Fe2O3 NPs (Figure 5.17a) 

coarsening into well crystallised α-Fe2O3 NRs (Figure 5.17b) supports the model 

proposed for the formation of acicular α-Fe2O3 NRs, through the coalescence of 

primary α-Fe2O3 NPs by a mechanism of OA and coarsening, with increasing 

temperature. 
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5.5  Summary 

Use of a novel valve-assisted pressure autoclave to facilitate ‘snapshot’ investigation 

of HS product suspensions rapidly quenched in liquid nitrogen has been presented. 

The approach gave descriptions closely representative to the in situ physical state of 

the HS reaction products, providing fundamental insight into the mechanisms of 

crystal growth. The viability of this ‘snapshot’ approach to provide information on the 

localised development of high aspect ratio acicular α-Fe2O3 NRs as a function of 

reaction time was investigated. A more detailed description of the development of 1D 

α-Fe2O3 nanostructures, as a function of known reaction temperature, provided for 

better understanding of the growth mechanism of α-Fe2O3 NRs. Dissolution of the β-

FeOOH phase with increasing temperature, in accordance with Ostwald’s rule of 

stages, led to the release of Fe
3+ 
anions back into solution to supply the growth of α-

Fe2O3 NPs, which in turn coalesced to form acicular α-Fe2O3 NRs. The critical role of 

the PO4
3-

 surfactant on mediating the acicular shape of the α-Fe2O3 NRs was 

emphasised. Strong phosphate anion absorption on α-Fe2O3 crystal surfaces stabilised 

the primary α-Fe2O3 NP size to < 10 nm. FTIR investigation of the quenched reaction 

products provided evidence for PO4
3-

 absorption on the α-Fe2O3 NPs in the form of 

mono or bi-dentate (bridging) surface complexes on surfaces normal and parallel to 

the crystallographic α-Fe2O3 c-axis, respectively. Mono-dentate PO4
3-

 absorption is 

considered weaker and hence easily displaced during growth, as compared to 

absorbed PO4
3- 

bi-dentate species, which implies the α-Fe2O3 c-planes are favoured 

for the OA of primary α-Fe2O3 NPs, resulting in the development of filamentary 

features which act as the basis of growth, defining the shape of the acicular α-Fe2O3 

NRs. iTEM investigation of β-FeOOH and α-Fe2O3 NRs, compared with the 

quenched HS reaction products, provided fundamental insight into the localised 

growth of these nanostructures as a function of temperature. The heating of quenched 

HS samples in situ within the TEM has provided direct evidence in support of the 

proposed mechanism for the formation of acicular α-Fe2O3 NRs. 
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Chapter 6  Hydrothermal synthesis of α-Fe2O3 NRs in 

the presence of CoCl2, Co3O4 and CoFe2O4   

6.1  Introduction 

In this chapter, a feasibility study on the incorporation of ferromagnetic cobalt into α-

Fe2O3 NRs for the purpose of improving their magnetic performance is presented. The 

effects of CoCl2 salt addition on α-Fe2O3 NR growth and the formation of Co3O4 and 

CoFe2O4 NPs are investigated as a function of pH value. Further, the effect of FeCl3 : 

CoCl2 precursor ratio and phosphate surfactant on the phase purity and size of 

CoFe2O4 NPs is examined, respectively. The inclusion of Co3O4 and CoFe2O4 NPs 

during α-Fe2O3 NR growth is described. The range of HS experimental conditions 

investigated and the reaction products produced are summarised in Table 6.1; the 

evidence for which is now presented in detail.  

      

6.2  Effect of CoCl2 salt on the growth of α-Fe2O3 NRs 

FeCl3 acts a simple precursor for the formation of α-Fe2O3 NRs in the presence of 

phosphate. Likewise, CoCl2 is a metal salt comprising a transition metal and chlorine, 

and hence is considered a potential precursor for the incorporation of elemental cobalt 

into α-Fe2O3 NRs because Co
2+

 ions are the only elemental addition to the solution. 

Accordingly, the effect of cobalt on the growth of α-Fe2O3 NRs was initially 

investigated, with the addition of 100 mg of CoCl2 to the HS precursor solution (0.2 

ml FeCl3 solution, further diluted in 40 ml water, 3mg NH4H2PO4) and heated at 

200˚C for 2 hours (‘cobalt’ sample labelled C1, for simplicity). Further, the possibility 

of α-Fe2O3 NRs as growth templates was investigated. 100 mg of CoCl2 was added to 

a reaction product suspension of α-Fe2O3 NRs (Sample S14 from Chapter 4), already 

grown from the standard HS precursor solution (0.2 ml FeCl3 solution, further diluted 

in 40 ml water, 3mg NH4H2PO4, heated in the standard 125 ml Teflon-lined stainless 

steel pressure autoclave at 200˚C for 2 hours), which were centrifuged, cleaned in 

acetone and ultrasonically dispersed in 40 ml water. In this case, the pH value of the 

suspension was altered using NaOH aqueous solution, added drop-wise until a pH of
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Reaction product Morphology 
Dimension (l/w) 

/ nm 

S14 - 0.2 - 3 2 α-Fe2O3 Fully formed acicular NRs <420/60 

S14* 100 - - - 8 α-Fe2O3 + Co3O4 Fully formed acicular NRs + NPs <420/60 + <100 

C1 100 0.2 1:1 3 2 α-Fe2O3 Fully formed acicular NRs <950/130 

C2 20 - - - 8 Co3O4 NPs <30 

C2* - 0.2 - 3 2 α-Fe2O3 + Co3O4 Fully formed acicular NRs + NPs <420/60 +<30 

F1 50 0.2 2:1 - 12 α-Fe2O3 + CoFe2O4 NPs <50 

F2 25 0.1 2:1 - 12 α-Fe2O3 + CoFe2O4 NPs <50 

F3 50 0.1 1:1 - 12 α-Fe2O3 + CoFe2O4 NPs <50 

F4 25 0.05 1:1 - 12 α-Fe2O3 + CoFe2O4 NPs <50 

F5 25 0.05 1:1 3 12 CoFe2O4 NPS <30 

F6 25 0.05 1:1 6 12 CoFe2O4 NPS <20 

F6* - 0.2 - 3 2 α-Fe2O3 + CoFe2O4 Fully formed acicular NRs + NPs <420/60 +<20 

Table 6.1 HS processing variables and a summary of the reaction products, morphologies and dimensions. * Denotes a secondary HS process for selected samples. In all cases, 

HS was performed at a reaction temperature of 200˚C for 2 hours.   
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~ 8 was reached. The modified HS suspension was then reheated at 200˚C for 2 hours 

(labelled S14*, whereby * denotes a secondary HS process). 

 

6.2.1 Results and discussion 

The BF TEM images of Figure 6.1a & c illustrate the effect of adding 100 mg CoCl2 

to the FeCl3 hydrothermal solution before (Sample C1) and after (Sample S14*) the 

formation of α-Fe2O3 NRs, respectively.  Figure 6.1a illustrates the presence of a 

large acicular α-Fe2O3 NR (950 nm long, 130 nm wide) in Sample C1, as identified 

by the associated SAED. Smaller α-Fe2O3 NRs (450 nm long, 70 nm) and NPs (< 100 

nm in diameter) were observed in Sample S14* (Figure 6.2c).  

 The EDX spectrum of Figure 6.1b (Sample C1), recorded using a spot size on 

the scale of the α-Fe2O3 NR (Figure 6.1a), indicated the presence of phosphorus in 

addition to the expected signals for iron and oxygen (and a Cu artefact signal arising 

from the specimen support grid).  In this case the specimen was cleaned in acetone 

prior to chemical analysis.  

 The associated XRD patterns of Figure 6.1d confirmed the formation of α-

Fe2O3 in both Sample C1 and S14*. However, additional diffraction peaks present in 

the XRD pattern of Sample S14*, found to be in excellent agreement with database 

values for the formation of Co3O4 (indexed appropriately, JCPDS 43-1003).  

        

 Even though the TEM image and associated SAED of Sample C1 (Figure 

6.1a) shows the formation of large α-Fe2O3 NRs, a Co signal was not present in the 

associated EDX spectra, indicating the formation of α-Fe2O3 only. No evidence 

suggesting the formation or incorporation of cobalt within the α-Fe2O3 crystal lattice 

was obtained. The P signal was attributed to phosphorus from the surfactant trapped 

within the developing α-Fe2O3 NR, in a fashion akin to Sample S14.      

 Similarly, the NRs of Sample S14* were identified as being the α-Fe2O3 

growth templates (similar in size to Sample S14) whilst the NPs were identified as 

Co3O4. There was no indication that these α-Fe2O3 NRs and Co3O4 NPs formed 

hetero-nanostructures, but had simply agglomerated during drying. 
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Figure 6.1 (a) BF TEM image of hydrothermal products with 100 mg CoCl2 added to the FeCl3 

precursor solution before heating, with SAED inset. (b) Associated EDX spectrum acquired from 

Sample C1 shown in (a). (c) BF TEM image of hydrothermal products with 100 mg CoCl2 added to α-

Fe2O3 reaction product suspension after heating, pH altered to ~ 8 and reheated to 200˚C for 2 hours. 

(d) Associated XRD patterns of Samples C1 and S14* showing the formation of α-Fe2O3; and a 

mixture of α-Fe2O3 and Co3O4 (indexed, JCPDS 43-1003), respectively. 

 

 No evidence of cobalt incorporation in α-Fe2O3 NRs in Sample C1 or the 

formation of Co3O4 implies the CoCl2 remained in solution at low pH. It is considered 

that Co3O4 NPs could not form in the low pH (< 2) conditions exhibited by Sample 

C1 because atomic cobalt is too active to exist in acidic or neutral solutions,
190,191

 and 

therefore exists as cobaltous cations, Co
2+

. Also, it is noted that the α-Fe2O3 NRs of 

Sample C1 were significantly larger than the size of α-Fe2O3 NRs in Sample S14. It is 

speculated that the presence of Co
2+

 cations in Sample C1 has promoted the increase 

in size of the α-Fe2O3 NRs, possibly by hindering the OA of primary α-Fe2O3 NPs or 

increasing their size, resulting in fewer centres of aggregation, allowing a larger 

supply of primary α-Fe2O3 particles to feed the growth of individual α-Fe2O3 NRs, 
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explaining the increase in their size. Hence, Co
2+

 cations are considered to have the 

opposite effect on NR growth as compared with α-Fe2O3 seeds (Section 4.6).  

 NaOH addition was required to make Sample S14* basic (pH ~ 8) and 

promote Co3O4 NP precipitation, as expressed in the following simplified reaction 

equation:  

 

Precipitation of Co3O4 

3CoCl2 + 4H2O → Co3O4 + 6HCl + 2H
+ 

 

 No change in size or shape of the α-Fe2O3 NRs was apparent in Sample S14*. 

Hence the slightly basic contribution to the reaction product solution is not considered 

sufficiently corrosive to promote α-Fe2O3 dissolution. As shown in Sections 4.4 and 

5.3.2.4, low pH values are needed for the anisotropic growth of the α-Fe2O3 NRs, 

mediated by bi-dentate phosphate absorption. It is recognised that α-Fe2O3 NRs and 

Co3O4 NPs cannot nucleate and grow at the same pH values. Accordingly, the next 

section concerns an investigation of the growth of α-Fe2O3 NRs in the presence of 

Co3O4 NPs. 
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6.3  Effect of Co3O4 NPs on the growth α-Fe2O3 NRs 

It was found that Co3O4 NPs did not nucleate and grow in solution at low pH values 

(< 2) (Section 6.2). However, low pH values are required for the anisotropic growth 

of α-Fe2O3 NRs, involving the OA of primary α-Fe2O3 NPs, mediated by bi-dentate 

phosphate surface absorption, as shown in Chapter 5. Accordingly, the influence of 

preformed Co3O4 NPs on the development of α-Fe2O3 NRs was investigated. 20 mg 

CoCl2 was diluted in 40 ml water (Samples C2), NaOH aqueous solution was added 

drop-wise until a pH ~ 8 was reached, before sealing in the standard 125 ml Teflon-

lined stainless steel pressure autoclave and heating at 200˚C for 2 hours. The resulting 

Co3O4 NPs of Sample C2 (Figure 6.2a) were centrifuged, cleaned with acetone and 

ultrasonically dispersed in the standard precursor solution for α-Fe2O3 NRs (0.2 ml 

FeCl3 solution, further diluted in 40 ml water, 3mg NH4H2PO4) in the standard 

pressure  autoclave, which was again sealed and heated at 200˚C for 2 hours (Sample 

C2*).  

 

6.3.1  Results and discussion 

The BF TEM image of Figure 6.2a illustrates the size of the Co3O4 NPs (the phase 

was identified by SAED), found to be < 30 nm (Sample C2), resulting from the HS of 

20 mg of CoCl2 in pH modified aqueous solution.  

 The TEM images of Figures 6.2b & c illustrate the effect of adding these 

Co3O4 NPs to the precursor solution on the α-Fe2O3 NR growth (Sample C2*). TEM 

surveying of Sample C2* demonstrated that the small Co3O4 NPs were attached to the 

surfaces of the α-Fe2O3 NRs (Figure 6.2b, arrowed), which were similar to these seen 

in Sample S14* (Figure 6.1c). Figure 6.2c (arrowed) shows examples of Co3O4 NPs 

situated at the tip of an individual α-Fe2O3 NR. 

 The associated XRD patterns of Figure 6.2d confirmed the formation of Co3O4 

and α-Fe2O3 in Samples C2 and C2*, respectively.  

 

 The TEM image of Figure 6.2a (Sample C2, 20 mg CoCl2 addition) when 

compared to Sample S14* (Figure 6.1c, 100 mg CoCl2 addition, Section 6.2) 

demonstrated a decrease in Co3O4 NP size from < 100 nm to < 30 nm. This reduction 

in NP size with decreasing CoCl2 concentration is similar to the decrease of α-Fe2O3 
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NP size with decreasing FeCl3 concentration (Section 4.3). The smaller Co3O4 NPs of 

Sample C2 were considered potentially suitable for incorporation within α-Fe2O3 NRs 

during growth and were therefore dispersed in the α-Fe2O3 hydrothermal precursor 

solution. 

 The TEM images of Sample C2* (Figures 6.2b & c) shows the presence of 

Co3O4 NPs on the surface and tips of the α-Fe2O3 NRs. However, there was no 

evidence that the Co3O4 NPs were incorporated into the α-Fe2O3 NRs. 

 

 
Figure 6.2 BF TEM images of (a) hydrothermal products synthesised with 20 mg CoCl2, with 

corresponding SAED (inset – indexed to Co3O4); (b) α-Fe2O3 NRs synthesised with the addition of 

Co3O4 NPs (arrowed) from Sample C2; and (c) Co3O4 NPs (arrowed) at the tip of an individual α-

Fe2O3 NR. (d) Associated XRD patterns of Sample C2 and C2* showing the formation of Co3O4 and α-

Fe2O3, respectively, with a small peak corresponding to the {311} set of lattice planes of Co3O4 in the 

latter (arrowed). 
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 The XRD pattern of Sample C2* confirmed the presence of the α-Fe2O3 phase. 

A small peak at ~ 37˚ (arrowed), positioned at the same 2θ value as the highest peak 

intensity of Sample C4, was attributed to the {311} set of Co3O4 lattice planes. The 

volume fraction of Co3O4 NPs in Sample C2* was extremely low, suggesting that the 

Co3O4 NPs had dissolved during α-Fe2O3 NR growth at this low pH. This is consistent 

with the inference that cobalt exists as Co
2+

 cations at low pH values,
190,191

 and 

dissolution of Co3O4 NPs would mediate against their incorporation into the α-Fe2O3 

NRs. 
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6.4  Growth of CoFe2O4 NPs 

HS of an aqueous solution comprising CoCl2, FeCl3 and NH4H2PO4 surfactant in 40 

ml water at pH ~ 12 (altered drop-wise using NaOH aqueous solution) led to the 

production of discrete batches of CoFe2O4, varying in phase purity (cobalt ‘ferrite’ 

samples labelled F1 – F6, for simplicity), as summarised in Table 6.1. The solution 

was sealed in the standard 125 ml Teflon-lined stainless steel pressure autoclave and 

heated at 200˚C for 2 hours. The production of CoFe2O4 required the addition of a 

strong base in order to suppress the tendency of higher charge Fe
3+

 ions to precipitate 

out of solution at a lower temperature than the Co
2+

 ions. Alteration of the pH to ~ 12 

shifts the equilibrium of both metal cations toward the formation of hydroxides, so 

that they can precipitate simultaneously; promoting the growth of CoFe2O4 NPs.
90

     

 

6.4.1  Results and discussion 

The BF TEM images of Figure 6.3 illustrate the effect of varying the amount of CoCl2 

and FeCl3 precursor in 40 ml water (Samples F1 – F4). In all cases, the NPs were 

identified as CoFe2O4 by SAED (Figure 6.3d, inset) and observed to range in size 

from ~ 10 nm up to ~ 50 nm (Figures 6.3a – d). 

 The associated XRD patterns of Figure 6.3e confirmed the presence of 

CoFe2O4 and α-Fe2O3 in Samples F1 – F4. The XRD patterns of Samples F1 and F2 

exhibited peaks characteristic to both CoFe2O4 (JCPDS 1-1121) and α-Fe2O3. 

However, a relative decrease in the α-Fe2O3 peak intensities were seen in Samples F3 

and F4, along with broad overlapping peaks at ~ 33 – 37˚.   

 TEM investigation of Samples F5 and F6 revealed CoFe2O4 NPs < 30 nm and 

< 20 nm, respectively (Figure 6.4a & b, respectively). Further, the XRD patterns of 

Figure 6.4c chart the effect of increasing phosphate concentration on the CoFe2O4 and 

α-Fe2O3 phase proportions in Samples F4 – F6. The XRD pattern of F4 revealed an α-

Fe2O3 peak intensity at ~ 33˚ comparable to the {311} CoFe2O4 peak intensity at ~ 

37˚, along with overlapping intermediate peak intensities. A comparative decrease in 

the α-Fe2O3 intensity was seen in Sample F5, reduced further in Sample F6. However, 

the overlapping peak intensities were absent from both Samples F5 and F6.  
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Figure 6.3 BF TEM images of hydrothermal products synthesised in 40 ml water at 200˚C for 2 hours 

with (a) 0.2 ml FeCl3 and 50 mg CoCl2; (b) 0.1 ml FeCl3 and 25 mg CoCl2; (c) 0.1 ml FeCl3 and 50 mg 

CoCl2; and (d) 0.05 ml FeCl3 and 25 mg CoCl2, with SAED indexed to CoFe2O4 (inset). (e) Associated 

XRD patterns of Samples F1 – F4 showing the formation of CoFe2O4 (JCPDS 1-1121) and α-Fe2O3. 

 

 The TEM images of Figure 6.3 demonstrate CoFe2O4 NPs of similar size (~ 10 

to 50 nm in diameter). The associated XRD data revealed that Samples F1 and F2, 

with a Fe : Co molar ratio of ~ 2, comprised a significant proportion of α-Fe2O3. The 

small size of the α-Fe2O3 NPs was consistent with a decrease in α-Fe2O3 particle size 

with increasing pH,
192

 in contrast to Sample S4 (Section 4.2.1.1). Reduction in the 

FeCl3 content to a Fe : Co molar ratio of ~ 1 resulted in a decreased α-Fe2O3 

proportion in Samples F3 and F4. Hence, the Fe : Co molar ratio is considered critical 

in achieving an adequate CoFe2O4 phase purity. The broad overlapping XRD peaks (~ 

33 – 37˚) were attributed tentatively to an unstable intermediate phase between 

hematite and spinel CoFe2O4, possibly maghemite (γ-Fe2O3).
193-196
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Figure 6.4 BF TEM images of hydrothermal products synthesised in 40 ml water at 200˚C for 2 hours 

with 0.05 ml FeCl3, 25 mg CoCl2 and (a) 3 mg NH4H2PO4; (b) 6 mg NH4H2PO4. (c) XRD patterns of 

Samples F4 – F6 showing the effect of phosphate on the development of CoFe2O4 and α-Fe2O3.  

 

 XRD data of Samples F5 and F6 demonstrated that the addition of NH4H2PO4 

reduced the peak intensities characteristic to α-Fe2O3. Phosphate absorption on the 

surface of α-Fe2O3 NPs can stabilise particle size and suppress particle formation in 

high phosphate conditions (Chapter 4 and 5). For this reason, it is suggested that 

NH4H2PO4 has suppressed the α-Fe2O3 NP growth, resulting in a higher proportion of 

CoFe2O4 NPs with decreased size and increased CoFe2O4 phase purity. 
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6.5  Effect of CoFe2O4 NPs on the growth of α-Fe2O3 NRs 

The CoFe2O4 NPs were considered potential candidates for creating hetero-

nanostructures with α-Fe2O3 NRs, due the presence of iron in both phases. 

Accordingly, CoFe2O4 NPs (Sample F6 from Section 6.4) were centrifuged, cleaned 

with acetone and ultrasonically dispersed in the standard precursor solution for α-

Fe2O3 NRs (0.2 ml FeCl3 solution, further diluted in 40 ml water, 3mg NH4H2PO4) in 

the standard 125 ml Teflon-lined stainless steel pressure autoclave, which was then 

sealed and heated at 200˚C for 2 hours (Sample F6*). 

 

6.5.1 Results and discussion 

The BF TEM images of Figure 6.5a, c, d & e illustrate the effect of CoFe2O4 NPs on 

the growth of α-Fe2O3 NRs (Sample F6*). Figure 6.5a displays an individual α-Fe2O3 

NR (identified by SAED) exhibiting a cavity halfway along its major axis, with a few 

CoFe2O4 NPs located within it. α-Fe2O3 NRs are also shown in Figure 6.5c, with NPs 

attached to their surface and tips. Again, one of the α-Fe2O3 NRs exhibits a cavity two 

thirds along its major axis with CoFe2O4 NPs located within it (Figure 6.5c, inset), as 

identified by characteristic lattice fringes corresponding to {111} planes (d111 = 

4.89Å). Figure 6.5d also shows a CoFe2O4 NP attached to the surface of an α-Fe2O3 

NR. Closer examination revealed the CoFe2O4 NP to sit in a small cavity, similar in 

size to the NP, located on the surface of the α-Fe2O3 NR (Figure 6.5e). 

 The EDX spectra of Figure 6.5b & f, recorded using a spot size on the scale of 

the dashed area in Figures 6.5a & d, respectively, indicated the presence of cobalt in 

addition to the expected signals for iron and oxygen (and a Cu artefact signal arising 

from the specimen support grid). A phosphorus signal was also identified in the EDX 

spectrum of Figure 6.5f. In both cases the specimen was cleaned in acetone prior to 

chemical analysis. 

 

 It is considered that CoFe2O4 NPs promote the formation of cavities on the α-

Fe2O3 NR surface. One possibility is that the cobalt atoms in the top few nm of the 

CoFe2O4 NP surface dissolve into solution as Co
2+

 cations at low pH values,
190,191

 

leaving vacancies in the crystal lattice of the CoFe2O4 NP surface. When the CoFe2O4 

NP attaches to α-Fe2O3 NR surface, the vacancies may be filled by surface Fe atoms 

of α-Fe2O3, resulting in a good accord at their interface, as evidenced by Figure 6.5e. 
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It is thought this bonding encourages α-Fe2O3 dissolution, resulting in the crater 

similar in size to the NP (Figure 6.5e). α-Fe2O3 dissolution could proceed by 

following the Ostwald rules of stages, whereby vacancies left by Co
2+

 cations and 

looser atomic packing in CoFe2O4 means that the equilibrium Fe concentration in the 

CoFe2O4 NP surface becomes lower than that of α-Fe2O3. The resulting concentration 

gradient leads to Fe
3+

 ions flowing from α-Fe2O3 to CoFe2O4 through the interface, 

prompting α-Fe2O3 dissolution along its surface to restore the equilibrium Fe
3+

 

concentration. However, more work needs to be done to fully understand this process 

of α-Fe2O3 dissolution and cavity formation.    
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Figure 6.5 BF TEM images of α-Fe2O3 NRs synthesised in the presence of CoFe2O4 NPs (Sample F6*). 

(a) α-Fe2O3 NR exhibiting a cavity with CoFe2O4 NPs situated within it (outlined) and SAED (inset). 

(b) Associated EDX spectrum acquired from the outlined section shown in (a). (c) α-Fe2O3 NR 

exhibiting a cavity with CoFe2O4 NPs situated within it (outlined), as identified by lattice fringes 

(inset), and SAED (inset). (d) α-Fe2O3 NR with CoFe2O4 NP attached and SAED (inset). (e) High 

magnification of an individual CoFe2O4 NP attached to α-Fe2O3 NR, shown in (d). (f) Associated EDX 

spectrum acquired from the outlined section shown in (d) and magnified in (e).       
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6.6  Reaction product summary and process map 

The schematic diagram of Figure 6.6 constitutes a ‘process map,’ illustrating the 

development of the size, shape and phases of the HS reaction products as a function of 

pH, FeCl3, CoCl2 and phosphate concentration. The precipitation of α-Fe2O3 NRs 

from the FeCl3 salt solution occurred after 120 minutes of synthesis at 200˚C in the 

presence of 3 mg phosphate surfactant at pH ~ 2 (Figure 6.6, regime(a)). Addition of 

Co3O4 (< 30 nm) and CoFe2O4 NPs (< 20 nm) to the precursor solution resulted in α-

Fe2O3 NRs with Co3O4 and CoFe2O4 NPs attached to their surface, respectively, with 

α-Fe2O3 surface cavities apparent in the latter. Inclusion of 100 mg CoCl2 in the 

precursor solution promoted an increase in the α-Fe2O3 NR size up to 950 nm long 

and 130 nm wide, with no evidence of cobalt incorporation within the α-Fe2O3 NRs. 

The precipitation of Co3O4 NPs from the CoCl2 salt solution occurred after 120 

minutes of synthesis at 200˚C at pH ~ 8 (Figure 6.6, regime (b)). Addition of α-Fe2O3 

NRs to the precursor solution resulted in α-Fe2O3 NRs with large Co3O4 NPs (< 100 

nm) attached to their surface. Growth of CoFe2O4 and α-Fe2O3 NPs from a mixture of 

CoCl2 and FeCl3 salt solution with varied Fe : Co molar ratio and surfactant 

concentrations occurred after 120 minutes of synthesis at 200˚C at pH ~ 12 (Figure 

6.6, regime(c)). The reaction product solution with Fe : Co molar ratio of ~ 2 

consisted of a significant proportion of α-Fe2O3, and reduction in FeCl3 content to a 

Fe : Co molar ratio of ~ 1 resulted in a decreased α-Fe2O3 proportion. Addition of the 

phosphate surfactant promoted a further increase in CoFe2O4 phase purity and 

reduction in their particle size.    
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Figure 6.6 ‘Process map’ illustrating the development of the size, shape and phases of the hydrothermal products synthesised as a function of pH, FeCl3, CoCl2 and phosphate 

concentration. The main growth regimes as a function of pH are (a) α-Fe2O3 NRs (pH = 2); (b) Co3O4 NPs (pH = 8); and (c) CoFe2O4 and α-Fe2O3 NPs (pH =12). (a) 

Development of α-Fe2O3 NRs (Sample S14) with addition of 100 mg CoCl2 (Sample C1); Co3O4 NPs (Sample C2*); and CoFe2O4 NPs (Sample F6*). (b) Development of 

Co3O4 NPs (Sample C2) with the addition of α-Fe2O3 NRs (Sample S14*). (c) Development of CoFe2O4 and α-Fe2O3 NPs as a function of CoCl2 and FeCl3 (Samples F1-F4); 

and phosphate concentration (Samples F5 & F6). 
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6.7  Summary 

A feasibility study on the incorporation of ferromagnetic cobalt into α-Fe2O3 NRs 

during HS has been presented. A ‘process map’ for the HS of α-Fe2O3 NRs in the 

presence of CoCl2, Co3O4 and CoFe2O4 has been constructed, as a function of pH, 

FeCl3, CoCl2 and phosphate surfactant concentration. Addition of CoCl2 to the FeCl3 

precursor solution at low pH value resulted in an increase in size of the α-Fe2O3 NRs. 

Dispersion of α-Fe2O3 NRs in a CoCl2 precursor solution, with pH ~ 8, resulted in the 

precipitation of Co3O4 NPs attached to the surface of α-Fe2O3 NRs. A low CoCl2 

concentration yielded the formation of small Co3O4 NPs at pH ~ 8 and their inclusion 

in the FeCl3 precursor solution at low pH produced α-Fe2O3 NRs with Co3O4 NPs 

attached to their surface and tips, with some apparent Co3O4 NP dissolution. CoFe2O4 

NPs were grown at pH ~ 12 with varying phase purity depending on the Fe : Co molar 

ratio, where a Fe : Co molar ratio of ~ 2 yielded a significant proportion of α-Fe2O3, 

which decreased with a Fe : Co molar ratio of ~ 1. Addition of the phosphate 

surfactant promoted a further increase in CoFe2O4 phase purity and reduction in the 

particle size. Dispersion of small CoFe2O4 NPs in the FeCl3 solution at low pH 

resulted in α-Fe2O3 NRs with surface cavities and CoFe2O4 NPs attached to their 

surface. The CoFe2O4 NPs are considered to encourage the formation of the α-Fe2O3 

NR surface cavities through promoting α-Fe2O3 dissolution. In all cases, there was no 

evidence for the incorporation of cobalt within the α-Fe2O3 NRs or the formation of 

hetero-nanostructures with the Co3O4 and CoFe2O4 NPs.             
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Chapter 7  Discussion   

7.1  Introduction 

In this chapter, the main aspects concerning the hydrothermal growth of acicular 

single crystalline α-Fe2O3 NRs are discussed. The HS technique and effect of various 

HS processing conditions on the development of these nanostructures are reviewed. 

Emphasis is given to the effect of the phosphate surfactant on phase transformation, 

size, shape and stability of the nanostructures. The kinetics and thermodynamics 

relating to the nucleation, growth and phase transformation of β-FeOOH and α-Fe2O3 

nanostructures are considered. The HS growth mechanism of the acicular α-Fe2O3 

NRs is discussed, with focus given to the role of the intermediate β-FeOOH phase and 

the specific mechanistics of anisotropic growth. 

 

7.2 Hydrothermal synthesis and effect of processing 

conditions      

HS has produced a range of crystalline nanostructures over a relatively short reaction 

time of 2 hours. The HS ‘process maps’ provided an overall impression of the growth 

of β-FeOOH and α-Fe2O3 NRs (Section 4.2.1.6), and α-Fe2O3 NRs in the presence of 

CoCl2, Co3O4 and CoFe2O4 NPs (Section 6.6) using the standard 125 ml capacity 

Teflon-lined stainless steel pressure autoclave. The valve-assisted 50 ml capacity 

Teflon-lined stainless steel pressure autoclave allowed rapid quenching of HS 

suspensions in liquid nitrogen to provide descriptions of the localised development of 

high aspect ratio acicular α-Fe2O3 NRs. Hence, the pressure autoclaves provided 

distinct yet complementary evidence for investigating the hydrothermal growth of α-

Fe2O3 NRs.  

 It is recognised that the autoclaves exhibited different temperature responses 

due to their respective dimensions and wall thicknesses, as evidenced by partial 

formation of α-Fe2O3 NRs (Sample S19) after 90 minutes of synthesis in comparison 

to fully formed α-Fe2O3 NRs (Sample Q200) after 80 minutes of synthesis, at the 

same reaction temperature of 200˚C. Hence, the solution in the smaller valve-assisted 
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pressure autoclave experienced a higher heating rate, suggesting that any direct 

comparisons should be limited to precursor concentrations, pH or know temperatures.  

 The effect of HS processing conditions on the reaction products were 

investigated mainly using the standard pressure autoclave. The process variables 

included reaction temperature, reaction time, FeCl3 and phosphate concentration at 

varied Fe : PO4 molar ratios, pH value, α-Fe2O3 seed content, CoCl2 concentration 

and stage of phosphate addition. It was evident that increasing the HS reaction 

temperatures, or allowing heating over longer reaction times, promoted the 

precipitation and dissolution of the intermediate β-FeOOH phase, and subsequent 

precipitation of the α-Fe2O3 NPs and NRs. Since exposure over time increased the 

temperature of the solution, the growth reactions considered to be driven primarily by 

the reaction temperature.    

 The precursor concentrations had a significant effect on the size of the reaction 

products, with α-Fe2O3 NRs decreasing in both size and aspect ratio when lowering 

the FeCl3 and NH4H2PO4 concentration. Similarly, there was a decrease in size of 

Co3O4 NPs with decreasing CoCl2 concentration. However, CoFe2O4 NPs did not 

exhibit a marked reduction in size when the FeCl3 and CoCl2 concentrations at a Fe : 

Co molar ratio of ~ 1 were halved. Hence, a lower limit on the size of NPs in relation 

to the precursor concentration is thought to be dependent on a relationship between 

the NP nucleation rate, supply of elemental constituents and their stability under the 

HS conditions, and this will be discussed in more detail in Section 7.4.  

 The addition of α-Fe2O3 seeds and CoCl2 to the α-Fe2O3 NR precursor solution 

had the opposite effect on the particle size of the α-Fe2O3 NRs. The α-Fe2O3 seeds 

were considered as centres of aggregation of the primary α-Fe2O3 NPs, whilst Co
2+

 

cations were suggested to effect with the OA or size of the primary α-Fe2O3 NPs, 

resulting in fewer centres of aggregation. The more centres of aggregation, the lesser 

the supply of primary α-Fe2O3 NPs to individual α-Fe2O3 NRs. Hence, the sizes of the 

α-Fe2O3 NRs were inversely proportionally to the number of centres of aggregation, 

whereby the addition α-Fe2O3 seeds and CoCl2 resulted in smaller and larger α-Fe2O3 

NRs, respectively.  

 Alteration of the initial pH value of the HS precursor solution had a significant 

effect on the phase and morphology of the reaction products. Co3O4 NPs would not 

precipitate at low pH values because atomic cobalt is too active to exist in acidic or 

neutral solutions.
190,191

 Similarly, a high pH of ~ 12 was required for the formation of 



Chapter 7 Discussion 
 

132 

 

CoFe2O4 NPs. A slight increase in pH from ~ 2 to ~ 4 resulted in the reduction of the 

α-Fe2O3 NR aspect ratio. Hence, a good understanding of the effect of pH value 

exhibited by the precursor solution is essential for functional control over the 

precipitation and shape of the HS reaction products.   

 The phosphate surfactant and the stage of its addition also had a significant 

effect on the β-FeOOH, α-Fe2O3 and CoFe2O4 nanostructures, and this will be 

discussed in the next section. 
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7.3 Effect of phosphate surfactant on β-FeOOH, α-Fe2O3 and 

CoFe2O4 nanostructures 

PO4
3-

 containing surfactants were found to affect the phase and morphology of both β-

FeOOH and α-Fe2O3 nanostructures. During the investigation of the α-Fe2O3 NR 

growth mechanism, strong phosphate anion absorption on the α-Fe2O3 crystal surfaces 

was found to stabilise the primary α-Fe2O3 NP size to < 10 nm. Similarly, the 

phosphate surfactant assisted with stabilising the particle size of CoFe2O4 NPs, 

resulting in the small NPs (< 30 nm) present in Samples F5 and F6. When the 

phosphate surfactant was added after β-FeOOH precipitation, PO4
3-

 anion surface 

absorption was found to suppress subsequent β-FeOOH dissolution and promoted 

further β-FeOOH growth at 200˚C (Sample S27*). Hence, the phosphate surfactant 

stabilised nanostructure particle size through surface absorption and this will be 

discussed in more detail in Section 7.4.  

 An increase in phosphate surfactant concentration resulted in an increase in α-

Fe2O3 NP aspect ratio and loss of crystallinity when heated at 160˚C in the standard 

125 ml Teflon-lined stainless steel pressure autoclave (Samples S6 – S10). This PO4
3- 

shape effect on α-Fe2O3 is now better understood through use of the 50 ml valve-

assisted Teflon-lined stainless steel pressure autoclave used for the purpose of rapid 

quenching HS suspensions in liquid nitrogen. FTIR investigation of the quenched 

reaction products provided evidence for PO4
3-

 absorption on the α-Fe2O3 NPs in the 

form of mono or bi-dentate (bridging) surface complexes on surfaces normal and 

parallel to the crystallographic α-Fe2O3 c-axis, respectively.  

 However, the stabilisation and shape effect of phosphate absorption on β-

FeOOH, α-Fe2O3 and CoFe2O4 surfaces is found to depend on pH value. It was noted 

that the precursor solution for the formation of β-FeOOH and α-Fe2O3 NRs exhibited 

an initial pH of ~ 2, being much lower than their PZC of pH 8 and 8.5, 

respectively.
160,163,164

 Hence PO4
3- 

anion adsorption, through strong electrostatic 

attraction, acts to inhibit the growth and dissolution of β-FeOOH, and promote the 

anisotropic growth of α-Fe2O3 NRs, as compared with phosphate-free environments.
7
 

FTIR investigation of the rapidly quenched samples revealed bi-dentate PO4
3-

 

absorption on surfaces parallel to the crystallographic α-Fe2O3 c-axis of primary α-

Fe2O3 NPs at low pH values (< 2). However, increasing the pH value was associated 

with mono-dentate mononuclear complexes with hydrogen bonding of phosphate 
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species to adjacent surface sites on faces parallel to the c-axis (Figure 7.1), being 

favoured over binuclear (bridging) complexes.
187,188

 The inference is that such 

hydrogen bonds of the mono-dentate surfactant complexes are easily displaced during 

α-Fe2O3 growth. Consequently, an increase in pH value results primarily in mono-

dentate phosphate surface complexes, negating the preference of specific crystal 

surfaces for the attachment of primary α-Fe2O3 NPs, and hence inhibiting the 

anisotropic growth of α-Fe2O3 NRs.  

  

 
Figure 7.1 Schematic diagram of the hexagonal α-Fe2O3 crystal lattice showing mono-dentate 

phosphate adsorption with hydrogen bonding on a faces parallel to the c-axis. Red (small), blue (large) 

and green (smallest) spheres correspond to iron, oxygen and phosphorus, respectively. 

 

 It was noted that the precursor solution for the formation of CoFe2O4 NPs 

exhibited an initial pH of ~ 12, being much higher than the PZC of CoFe2O4 (pH 

4).
197

 When pH values are higher than the PZC of the particles, the surface is 

negatively charged. At these high pH values, the phosphate surfactant is thought to 

exist in solution as H3PO4
0
 (aq) complexes (with C3ν symmetry).

187
 The hydrogen 

atoms may be attracted to the CoFe2O4 surface and hinder further growth through 

hydrogen bonding, thereby stabilising their size. 
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7.4  Nucleation and growth theory 

The hydrothermal growth of nanostructures examined in this thesis involved 

homogeneous nucleation from aqueous media. When a spherical nucleus of radius r is 

formed, the change in energy of the system relates to the new bonds formed within the 

NP crystal lattice and the interfacial energy σCL between the crystal face and the liquid 

required to create the surface. The standard free energy change (∆G
0
) is represented 

by two terms having opposite contributions.
198

 

 

      
 

 
                

 

where ∆Gv is the volume free energy resulting from bond formation. 

 

A plot of ∆G against r shows a maximum at a critical radius r* and free energy ∆G*, 

as illustrated in Figure 7.2. 

 

 
Figure 7.2 Plot of ∆G against r, showing the relationship between interfacial energy and volume free 

energy. ∆G
*
 is viewed as the activation energy barrier for the nucleation process.   

  

 For very small NPs, the surface energy term dominates. In this region of sizes 

the nuclei are formed and dispersed, without starting growth. For large NPs the 

volume free energy term dominates. The maximum value ∆G
*
 for a spherical cluster 

is:  

 

    
      

 

    
  

(7.1) 

(7.2) 



Chapter 7 Discussion 
 

136 

 

   ∆G
*
 may be viewed as the activation energy barrier for the nucleation process 

to take place. The nucleus corresponding to the energy is termed the ‘critical nucleus’ 

i.e. a nucleus which will grow spontaneously, releasing energy. However, new bonds 

can only be formed if there is sufficient elemental supply, i.e. adequate precursor 

concentration. Accordingly, if the surface energy of a NP cannot be sufficiently 

reduced through the formation of new bonds and subsequent growth, the NP will 

dissolve, possibly assisting the Ostwald ripening of a larger NP. In contrast, if the 

surface energy is low enough when the elemental supply has been exhausted, the NP 

is thermodynamically stable. Hence, the size of a NP depends on the precursor 

concentration and the thermodynamic stability of the phase, as evidenced by the 

particle sizes of β-FeOOH, α-Fe2O3, Co3O4 and CoFe2O4 NPs grown from various 

FeCl3 and CoCl2 concentrations.        

 β-FeOOH was described as becoming partially thermodynamically stabilised 

through a reduction of surface energy by hydration. PO4
3-

 anion absorption to β-

FeOOH further reduces its surface energy, stabilising β-FeOOH NRs at smaller sizes 

in comparison to phosphate-free environments. Phosphate absorption is considered 

also to stabilise the β-FeOOH NRs against dissolution, hence suppressing the phase 

transformation to α-Fe2O3 in phosphate-rich environments, as evidenced by β-FeOOH 

NRs growing larger when the surfactant was added after β-FeOOH precipitation and 

heated at 200˚C. The ∆Gv term for β-FeOOH is considered to dominate, suppressing 

dissolution and restricting Fe
3+

 supply for the nucleation and growth of the primary α-

Fe2O3 NPs. 
 

 As mentioned in Section 7.3, strong phosphate anion absorption on α-Fe2O3 

crystal surfaces at low pH values stabilised the primary α-Fe2O3 NP size to < 10 nm, 

compared with sizes of < 150 nm in phosphate free environments.
7
 At first, the ∆Gv 

term is considered to dominate, thereby promoting the growth of primary α-Fe2O3 

NPs and reducing their surface energy. However, when a certain radius (< 10 nm) was 

reached, strong phosphate absorption reduces the surface energy sufficiently to 

prevent further growth, hence stabilising the size of the NP. At higher pH values and 

hence weaker phosphate absorption, the NP radius is considered to increase. The 

primary α-Fe2O3 NPs were observed to be the dominant α-Fe2O3 morphology with 

few β-FeOOH NPs present in Sample Q160. The elemental Fe
3+

 supply for nucleation 

or growth of primary α-Fe2O3 NPs is therefore thought to be limited. Hence, the 

formation of new bonds through primary α-Fe2O3 NP growth was not possible. 
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Accordingly, the surface energy was reduced through coalescence of the primary α-

Fe2O3 NPs. Bi-dentate (bridging) phosphate surface absorption is thought to partially 

thermodynamically stabilise the α-Fe2O3 surfaces parallel to the α-Fe2O3 c-axis. 

Consequently, reduction of the surface energy, through primary α-Fe2O3 NP 

coalescence, is favoured on the α-Fe2O3 c-plane surfaces where displacement of the 

mono-dentate phosphate complexes is considered to be a lower energy process. 

 The addition of CoCl2 to the precursor solution of α-Fe2O3 NRs is considered 

to possibly increase the size of the critical nuclei of the primary α-Fe2O3 NPs. A 

larger critical radius required for the primary α-Fe2O3 NPs to become established 

implies there would be fewer number of nucleation centres. Fewer centres of α-Fe2O3 

NR aggregation would be present, increasing the supply of primary α-Fe2O3 NPs to 

individual α-Fe2O3 NRs and hence increasing their size.   
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7.5  Growth mechanism of β-FeOOH and α-Fe2O3 NRs 

As mentioned in Section 5.3.2.2, the development of large single crystalline α-Fe2O3 

NRs is a two stage process: 1) the growth and dissolution of intermediate β-FeOOH 

nanostructures, alongside precipitation of α-Fe2O3 NPs; and 2) the agglomeration and 

coarsening of α-Fe2O3 primary NPs into α-Fe2O3 NRs. However, comparison of the β-

FeOOH and α-Fe2O3 NRs revealed that their anisotropic development proceeds 

through different growth mechanisms.  

 The tetragonal β-FeOOH crystal structure exhibited large channels along the 

crystallographic c-axis. Hence, the faces perpendicular to the c-axis are considered to 

be energetically favourable surfaces for elemental deposition or dissolution. Further, 

addition of the phosphate surfactant restricted the growth and dissolution of the β-

FeOOH NRs, but had no marked effect on their 1D morphology. Accordingly, the β-

FeOOH crystallographic structure is considered to dictate the anisotropic growth of 

the β-FeOOH NRs under conventional HS conditions, as illustrated in Figure 7.3.  

  

 
Figure 7.3 Schematic representation of the tetragonal β-FeOOH crystal structure showing preferential 

growth along the crystallographic c-axis. 

 

 A decrease in total surface energy is considered to be the driving force for the 

kinetics involved in β-FeOOH dissolution and subsequent primary α-Fe2O3 NP 

growth. Preferential phosphate absorption on specific α-Fe2O3 crystal faces acted to 
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stabilise particle size (< 10 nm) and promote the OA mechanism. This OA 

mechanism is considered equally applicable to the initial development of α-Fe2O3 

NRs, as to the attachment of α-Fe2O3 primary NPs to well-defined crystalline α-Fe2O3 

NRs, creating the filamentary features observed at the NR tips. Figure 7.4a illustrates 

how a single crystalline α-Fe2O3 NR can be viewed to comprise co-operately aligned 

filamentary features along its major axis (parallel to the crystallographic c-axis). The 

development of the α-Fe2O3 NR proceeds through attachment of primary α-Fe2O3 NPs 

to the tips of the filamentary features. Bi-dentate phosphate absorption stabilised the 

crystal faces parallel to the α-Fe2O3 c-axis, hindering surface accordance with the 

primary α-Fe2O3 NPs. For a reduction of the total surface energy through coalescence, 

the GRIGC mechanism
178,179

 compels the primary α-Fe2O3 NPs to the tips of the 

filamentary features, as illustrated in Figure 7.4b, where the mono-dentate phosphate 

surface complexes are more easily displaced (Figure 7.4c). The OA of primary α-

Fe2O3 NPs to the filamentary features (parallel to crystallographic c-axis), encouraged 

by preferential phosphate absorption, is considered to dictate the anisotropic growth 

of the α-Fe2O3 NRs and mediate their unique acicular shape.       

 In summary, the overall growth mechanism of single crystalline acicular α-

Fe2O3 NRs involved the anisotropic growth and dissolution of intermediate β-FeOOH 

NRs, governed by its crystallographic structure, and the OA of primary α-Fe2O3 NPs, 

mediated by preferential absorption of the phosphate surfactant.  

 

 In view of the above, the critical issues regarding the HS of 1D α-Fe2O3 

nanostructures, as mentioned in Section 2.7, have been addressed. 
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Figure 7.4 Schematic representation showing: (a) single crystal acicular α-Fe2O3 NR comprising 

filamentary features parallel to the crystallographic c-axis, with primary α-Fe2O3 NPs attached to its 

surface; (b) high magnification of the rotation (arrowed), based on the OA mechanism, of an individual 

primary α-Fe2O3 NP, shown in (a); and (c) hexagonal α-Fe2O3 crystal lattice showing mono-dentate 

phosphate adsorption on the c-plane and bi-dentate phosphate adsorption on faces parallel to the c-axis. 

Red (small), blue (large) and green (smallest) spheres correspond to iron, oxygen and phosphorus, 

respectively.   
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7.7  Summary 

The main aspects concerning the hydrothermal growth of acicular single crystalline α-

Fe2O3 NRs have been discussed. The standard and valve-assisted pressure autoclaves 

have provided HS ‘process maps’ and in situ descriptions of the development of α-

Fe2O3 NRs, respectively. The size of the nanostructures decreases with decreasing 

precursor concentration. The addition of CoCl2 and α-Fe2O3 seeds increase and reduce 

the particle size of the α-Fe2O3 NRs, respectively, by influencing the number of their 

aggregation sites. Alteration of the pH value of the precursor solution to ~ 2, ~8 and ~ 

12 is critical to the precipitation and growth of α-Fe2O3 NRs, Co3O4 NPs and CoFe2O4 

NPs, respectively. The phosphate surfactant was identified to stabilise the size of the 

β-FeOOH NRs, primary α-Fe2O3 NPs and CoFe2O4 NPs through surface absorption. 

The mode of PO4
3-

 absorption is considered to be dependent on pH, and hydrogen 

bonded mono-dentate PO4
3-

 absorption on the α-Fe2O3 surface at pH ~ 4 is thought to 

reduce the OA of the primary α-Fe2O3 NPs, hindering the anisotropic growth of α-

Fe2O3 NRs. The nucleation, growth and stabilisation of nanostructures have been 

discussed in terms of competition between the chemical free energy of new bonds 

formed within the crystal lattice and surface energy. Phosphate absorption is 

considered to stabilise the particle size of the nanostructures through the lowering of 

surface energy. In addition, high phosphate absorption stabilises the β-FeOOH NRs 

against dissolution, suppressing phase transformation to α-Fe2O3 in phosphate-rich 

environments. When the Fe
3+

 supply was exhausted and primary α-Fe2O3 NPs could 

no longer nucleate and grow, their coalescence was required to reduce the surface 

energy and restore the equilibrium of the system with increasing temperature. 

Coalescence was favoured on the α-Fe2O3 c-plane surfaces where the displacement of 

mono-dentate phosphate complexes is considered a lower energy process. The 

anisotropic development of β-FeOOH and α-Fe2O3 NRs occurs through different 

growth mechanisms. The β-FeOOH NR development proceeds along the 

crystallographic c-axis because the c-faces are considered to be energetically 

favourable for elemental deposition or dissolution. The anisotropic growth of α-Fe2O3 

NRs is dictated by the OA of primary α-Fe2O3 NPs on filamentary features, lying 

parallel to the crystallographic c-axis, mediated by the preferential absorption of the 

phosphate surfactant, thereby promoting their acicular shape.       
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Chapter 8 Summary and conclusions 

In summary, the effect of HS processing conditions on the reaction products has been 

investigated. A novel valve-assisted pressure autoclave for the purpose of rapid 

quenching of HS suspensions in liquid nitrogen has been developed, providing 

descriptions of the localised development of α-Fe2O3 NRs. Appraisal of the HS 

reaction products using a complementary combination of chemical, structural and 

surface characterisation techniques led to a detailed description of the growth 

mechanism of acicular α-Fe2O3 NRs. A feasibility study on the incorporation of 

ferromagnetic cobalt into α-Fe2O3 NRs for the purpose of improving their magnetic 

performance was presented.   

 

In Chapter 4, the effect of various HS processing conditions on the β-FeOOH 

and α-Fe2O3 nanostructures was investigated. A comprehensive HS ‘process map’ for 

the formation of α-Fe2O3 NRs was constructed as a function of reaction temperature, 

time and phosphate concentration. Increasing reaction temperature promoted the 

phase transformation from β-FeOOH to α-Fe2O3. Phosphate additions increased the 

aspect ratio of the α-Fe2O3 NPs but hindered both β-FeOOH formation and 

dissolution. An HS processing temperature of 200˚C and an Fe
3+ 

: PO4
3- 

molar ratio of 

31.5 yielded well-crystallised acicular α-Fe2O3 NRs with an aspect ratio of ~7. The α-

Fe2O3 particle size was found to be decrease with decreasing FeCl3 concentration. A 

small increase in pH resulted in a marked reduction in the α-Fe2O3 aspect ratio. 

Addition of the surfactant after β-FeOOH precipitation prevented the phase 

transformation of β-FeOOH to α-Fe2O3 and assisted with increasing the size of the β-

FeOOH NRs. XRD and RHEED techniques both identified and distinguished between 

the different β-FeOOH and α-Fe2O3 HS reaction products. This investigation of the 

effect of the HS processing conditions has enabled the controlled growth of β-FeOOH 

to α-Fe2O3 nanostructures. 

 

In Chapter 5, the application of a novel valve-assisted pressure autoclave for 

the purpose of rapid quenching of HS suspensions in liquid nitrogen facilitated 

descriptions of the localised development of α-Fe2O3 NRs. The ‘snapshot’ approach 

provided information on the localised development of high aspect ratio acicular α-
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Fe2O3 NRs as a function of reaction time. Further, a more detailed description of the 

development of 1D α-Fe2O3 nanostructures, as a function of known reaction 

temperature, provided better understanding of the growth mechanism of α-Fe2O3 NRs. 

The release of Fe
3+

 ions back into solution through β-FeOOH dissolution supplied the 

nucleation and growth of primary α-Fe2O3 NPs which subsequently coalescence, with 

increasing temperature, into larger, acicular α-Fe2O3 NRs.  The balance between bi-

dentate phosphate absorption to faces parallel to the α-Fe2O3 c-axis, as distinct from 

mono-dentate phosphate absorption associated with the α-Fe2O3 c-plane, is considered 

critical in mediating the acicular shape of the α-Fe2O3 NRs. iTEM investigation of β-

FeOOH and α-Fe2O3 NRs provided additional fundamental insight into the localised 

growth of these nanostructures, as a function of temperature. The heating of quenched 

HS samples in situ within the TEM provided direct evidence in support of the 

proposed mechanism for the formation of acicular α-Fe2O3 NRs. 

 

In Chapter 6, a feasibility study on the incorporation of ferromagnetic cobalt 

into α-Fe2O3 NRs during HS was presented. A ‘process map’ for the HS of α-Fe2O3 

NRs in the presence of CoCl2, Co3O4 and CoFe2O4 was constructed, as a function of 

pH, and FeCl3, CoCl2 and phosphate surfactant concentration. Alteration of pH values 

of the precursor solution to ~ 8 and ~ 12 was required for the precipitation of Co3O4 

and CoFe2O4 NPs, respectively. Dispersion of small Co3O4 and CoFe2O4 NPs in the 

FeCl3 solution, at low pH, resulted in α-Fe2O3 NRs with NPs attached to their surface. 

The CoFe2O4 NPs were considered to encourage the formation of α-Fe2O3 NR surface 

cavities, through the promotion of α-Fe2O3 dissolution. In all cases, there was no 

evidence for the incorporation of cobalt within the α-Fe2O3 NRs or the formation of 

hetero-nanostructures with the Co3O4 and CoFe2O4 NPs. 

 

In Chapter 7, the main aspects concerning the hydrothermal growth of acicular 

single crystalline α-Fe2O3 NRs were discussed. The overall growth mechanism of 

single crystalline acicular α-Fe2O3 NRs involved the anisotropic growth and 

dissolution of intermediate β-FeOOH NRs, governed by its crystallographic structure, 

and the OA of primary α-Fe2O3 NPs, mediated by preferential absorption of the 

phosphate surfactant. The critical issues regarding the HS of 1D α-Fe2O3 NRs were 

reviewed.            
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In conclusion: 

 

 The relationship of the HS reaction temperature, reaction temperature and 

phosphate concentration with respect to the phase, size, morphology and 

crystallinity of the β-FeOOH and α-Fe2O3 reaction products has been 

established through the construction of a HS ‘process map’. 

 

 Development of a novel valve-assisted pressure autoclave facilitated the rapid 

quenching of the HS reaction products and provided ‘snapshot’ descriptions 

closely representative of the in situ physical state of the nanostructures during 

growth as a function of reaction time and temperature. 

 

 The growth and phase transformation of the β-FeOOH and α-Fe2O3 reaction 

products followed Ostwald’s rules of stages with increasing reaction 

temperature, whereby the less stable intermediate β-FeOOH phase precipitated 

and subsequently dissolute alongside the nucleation and growth of the more 

stable α-Fe2O3 phase. 

 

 Absorption of the phosphate surfactant to surface of the β-FeOOH, α-Fe2O3, 

Co3O4 and CoFe2O4 nanostructures stabilised their particle size during growth. 

The phosphate surfactant suppressed β-FeOOH dissolution and promoted the 

anisotropic α-Fe2O3 growth at low pH values through mono- and bi-dentate 

absorption on surfaces normal and parallel to the α-Fe2O3 c-axis, respectively. 

 

 The overall growth mechanism of single crystalline acicular α-Fe2O3 NRs 

involved the anisotropic growth and dissolution of intermediate β-FeOOH 

NRs, governed by its crystallographic structure, and the OA of primary α-

Fe2O3 NPs, mediated by preferential absorption of the phosphate surfactant.   
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Chapter 9 Future work 

Base on the obtained results, some suggestions for future work are proposed: 

 

 Detailed investigation of the development of α-Fe2O3 NR surface cavities in 

the presence of CoFe2O4 NPs is required to allow the mechanism of cavity 

formation to be realised. The use of CoFe2O4 NPs to create cavities through α-

Fe2O3 dissolution may allow α-Fe2O3 NRs to be sub-divided, which could be 

beneficial for improving their magnetic performance through the NR size 

effect. 

 

 The addition of other water soluble chlorides, e.g. MnCl2, NaCl and NiCl2, 

needs to be investigated with the aim of producing Mn, Na and Ni-doped α-

Fe2O3 NRs, respectively. Further, measurement and comparison of their 

functional properties should allow routes for the controlled doping of NRs to 

be identified.   

 

 The reduction of α-Fe2O3 NRs, through annealing in an H2 atmosphere, to the 

ferromagnetic iron oxide phases of γ-Fe2O3 and magnetite (Fe3O4) may 

improve their magnetic performance. However, particle agglomeration during 

the reduction process can be problematic and studies on the use of surfactant 

to inhibit coalescence would be beneficial. Investigation of the uniformity, 

purity and reproducibility of the reaction products is required. Further, iTEM 

examination of the reduction of nanostructures under hydrogen atmosphere 

using atomic resolution would give direct insight in the α-Fe2O3 - γ-Fe2O3 - 

Fe3O4 transformation mechanisms. 

 

 Performing electron holography during iTEM magnetic field investigation 

allows for the appraisal of their magnetic properties on a localised scale. 

Direct comparison of the magnetic properties of α-Fe2O3 NRs, doped α-Fe2O3 

NRs and Fe3O4 NRs is required to ensure their effect development for a 

variety of potential applications. 
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Appendix 

2 Theta information for β-FeOOH (JCPDS card no. 00-034-1266). 
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2 Theta information for α-Fe2O3 (JCPDS card no. 00-034-1266). 
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2 Theta information for Co3O4 (JCPDS card no. 00-043-1003). 
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2 Theta information for CoFe2O4 (JCPDS card no. 00-001-1121). 

 


