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Abstract 
 

Studying the Synthesis and Reactivity of Crystalline Materials using  

In Situ X-ray Diffraction  

 

Saul J. Moorhouse             Somerville College 

D.Phil Thesis               Trinity Term 2013 

The use of in situ X-ray diffraction (XRD) to investigate reactions involving crystalline 

materials is the focus of the work described in this thesis. The development of procedures for 

probing chemical reactions in situ, and the application of this technique for studying in detail 

the mechanisms and kinetics of solid-state processes, is reported. 

The information in Chapter One provides a background to the in situ study of chemical 

reactions, with specific emphasis on the application of X-ray diffraction. Three distinct 

families of inorganic materials are introduced, including layered double hydroxides, 

Aurivillius phases, and metal-organic frameworks, and the relevance of each in contemporary 

technologies, is discussed.  

Chapter Two incorporates an account of the design, construction, and development of a 

chemical reaction furnace, the Oxford-Diamond In Situ Cell (ODISC), for the in situ study of 

solid-state reactions. The capabilities of this apparatus are discussed, including the efficient 

and controlled heating of samples to temperatures in excess of 1000 °C, optional sample 

stirring, and successful incorporation of a range of different sample vessels. Details of the 

implementation and optimisation of this equipment for use at Beamline I12 at the Diamond 

Light Source are provided. 

The synthesis and characterisation of a new series of ternary layered double hydroxides 

(LDHs) with general formula [MxMô2īxAl8(OH)24](NO3)4·yH2O (M, Mô = Zn, Ni or Co), is 

detailed in Chapter 3. It was discovered that these materials exhibit finely tuneable cation 

ratios in the intralayer regions. A study of the intercalation chemistry of this family is 

reported, including in situ energy-dispersive and angular-dispersive X-ray diffraction 

experiments. The chapter concludes with details of an in situ XRD investigation into the 

synthesis of these materials via direct reaction of metal salts with Al(OH)3, which was 

observed to proceed in four stages. 

Chapter Four is concerned with the molten salt synthesis and characterisation of novel 

cation-doped compounds with the Aurivillius structure. The limited extent of substitution on 

the B-sites of the parent Bi5Ti3FeO15 material was observed to be highly dependent on the 

nature of the di- or tri-valent substituent. The impact of varying reaction conditions, such as 

dwell duration and nature of the molten salt, upon pure product formation is described. A 

comprehensive in situ XRD investigation into the molten salt synthesis of a novel doped 

Aurivillius phase is detailed in Chapter Five. A discussion of the synthesis mechanism, in 

addition to a description of the role of the molten salt in product formation, is provided. 

A brief in situ XRD study of the mechanism and kinetics of crystallisation of metal-organic 

frameworks (MOFs) is detailed in Chapter Six. The use of ion-exchanged polymer resin 

beads to direct the synthesis of MOFs is probed in real time, and the route to formation is 

compared to that for the conventional solvothermal technique.  

Experimental procedures pertaining to all of the above chapters are provided in Chapter 

Seven. Supplementary data are included in the Appendices. 
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1D   One-dimensional 

1,4-BDC  1,4-benzenedicarboxylate 

2D   Two-dimensional 

3D   Three-dimensional 

a.u.   Arbitrary units 

DEF    Diethylformamide 

DMF   Dimethylformamide 

E   Energy 

EA   Elemental analysis 

EDX   Energy-dispersive X-ray spectroscopy 

EDXRD  Energy dispersive X-ray diffraction 

Et   Ethyl 

FWHM  Full width at half maximum 

GSAS   General Structure Analysis System 

IR   Infrared 

ID   Inner diameter 

JEEP   Joint Engineering, Environmental, and Processing beamline 

LDH   Layered double hydroxide 

LED   Light-emitting diode 

MxMô2īxAl 8-NO3 [M xMô2īxAl8(OH)24](NO3)4·yH2O 

M   mol L
-1

 

Me   Methyl 

MOF   Metal-organic framework 

MSS   Molten salt synthesis 

n   Reaction exponent 

NDC   2,6-naphthalenedicarboxylate 

NMR   Nuclear magnetic resonance 

OD   Outside diameter 

ODISC  Oxford-Diamond In Situ Cell 

PBT   Polybutylene terephthalate 

PID   Proportional, Integral, Derivative 

PTFE   Polytetrafluoroethylene 

SAXS   Small angle X-ray scattering 

SEM   Scanning electron microscopy 

SQUID  Superconducting quantum interference device 

t    Time 

TEM   Transmission electron microscopy 

T   Temperature 

TGA   Thermogravimetric analysis 

XRD   X-ray diffraction
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Chapter 1: Introduction  

 

1.1 Synthesising inorganic solids 

In general, the preferred synthesis route towards many functional inorganic solids is the 

high-temperature óceramicô method, which involves heating mixtures of solid reagents to 

elevated temperatures, often in excess of 1000 °C. Due to slow diffusion of the ions in the 

solid starting materials, extended annealing times and multiple regrinding steps are 

typically required with this technique. Comparatively little control over the nature of the 

products is possible under ceramic synthesis conditions due to the thermodynamic driving 

force at elevated temperatures. Recently, emphasis has been placed on the discovery and 

improvement of alternatives to the ceramic method for the formation of extended solids. 

Techniques such as co-precipitation, sol-gel synthesis, hydrothermal synthesis, and 

molten salt synthesis have been investigated. 

A deeper knowledge of some well-established synthesis techniques has led to their wider 

application in the preparation of functional solids. Low-temperature soft chemical 

(óchimie douceô) methods, such as solvothermal synthesis, are now being applied as a 

route to known perovskite materials and their related oxides.
1
 Alternatives to the high-

temperature ceramic route can facilitate subtle control over particle size and morphology, 

ultimately facilitating the optimisation of product properties for a specific application.
2
 

However, the main obstacle towards the ultimate synthetic ódesignô of new materials 

using such techniques, is the lack of detailed understanding of the complex processes 

occurring during their formation. 

Three synthetic routes to crystalline solids that are relevant to the work discussed in this 

thesis are introduced in the ensuing sections. 

 

1.1.1 Intercalation 

Intercalation refers to the process of incorporating guest species into a one-, two-, or 

three-dimensional lattice without significant structural reorganisation of the host.
3
 The 

position adopted by the guest in the intercalation product is predetermined by the 

structure of the host material. The earliest reports of intercalation in chemistry focussed 

on reactions involving graphite,
4
 which have since been extended to the formation of 
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C8K, a material that is applicable in organic synthesis.
5
 More recently, this type of 

chemical reaction has been harnessed to facilitate efficient separation of anionic 

isomers.
6, 7

 

Owing to the breaking of comparatively weak bonds which often exist between host and 

guest, intercalation reactions can occur with very little energetic input, and tend to be 

undertaken at ambient temperatures. The structures of the starting materials and products 

are usually closely related due to the topotactic nature of the reaction process. However, 

in many cases the physical properties of the product material are somewhat different to 

those of the precursor. Very recently, intercalation reactions involving layered selenides 

have resulted in profound enhancement of the superconducting properties of the product 

relative to the host material.
8
 

 

1.1.2 Molten salt synthesis 

The molten salt synthesis (MSS) method involves mixing stoichiometric amounts of 

starting material oxides with an excess of solid salt at room temperature and heating the 

mixture above the melting point of the salt. Synthesising materials via the molten salt, or 

óflux growthô, method, can involve the use of a high-temperature melt as a reaction 

ósolventô. Simple inorganic compounds, or combinations of such, are most commonly 

used as solvent fluxes. Examples include metal nitrates, sulphates, halides, and 

carbonates, bismuth oxide, lead oxide, and lead fluoride.
9-12

 Molten salts are often 

preferable to other solvents as they can be resistant to destruction by vigorous reactions, 

can dissolve high concentrations of various materials, and can accommodate reactions 

that are adversely affected by water. 

The implementation of molten salt synthesis over the ceramic method has several 

advantages. Reactions are undertaken with significantly greater time and energy 

efficiency, because reduced temperatures are facilitated by the flux melting point and 

shorter reaction durations are possible due to greater reagent mobility.
13, 14

 The 

dissolution and reprecipitation processes resulting from the presence of molten salt enable 

the use of cheaper, lower purity reagents than those required for solid-solid reactions. The 

preferred attributes of molten fluxes for the synthesis of quaternary oxides are discussed 

in a recent review by Bugaris and zur Loye.
15

 They include: (a) a comparatively low 

melting point, (b) a high capacity for reagent dissolution, (c) a propensity for facile 
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removal following formation of the products and cooling, (d) an aversion for side 

reactions with the starting materials or reaction vessel, (e) a low volatility, and (f) a low 

cost.  

A range of crystalline materials have been successfully prepared using molten salt 

synthesis, including zeolites,
16, 17

 perovskites,
18-20

 and binary metal oxides.
21, 22

 One of the 

most widely-investigated advantages of the molten salt method is the ability to regulate 

the morphology of product particles.
23

  The technique has also been applied to facilitate 

the fine-tuning of magnetic properties of materials.
24

 A thorough investigation by Zhou 

and co-workers detailed the effects of a systematic variation in molten salt synthesis 

conditions, such as the amount and nature of the salt, upon the purity, morphology, and 

size of BaZrO3 perovskite particles.
19

 They found that reliable morphological control 

could be achieved through varying the annealing time. However, solubility and reactivity 

effects associated with different salts were found to significantly impact on the success of 

pure product formation. 

Various reaction mechanisms have been postulated for different molten salt systems. 

Hedden et al. identified the presence of a reactive intermediate in the formation of RTaO4 

(R = Gd, Y, Lu), which forms through initial reaction with a Li2SO4 flux.
25

 Additionally, 

Geselbracht et al. determined that interaction between K2CO3 starting material and an 

RbCl flux was crucial in the synthesis reaction of RbCa2Nb3O10.
26

 However, it still 

remains unclear in many cases whether MSS occurs via dissolution-reprecipitation or 

rather by interactions on solid surfaces that are mediated by the flux. 

 

1.1.3 Solvothermal synthesis 

The hydrothermal technique involves synthesis of crystalline materials in sealed vessels, 

using water as a solvent and at temperatures above the boiling point of the water. Under 

such elevated temperatures and pressures, the physical properties of water are different to 

those experienced under room temperature conditions. As a result, features such as the 

considerable reduction in H2O viscosity are said to facilitate an increase in the mobility, 

and hence reactivity, of reagents in solution.  

The term ósolvothermalô is used to describe the wider family of homogeneous and 

heterogeneous reactions in which any solvent, including water, is heated above room 
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temperature in a sealed vessel at a pressure greater than 1 bar. Examples of solvothermal 

synthesis and its many advantages are discussed in separate reviews by Demazeau and 

Walton.
27, 28

 Owing to the great number of synthetic parameters associated with a 

solvothermal reaction, the predictive preparation and design of desired materials is still a 

major challenge using this technique. Indeed, formation of a variety of materials via one-

pot syntheses involving identical reagents is not uncommon.
29, 30

 It is therefore of high 

importance that the mechanisms of such chemical processes are probed thoroughly, with 

a view to controlling and then optimising the formation of new compounds for industrial 

and commercial use. An emphasis should additionally be placed on the elucidation of 

kinetic information, such as the contribution from diffusion, nucleation, and growth to 

crystallisation, as well as the activation energy of the process.  

In recent years, in situ X-ray diffraction has risen to prominence as an excellent probe for 

the examination of solvothermal processes.
31, 32

 The crystallisation mechanisms of 

various titanate materials have been probed in-depth using EDXRD.
33

 Croker et al. 

observed that successful synthesis of CaTiO3, as well as the rate of product formation, is 

dependent upon the use of CaCO3 or hydrogarnet as the source of Ca.
34

 In situ neutron 

diffraction techniques have also been employed to monitor the dissolution-precipitation 

mechanism of BaTiO3 formation.
35, 36

 Kinetic information about crystallisation reactions 

undertaken in autoclaves can be obtained through the application of mathematical models 

to the in situ data.
37

 Michailovski and co-workers determined, through the use of a 

combination of X-ray absorption spectroscopy and EDXRD techniques, that the 

solvothermal growth of MoO3 fibers occurs via a dissolution-precipitation mechanism.
38

 

In situ EDXRD is also very useful for the observation of intermediate phases in 

solvothermal reactions. McIntyre et al. discovered that hydrothermal synthesis of the 3D 

framework structure, Yb4O(OH)9NO3, occurs via two sequential intermediates: the 2D 

layered compounds, Yb2(OH)5NO3·2H2O and Yb2(OH)5NO3·H2O.
39

 

 

1.2 Monitoring chemical reactions in the solid-state 

The term óin situô is a Latin phrase which translates literally to mean óin positionô. In 

chemistry, the term refers to an occurrence ówithin the reaction mixtureô, which can be 

either a chemical process or a method of probing that mixture. On the contrary, ex situ 

refers specifically to processes undertaken on the mixture when it is no longer reacting. 
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Various methods of monitoring the crystallisation of solids in situ were discussed in a 

recent review by Pienack and Bensch.
40

 This section is focussed specifically on solid-

state in situ probes. 

 

1.2.1 Non-invasive in situ probes 

When studying reactions in real-time, it is important that the method of investigation does 

not interfere with the progress of the reaction. Data from ex situ quenching experiments 

can often be unrepresentative of the reaction medium due to the disruptive impact of the 

quenching process and its propensity to influence structural and chemical characteristics 

of the system being studied. In contrast to ex situ methods, non-invasive in situ probes 

facilitate the detection and subsequent monitoring of any transient intermediate phases 

present during reaction, including their conversion to the final product. An important 

advantage of using in situ over ex situ techniques is the vastly greater amount of data 

obtained throughout the course of a chemical reaction, with considerably less labour 

required. As a result of these factors, novel, non-invasive, in situ probes are sought. 

An in-depth understanding of the complexities of formation of crystalline materials is still 

in the early stages of development. Several elegant non-invasive methods have been 

employed to facilitate the in situ study of solid-state reactions,
41

 such as small-angle 

X-ray scattering (SAXS),
42

 X-ray absorption fine structure (XAFS),
43

 Raman,
44

 NMR,
45

 

neutron diffraction,
46

 and X-ray diffraction (XRD).
47

 It is important to recognise that 

monitoring the behaviour of amorphous phases in situ, using techniques such as X-ray 

diffraction, can provide valuable complimentary information to that obtained purely from 

crystalline solids.
48

 Data acquired from such investigations are crucial for improving our 

understanding of the kinetics and mechanisms by which transformations in chemistry 

proceed.  

It must be emphasised that in situ methods are not without their limitations. In order for 

reactions to be probed under non-ambient conditions, custom-designed reactor cells are 

often necessary, with specific requirements depending on the sample environment and the 

technique itself (discussed further in Chapter 2). In the case of XRD measurements, very 

dense materials may degrade the data because of their X-ray absorbance, and for some 
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phases, particularly with low-symmetry crystal structures, there may be significant 

detection limits. 

 

1.2.2 In situ X-ray diffraction 

Energy-dispersive X-ray diffraction (EDXRD) is an appropriate technique for the non-

invasive study of a range of chemical reactions involving crystalline materials.
49, 50

 The 

diffraction properties of high energy, polychromatic, ówhite beamô X-rays generated from 

synchrotron sources are well suited for in situ studies of bulk chemical systems. The total 

photon flux across this energy range is extremely high. State-of-the-art EDXRD 

detectors, positioned at fixed angle (2ɗ) to the diffracted beam, enable data collection 

across a wide range of q values (q = 2ˊ/d) to be undertaken simultaneously and rapidly. 

High quality data acquisition is therefore possible on the timescale of seconds, which is 

suitable for in situ measurements. Furthermore, the high energy X-rays and large photon 

flux permit penetration of dense materials and large sample volumes. Diffraction using 

this technique occurs from a ólozengeô-shaped gauge volume, which is defined by the 2ɗ 

angle and the collimation geometry.
51

 The principal disadvantage of EDXRD is the low 

data resolution owing, in part, to the large sample volume and poor energy-resolution of 

existing solid-state detectors. This has prevented application of advanced analysis 

techniques to EDXRD data, such as detailed structure refinement. 

More recently, the availability of high energy, single-wavelength X-rays in conjunction 

with high-speed area detectors, has facilitated time-resolved studies using angular-

dispersive XRD.
52

 Data collection on the millisecond scale is now possible due to the 

emergence of novel detector systems, including both óflat-panelô and órotating-armô 

designs. The resolution of data measured using this technique is considerably greater than 

that obtained from EDXRD studies, thus facilitating structure refinement. Until recently, 

the main disadvantage of the angular-dispersive technique was the lower flux of the 

monochromatic beam, which hindered penetration of thick-walled sample vessels and 

large sample volumes. However, facilities such as Beamline I12 at the Diamond Light 

Source now enable high-flux, angular-dispersive diffraction at far higher energies 

(Ó 53 keV) than were previously available. In addition to the exceptional data resolution, 

a considerably greater d-spacing range is also accessible due to the absence of any fixed-

2ɗ constraints experienced with EDXRD. A disadvantage of angular-dispersive 
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diffraction is the detection of Bragg reflections from the sample vessel and equipment 

due to the absence of a predefined gauge volume with this configuration.  

A considerable limitation of the in situ X-ray diffraction technique is the requirement for 

synchrotron radiation. Whilst high-temperature X-ray diffraction (HTXRD) studies are 

now possible using laboratory diffractometers, this method often does not facilitate 

monitoring of reactions on a representative scale or under standard laboratory conditions. 

Access to facilities which enable in situ XRD studies requires the submission and 

acceptance of a beamtime proposal, a process which is usually highly competitive. If 

successful, the resulting time allowance for in situ XRD studies at Diamond Light 

Source, for instance, is typically no more than three days per six month allocation period. 

Application of both energy-dispersive and angular-dispersive X-ray diffraction in the 

study of chemical reactions using Beamline I12 is discussed in greater detail throughout 

the following chapters, in addition to the following section. 

 

1.2.3 Beamline I12 at the Diamond Light Source 

Beamline I12 is a multi-purpose facility at the Diamond Light Source. The high intensity, 

high energy beam of X-rays available at this facility can be harnessed for 

imaging/tomography, X-ray diffraction, and small angle X-ray scattering (SAXS) 

experiments. The beam is provided by a superconducting multi-pole wiggler which is 

positioned in the storage ring. Beamline I12 is otherwise known as the Joint Engineering, 

Environmental and Processing Beamline (JEEP), which emphasises its wide applicability 

for studies across a broad spectrum of physical sciences. 

This beamline produces a continuous spectrum of X-rays in the region 

50 Ò E / keV Ò 150. In energy-dispersive mode, reacting samples are irradiated with a 

continuous series of X-rays with energies across this entire range. The photon flux at 

50 keV is ca. 1.8 × 10
12

 photons.s
ī1

. Following interaction with the sample, the diffracted 

X-ray beam passes through two post-sample collimator slits and onto the detector. A 

23-element Ge energy-dispersive detector is used to record diffraction data from the 

polychromatic beam throughout a chemical reaction. The radial ótake-offô angle, 2ɗ, for 

each element of the detector is 5°. In addition, Beamline I12 offers the use of a Thales 

Pixium RF4343 detector for angular-dispersive studies. This flat-panel detector hardware, 

in combination with a custom-designed high-energy monochromator, allows angular 
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dispersive diffraction using X-rays of a specified energy, with E Ó 53 keV. The Pixium 

detector-sample distance can be adjusted in conjunction with the beam energy to optimise 

the observable d-spacing region. 

 

1.3 Layered metal hydroxides 

1.3.1 Aluminium hydroxide 

Naturally occurring aluminium hydroxide, Al(OH)3, has four structural variants: 

gibbsite,
53

 bayerite,
54, 55

 nordstrandite,
56

 and doyleite.
57

 The general structure of this 

material is based upon lamellae of edge-sharing AlO6 octahedra, which interact via 

hydrogen bonding. Al atoms are ordered in two thirds of the octahedral sites within each 

layer (Figure 1.1).  

 

 

Figure 1.1: Structure of the gibbsite polymorph of Al(OH)3 including (a) layer stacking and (b) view 

parallel to the c-axis. Al atoms are shown in green and O6 octahedra in red. H atoms have been omitted for 

clarity. 

 

The different polymorphs of Al(OH)3 exhibit a similar layer structure, but each has a 

unique stacking sequence of those layers. Gibbsite has an aba stacking sequence, in 

contrast to bayerite which exhibits aa stacking (Figure 1.2). This feature is important 

when discussing the intercalation chemistry of the aluminium hydroxide variants. 
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When subject to direct reaction with lithium salts (LiX), Al(OH)3 undergoes topotactic 

óimbibitionô of both Li
+
 and X

ī
 ions. The cations become incorporated into the octahedral 

holes within the layers, and the anions reside between the layers alongside co-intercalated 

water molecules. Reaction of lithium salts with different Al(OH)3 polymorphs results in 

LDHs with different layer-stacking sequences. The use of gibbsite produces layered 

double hydroxides with pseudo-hexagonal symmetry (a two-layer aba stacking 

sequence),
58

 whilst reaction with the bayerite and nordstrandite polymorphs has been 

shown to form the pseudo-rhombohedral (three-layer abca stacking) alternative.
59, 60

 

Britto et al. have also suggested such systems may undergo slight structural distortion 

resulting in monoclinic symmetry.
61

 

 

Figure 1.2: Structure of the bayerite polymorph of Al(OH)3, including (a) layer stacking and (b) view 

parallel to the c-axis. Al atoms are shown in green and O6 octahedra in purple. H atoms have been omitted 

for clarity. 

 

More recently, incorporation of transition metal nitrate salts into the gibbsite structure has 

been reported, but the reaction only proceeds following pre-activation of the solid 

Al(OH)3 precursor through ball-milling. The resulting product materials feature M
2+

 ions 

in only half the octahedral holes in the layers,
62

 and are described in more detail in 

Chapter 3. 

 

1.3.2 Layered Double Hydroxides 

Layered double hydroxides (LDH) are an extensive family of both naturally occurring 

and synthetic, layered inorganic materials. Knowledge of their chemistry dates back to 

1915, when the chemical formula of naturally occurring hydrotalcite, 
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Mg6Al 2(OH)16·4H2O, was correctly reported by Manasse.
63

 The first comprehensive 

structure analyses of layered hydroxide minerals were undertaken over 50 years later 

using single crystal X-ray diffraction (XRD).
64-67

 LDHs are now the most widely 

investigated metal hydroxide compounds. 

The structure of an LDH, an example of which is shown in Figure 1.3, is based upon that 

of the brucite mineral, Mg(OH)2 (which exhibits a CdI2 structure type). Mg(OH)2 

comprises infinite sheets of edge-sharing MgO6 octahedra, which are linked by hydrogen 

bonding between the layers. The LDH structure can be derived from brucite by 

substitution of a fraction of the Mg
2+

 ions for M
3+

 ions in the octahedral holes between 

alternate pairs of OH planes. In this way, the layers acquire a net positive charge, which 

is balanced by the intercalation of anions between the layers. It is a feature of most LDHs 

that water molecules also co-intercalate alongside the anions between the layers.
68, 69

 

 

Figure 1.3: Structure of the [LiAl2(OH)6]Cl·yH2O LDH,
58

 including (a) layer stacking and (b) view parallel 

to the c-axis. ǒ represents Li
+
 cations, ǒ represents Al

3+
 cations, ǒ represents interlayer Cl

ī
anions, and MO6 

octahedra are coloured red. H atoms and interlayer water molecules have been omitted for clarity. 

 

The majority of hydrotalcite-like LDH compounds can be described by the general 

formula [M
2+
1īxM

3+
x(OH)2]

a+
(X

nī
)a/n·yH2O, where M

2+
 ions are commonly Mg

2+
, Ca

2+
, 

Mn
2+

, Fe
2+

, Co
2+

, Ni
2+

, Zn
2+

, and M
3+

 ions can be Al
3+

, Cr
3+

, Mn
3+

, Fe
3+

, Co
3+

, Ni
3+

, or 

Ga
3+
. Pure LDHs have been formed in the range 0.2 Ò x Ò 0.33, but additional reports 

suggest that a wider range of metal ratios within the LDH layers is possible, including 

0.1 Ò x Ò 0.5. The limits of x are governed by the proximity of M
3+

 to one another within 

the layers. Recently, a series of LDHs with unusual chemical formula, 
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[MAl 4(OH)12](NO3)2·yH2O (M = Co, Ni, Cu, Zn), have been synthesised and their 

reactivity probed.
62, 70, 71

 Synthesis of these materials via hydrothermal reaction of 

activated Al(OH)3 gibbsite with highly-concentrated solutions of metal nitrates, results in 

incorporation of M
2+

 ions in only half of the octahedral holes in the LDH layers (Figure 

1.4). 

It is important to note that several LDH species exist that cannot be described by the 

above formula. Many ternary LDHs, containing mixtures of greater than one type of M
2+

 

or M
3+

 ion within the layers, have been prepared.
72

 Even examples of quaternary systems 

have been reported.
73

 The substitution of some M
4+

 for M
3+

 cations in ternary LDH 

materials have been reported, including Ti
4+

, Zr
4+

, and Sn
4+

.
74-77

 In addition to LDHs 

containing M
II-IV

 ions, the [LiAl2(OH)6]X·yH2O materials, which contain Li
+
 and Al

3+
 in 

the intralayer interstices, have been the subject of considerable investigation.
58, 78, 79

 Due 

to the difference in size and charge of the two cations, ordering is observed within the 

layers of these óLiAl2-Xô systems. The route to synthesis of LiAl2-X LDHs was described 

in the previous section. 

 

Figure 1.4: Idealised structure of the cation-ordered [ZnAl4(OH)12](NO3)2·yH2O LDH,
62

 showing one layer 

viewed parallel to the b-axis. ǒ represents Al cations within red AlO6 octahedra and ǒ represents Zn cations 

within yellow ZnO6 octahedra. 
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Preparation of LDHs has been achieved using a broad spectrum of chemical techniques. 

The most commonly applied method is simple coprecipitation from solution.
80

 This one-

pot, direct synthesis approach involves combining mixtures of the relevant metal salts 

under pH control and has two main variants. Performing at so-called ólow-

supersaturationô requires simultaneous addition of metal salts and base to an aqueous 

solution of the desired interlayer anion,
81-83

 whereas at óhigh-supersaturationô, the mixture 

of metals salts are added to a basic solution containing the anions at a slow and steady 

rate.
84-86

 Synthesis via coprecipitation generally leads to products of higher crystallinity 

as the rate of crystal growth is greater than the rate of nucleation. Homogeneous 

precipitation using the urea hydrolysis method is an alternative to coprecipitation, 

whereby the in situ hydrolysis reaction to give ammonia and hydrogen carbonate 

maintains the pH of the reaction at ca. 9.
87, 88

 Product crystallisation from solution tends 

to form hexagonal platelets.
89

 In addition to these and the direct intercalation method 

detailed in Section 1.1.1, synthesis of LDHs has also been undertaken using the 

reconstruction method,
90, 91

 the salt-oxide method,
92, 93

 and hydrothermal reaction.
94

 

The intercalation chemistry of LDHs is vast and varied.
95, 96

 The facile and reversible 

substitution of interlayer anions has enabled the incorporation of a broad range of 

interesting and technologically relevant anionic species into the structure of these layered 

inorganic hosts.
97-99

 In part due to the high ion-exchange capacities of LDHs, many 

applications of them are known, including in catalysis,
100, 101

 polymer science,
102, 103

 and 

separation science.
71, 104

 

 

1.3.3 In situ  XRD studies 

In situ EDXRD as a tool for monitoring the interesting intercalation reactivity of metal 

hydroxides has been discussed in a number of reviews.
80, 105

 The decline and growth of 

starting material and product reflections, in addition to those of crystalline intermediate 

phases, can be simultaneously, accurately, and non-invasively probed using this 

technique. As layered crystalline solids, metal hydroxides commonly exhibit several 

intense Bragg reflections in their X-ray diffraction patterns, making them highly suitable 

for in situ XRD studies.
106

 The kinetics and mechanisms of chemical processes involving 

these materials are often highly unusual, and small changes to the reaction conditions can 

have a significant impact on the route to product formation.  
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Precipitation of both the gibbsite and bayerite forms of aluminium hydroxide from 

solution have been probed using EDXRD.
107

 It was noted that they exhibited contrasting 

behaviour at elevated temperatures, but a transition between the two polymorphs was not 

observed. The reactivity of metal hydroxides has also been monitored in situ. The 

synthesis of [LiAl 2(OH)6]X·H2O LDHs via the direct intercalation method with Al(OH)3, 

described in the preceding sections, was studied by Fogg and OôHare using in situ 

EDXRD.
108

 The rate of direct conversion of the gibbsite starting material to the cation-

ordered LDH product was found to be highly temperature-dependant. 

Investigation into the reactivity of LDHs using time-resolved X-ray diffraction has been 

the focus of much attention in recent years. Examples of reaction intermediates and 

staging have been observed during in situ investigations of LDH intercalation reactions, 

and the kinetics of these processes have also been monitored.
104, 109-114

 Comprehensive 

insight into the mechanisms of dehydration and thermal decomposition of LDHs and their 

layered analogues has been gained through the use of both laboratory and synchrotron 

X-ray diffraction facilities.
115-120

  

 

1.4 Compounds with the Aurivillius structure 

In the early 1950s, Bengt Aurivillius reported the first perovskite-like layered bismuth-

containing solid oxides.
121-123

 The subsequently-derived óAurivilliusô family of layered 

oxides can be described by the general formula [Bi2O2][A n-1BnO3n+1], where A represents 

one or more bulky cations such as Bi
3+

, Pb
2+

, Ba
2+

, Sr
2+

, Ca
2+

, K
+
, and Na

+
, and B 

corresponds to smaller cations that are well-suited to octahedral coordination, such as 

W
6+

, Nb
5+

, Zr
4+

, Ti
4+

, Fe
3+

, Cr
3+

, and Mn
3+

.
124

 The structure of a so-called óAurivillius 

phaseô comprises regular intergrowths of fluorite-like [Bi2O2]
2+

 layers and pseudo-

perovskite [Anī1BnO3n+1]
2ī

 blocks, where n corresponds to the number of sheets of 

corner-sharing BO6 octahedra in the perovskite-like slab. Typically, n is an integer 

number in the range 1 ï 4, although various homologous series with n > 4 have been 

reported, up to n = 9.
125

 The annotated idealised structure of an n = 2 Aurivillius phase is 

provided in Figure 1.5. 
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Figure 1.5: Unit cell for the n = 2 Aurivillius structure (e.g. Bi3TiNbO9) ǒ denotes Bi cations and 

perovskite-layer A-site cations, ǒ denotes O anions, and ǒ denotes B-site cations. 

Recurrent intergrowth phases also exist in the Aurivillius family, which exhibit long-

range ordered structures with alternating perovskite blocks of different n, separated by 

bismuth oxide layers (Figure 1.6).
126, 127

 Such materials are often denoted with non-

integer values of n, where most commonly n = 1.5, 2.5, and 3.5. Alternatively, these 

phases can be described by the general formula Bi4A(m+n)ī2B(m+n)O3(m+n)+6, where 

m = n ± 1. The preferential location of B-site cations in intergrowth layers of specific n 

has been reported by Sneddon et al.
128

 High-resolution transmission electron microscopy 

(HRTEM) has been adopted as a powerful tool not only for confirming the existence of, 

but observing the relationship between, different perovskite layers in recurrent 

intergrowth structures.
129

 The remarkable comprehensive ordering of intergrowth layers 

in Aurivillius phases has been explained by the long-range repulsive interactions arising 

from elastic forces that exist throughout the structure.
130, 131
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Figure 1.6: Schematic illustration of the structures of three members of the Aurivillius family, including 

(a) n = 1/2 recurrent intergrowth phase, (b) n = 2 phase, and (c) n = 2/3 recurrent intergrowth phase. ǒ 

denotes Bi cations and perovskite-layer A-site cations, ǒ denotes O anions. 

 

At room temperature, compounds in the Aurivillius family can be tetragonal, or close to 

tetragonal with slight orthorhombic distortion. In the case of distorted structures, 

octahedral rotations in the perovskite layers lead to a doubling of the ab plane with 

respect to the tetragonal polytype, resulting in the lattice parameter relationship: 

aorth å borth å ã2atet å 5.4 ¡. The c-parameter of the unit cell correlates linearly with 

variation in n. Displacement of B-site cations, to an óoff-centreô position within their 

coordination octahedra, results in an ionic polarisation and corresponding lowering of 

crystal symmetry as the octahedral coordination becomes irregular. The symmetries of 

Aurivillius compounds with odd or even n are described by different orthorhombic space 

groups (Aba2 or A21am, respectively), owing to the in-phase or out-of-phase octahedral 

rotations about the c-axis. It has been reported that orthorhombic distortion in Aurivillius 

phases is highly dependent upon the radii of cations residing on the perovskite layer 

A-sites, as well as on the B-sites.
132
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1.4.1 Synthetic routes to Aurivillius phase formation  

A broad spectrum of synthetic techniques has been employed to facilitate the formation 

of Aurivillius compounds. Due to low reagent homogeneity and slow ionic diffusion, 

conventional solid-state reaction (referred to as the óceramic methodô) is often undertaken 

at temperatures in excess of 1000 °C and can involve multiple regrinding and pelletizing 

steps.
133

 Use of the Bi2O3 reagent, which is volatile at high temperatures, to synthesise 

Aurivillius phases under such conditions can lead to compositional changes, impurity 

formation, or defects in the Bi2O2 layers. Alternative routes to the ceramic method for 

synthesis of compounds with the Aurivillius structure are therefore continually being 

sought. The properties of the resulting materials can be highly dependent upon the 

synthesis method employed.
134

 

The 2008 report by Kong et al. provides an excellent summary of the mechanochemical 

route towards pure-phase formation of compounds with the Aurivillius structure.
135

 

Mechanochemical activation to form an amorphous Aurivillius product, followed by 

subsequent calcination, is an appropriate variation on this technique.
136-138

 Synthesis of 

A-site substituted Aurivillius phases has been reported using a ósoft chemicalô route.
139

 

Pure phases with the n = 4 structure were formed following precipitation of nitrates onto 

the surface of TiO2 particles, however this procedure still required calcination steps 

undertaken at 750 °C and 950 °C. Alternatively, hydrothermal synthesis of Aurivillius 

compounds facilitates one-step product formation at temperatures below 250 °C.
140, 141

 

Sardar and Walton have reported the synthesis of Bi4Ti3O12 using NaBiO3·2H2O reagent 

as a reactive source of Bi
5+

.
30

 Sol-gel and coprecipitation methods have also been 

applied.
142-145

 

Molten salt synthesis (MSS) is a comparatively newer technique than the sol-gel and 

ceramic methods, and, as a result, it has been much less extensively applied and 

explained. Few examples of Aurivillius phase synthesis that employ this method have 

been published.
146-149

 Existing examples are discussed in more detail in Chapter 4. 

 

1.4.2 Properties and applications of compounds with the Aurivillius structure 

The physical properties exhibited by this layered bismuth family of solid-oxide 

compounds have been extensively investigated. Initial interest in these materials focussed 



Chapter 1 

17 

on their suitability as lead-free ferroelectrics.
133, 150, 151

 The structural basis for 

ferroelectricity in the bismuth titanate family was discussed by Newnham et al.; the main 

polarisation vector is observed parallel to the a-axis, but there is also a small component 

in the c-direction.
152

 Withers et al. in 1991,
153

 and Frit and Mercurio in 1992,
154

 reported 

that the principal structural drive towards ferroelectricity in these compounds originates 

from displacement of the Bi atoms residing on the perovskite A-sites, and not via 

octahedral off-centring of the B-site cations. It has subsequently been demonstrated that 

substitution of cations onto the A-sites of the Aurivillius structure results in significant 

variation of the ferroelectric properties.
155

 As a consequence of this interesting behaviour, 

ferroelectric materials of the Aurivillius family are currently being widely studied for 

potential uses in non-volatile memory: the use of SrBi2Ta2O9 thin films as dynamic 

random access memories (DRAMs) has been summarised by Scott.
156

 

Several reports also detail the propensity for the use of bismuth titanate based layered 

compounds as high-temperature piezoelectrics.
157, 158

 The A-site doped n = 4 Aurivillius 

phase, Na0.5Bi4.5Ti4O15, exhibits excellent piezoelectric properties, a high resistivity, and 

a high Curie temperature (Tc > 600 °C).
159

 This material is commercially available and 

has been used in accelerometers at temperatures up to 400 °C.
160

 Systematic substitution 

of Ba cations onto the perovskite A-sites of this material, however, leads to a gradual 

decrease in the ferroelectric to paraelectric phase transition, resulting from reduced 

structural distortion due to doping of the larger Ba ion.
161

 

More recently, focus on the applications of Aurivillius phases has shifted towards their 

use as oxide ion conductors.
162

 The n = 1 Bi2VO5.5 material exhibits intrinsic oxygen 

vacancies,
163, 164

 and at elevated temperatures (> 570 °C) disorder of these vacancies in 

the perovskite layer results in high oxide ion conductivity.
165, 166

 A range of metal ions 

(Me) has been doped for vanadium in this compound, resulting in the BIMEVOX family 

of doped Bi-V oxides.
167-170

  

 

1.4.3 The Bi4Ti3O12-BiFeO3 system as a template for multiferroicity  

Many forms of modern technology rely upon, and are ultimately derived from, the 

properties of magnetism and ferroelectricity, and materials that exhibit these features are 

therefore highly desirable. The simultaneous occurrence of ferromagnetism and 
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ferroelectricity in a single phase is rare,
171

 and a coupling between the two properties, 

referred to as ómultiferroicityô, is rarer still.
172

 The reason for this scarcity is primarily 

due to the opposing origins of the two types of behaviour. Transition metal ions with 

partially filled d-orbitals are required for magnetic interactions, whereas the collective 

shift of cations within a structure resulting in electric polarisation, is induced by the 

movement of electrons between oxygen p-orbitals and transition metal empty d-orbitals. 

As a result, an additional driving force such as a structural distortion, is required for 

ferromagnetism and ferroelectricity to coexist.
173

 

Aurivillius phases are excellent candidates for multiferroic behaviour. The majority 

exhibit ferroelectricity due to off-site displacement of A-site and d 

0
 B-site cations. 

Accordingly, if suitable substitution of transition metals with partially-filled d-orbitals 

onto the B-sites were to result in strong magnetic interactions, it is entirely possible the 

two properties could become coupled. The structural, magnetic, and dielectric properties 

of compounds in the Bi4Ti3O12-BiFeO3 Aurivillius system (n = 3 ï 9) therefore, with d 
0
 

and d 
n
 cations on the B-sites, have been the subject of extensive scrutiny.

125, 174-178
 The 

n = 4 member of this series, Bi5Ti3FeO15, has been under particular investigation,
179

 and 

reports indicate that it exhibits a co-existence of ferroelectricity and weak 

ferromagnetism.
180

 B-site doped analogues of the n = 4 phase are therefore currently 

being sought, some existing examples of which are discussed in the introduction to 

Chapter 4. 

 

1.5 Metal-organic frameworks 

In general, metal-organic frameworks (MOFs) are materials that are composed of 

inorganic clusters interconnected by rigid polydentate organic moieties to produce an 

ordered porous framework.
181, 182

 This family of materials has been the subject of 

significant and increasing investigation in recent years. The potential industrial 

applications of MOFs are extensive,
183

 and they are currently being investigated for use 

as hydrogen storage materials,
184-187

 as shape selective catalysts,
188

 in drug delivery,
189

 

and in carbon dioxide capture and storage.
190

 The importance of the interesting magnetic 

behaviour exhibited in several MOFs, in particular those containing cobalt centres, has 

been highlighted by Kurmoo.
191
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Scientific focus on the synthesis and characterisation of new metal-organic frameworks 

has increased considerably over the last two decades.
192

 A vast number and range of 

synthetic routes towards MOF formation are now available to the modern chemist.
181

 

These include solvothermal, microwave-assisted, vapour-diffusion, mechanochemical 

and electrochemical synthesis methods.
193

 A variation on the solvothermal technique, 

termed the óresin-assistedô method, has also been employed as a route to MOF 

formation,
194, 195

 and is discussed in greater detail in Chapter 6.  Successful attempts to 

improve the speed and scale of MOF synthesis have also recently been reported.
196

 

However, despite our ever-improving knowledge of the functionality of organic bridging 

ligands as well as the preferable coordination environments of inorganic metal centres, 

the synthesis and interconversion of frameworks with various topologies is still very 

much exploratory. Understanding and influencing the relationship between fundamental 

factors influencing MOF formation, in addition to the crucial kinetics of their 

crystallisation, is at the heart of research into this important family of materials. In situ 

probes are extremely valuable for determining the interactions between related 

framework species during synthesis, as well as the precise kinetics of their crystallisation 

and the specific conditions under which certain materials form preferentially over others.  

There exist several difficulties associated with probing solvothermal syntheses in real 

time: the reactions are often undertaken in thick-walled steel autoclaves at elevated 

temperatures, the reagents and products can be present in low concentrations, and the 

reactions can take up to several days to reach completion. Only a relatively small number 

of in situ EDXRD experiments have been undertaken on solvothermal MOF 

crystallisation reactions. In 2011, Ahnfeldt et al.
197

 highlighted the only existing 

examples of EDXRD MOF crystallisation studies as those probing the formation of 

Fe-MIL -53, MOF-14, and HKUST-1.
198, 199

 In the latter study by Millange and co-

workers, the kinetics of HKUST-1 formation were successfully analysed using a model 

that separates nucleation and growth into two discrete terms, which yielded important 

information about the crystallisation of this material. Within the last two years, several 

further in situ studies into the formation mechanisms and kinetics of various metal-

organic frameworks have been reported, using both XRD and light-scattering 

techniques.
200-206
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1.6 Aims of this thesis 

The principal aim of the work described in this thesis was to facilitate the study of a 

broad spectrum of solid-state chemical processes using in situ X-ray diffraction, through 

the design and construction of a multifunctional chemical reaction furnace. A proportion 

of the funding and scientific support for this research was provided by the Diamond Light 

Source, the UKôs national synchrotron, specifically for studies using the high-energy 

X-ray Beamline, I12.  

Following construction and commissioning of the new equipment, the focus was then to 

demonstrate the capabilities of the apparatus for studying a varied range of chemical 

reactions involving crystalline materials, in addition to showcasing the wide-applicability 

of the in situ X-ray diffraction technique on Beamline I12. The ultimate target, 

succeeding furnace construction, was to make available this equipment to the wider 

scientific community and to continue the development of the apparatus based on the 

requirements of the users. 

Three fields of inorganic chemistry were initially selected for study: the synthesis and 

intercalation reactivity of layered double hydroxides, the molten salt synthesis of 

compounds with the Aurivillius structure, and the resin-assisted crystallisation of metal-

organic frameworks. These areas were chosen firstly with the intention of understanding 

more comprehensively their interesting, and occasionally poorly understood, chemistries. 

An in situ exploration of the route to product formation was undertaken in each case to 

gain an insight into the kinetics and mechanisms of these processes. Not only was the 

reactivity of these materials vastly different, but the contrasting requirements for their 

study using X-ray diffraction, such as the observable range of relevant d-spacings from 

Bragg diffraction, enabled the extensive capabilities of Beamline I12 to be demonstrated. 

Additionally, the range of chemical environments required to undertake such reactions 

represented those most widely applied in the field of solid-state. Throughout this 

research, emphasis was placed upon improving, adapting, and diversifying in situ XRD 

data analysis to yield new and important information about the processes being studied. 
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  Chapter 2: The Oxford Diamond In Situ Cell (ODISC) for Studying 

Chemical Reactions using Time-Resolved X-ray Diffraction  

 

2.1 Introduction  

The preparation of inorganic crystalline materials is often undertaken using complex 

apparatus to deliver extreme reaction conditions, such as elevated temperatures and 

pressures. Custom designed reactor cells and furnaces are therefore required for in situ 

diffraction studies on these reactions, to recreate the appropriate sample environment 

whilst allowing X-rays or neutrons to penetrate the sample. For X-ray diffraction 

experiments, a considerable flux of photons in the high energy spectral region is 

necessary to penetrate thick-walled reaction vessels and to facilitate collection of data 

with acceptable time resolution. As a result, it can be problematic to monitor such 

processes in situ using conventional laboratory equipment and techniques. Exploratory in 

situ techniques that can be applied to bulk systems, under conditions representative of 

those used in laboratory syntheses or in industry, are required. 

The design, construction and commissioning of a new, versatile, infrared-heated chemical 

reaction cell for the in situ study of a range of chemical syntheses using time-resolved 

energy-dispersive X-ray diffraction (EDXRD) and angular-dispersive XRD on Beamline 

I12 at the Diamond Light Source is described in this chapter.  

 

2.2 Existing equipment for in situ studies 

Two existing in situ diffraction furnaces were refurbished and commissioned for use at 

Diamond Light Source.
7, 8

 The stirrer function and the heating system of a hydrothermal 

cell were repaired and this furnace was used to undertake feasibility studies on Beamline 

I12 during the commissioning period in 2010. A steel insert was constructed to improve 

the heating efficiency of a separate high-temperature furnace, which was used to 

undertake preliminary studies on the molten salt reactions detailed in Chapter 5. During 

commissioning time, the requirements for high-quality in situ diffraction data collection 

using this very new facility were established. Such factors included optimum detector 
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position, appropriate sample containment, and the most effective method of remote 

equipment control. 

Use of the two existing furnaces for in situ experiments during this time had several 

drawbacks. The hardware itself was old and often unreliable. Both furnaces were 

constructed with very specific purposes in mind and were optimised only for these 

studies. The regular switching between cells on the mounting stage and subsequent 

sample realignment resulted in valuable beamtime being lost. The time required for 

heating and cooling of both furnaces was also extensive. However, when functioning 

effectively, the fundamental features of these apparatuses facilitated good-quality 

diffraction data collection. Integrated heating, stirring, and precise sample centring were 

the key elements required for a highly versatile in situ reaction cell. These features would 

provide the basis upon which the new cell would be designed. 

 

2.3 Design criteria for the development of a multifunctional in situ cell 

Prior to designing and building the new in situ chemical reaction cell, a number of 

important criteria were established. These were concerned with the principal functions of 

the cell, in addition to its suitability for operation at synchrotron beamlines. Several 

experienced furnace users and potential stakeholders were consulted about their ideas for 

building an efficient, highly-applicable reaction furnace. Providing a user-facility for I12 

was the overriding aim, and the main attributes required for this were included in the 

initial criteria. 

The furnace should operate at temperatures up to 1200 °C. The heating and cooling of 

samples should be controllable across this entire heating range and be precise to 

0.1 °C.min
ī1

. The option for rapid sample heating and cooling should be available, 

which, in addition to allowing reactions under such conditions to be probed, will also 

serve to improve the efficiency of sample changeovers. 

The in situ cell should be as versatile as possible in terms of accommodating a broad 

spectrum of chemical reactions. It should be operational with a range of sample vessel 

sizes and shapes, including capillaries, cylindrical reaction tubes, and steel autoclaves. It 

is important that reactions can be undertaken on a representative laboratory scale using 

the equipment. 
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Passage of the incident X-ray beam into the sample, and of the diffracted beam from the 

sample to the detector should be subject to minimal obstruction. A window bisecting the 

furnace should take into account the angle at which the diffracted beam passes onto the 

fixed angle EDXRD and angular-dispersive detectors. 

Optional sample stirring should be available whilst measurements are being undertaken. 

This will allow agitation of the reacting sample, ensuring a constant amount of solid is 

present in the beam-path and preventing sample settling. 

It is essential that the furnace be reliably controllable from a remote location. A controller 

box with remote access capabilities will be constructed. This controller should also 

facilitate and monitor the safe operation of the furnace. 

 

2.4 The Oxford-Diamond In Situ Cell (ODISC) design and assembly 

Numerous specialised furnaces and reaction cells have been constructed to enable in situ 

diffraction and imaging studies on samples under non-ambient conditions.
8-12

 Several 

design ideas were investigated prior to deciding on the most appropriate method of 

sample heating for ODISC. óClam-shellô furnaces, oil-heated furnaces and induction 

furnaces were all explored as potential designs. However, following detailed 

consideration of the initial criteria, sample heating using infrared radiation was deemed to 

be highly suited to the requirements of the in situ chemical reaction furnace.  

Furnaces that heat samples by focussing high-intensity infrared radiation onto strongly 

absorbing reaction vessels are becoming more prevalent due to the advantages of this 

óradiative transferô heating approach.
13

 IR-furnaces with low thermal mass permit 

significantly faster sample heating and cooling than ovens that heat via thermal contact. 

Infrared radiation can be highly focussed, which facilitates localised heating, making high 

temperatures very accessible.
14

 Such furnaces contain halogen lamps and reflectors with 

very specific geometry, which enables maximum heat transfer onto the focal point at the 

centre of the furnace. An arrangement of elliptical reflectors in the furnace walls creates a 

central chamber, which is ideal for accommodating varying sample sizes and shapes. 

Additionally, sample vessels positioned within this open chamber do not become 

contaminated through contact with components of the furnace.  
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2.4.1 Furnace construction  

A schematic of the Oxford Diamond In Situ Cell (ODISC) is provided in Figure 2.1.  

 

Figure 2.1: (a) Schematic of the ODISC furnace, alongside (b) a photograph of the internal furnace set-up. 

 

Samples positioned inside the furnace are heated via radiative transfer. The furnace shell 

and heating set-up were assembled using commercially available components. The 

heating system uses highly-polished aluminium elliptical reflectors to focus high-

intensity, short-wave IR radiation from four tungsten filament lamps onto a cylindrical 

sample at the centre of the furnace. At maximum operating voltage each lamp produces 

1.5 kW of power, totalling 6.0 kW when all four lamps are in operation. 

The furnace body is cooled using an external water flow. A 16 mm (outer diameter (OD)) 

hose connects the furnace to a continuous water-cooling unit. For applications above 

400 °C, it is necessary to further cool the IR lamps using air cooling. In these cases, a 

supply of clean, dry air is distributed to each of the lamps. 

The furnace is vertically mounted upon a bracket attached to a base-plate (Figure 2.2). 

The base-plate is fully compatible with the sample stage at Beamline I12 at the Diamond 

Light Source. The sample to stage distance is 141 mm. A cylindrical window runs 

horizontally through the centre of the furnace, 24 mm above the base of the furnace 

chamber. This allows unobstructed passage of the incident X-ray beam to the sample and 

of the diffracted beam from the sample to the detector. A quartz panel in the window 
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prevents heat loss via convection through the opening. The diameter of the window, 

16 mm, is such that heat loss is minimised but a clear path at an angle of 5° from the 

sample to the detector is maintained.  

 

Figure 2.2: Cross section diagram of the lower section of the cell alongside photographic side view 

showing the mounted furnace. 

 

2.4.2 Cell inserts 

Due to constraints on sample heating, cylindrical vessels up to 65 mm maximum 

diameter can be incorporated into the large, open-chamber inside the furnace body. 

Exchangeable mounting disks and centring tubes were constructed in order to 

accommodate the differing dimensions of various reaction configurations. Three bespoke 

chemical reaction cell systems were initially developed to integrate with the IR furnace 

design: the low-temperature, high-temperature, and hydrothermal chemical reactor 

systems illustrated in Figure 2.3.  

Accurate sample centring is imperative to ensure that the beam passes through the centre 

of the sample container and that the volume of sample in the beam is maximised. Low 

temperature sample vessels made from glassy carbon (dimensions: OD 26 mm × inner 

diameter (ID) 20 mm × length 300 mm) were positioned centrally in the furnace by a 

centring tube mounted on a support in the top section of the furnace and a mounting disc 

located on a support in the lower section of the furnace. The inner diameter of the 
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centring tube is 27 mm and the recess in the mounting disc has a diameter of 28 mm. 

Likewise, high temperature sample vessels (dimensions OD 22 mm × ID 16 mm × length 

305 mm) were positioned using a centring tube with inner diameter 23 mm and mounting 

disc with recess 23 mm diameter. The hydrothermal system was configured differently 

due to the incorporation of an autoclave, which has an outer diameter of 30 mm in the 

bottom section. The mounting disc has a recess of 36 mm diameter to accommodate a 

glassy carbon sheath that is required to transfer heat to the vessel. The top section of the 

hydrothermal set-up is held using two opposing centring plates that rest on the upper 

support. Once in position, the shaft from the autoclave is located centrally at the top of 

the furnace. 

 

Figure 2.3: Schematic showing three chemical reactor configurations; (a) low-temperature system, 

(b) high-temperature system, and (c) hydrothermal configuration. 
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IR heating imposes several constraints upon the choice of chemical reaction vessel. The 

efficiency of sample heating is dependent upon the IR absorptivity, thermal conductivity, 

and emissivity of the container material.
15

 Sample containment materials were therefore 

selected based on their capacity to absorb radiation in the infrared region, in addition to 

their operational requirements and chemical compatibility. Matt black, glassy carbon 

tubes, that are transparent to X-rays, were employed for reactions below 500 °C and 

silicon carbide tubes for temperatures greater than 500 °C. A recrystallized alumina 

crucible positioned inside the silicon carbide tube was utilized to accommodate corrosive 

reactions. Polytetrafluoroethylene (PTFE)-lined stainless steel autoclaves were used for 

hydrothermal reactions with heat to the vessel provided via a glassy carbon sheath.  

The hydrothermal and low temperature configurations incorporate a mechanical stirrer 

insert in the lower section of the cell for reactions that require agitation. The stirrer 

magnet comprises three neodymium disc magnets, (15 mm diameter × 3 mm) mounted 

vertically inside a cylindrical steel head. The steel head is positioned on top of a 60 mm 

long cylindrical spindle with diameter 6 mm. A speed-controller printed circuit board 

drives the 240 V rotating motor, which operates at speeds up to 1000 rpm. The stirrer 

mechanics are positioned inside a 179 × 97 × 74 mm steel instrument case. High-

coercivity, PTFE-coated stirrer bars (15 × 9 mm) with samarium cobalt rare-earth 

magnets were positioned inside the reaction mixture above the stirrer head.  

The four halogen lamps are positioned such that they provide heat to the sample vessel 

across the entire 188 mm height of the furnace chamber. This prevents any significant 

temperature gradient at the point where the sample is located, in the lower section of the 

chamber.  The temperature at specific locations inside the furnace was recorded using a 

500 mm length × 1.5 mm diameter K-type thermocouple. Temperature data were 

processed by a Eurotherm temperature controller to drive the heating of the furnace. The 

temperature of the reacting samples was recorded at different positions depending upon 

the sample configuration. In the low temperature set-up, the thermocouple was positioned 

directly inside the reacting sample. In the high-temperature set-up, two thermocouples 

were positioned inside the silicon carbide tube; one between the alumina crucible and the 

silicon carbide vessel, and one inside the reacting sample. For hydrothermal reactions, 

one 0.5 mm diameter thermocouple was positioned between the glassy carbon sheath and 

the steel autoclave and another inside the sample volume, in the sealed container. 
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2.4.3 Furnace controller design and construction  

A bespoke power supply and furnace controller was constructed to incorporate several 

critical safety and control features. These were in compliance with a full risk assessment 

for remote beamline operation at the Diamond Light Source. The construction of the 

furnace controller was undertaken by Nenad Vranjeġ in the ICL Electronics Design and 

Fabrication Facility. The circuit diagrams for this device are provided in Appendix A. 

The temperature of the furnace is controlled by a programmable temperature controller, 

which is connected to a single phase thyristor unit. The maximum power output and 

proportional integral derivative (PID) parameters of the temperature controller were 

tuned to optimise the efficiency and precision of heating profiles for the different sample 

configurations at various temperatures (Appendix A).  

Before power to the furnace can be enabled, six interlocks must be primed in order to 

form a completed circuit and connect the ódriver unitô to the IR lamps. If any of the 

interlock switches opens, or if the emergency button on the front panel is pushed, the 

contactor will be removed from the circuit and the power to the furnace disconnected. 

Five of the six interlocks are connected to switches positioned throughout the furnace 

system (Figure 2.4), with the sixth acting as an auxiliary input to allow further switches to 

be added. The interlocks were designed so that the circuit óopensô when the operating 

conditions of the system are deemed unsafe. Each of the interlocks is connected to a 

labelled light-emitting diode (LED) on the front panel of the controller box to indicate to 

the user any interlocks that are not primed. 
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Figure 2.4: Schematic of the ODISC operating system illustrating switch connectivity: 1. Water flow; 

2. Water temperature; 3. Air pressure; 4. Chamber shutter; 5. Remote shut-off. 

 

Interlocks 1 and 2 are linked to parameters in the water cooling system. A cable connects 

the furnace controller to the water cooler via a 9-pin óDô type socket on the rear of the 

cooler unit. Pins 1 and 2 energise the contact when the water temperature is safely below 

a preset value. Pins 1 and 3 energise the contact when coolant flow rate is above a preset 

minimum. The maximum coolant temperature, measured following passage through the 

furnace and on return to the cooler device, was set to 32 °C. The minimum flow rate was 

set to 4 gallons per minute. 

Interlock 3 is incorporated into the air-cooling system to ensure a constant air flow to the 

lamps is maintained. A 1.0 MPa reed-type pressure switch was connected to the air-flow 

system to monitor pressure at the point before the flow is divided onto each of the lamps. 

In order to maintain a strong, continuous flow of air to the lamps, the minimum pressure 

at this point was set to 0.2 MPa (2 bar). When low temperature reactions were undertaken 

and air cooling was not required, the switch was replaced by an override DIN plug to 

remove this interlock from the system. 
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Interlock 4 terminates power to the IR lamps when the furnace chamber is open. Even at 

low operating voltage, the lamps produce very bright light which is potentially damaging 

to the eyes and skin. A magnetic, reed-type proximity sensor and magnet were attached to 

either side of the chamber shutter doors and power to the lamps only enabled when the 

two halves of the switch were in magnetic contact.  

The power supply and furnace controller can be operated remotely via connection to the 

Beamline I12 EPICS software.
16, 17

 Communication was established via an ethernet cable 

connected to the controller using an RS-232 socket. Interlock 5 is therefore connected to 

a remote óemergency-stopô switch, located in the control cabin, so that power can be cut 

immediately when operating in remote mode. 

Only when all six interlocks are primed can the óHeater Onô switch be closed. A green 

LED on the front panel then indicates that the controller is in communication with the 

furnace. An additional feature at this point enables the user to switch between óRemoteô 

and óLocalô modes, whereby control of the furnace can be exchanged from the Eurotherm 

device to a manual potentiometer dial. This potentiometer controls the furnace output 

power on a continuous scale of 0 ï 100%. 

 

2.4.4 Commissioning at Diamond Light Source  

ODISC has been fully commissioned onto the Joint Engineering, Environmental and 

Processing Beamline I12 (JEEP) of the Diamond Light Source. Figure 2.5 illustrates the 

compatibility of the ODISC base-plate with the I12 sample stage. Countersunk screw 

holes on the base-plate are positioned at 25 mm spacings and align with those located on 

the sample stage. The versatility of the apparatus set-up also enables its use at other high-

energy synchrotron X-ray beamlines, such as Beamline F3 of the DORIS synchrotron at 

Hasylab, Hamburg. 
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Figure 2.5: Top-view schematic of the I12 sample stage illustrating ODISC base-plate compatibility. 

 

2.5 Further improvements and applications  

An increase in the frequency of use of ODISC by members of the wider scientific 

community was accompanied by a number of requests to adapt and improve its 

functionality in line with experimental needs. New sample configurations were therefore 

designed and constructed, and improvements to the basic efficiency of the furnace were 

implemented. 

 

2.5.1 Low-temperature culture tube configuration  

An additional sample configuration was implemented, initially to facilitate low-

temperature solvothermal reactions (Figure 2.6). This set-up incorporated 100 mm 

length × 12 mm OD culture tubes with 20 mm OD polybutylene terephthalate (PBT) 

screw caps. PTFE-lined magnetic wing stirrers were positioned in the tubes for sample 

agitation. Heat was transferred to the sample vessel via a glassy carbon sheath 

(dimensions OD 18 mm × ID 14 mm × length 90 mm), located beneath the screw cap and 

surrounding the culture tube. The temperature of the reacting sample was measured using 

a K-type thermocouple positioned inside the mixture. A brass ferrule, with an O-ring 
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positioned between two threaded connectors, enabled the thermocouple to penetrate the 

cap whilst maintaining the seal to the vessel. The sample was centred using two centring 

plates on the upper support with 1.5 mm slits to accommodate the thermocouple. The 

maximum operating temperature of this configuration was dictated by the melting point 

of the PBT cap, at 150 °C. 

 

Figure 2.6: Schematic illustrating the low-temperature culture tube chemical reactor configuration. 

 

2.5.2 Gold coating 

The tungsten emitter in each of the four halogen lamps produces infrared radiation 

primarily in the short wavelength region (ca. 1000 Ò ɚ (nm) Ò 3000). The reflectance of 

aluminium is consistently high throughout much of the UV, visible, and IR regions 

(Ó 80% reflectance over the range 86 Ò ɚ (nm) Ò 5000).
18

 However, in the short-wave IR 

region, gold exhibits the greatest reflectance of all metal thin films (Ó 95% reflectance 

over the range 620 Ò ɚ (nm) Ò 5000).
19
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In order to improve the operating efficiency of the furnace therefore, the elliptical 

reflectors inside the chamber were coated with gold (Figure 2.7). Following extensive 

polishing of the original aluminium surface, gold coating was undertaken on the four 

separate reflectors by Richard Makin in the Thin Films Facility at the University of 

Oxford, using the procedure detailed in Chapter 7. Preliminary results illustrated that 

gold-coating led to an improvement in the efficiency of sample heating by approximately 

10%. 

 

Figure 2.7: Photographs of the gold-coated furnace chamber. LEFT: the furnace interior, and RIGHT: one 

of the four individual gold-coated reflector segments. 

 

2.5.3 Rapid heating/cooling feasibility study 

For the study of phase changes in metals and alloys, samples often require rapid heating 

to, and cooling from, temperatures in excess of 1000 °C. The suitability of ODISC for 

undertaking such studies was examined using platinum foil to simulate a metallic sample.  

A 1 cm × 1 cm sample of Pt foil was mounted on a ceramic spacer and positioned in the 

furnace chamber, orthogonal to the X-ray beam path (a schematic of the set-up is 

provided in Appendix A). A K-type thermocouple was spot-welded to one corner of the 

foil and used in mounting the sample. The air and water cooling systems were activated 

for the duration of the experiment. Changes in the temperature of the platinum foil upon 

varying the output power of the lamps were recorded at 1 second intervals (Figure 2.8). 
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Figure 2.8: Temperature profile for the rapid heating of a sample of platinum foil. 

 

Upon instantaneously applying 60% of the maximum output power to the lamps, the 

temperature of the sample increased from 43 °C to 1098 °C in 10 seconds. After 

60 seconds at 60 % output, the sample temperature plateaus at 1250 °C. 85 seconds into 

the study, the output voltage was set to 0 V and the temperature decreased by 998 °C in 

the first 15 seconds. The data illustrate that rapid sample heating can be successfully 

undertaken to temperatures above 1000 °C at a rate of over 100 °C.sec
ī1

. With the aid of 

air cooling in the furnace chamber, sample cooling from 1250 °C initially occurs at a rate 

of over 50 °C.sec
ī1

. To maximise the applicability of this set-up, the PID parameters of 

the furnace controller were tuned to allow controlled heating and cooling of similar 

metallic samples at a rate of 1°C.min
ī1

 and above (Appendix A). 
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2.6 Equipment calibration and commissioning 

Several calibration scans were undertaken using ODISC before in situ experimentation 

could begin. It was important to establish the quality of data that could be acquired from 

X-ray diffraction at Beamline I12. A sample of TiO2 with the rutile structure was selected 

as an ideal material for study in the preliminary stages of equipment commissioning. 

Rutile is inexpensive, highly-crystalline, and its structure has been well-characterised.
20

 

Bi2O3 was chosen for use in temperature calibration scans because of its physical 

properties. In addition to exhibiting intense Bragg reflections over a wide q-range, 

commercially available Bi2O3 exhibits two distinct phase changes upon heating to 

900 °C, one of which is a melting transition. Bi2O3 was also used as a starting material in 

experiments undertaken in Chapters 4 and 5 and results from the following calibration 

scan provided important information about the behaviour of Bi2O3 in subsequent 

reactions. These equipment calibration and commissioning experiments were undertaken 

before gold-coating was implemented. 

 

2.6.1 Data quality assessment 

EDXRD scans, lasting 60 seconds each, were undertaken at room temperature on a 

crystalline sample of TiO2. One sample was placed in a glassy carbon tube (low 

temperature configuration) having a 20 mm length of sample in the beam-path, and 

another in the alumina crucible inside a silicon carbide vessel (high-temperature 

configuration), with 11 mm length of sample in the beam path. The data in Figure 2.9 

illustrate that it is possible to collect diffraction data of excellent intensity and resolution 

using data acquisition time intervals analogous to those required for in situ studies.  
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Figure 2.9: EDXRD data for a sample of rutile TiO2 using (a) the low-temperature reactor configuration 

and (b) the high-temperature reactor configuration. Inset: the rutile (110) Bragg reflection with full width at 

half maximum values from data obtained using both configurations. 

 

The full width at half maximum (FWHM) was calculated for the most intense TiO2 rutile 

Bragg reflection (110) using a simple Gaussian fit to the data. The FWHM value for the 

(110) reflection of TiO2 in the low-temperature set-up was 0.01913(3) Å
ī1

 and for TiO2 

in the high-temperature set-up was 0.0189(1) Å
ī1

. These values, of comparable 

magnitude, indicate that despite the greater sample vessel length positioned in the X-ray 

beam path, data recorded using the low-temperature set-up shows no significant reduction 

in diffraction intensity or resolution when compared to that from the high-temperature 

set-up. Furthermore, the use of highly-diffracting crystalline sample vessel materials in 

the high-temperature set-up has no significant effect upon the diffraction pattern 

obtained; no intense reflections due to the silicon carbide tube or alumina crucible are 

detected in the EDXRD data.  

In general, the chemical reactions investigated using this equipment occur over a period 

of minutes and hours. Consequently, it was vital to confirm that high data quality is 

obtainable from such short scans on crystalline materials. The TiO2 EDXRD data clearly 

illustrate that this is the case, as well as indicating that any change in sample 

configuration has minimal effect upon the quality of the diffraction data obtained. 
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2.6.2 Temperature calibration: high temperature configuration 

The accuracy and precision of cell temperature measurement up to 900 °C was 

determined by monitoring the phase changes observed upon heating a sample of Bi2O3. 

The calibration run was undertaken using the high temperature set-up. 

EDXRD data from the sample were collected for 55 seconds at 60 second intervals for 

the duration of the experiment. Temperature data were simultaneously recorded at two 

positions inside the reaction cell at the end point of each 55 second accumulation. The 

furnace was set to heat the silicon carbide vessel at 10 °C.min
ī1

 to 900 °C and hold at that 

temperature for 10 minutes. The temperature profiles in Figure 2.10 illustrate that there is 

minimal discrepancy between temperature data collected from the sample vessel 

(Thermocouple 1) and from within the sample volume (Thermocouple 2). At 900 °C, the 

difference in temperature between the two thermocouples is less than 4 °C. This 

demonstrates that samples can be heated to elevated temperatures using the 

high-temperature set-up, under very accurate control and with no significant lag between 

the control temperature and the temperature of the reacting sample. 

 

Figure 2.10: Heating profile recorded using the high-temperature configuration. Thermocouple 1 was 

positioned between the sample tube and crucible. Thermocouple 2 was positioned within the sample 

volume. INSET: Close-up of the heating profile at the target temperature, 900 °C. 
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To verify the accuracy of temperature data recorded from the cell, the temperatures at 

which Bi2O3 phase changes occurred were determined precisely using in situ EDXRD 

data. Upon heating, Ŭ-Bi2O3 undergoes a phase transition, which begins at approximately 

729 °C, to the fluorite-related ŭ-Bi2O3 form.
21, 22

 ŭ-Bi2O3 exists until the melting point of 

bismuth oxide at 824 °C.
23

 The 3D stack plot in Figure 2.11. clearly illustrates two 

discrete transformations in the diffraction profile. Bragg reflections corresponding to the 

starting material are replaced by ŭ-Bi2O3 intermediate reflections at t = 67 mins, and at 

t = 76 mins a sharp increase in the overall background intensity is indicative of the solid-

liquid melting transition. 

 

Figure 2.11: 3D stack plot of EDXRD data for a sample of Bi2O3 heated to 900 °C. Peaks observed at the 

conclusion of the reaction correspond to fluorescence peaks due to bismuth. 

 

The contour plot in Figure 2.12(a) shows the diffracted intensity plotted as a function of q 

and time for the heating of Ŭ-Bi2O3. The background has been subtracted from the 

numerous diffraction patterns using a simple but highly effective automatic algorithm.
24

 

Starting material reflections are observed to shift to lower q as the Ŭ-Bi2O3 undergoes 

thermal expansion upon heating. Those reflections that do not shift position with time can 

be attributed to fluorescence peaks due to bismuth: KŬ1 E = 77.12 keV (q = 3.38 Å
ī1

), 
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KŬ2 E = 74.81 keV (q = 3.28 Å
ī1

) and Kɓ1 E = 87.34 keV (q = 3.83 Å
ī1

). Such peaks 

remain even following melting of the sample. Intermediate ŭ-Bi2O3 reflections are 

observed at q = 3.68 Å
ī1

 and q = 3.14 Å
ī1

, which correspond to the respective (311) and 

(220) reflections.
22

 

The extent of reaction, Ŭ, is defined as the integrated intensity (I) of a specific reflection 

at time t, divided by the maximum intensity of that peak [Ŭ = I(hkl)(t)/I(hkl)(max)]. A plot of 

Ŭ vs. time for the heating of Ŭ-Bi2O3 (Figure 2.12(b)) shows the precise temperature at 

which phase changes occur. At 67 Ò t (min) Ò 68 (722.0 Ò T (ÁC) Ò 733.0), the intensity 

of the starting material Ŭ-Bi2O3 reflections begins a rapid decline as ŭ-Bi2O3 reflections 

increase in intensity. The Ŭ- and ŭ-Bi2O3 curves cross at Ŭ ~ 0.5 which is indicative of a 

direct solid-solid conversion in a one step process. The temperature recorded by 

Thermocouple 2 at this point directly corresponds to the Bi2O3 phase-change temperature 

observed by Schröder et al.
25

 The melting point provides a more precise indication of 

sample temperature, as the phase change occurs more rapidly than a solid-solid 

transformation. The considerable rise in background intensity provides an indication that 

the material has melted, which is concurrent with a decrease in intensity of the ŭ-Bi2O3 

reflections. Data from Thermocouple 2 indicate that Bi2O3 melting occurs at 

76 Ò t (min) Ò 77 (820.7 Ò T (ÁC) Ò 831.6), which is again consistent with the melting 

point noted by Harwig.
22

  

 

Figure 2.12: Background-subtracted EDXRD data for a sample of Bi2O3 heated to 900 °C. (a) Contour plot 

and (b) extent of reaction vs. time plot (the solid lines are a guide for the eye only and have no physical 

significance). 
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Furnace operation in the high-temperature configuration was also tested up to 1200 °C. 

The output power was increased at regular intervals until at 75% of the maximum. A 

thermocouple measured the temperature of a sample of powdered TiO2, positioned inside 

a crucible in the silicon carbide tube. The sample temperature comfortably reached 

1202 °C and could be accurately maintained at several dwell temperatures above 

1000 °C. The heating profile from this feasibility test is provided in Appendix A.  

It is clear that sample temperatures can be accurately monitored and controlled using 

appropriately positioned thermocouples in each of the configurations. However, where 

possible, these temperatures were verified using internal calibrants observed 

experimentally. The d-spacing shift of assigned Bragg reflections was monitored upon 

changes in temperature and compared to known data. The thermal expansion of a PTFE 

liner in the hydrothermal configuration, and the melting of crystalline RbCl in a molten 

salt reaction are two such examples of internal calibrants used for reference in the 

following chapters. 

 

2.6.3 Angular-dispersive X-ray diffraction 

Angular-dispersive XRD became available on Beamline I12 in 2011. The option to 

quickly switch between X-ray beam energies was particularly useful when observing a 

range of materials with reflections at very different d-spacings. A sample of ettringite was 

synthesised and used as a 2ɗ calibrant for angular-dispersive studies with ODISC. The 

mineral ettringite, Ca6[Al(OH)6]2(SO4)3·26H2O, has a layered structure with a ~ 11.23 Å, 

c ~ 21.44  Å. This highly crystalline material was suitable for use as a calibrant due to the 

multitude of Bragg reflections it exhibits across a wide q-range, with the additional 

advantage of it being relatively simple to synthesise.  

Ettringite was synthesised by stirring 10 g Ca(OH)2 and 7.5 g Al2(SO4)3 in 100 mL 

degassed and deionised water at room temperature for two days. Following reaction, the 

mixture was filtered, and the solid washed with a saturated solution of NH4Cl. The 

resulting white powder was analysed using high-resolution powder laboratory XRD to 

confirm successful formation of the pure phase. Angular-dispersive diffraction was then 

undertaken on the sample at Beamline I12. In monochromatic beam mode, diffraction 

data are recorded using the flat panel detector as 2D images of intensity vs. detector 
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pixels, which contain the various Bragg rings of the material being studied. The beam 

energy, beam centre and sample-detector distance were first accurately determined using 

data from a sample of CeO2. Following this, 2D diffraction data obtained from a vial 

containing the ettringite were converted to a 1D plot of intensity vs. 2ɗ using the Fit2D 

software program. Rietveld refinement was then undertaken using the 1D angular-

dispersive diffraction pattern (Figure 2.13). The structure published by Moore and Taylor 

was used as an initial model to establish accurate information about the structure of the 

synthesised phase.
26

  

 

Figure 2.13: Refinement of a hexagonal structure model with angular-dispersive XRD data from a scan of 

ettringite with 4 sec exposure. Raw data is indicated by the red crosses, the green line indicates the refined 

model data, and the pink line represents the difference between both experimental and modelled data. 

wRp = 0.0633, Rp = 0.0425 , ɢ
2
 = 0.6543. 

 

Data collected from the sample of ettringite are of high quality. The intensity and 

resolution obtained from a scan of 4 sec exposure are comparable those observed in 

laboratory XRD scans lasting several hours. Structure refinement allowed accurate 

determination of the d-spacings of most Bragg reflections in the data, which could 

subsequently be plotted as a function of 2ɗ for calibration purposes. 
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2.7 Conclusion 

A new, versatile, infrared-heated chemical reaction cell, ODISC, has been commissioned 

for the in situ study of a range of chemical syntheses using Beamline I12 at the Diamond 

Light Source. Specialised reaction configurations have been constructed to enable both 

EDXRD and angular-dispersive studies on various samples under non-ambient 

conditions.  The cell can incorporate sample vessels such as alumina crucibles, steel 

hydrothermal autoclaves, and glassy carbon tubes, with the option of motorised stirring 

for reactions that require agitation. Additionally, an intelligent temperature controller 

box, incorporating several safety features, has been assembled to facilitate accurate 

furnace temperature control and to maintain the safe operation of ODISC at all times. The 

remote access capabilities of the controller allow reaction conditions to be altered without 

interrupting diffraction data collection. 

High quality diffraction measurements from a sample of TiO2 confirm that data of 

excellent intensity and resolution can be obtained from crystalline samples using ODISC. 

Phase changes upon heating a sample of Bi2O3 were monitored using EDXRD to 

demonstrate the impressive accuracy of temperature measurement using the reaction cell. 

It was found that minimal discrepancy exists between the temperatures of the sample tube 

and reacting sample in the high-temperature configuration. An additional feasibility study 

illustrated that the cell is capable of rapidly heating and cooling metallic samples at 

temperatures in excess of 1000 °C. 

The completed ODISC apparatus comprehensively satisfies the initial design criteria 

detailed in Section 2.3. It has incorporated and improved upon the capabilities of several 

predecessor cells, in addition to providing new and advanced applications. Crucially, its 

design and fabrication as a versatile in situ furnace has facilitated the study of a broad 

spectrum of chemical and engineering science using X-ray diffraction.
27

 The apparatus 

became available for use by the wider scientific community in 2012. A user-guide has 

been written to enable the safe and efficient operation of ODISC for multiple users and 

uses, and is provided in Appendix F. At the time of writing, June 2013, researchers and 

academics from seven different institutions worldwide had undertaken in situ diffraction 

studies using this equipment. It is anticipated that future experiments involving ODISC 

will employ a greater range of high-energy X-ray techniques, such as tomography and 
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high-speed imaging, and that these studies will instigate further improvements to the 

equipment. 

Detailed examples of the applications of this apparatus for exploring the kinetics and 

mechanisms of a range of chemical reactions are presented in the following chapters.  
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Chapter 3: The Synthesis and Reactivity of Layered Double Hydroxides 

formed from Al(OH) 3 

 

3.1 Introduction 

The Li-containing family of Layered Double Hydroxide (LDH) materials, 

[LiAl 2(OH)6]X·yH2O (LiAl 2-X, where X = e.g. Br, Cl, CO3, NO3, OH), was introduced in 

Section 1.3. A general synthetic route to these materials is via the intercalation of lithium 

salts into aluminium hydroxide.
1, 2

 This method involves the direct reaction of highly-

concentrated solutions of LiX with different polymorphs of Al(OH)3.
3, 4

 Al(OH)3 has a 

structure comprising sheets made up of double layers of hexagonally packed O atoms, 

discussed in detail in Chapter 1. Al
3+

 ions occupy two thirds of the octahedral holes in the 

layers in an ordered fashion. Reaction with lithium salts results in an intercalation process 

in which both cations and anions are incorporated into the host lattice; the Li
+
 cations 

enter the vacancies in the Al(OH)3 layers and the anions enter the interlayer space. The 

resultant LDH exhibits cation ordering within the layers.  

 

3.1.1 LDHs formed from Al(OH)3 

There are a limited number of examples which demonstrate the potential for LDH 

formation using aluminium hydroxide as a precursor. Greenwell et al. recently reported 

the successful synthesis of a Mg/Al LDH through hydrothermal reaction of Al(OH)3 and 

Mg(OH)2 at 150 °C.
5
 Additionally, Ogawa and Sugiyama formed a range of Zn/Al LDHs 

via the hydrothermal reaction of Al(OH)3 and ZnO in the presence of benzenesulfonic 

acid.
6
 Various intralayer Zn/Al ratios (spanning the range 1.5 ï 4) were achieved using 

this technique. 

In addition to these examples, a related series to the Li/Al LDHs, containing M
2+

 ions, 

has been synthesised using Al(OH)3 starting material.  By reacting óactivatedô gibbsite 

(which had been subject to particle breakdown by ball-milling prior to reaction) with 

concentrated transition metal nitrate salts under hydrothermal conditions, a novel series 

of LDHs with the formula [MAl 4(OH)12](NO3)4·yH2O (MAl4-NO3, M = Co, Ni, Cu, Zn) 

was synthesised.
7
 These materials exhibit a very different stoichiometry to most 
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previously synthesised LDHs, with a M
2+

 : M
3+

 ratio of 1 : 4 in the layers. The MAl4-NO3 

materials were determined to have promising shape selective intercalation chemistry.
8, 9

 

Palladium-doped variants of these LDHs have also been used as precursors to efficient 

catalysts for the conversion of acetone to methyl isobutyl ketone.
10

 Structurally similar 

LDHs have been formed through hydrothermal reaction using the bayerite polymorph of 

Al(OH)3 as a starting material.
11

 Further to this work, Chitrakar et al. employed 

hydrothermal treatment to MgCl2·6H2O-coated gibbsite in the synthesis of chloride-

intercalated MgAl4-Cl LDH, with Mg
2+

 : Al
3+

 ratio of 1 : 4.
12

 

 

3.1.2 Topotactic approaches to LDH formation 

Reactions are often labelled ótopotacticô without significant evidence of the occurrence of 

a structure-conserving process. The concept of topotaxy has been discussed in depth by 

Figlarz and co-workers.
13

 In this work, a topotactic reaction is defined as ña 

transformation in which one crystalline phase is converted into another with a definite 

and reproducible crystallographic orientation relationship between the twoò. No 

assumptions are made about the mechanism of the reaction in this definition.  

Britto and Kamath introduced the concept of metal-hydroxide layer building-blocks as 

óstructural synthonsô in the construction of various polymorphic variations of Li/Al 

LDHs.
14, 15

 In these works, several topotactic pathways are employed to synthesise a 

number of predicted LDH polytypes, which are then classified based on local symmetry 

relationships. In addition to direct intercalation of lithium salts into the polymorphs of 

Al(OH)3, other topotactic methods have been employed to transform brucite-like metal 

hydroxides into hydrotalcite-like LDHs. Using a unique óoxidative intercalation processô, 

which involves simultaneous intralayer oxidation of Fe
2+

 to Fe
3+

 and incorporation of I
ī
 

ions into the interlayer space, Ma et al. have successfully synthesised Co(II)/Fe(III) 

layered double hydroxides.
16

 Further studies revealed a similar method can be applied to 

systems without iron, where Co
2+

 to Co
3+

 oxidation is favoured by prolonged reaction 

durations and the use of iodine/bromine reagents in excess.
17, 18

 Delamination is an 

additional effective method of forming novel LDH systems that retain some structural 

character from the parent material.
19-24

 Delamination involves the deconstruction of an 

LDH into its individual component ónanosheetsô. The constituent layers can then be 
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reformed into a model lamellar arrangement to create an ideal multilayer thin-film 

system.  

Recent advances in physical methods which probe reactions in situ allow the concept of 

topotaxy to be extended to describe structure-conserving processes, as well as the 

relationship between materials that exist at the start and end of these processes.  

 

3.1.3 Synthesis of LDHs containing three intralayer cations 

It is possible to synthesise LDHs that contain greater than two metal cations in the 

octahedrally-coordinated sites in the positively charged layers. Synthetic routes to such 

compounds generally involve a mixture of the relevant concentrated metal ion solutions 

as starting materials. Liu and co-workers have successfully synthesised the ternary LDHs 

M/Mô/Al-CO3 (M, Mô = Fe, Co, Zn) using a urea hydrolysis method.
25

 Despite altering 

the molar amounts of the relevant starting materials, attempts to vary the M
2+

 : Al
3+

 ratio 

in the products proved futile, and a ratio of 2 : 1 was consistently obtained. However, by 

varying the M
2+

 : Mô
2+

 ratios in the starting solutions it was possible to alter the ratio of 

these metal ions within the layers.  

Tichit and co-workers have reported the synthesis of Co/Mg/Al and Ni/Mg/Al LDHs 

using the coprecipitation method under supersaturation conditions.
26, 27

 By varying the 

quantity of metal ions in the starting materials, the ratio of M
2+

 : Al
3+

 (2 ï 3 : 1) and 

M
2+

 : Mô
2+

 (0 ï 4 : 1) in the intralayer region was tuned. Klemkaite et al. further reported 

the synthesis of M/Mô/Al-CO3 LDHs (M, Mô = Co, Ni) with M
2+

 : Al
3+

 ratios close to 

3 : 1, using an analogous procedure.
28

 The three-metal LDH systems were found to re-

form layered materials following high-temperature decomposition and subsequent 

rehydration.  

A study into the thermal decomposition of cobalt-containing LDHs by Johnsen and 

Norby contains a comparison between the Co/Al-NO3 and Co/Zn/Al-NO3 systems.
29

 The 

three metal LDH in this case, [Co0.38Zn0.36Al0.26(OH)2](NO3)0.18(CO3)0.05·0.46H2O, was 

synthesised by the coprecipitation method, and exhibits a M
2+

 : M
3+

 ratio of 3 : 1. Other 

hydrotalcite-like compounds containing mixtures of Al
3+

 and M
2+

 ions in the layers are 

listed in the seminal paper by Cavani et al.
30

 The majority of three-metal phases 

discussed in this work contain Cu
2+

 or Mg
2+

 ions.  
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3.1.4 Scope of the chapter 

Following recent reports into the synthesis and reactivity of MAl4-LDHs,
7-9

 further 

studies into the hydrothermal formation of related LDHs using aluminium hydroxide as a 

precursor have been undertaken. Reaction of the gibbsite polymorph of Al(OH)3 with 

mixtures of M
2+

 salts provides a unique method of forming analogous layered double 

hydroxides with more than two metal ions in the metal-hydroxide layers. The principal 

focus of the work described in this chapter centres upon reaction with Co, Ni and Zn 

salts, but also includes attempts to incorporate other transition metal ions into the layers. 

An account of the structure, properties and reactivity of the novel series of three-metal 

layered double hydroxides is provided. The chapter concludes with the description of an 

in situ X-ray diffraction study into the synthesis and reactivity of Al(OH)3-derived LDHs, 

including the first ever chemical reaction to be probed using Beamline I12 at the 

Diamond Light Source. 

 

3.2 Synthesising ternary LDH systems 

Hydrothermal reaction of Al(OH)3 with concentrated transition metal salts required initial 

activation of the gibbsite precursor through ball milling. This had the effect of decreasing 

particle size and increasing the irregularity of particle morphology, thus increasing 

surface area and promoting reactivity. Forcing hydrothermal conditions were also used, 

with elevated temperatures, long reaction durations, and highly concentrated metal salt 

solutions being employed. 

Syntheses of three-metal LDHs were performed using the following procedure: 1 g of 

activated Al(OH)3 was reacted with 5 mL of a 10 M aqueous solution of each of two 

metal nitrate hydrates (Zn(NO3)2·6H2O, Co(NO3)2·6H2O, Ni(NO3)2·6H2O). The reagents 

were treated hydrothermally at 150 °C for 48 hours. Following controlled cooling to 

room temperature at 5 °C.min
ī1

, the products were vacuum filtered, washed with water, 

and then dried in air for 2 hours to afford the products as pastel coloured powders. The 

product containing Co/Ni was a light blue-grey, the Co/Zn product was pink-coloured, 

and the Ni/Zn material was light blue. The observation of coloured compounds suggests 

the presence of transition metal ions, and is consistent with observations for the 

analogous two-metal MAl4-NO3 compounds. 
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The compositions of the reaction products were determined using CHN analysis and 

energy-dispersive X-ray spectroscopy (EDX) (Appendix B). All compounds were 

synthesised with phase-purity. The general formula for each was found to be 

[M xMô2īxAl8(OH)24](NO3)4·yH2O, where M, Mô = Zn, Ni or Co. For notation purposes, 

these novel materials will henceforth be referred to collectively as MMôAl8-NO3 and 

individually as MxMô2īxAl 8-NO3. The exact compositions, including the number of co-

intercalated water molecules determined using thermogravimetric analysis (TGA), are 

provided in Table 3.1.  

 

Table 3.1: Chemical compositions of the new ternary LDHs. 

Formula 
        Stoichiometric ratios from EDX  

Observed  Calculated  

[CoZnAl 8(OH)24](NO3)4·5H2O 
Al : Co : Zn 

8.00 : 0.98 (±0.1) : 0.87 (±0.1) 

Al : Co : Zn 

8.00 : 1.00 : 1.00  

[Ni 1.9Zn0.1Al 8(OH)24](NO3)4·5H2O 
Al : Ni : Zn 

8.00 : 2.18 (±0.2) : 0.06 (±0.1) 

Al : Ni : Zn 

8.00 : 1.90 : 0.10  

[Co0.1Ni1.9Al 8(OH)24](NO3)4·4H2O 
Al : Ni : Co 

8.00 : 2.07 (±0.2) : 0.03 (±0.1) 

Al : Ni : Co 

8.00 : 1.90 : 0.10 

 

EDX was undertaken on an appropriate number of different product particles to ensure 

that, in each case, two M
2+

 cations were present within the same particle and the sample 

did not comprise a mixture of the individual MAl4-NO3 LDHs containing different M
II
 

ions. 
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3.2.1 X-ray Diffraction  

Rietveld refinement has previously been undertaken with X-ray diffraction (XRD) data 

from the parent structure, ZnAl4-NO3. Due to disorder invoked by interlayer water 

molecules, this LDH was dehydrated prior to undertaking XRD measurements and 

subsequent structural analysis. Results from structure refinement indicate that Zn
2+

 

cations occupy one half of the octahedral holes within the Al(OH)3 layers, with some 

evidence for intralayer cation ordering. The [ZnAl4(OH)12]
2+

 layers are arranged with 

abab stacking sequence and interlayer separation of 8.32 Å. The structure exhibits 

monoclinic symmetry with a = 5.1976(8) Å, b = 16.647(2) Å, c = 10.4054(2) Å, 

ɓ = 119.966(16)°, and space group P21/c.
31

  

The relative compositions of the MMôAl8-NO3 compounds are comparable to those of the 

MAl 4-NO3 materials. It can be expected therefore, that the structures of both families will 

also be analogous: nitrate-intercalated layered double hydroxides with metal ions 

incorporated into vacancies in the gibbsite Al(OH)3 layers. Indeed, X-ray diffraction data 

obtained from the novel materials are typical of LDHs ï intense óbasalô reflections 

corresponding to diffraction from lattice planes parallel to the layers were evident in each 

case (Figure 3.1).  

 

Figure 3.1: X-ray diffraction data for the three-metal LDHs. 
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By converting the symmetry of the ZnAl4-NO3 unit cell to become approximately 

orthorhombic, the lattice parameters from refinement become: a = 5.20 Å, b = 16.65 Å, 

c = 9.01 Å, and ɓ ~ 90°. This alteration to the unit cell allowed high-resolution diffraction 

data for the MMôAl8-NO3 materials to be comprehensively indexed. A similar model to 

the parent material was used for this analysis, a ~ 5.3 Å, b ~ 8.9 Å and c ~ 17.0 Å, but 

with a slightly expanded c-parameter due to the presence of interlayer water in the 

hydrated species (Table 3.2). Additionally, the b- and c-parameters were swapped to a 

non-standard setting where the (00l) Bragg planes lie parallel to the layers, in order to 

facilitate comparison with similar LDHs. The structural similarity between the binary and 

ternary 1 : 4 systems suggests an analogous model applies ï including, perhaps, ordering 

of the M
2+

 cations in half of the octahedral vacancies in the Al(OH)3 layers. In a similar 

study, Britto and Kamath did not observe such ordering in an analogous LDH formed 

from ZnSO4 and bayerite; they instead recorded a M
2+

 : M
3+ 

ratio of closer to 1 : 3 in the 

layers due to some replacement of Al
3+

 in the bayerite by Zn(II), which could be the 

reason for this disorder.
11

 The ordering of metal ions in the octahedral holes of the 

MMôAl8-NO3 materials is not unexpected given the contrast in size and charge of the 

metal cations.
32

 In comparable fashion to the two-metal NiAl4-NO3 LDH, the 

Ni-containing materials have significantly lower crystallinity than the other three-metal 

systems.  

 

Table 3.2: Refined unit cell parameters for the MMôAl8-NO3 LDHs. 

LDH   a-parameter / Å  b-parameter  / Å c-parameter / Å  

CoZnAl8-NO3 5.282 (5) 8.904 (9) 17.03 (1) 

Ni1.9Zn0.1Al 8-NO3 5.322 (9) 8.909 (7) 17.00 (2) 

Co0.1Ni1.9Al 8-NO3 5.306 (7) 8.890 (6) 17.06 (2) 

*A list of indexed reflections for each compound is provided in Appendix C. 

 

Attempts at detailed Rietveld refinement using high-resolution XRD data for each 

material proved problematic owing to the low crystallinity observed. The presence of 

interlayer water molecules and random orientation of the nitrate guest species within the 

layers resulted in significant disorder in each case. 
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3.2.2 IR Spectroscopy 

Infrared (IR) spectra for the MMôAl8-NO3 materials are provided in Figure 3.2. 

 

Figure 3.2: IR spectroscopy data for (a) Co0.1Ni1.9Al 8-NO3 (b) Ni1.9Zn0.1Al 8-NO3 and (c) CoZnAl8-NO3. 

 

The IR data are as expected for an LDH; the broad absorbance at ca. 3358 cm
ī1

 and the 

band at 971 cm
ī1

 are consistent with the respective OïH stretching and bending 

vibrations of co-intercalated water molecules and hydroxide groups in the positively-

charged layers. The low intensity band at 1630 cm
ī1

 corresponds to the ŭ-vibration of the 

interlayer water molecules. Bands below ca. 800 cm
ī1

 are attributable to AlïO and MïO 

lattice vibrations; in all three spectra, a strong absorption is seen at 717 cm
ī1

. The 

presence of nitrate in the LDHs is confirmed by the absorbance observed at 1365 cm
ī1

. 

This band is assigned to N=O, the band appearing split due to overlap of the symmetric 

and antisymmetric vibration signals. 
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3.2.3 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) was performed to confirm the number of co-

intercalated water molecules in each structure. TGA data for the MMôAl8-NO3 LDHs are 

provided in Figure 3.3.  

 

Figure 3.3: TGA data for (a) CoZnAl8-NO3, (b) Ni1.9Zn0.1Al 8-NO3 and (c) Co0.1Ni1.9Al 8-NO3. 

 

Mass loss occurs in two stages for each LDH. TGA data for CoZnAl8-NO3 are provided 

in Figure 3.3(a) and are described here as a representative example. The first stage of 

mass loss (ca. 8.2 %) begins below 100 °C and is complete by 200 °C. This corresponds 

to loss of the interlayer water molecules, resulting in the dehydrated compound 

[CoZnAl8(OH)24](NO3)4. Above 250 °C, there is simultaneous dehydration of the layers 

and decomposition of the nitrate guest (ca. 40.1 %) to yield [CoZnAl8O12]O2, which 

corresponds to the individual metal oxides. Percentage mass losses for all MMôAl8-NO3 
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LDHs observed in the TGA data agree well with the elemental compositions obtained 

using CHN and EDX analyses. 

 

3.2.4 Transmission Electron Microscopy  

Transmission Electron Microscopy (TEM) studies were undertaken to establish the 

morphology of the MMôAl8-NO3 product particles. Figure 3.4(a) contains a TEM image 

of the CoZnAl8-NO3 sample. It is clear that the particles exhibit hexagonal platelet 

morphology, which is consistent with particle shape observed for the LiAl 2-X and 

MAl 4-NO3 LDHs, and is indicative of a material with pseudo-hexagonal symmetry. 

 

Figure 3.4: Transmission electron micrographs of (a) CoZnAl8-NO3 and (b) activated gibbsite Al(OH)3. 

 

Wang and OôHare investigated the topotactic intercalation reaction of lithium salts into 

gibbsite to form LDH nanorods.
33

 They found that the rod-like morphology of the 

gibbsite precursor particles was conserved in the product phase. In the case of the LDH 

particles shown in Figure 3.4(a), the morphology does not resemble that of the activated 

gibbsite starting material in Figure 3.4(b), particles of which are generally smaller and 

considerably disordered in size and shape. This difference is perhaps indicative of a 

process that is not topotactic. 
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3.2.5 Further synthesis of [MMôAl8(OH)24](NO3)4·yH2O systems 

The synthesis of ternary LDHs containing other transition metal cations was attempted. 

The ionic radii of Fe
2+

 (0.780 Å), and Cu
2+

 (0.730 Å) cations are similar to those of Co
2+

 

(0.735 Å), Ni
2+

 (0.700 Å), and Zn
2+

 (0.745 Å), which make them ideal candidates for 

incorporating into similar three-metal systems.
34

 Recent reports by Chitrakar et al. and 

Kameda et al. detail the synthesis of a FeAl4-Cl LDH.
35, 36

 Both groups employed the 

coprecipitation method with AlCl3 and FeCl2 starting materials, and in each case only 

small amounts of very poorly crystalline LDH products were formed. Impurity phases, 

such as goethite (FeOOH), were formed in excess. The formation of pure-phase ternary 

LDHs containing Fe
2+

 was therefore attempted using gibbsite and the hydrothermal 

method. The products of all reactions involving Fe
2+

 salts exhibited diffraction patterns 

that were dominated by Fe2O3 and boehmite (AlOOH) impurity phases. No reflections 

corresponding to a pure LDH phase were observed, which was likely due to the 

competing oxidation of Fe
2+

 to Fe
3+

 at such elevated temperatures. 

The [CuAl4(OH)12](NO3)2·2.5H2O LDH, with 1 : 4 metal ratio, was reported by Fogg and 

co-workers in 2004.
7
 The hydrothermal synthesis of analogous three-metal systems 

containing Cu
2+

 was therefore attempted. The diffraction data in Figure 3.5 illustrate that 

formation of three novel copper-containing ternary LDHs was successful. The XRD data 

are very similar to those of the other MMôAl8-NO3 materials, with basal spacings of 8.5 ï

8.6 Å. Bragg reflections could be indexed using similar lattice parameters to those 

detailed in Section 3.2.1, a ~ 5.3 Å, b ~ 8.9 Å, and c ~ 17.0 Å, suggesting a similar 

structural model applies. Despite attempts to optimise sample purity by altering the 

synthesis conditions, the copper-containing LDHs could only be formed alongside a 

crystalline impurity phase, Cu2(NO3)(OH)3. The X-ray diffraction pattern of the Ni/Cu/Al 

system indicates a product of lower crystallinity, as is also observed for the nickel-

containing MMôAl8-NO3 materials discussed in Section 3.2.1. 
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Figure 3.5: X-ray diffraction data for the three novel copper-containing LDHs (Reflections labelled * 

correspond to the Cu2(NO3)(OH)3 impurity). 

 

Further analysis of the Cu
2+

 ternary LDHs was complicated by the presence of the 

Cu2(NO3)(OH)3 impurity. The elemental compositions of each material were estimated 

using data from CHN and EDX analysis (Table 3.3). A 1 : 1 ratio of Cu : M was evident 

for LDHs with M = Co and Zn, however a sensible formula for the Ni/Cu/Al LDH could 

not be derived from elemental analysis data. EDX studies of this compound illustrated 

that individual particles contained either an excess of nickel and aluminium 

(corresponding to a two-metal LDH) or an excess of copper (corresponding to 

Cu2(OH)3NO3). Considering this information, it is likely that the LDH in this case 

contains a significant excess of Ni >> Cu, which is consistent with the previously 

discussed nickel-containing ternary systems.  

Table 3.3: Elemental compositions and basal spacings for the copper-containing ternary LDHs. 

Metal ions 
Composition  d-spacing / Å  

M Mô 

Co Cu 
[Co1.0Cu1.0Al 8(OH)24](NO3)4·7H2O  

+ y[Cu2(OH)3NO3] 
8.5 (1) 

Ni Cu *  8.6 (1) 

Cu Zn 
  [Cu1.0Zn1.0Al 8(OH)24](NO3)4·8H2O 

+ y[Cu2(OH)3NO3] 
8.5 (1) 

* illustrates that a consistent formula could not be derived for this system. 
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3.3 Monitoring changes to the LDH intralayer composition   

3.3.1 Tuning the M(II) : Mô(II) ratio 

It is clear that in the case of the ternary MMôAl8-NO3 LDHs discussed in the preceding 

sections, using a 1 : 1 mixture of metal salts does not always result in a corresponding 

1 : 1 ratio of M
2+

 cations in the product. Analysis of the metal compositions gives a ratio 

of approximately 1 : 1 only for the LDH produced from the Co/Zn/Al system and 

apparently for the Cu/Zn/Al and Co/Cu/Al materials. The Ni/Zn/Al and Co/Ni/Al LDH 

(and most likely the Ni/Cu/Al) systems contain a significant excess of nickel cations; the 

M
2+

 : Ni
2+

 ratio is approximately 1 : 40. It appears, therefore, that where Ni
2+

 is present in 

the reaction mixture, it is incorporated into the Al(OH)3 with a high degree of selectivity 

over the other metal ions, producing an LDH which is essentially the NiAl4-NO3 material. 

This finding is supported by the fact that the XRD patterns of the products from the M/Ni 

reactions closely resemble those of NiAl4-NO3.  

The preferential incorporation of transition metal ions into the LDH layers can be 

summarised as follows: 

Ni
2+

 >> Co
2+

 å Cu
2+

 å Zn
2+

 

This series generally correlates well with the radii of the ions for the M
2+

 cations. 

Shannon-Prewitt radii for octahedrally coordinated ions are as follows: Co
2+

 0.745 Å; 

Ni
2+

 0.690 Å; Cu
2+

 0.730 Å; Zn
2+

 0.750 Å.
34, 37

 It is clear that the smaller Ni
2+

, with 

higher charge-density, intercalates preferentially over the larger Co
2+

, Cu
2+

 and Zn
2+

 

cations, which are close in size and show approximately the same propensity to 

intercalate. Additionally, a recent DFT study by Yan et al. using a range of 

[M 2Al(H2O)9(OH)4]
3+

 clusters in LDHs found that the 2Ni-Al cluster was more stable 

than the 2Co-Al, 2Cu-Al, and 2Zn-Al analogues due to several factors derived from the 

electronic structure of the Ni
2+

 cation.
38

 It is possible that effects such as Jahn-Teller 

distortion and binding energies have some influence on the stability of the MMôAl8-NO3 

LDHs. 

As a result of these observations, further experiments were performed in which the ratio 

of M
2+

 solutions was varied to tune the metal contents of the LDHs. Elemental analysis 

using EDX was undertaken on the products from these experiments and the results are 

depicted in Figure 3.6. The reagent and product cobalt and nickel percentages displayed 
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in this figure were calculated with respect to the other transition metal ion present, i.e. 

Product %M(II) = Observed %M(II) / [%M(II)  + %Mô(II)].  

 

Figure 3.6: Scatter graphs illustrating the relationship between % metal ion in the reagents and products for 

(a) %Co in CoxZn2ҍxAl 8-NO3 (b) %Ni in NixZn2ҍxAl 8-NO3 (c) %Ni in CoxNi2ҍxAl 8-NO3. The fitted lines are 

provided only as a guide for the trend in each series, and are not based on any physical model. 

 

It is apparent from these results that, by varying the metal composition in the reaction 

mixture, it is possible to tune the amount of each metal incorporated into the LDH layers. 

The ratio of Co
2+

 : Zn
2+

 in the product material varies approximately linearly with the 

change in starting material ratio. In this case, the percentage Co
2+

 incorporated into the 

LDH layers corresponds to the percentage Co
2+

 in the reaction mixture. This indicates a 

similar propensity for the two different cations to intercalate. For the LDH materials 

containing nickel, a significant deviation from a 1 : 1 ratio of the starting materials is 

required to achieve equal incorporation of M
2+

 ions in the product. A 17 : 1 excess of 

Zn(NO3)2 is required to synthesise NiZnAl8-NO3, and 21 : 1 excess of Co(NO3)2 is 

required to form CoNiAl8-NO3. It is expected that a similar relationship would be 

observed for a pure phase NixCu2īxAl 8-NO3 system. 
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3.3.2 Synthesis of [MMôMôôAl12(OH)36](NO3)6·yH2O 

By restacking delaminated layered double hydroxides, Johnsen and co-workers have 

successfully formed LDHs with alternating layers containing combinations of cobalt, 

aluminium, magnesium and gallium cations.
39

 The tolerance of MAl4-LDH systems for 

incorporating a variety of metal ions in the octahedral holes in the layers was therefore 

investigated. Bulk synthesis of an Al(OH)3 derived LDH containing Co, Ni, Zn and Al 

was attempted using an analogous hydrothermal procedure to that described in Section 

3.2. The preference for nickel incorporation was taken into account in the volume ratios 

of the starting materials in an attempt to incorporate a significant proportion of each 

cation in the product: 4.8 mL Co(NO3)2·6H2O, 0.4 mL Ni(NO3)2·6H2O, and 4.8 mL 

Zn(NO3)2·6H2O. CHN and EDX analyses undertaken on the product phase confirmed the 

incorporation of four metal ions into the LDH layers (Appendix B).  

 
Figure 3.7: Powder XRD data for the [Co0.5Ni1.1Zn0.4Al 8(OH)24](NO3)4·2H2O LDH. 

 

The chemical formula of the new material is [Co0.5Ni1.1Zn0.4Al8(OH)24](NO3)4·2H2O. 

Successful LDH formation is indicated by the XRD data in Figure 3.7, which can be 

indexed to a structure analogous to the MAl4-NO3 compounds, with lattice parameters 

a ~ 5.3 Å, b ~ 8.9 Å, and c ~ 17.0 Å. The presence of non-basal reflections in the 

diffraction pattern also suggests some degree of intralayer order, which is perhaps 
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surprising given the number of different cations present on the octahedral sites. The 

quantity of Ni
2+

 ions in [Co0.5Ni1.1Zn0.4Al8(OH)24](NO3)4·2H2O is slightly greater than 

Co
2+

 and Zn
2+

, with the M
2+

 : Al
3+

 ratio once again 1 : 4. 

 

3.3.3 Discussion 

The ability to control the extent of metal ion incorporation in the LDH layers presents an 

interesting opportunity to optimise the physical and chemical properties of these systems. 

The selective intercalation chemistry of the MAl4-NO3 LDHs has already been studied 

and is considered an area for further exploration with the new ternary systems. Previous 

investigations into the reactivity of the MAl4-NO3 materials illustrate that the preferential 

intercalation of various anionic isomers is temperature-dependent.
9
 For instance, the 

incorporation of 2, 6-naphthalenedisulfonic acid in preference to the 

1,5-naphthalenedisulfonic acid isomer, over the range 20 Ò T / ÁC Ò 100, follows an 

opposing trend for the CoAl4-NO3 and ZnAl4-NO3 systems. It is possible, therefore, that 

by tuning the concentration of the cobalt and zinc cations in the LDH layers, this 

intercalation reactivity could be optimised for one isomer over the entire temperature 

range. 

 

3.4 Ion-exchange intercalation chemistry of three-metal LDHs 

To demonstrate the characteristic LDH reactivity of the MMôAl8-NO3 materials, their 

intercalation chemistry was explored. Five simple organic anions were selected for 

investigation: fumarate, succinate, phthalate, terephthalate and 2-naphthalenesulfonate 

(the chemical structures of which are provided in Appendix C). These species were 

chosen not only for their suitability in observing the basic fundamental reactivity of these 

novel LDHs, but also because their functional groups are representative of those found in 

useful organic molecules such as drugs and herbicides.
40

  

Most intercalation reactions were undertaken using the LDHs with cation ratios detailed 

at the beginning of Section 3.2. However, to illustrate the comparable behaviour of the 

metal-tuned systems, reactions with phthalate were carried out with LDHs containing 

approximately a 1 : 1 ratio of M : Mô. For all intercalation reactions, 0.2 g of the LDH 

was added to 10 mL of water containing a five- or ten-fold excess of the guest ions and 
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the mixtures stirred for periods of 2 ï 30 hours. A full list of reaction conditions is 

provided in Chapter 7. It proved possible to intercalate all five organic anions into the 

MMôAl8-NO3 LDHs. The compositions of the products calculated from elemental 

analysis data, and the basal spacing of each compound calculated from X-ray diffraction 

data, are summarised in Tables 3.4-3.6. 

 

Table 3.4: Summary of XRD and elemental analysis data for the organic intercalates of CoxZn2īxAl 8-NO3.  

Guest Formula d-spacing / Å 

Fumarate [Co1.0Zn1.0Al 8(OH)24](C4H2O4)1.5(CO3)0.5·4.5H2O 10.7(1) 

Succinate [Co1.0Zn1.0Al 8(OH)24](C4H4O4)1.7(CO3)0.3·6H2O 10.7(1) 

Terephthalate [Co1.0Zn1.0Al 8(OH)24](C8H4O4)1.7(CO3)0.3·9.5H2O 14.0(1) 

2-naphthalenesulfonate [Co1.0Zn1.0Al 8(OH)24](C10H7SO3)3(CO3)0.5·8H2O 17.8(1) 

Phthalate [Co1.0Zn1.0Al 8(OH)24](C8H4O4)1.6(CO3)0.4·10H2O 14.5(1) 

 

Table 3.5: Summary of XRD and elemental analysis data for the organic intercalates of NixZn2īxAl 8-NO3. 

Guest Formula d-spacing / Å 

Fumarate [Ni 1.9Zn0.1Al 8(OH)24](C4H2O4)1.8(CO3)0.2·8H2O 10.7(1) 

Succinate [Ni 1.9Zn0.1Al 8(OH)24](C4H4O4)1.7(CO3)0.3·7H2O 10.7(1) 

Terephthalate [Ni 1.9Zn0.1Al 8(OH)24](C8H4O4)1.8(CO3)0.2·10.5H2O 14.0(1) 

2-naphthalenesulfonate [Ni 1.9Zn0.1Al 8(OH)24](C10H7SO3)2.9(CO3)0.55·7H2O 17.9(1) 

Phthalate [Ni 1.1Zn0.9Al 8(OH)24](C8H4O4)1.6(CO3)0.4·10H2O 14.4(1) 

 

Table 3.6: Summary of XRD and elemental analysis data for the organic intercalates of CoxNi2īxAl 8-NO3. 

Guest Formula d-spacing / Å 

Fumarate [Co0.1Ni1.9Al 8(OH)24](C4H2O4)1.8(CO3)0.2·7H2O 10.8(1) 

Succinate [Co0.1Ni1.9Al 8(OH)24](C4H4O4)1.9(CO3)0.1·10.5H2O 10.8(1) 

Terephthalate [Co0.1Ni1.9Al 8(OH)24](C8H4O4)1.9(CO3)0.1·11H2O 14.0(1) 

2-naphthalenesulfonate [Co0.1Ni1.9Al 8(OH)24](C10H7SO3)2.9(CO3)0.55·7H2O 17.9(1) 

Phthalate [Co1.2Ni0.8Al 8(OH)24](C8H4O4)1.6(CO3)0.4·10H2O 14.4(1) 
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3.4.1 X-ray Diffraction  

X-ray diffraction data confirmed the complete replacement of nitrate ions in the interlayer 

region with the respective organic guest ion. The X-ray diffraction patterns of 

CoZnAl8-NO3 and CoZnAl8-succinate are shown in Figure 3.8. (00l) Bragg reflections of 

the MMôAl8-NO3 materials were completely absent from the powder patterns of the 

products. New reflections were observed at higher d-spacings, which could be indexed on 

a similar unit cell to the starting material (a ~ 5.3 Å, b ~ 8.8 Å), but with an expanded 

c-parameter. Structural information for the LDH intercalate materials, derived from 

indexing of the XRD data, is provided in Appendix C. 

 

Figure 3.8: X-ray diffraction data for the host CoZnAl8-NO3 and product CoZnAl8-succinate materials. 

INSET: Schematic illustrating succinate anion intercalation in place of nitrate anions, and the resulting 

impact upon the interlayer distance. 

 

3.4.2 IR Spectroscopy 

Complete substitution of the guest species is also supported by infrared spectroscopy 

data. Figure 3.9 contains IR spectra for the succinate intercalate of the CoZnAl8-LDH, 

alongside reference spectra of sodium succinate and the host material.  
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Figure 3.9: IR spectroscopy data for (a) CoZnAl8-NO3 (b) Na-succinate and (c) CoZnAl8-succinate. The 

orange dotted line provides a guide for the eye. 

 

The IR spectra of the product LDHs were found to display close similarity to those of the 

relevant guest species. Crucially, no absorptions attributable to the nitrate group at 

1365 cm
ī1

 and 1380 cm
ī1

 were observed in the product spectrum, which confirmed that 

all of the starting material had been consumed. Instead, two strong absorption bands at 

1550 cm
ī1

 and 1400 cm
ī1

, corresponding to the carboxylate functional group of succinic 

acid, were observed. IR spectra for the additional four intercalates of CoZnAl8-LDH were 

consistent with complete conversion of CoZnAl8-NO3 to the guest-intercalated species. 

Infrared spectroscopy also confirmed successful conversion of the Ni1īxZnxAl-NO3 and 

Co1īxNixAl-NO3 analogues to the relevant carboxylate- and sulfonate-intercalated LDHs.  

 

3.4.3 Thermogravimetric analysis 

Thermogravimetric analysis was employed to establish the number of co-intercalated 

water molecules in each intercalation product. The presence of organic guest species 

between the LDH layers was also verified by observing the decomposition pathways of 

the products. TGA data for CoZnAl8-succinate LDH are provided in Figure 3.10. 
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Figure 3.10: Thermogravimetric analysis curve for CoZnAl-succinate. 

 

An initial mass loss of 10.4 % is observed upon heating the CoZnAl8-succinate LDH 

from room temperature to 103 °C. This corresponds to dehydration of the sample and loss 

of water molecules from the interlayer regions. A second loss in sample mass of 20.8 % 

is observed upon heating to 275 °C, which is indicative of further water loss, this time 

from the intralayer regions. Decomposition of the organic guest species and breakdown 

of the layered structure occurs beyond 400 °C, with a further 13.5 % loss by 520 °C 

leaving only metal oxides with the nominal composition CoZnAl8O14. TGA traces for the 

other intercalate-LDHs are similar to the data described above.  

 

3.4.4 Transmission Electron Microscopy 

Transmission electron microscopy studies were undertaken on the products from 

intercalation reactions. The results indicated that product particle size and shape were 

comparable to those of the host materials. Figure 3.11 contains TEM images of the 

CoZnAl8-succinate material. Clearly, particles exhibit hexagonal platelet morphology 

analogous to the nitrate-intercalated host. 
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Figure 3.11: Transmission electron micrographs of CoZnAl8-succinate. 

 

3.5 In situ X-ray diffraction studies of LDH intercalation reactions  

The intercalation of inorganic and organic anions into LDHs results in a structure change 

that is ideal for study using X-ray diffraction. Because of the difference in d-spacing of 

the basal reflections of the host and product materials, corresponding to the distance 

between the positively-charged layers in each structure, the process of guest ion 

intercalation can be effectively monitored. Interesting reaction intermediates, staging, and 

selective ion-exchange have been detected in previous in situ investigations of LDH 

intercalation reactions.
41-47

 

The incorporation of guest species with carboxylate and sulfonate functional groups into 

LDHs has been the focus of much research; in addition to their industrial and commercial 

relevance, such anions often exhibit interesting intercalation chemistry. Incorporation of 

succinate into [LiAl2(OH)6]Cl·H2O takes place via a ósecond-stageô intermediate, in 

which chloride and succinate anions occupy alternating LDH layers.
48

 Carboxylate 

intercalation reactions involving the parent MAl4-NO3 materials, as well as the 

[LiAl 2(OH)6]NO3·H2O species, proceed through one-step transformation of the host to 

the product. It was of particular interest therefore, to establish the mechanism of 

intercalation involving the novel tertiary MMôAl8-NO3 LDHs.  

An advantage of studying these reactions during the commissioning phase of Beamline 

I12 was their appropriateness for initial feasibility studies and to assess data quality from 
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in situ XRD measurements. In all cases, the products of reactions undertaken during 

synchrotron beamtime were confirmed using laboratory XRD data analysis. 

 

3.5.1 Monitoring intercalation reactions using energy-dispersive XRD at Diamond 

Light Source 

In situ energy-dispersive X-ray diffraction (EDXRD) was employed to probe the 

intercalation of organic carboxylate species into the three novel LDHs: CoZnAl8-NO3, 

Ni1.9Zn0.1Al8-NO3, and Co0.1Ni1.9Al8-NO3. This was undertaken in an attempt to elucidate 

information about the mechanisms of these reactions. Carboxylate intercalation into 

LDHs can be a rapid process, often occurring to completion in under a minute at room 

temperature. In order to monitor the progress of the reaction therefore, it was necessary to 

use a syringe pump to add the guest solution dropwise to a suspension of the host 

material. As a result, kinetic parameters could not be extracted for these reactions. 

Energy-dispersive diffraction studies of LDH intercalation reactions in this section were 

undertaken using a refurbished version of the Oxford-Daresbury hydrothermal cell, 

discussed in Chapter 2.
49

 

 

3.5.1.1 Shifted EDXRD Detector Configuration 

Experiments detailed in the following section (Section 3.5.1.2) were carried out during 

óin-houseô beamtime as part of the commissioning phase of Beamline I12. EDXRD 

studies were undertaken using the 23-element, semi-annular, Ge-detector. The radial 

ótake-offô angle, 2ɗ, for each element in the detector is 5° and the I12 energy range spans 

50 Ò E / keV Ò 150. Consequently, the observed range of q values in this set-up is limited 

to 2.2 Ò q (Å
ī1
) Ò 6.4.  

In order to monitor systems outside of this q range therefore (i.e. materials such as 

layered double hydroxides that exhibit reflections at d Ó 2.85 Å (q Ò 2.2 ¡
ī1

)), an 

alternative detector configuration was adopted. This configuration was trialled for the 

first time in May 2010. It was implemented by shifting the EDXRD detector orthogonally 

with respect to the beam path, thus altering the respective take-off angles for each 

detector element. The increased range of detector angles facilitated the detection of 

reflections over a considerably enlarged d range. However, no standardised q calibration 
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was available for this configuration, and q values were therefore determined relative to a 

sample of highly crystalline TiO2. 

Use of the óshifted-detector configurationô required both collimator slits to be removed 

from the diffracted-beam path to enable unobstructed passage of the beam to each 

element in the detector. This had the unfavourable effect of reducing the overall 

resolution of Bragg reflections, in addition to increasing the intensity of some 

fluorescence peaks. 

 

3.5.1.2 The first in situ experiments on Beamline I12 

The room-temperature intercalation of phthalate anions into CoZnAl8-NO3, 

Ni1.9Zn0.1Al8-NO3, and Co0.1Ni1.9Al 8-NO3, was investigated. In each case, the LDH was 

stirred in a borosilicate tube with deionised water. After a few minutes, an aqueous 

solution containing a 10-fold excess of phthalate was added drop-wise to the reaction 

mixture and changes in the diffraction data were monitored. A 3D stack plot containing 

data from the reaction of phthalate with CoZnAl8-NO3 is shown in Figure 3.12. At the 

outset of the reaction, the (002) Bragg reflection of the CoZnAl8-NO3 starting material is 

observed at q = 0.74 Å
ī1 

(d = 8.5 Å). After 14 minutes, signalling the start of phthalate 

addition, the starting material reflection declines as the product (002) Bragg reflection 

appears at q = 0.42 Å
ī1

. The product reflection position corresponds to a d spacing of ca. 

15.0 Å, which is consistent with the data in Table 3.4 and previously reported values for a 

phthalate intercalated LDH. Additional peaks visible in the plot correspond to 

fluorescence from heavy elements, such as lead and indium, that are found in hardware in 

the experimental hutch. 



  Chapter 3 

75 

 

Figure 3.12: 3D stack plot showing the change in intensity of host and product (002) Bragg reflections for 

the intercalation of phthalate into CoZnAl8-NO3 

 

The extent of reaction, Ŭ, is defined as the integrated intensity of a specific reflection at 

time t, divided by the maximum intensity of that peak [Ŭ = I(hkl)(t)/I(hkl)(max)]. A plot of 

Ŭ vs. t for the reaction of phthalate with CoZnAl8-NO3 shows that the host and product 

curves intersect at Ŭ ~ 0.5 (Figure 3.13). The loss in coherence of the host is exactly 

matched by the gain in coherence of the product reflection, which is consistent with a 

direct conversion of the starting material to the product in a one-step transformation. This 

one stage process is analogous to previous results obtained for carboxylate intercalation 

into the MAl4-NO3 LDHs.
8
  

 
Figure 3.13: Extent of reaction vs. time plot for the intercalation of phthalate into CoZnAl8-NO3 showing 

evolution of intensity of the host (002) (ƴ) and product (002) (ǒ) Bragg reflections. 
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EDXRD stack plots for the reaction of phthalate with Ni1.9Zn0.1Al 8-NO3 and 

Co0.1Ni1.9Al 8-NO3 were very similar to that for CoZnAl8-NO3. In each case, the (002) 

reflection corresponding to the crystalline starting material decreases in intensity as the 

product (002) reflection appears. The data from these reactions comprise the first in situ 

chemical experiments undertaken on Beamline I12 at Diamond, and clearly demonstrate 

the capabilities of the facility: valuable information could be extracted from data obtained 

after very little optimisation. The results of these experiments comprised an important 

part of the commissioning of Beamline I12. Use of the EDXRD detector in the shifted 

configuration was trialled for the first time and data from these simple intercalation 

reactions was used to inform the future direction of improvements to this set-up. 

Discussions into the construction of a bespoke collimator, tuned to the respective take-off 

angles for each detector element, are ongoing.  

 

3.5.2 Monitoring Intercalation Reactions using EDXRD at Beamline F3, Hasylab 

The intercalation of dicarboxylate species into the three-metal systems were probed in 

more detail using facilities at Beamline F3 of Hasylab, Germany. The intercalation of 

succinate and terephthalate anions into the 1:1 metal-tuned CoZnAl8-NO3, NiZnAl8-NO3, 

and CoNiAl8-NO3 were found to proceed via single-step processes analogous to those for 

phthalate. Figure 3.14 shows a 3D stack plot for the reaction of CoZnAl8-NO3 with 

succinate, alongside the extent of reaction vs. time plot for this reaction. 

 
Figure 3.14: Time-resolved in situ X-ray diffraction data for the intercalation of succinate into 

CoZnAl8-NO3: (a) 3D stack plot showing the change in intensity of host and product (002) reflections and 

(b) Extent of reaction vs. time plot for the host (002) (ƴ) and product (002) (ǒ) reflections. 
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The one-step nature of the reaction is clear: the host and product Ŭ vs. t curves cross at ca. 

Ŭ = 0.5, supporting a mechanism with direct conversion of the host material to the 

product. In situ EDXRD data for the reaction of NiZnAl8-NO3 with terephthalate are 

provided in Figure 3.15.  

 

Figure 3.15: Time-resolved in situ X-ray diffraction data for the intercalation of terephthalate into 

NiZnAl 8-NO3: (a) 3D stack plot showing the change in intensity of host and product (002) reflections and 

(b) Extent of reaction vs. time plot for the host (002) (ƴ) and product (002) (ǒ) reflections. 

 

The extent of reaction vs. time curves of the host and product phases cross close to 

Ŭ = 0.5 which again indicates a direct transformation. The data obtained from these 

studies confirm the simple intercalation behaviour of the novel ternary LDHs. Figure 

3.15(a) shows that, following optimisation, more than one basal reflection of the product 

material can be observed during reaction. The product (002) reflection positions for all 

reactions of succinate and terephthalate are consistent with the d-spacings recorded in 

Tables 3.4-3.6.  

 

3.5.3 Monitoring intercalation reactions using angular-dispersive XRD at Diamond 

Light Source  

Following detailed investigation of facile carboxylate intercalation into the novel 

three-metal LDHs, these simple reactions were then used to demonstrate the effectiveness 

of in situ angular-dispersive diffraction at the Diamond Light Source. The properties of 

the angular-dispersive diffraction set-up at Beamline I12 are ideal for probing LDH 

intercalation reactions. The large-area 2D Thales Pixium RF4343 detector was employed, 
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in conjunction with the Oxford-Diamond In Situ Cell (ODISC) in the low-temperature 

configuration,
50

 to observe the intercalation of succinate into CoZnAl8-NO3 (Figure 3.16). 

An aqueous solution containing a five-fold excess of succinate anions was added drop-

wise to CoZnAl8-NO3 stirring in deionised water. Images from the 2D detector were 

recorded with 4 second exposure at 30 second intervals. 

The energy of the monochromated beam was tuned to 53.2442 keV (ɚ = 0.23286 Å) and 

the detector was positioned 2501.440 mm from the sample. This enabled Bragg 

reflections in the high d-spacing region (8 Ò d / ¡ Ò 23) to be observed at optimum 2ɗ. 

The 2D image of concentric Bragg rings was integrated over 360° and converted to a 1D 

diffraction pattern with intensity vs. 2ɗ. The background due to the sample vessel and 

water was estimated using an automatic iterative method and subtracted from the raw 

data.
51

. 

 

Figure 3.16: Time-resolved in situ angular-dispersive XRD data for the intercalation of succinate into 

CoZnAl8-NO3: (a) 3D stack plot showing the change in intensity of host and product basal and non-basal 

Bragg reflections, and (b) Extent of reaction vs. time plot for the host (002) (ƴ), (004) (ƴ), (011) (ƴ),  and 

product (002) (ƶ), (004) (ƶ), (006) (ƶ) reflections. 

 

It is clear from the 3D stack plot that with little optimisation, the quality of angular 

dispersive X-ray diffraction data from the intercalation reaction is vastly superior to data 

obtained using the shifted EDXRD detector configuration (Section 3.5.1.2). A 

comparison of the full width at half maximum (FWHM) values of the CoZnAl8-NO3 

(004) reflections, calculated using a Gaussian fit to the data, from an individual Pixium 
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detector scan with 4 second exposure and data collected over 3 hours using a laboratory 

diffractometer with Cu-KŬ radiation was undertaken. The FWHM of the (004) reflection 

calculated from data collected at Diamond is d = 0.065(3) Å, whereas the (004) FWHM 

from laboratory data is d = 0.059(1) Å, which emphasises the comparable data quality.  

Several strong basal reflections, some of which are also observed in energy-dispersive 

data, are clearly visible in both the starting material and product phases. However, 

additionally observed in the angular-dispersive data are a considerable number of lower 

intensity non-basal Bragg reflections, which appear in both the starting material and 

product phases even at high 2ɗ angles (Figure 3.16). These reflections are indicative of a 

system that is ordered not just in the direction orthogonal to the layers and their 

observation emphasises the quality of the angular-dispersive XRD data. Batch peak 

integration has been undertaken for both basal and non-basal reflections and the resulting 

Ŭ vs. t plot in Figure 3.16(b) confirms the one-step nature of the reaction. The starting 

material and product scans can be fully indexed using similar parameters to those 

established for the laboratory synthesised samples. Manual indexing suggests the lattice 

parameters are slightly larger for the in situ samples, which can be explained by increased 

hydration due to the sample presence in solution. 

 

Figure 3.17: A stacked projection of time-resolved in situ XRD data recorded during the intercalation of 

succinate into CoZnAl8-NO3. Diffraction scans recorded at two minute intervals are shown. Selected Bragg 

reflections corresponding to the starting material and product are labelled. 



  Chapter 3 

80 

A stacked projection of the in situ XRD data is shown in Figure 3.17. Due to the high 

quality data, a more thorough structural examination of the species present in the 

intercalation reaction is possible using a batch peak-fitting analysis procedure. A 

preliminary attempt at XRD data fitting via the Le Bail method, using the Topas suite of 

software, was carried out in conjunction with Dr. Leigh Connor at the Diamond Light 

Source. These initial tests were successful and allowed the phase fractions to be 

determined for each scan point. It is clear that for future analyses, data is of suitably high 

quality to allow batch Rietveld refinement on entire reaction sequences, with intricate 

changes in solid-state structures observed as a function of time. 

 

3.6 An angular-dispersive XRD study of LDH synthesis using Al(OH)3 

In addition to reports on low-temperature intercalation reactions, in situ investigation into 

the chemical behaviour of layered double hydroxides has also been extended to LDH 

synthesis and reactivity at elevated temperatures. The thermal decomposition of LDHs 

has been monitored using both laboratory and synchrotron X-ray diffraction 

techniques.
52-54

 Synchrotron XRD has also been employed to study dehydration in LDH-

like montmorillonite clays.
55, 56

 

Reactions involving the various polymorphs of Al(OH)3 have also been the subject of 

much scrutiny in the field of in situ diffraction studies. EDXRD has been employed to 

observe the contrasting behaviours of gibbsite and bayerite during precipitation from 

solution at 60 °C and 80 °C.
57

  No transition between the two polymorphs was observed 

at these temperatures. The intercalation of lithium salts into gibbsite to yield 

[LiAl 2(OH)6]X·H2O (X = Cl, Br, OH, NO3, SO4) has been probed using EDXRD by Fogg 

and OôHare.
3
 The LDH product was observed to form via a single-step transformation 

from the gibbsite starting material, at a temperature-dependant rate. In contrast to this 

mechanism, Britto and Kamath proposed that hydrothermal synthesis of the ZnAl-NO3 

LDH (~3 : 1, M
II
 : M

III
) occurs via a dissolution-reprecipitation mechanism when using a 

bayerite precursor.
11

 They hypothesised that a highly crystalline product forms due to the 

slow kinetics of dissolution of bayerite at the solid-liquid interface. 

An in situ angular-dispersive XRD study was undertaken to instigate a more thorough 

understanding of the processes involved in high-temperature hydrothermal formation of 

LDHs from Al(OH)3.  



  Chapter 3 

81 

3.6.1 Monitoring the synthesis of CoAl4-NO3 LDH 

Hydrothermal synthesis of the [CoAl4(OH)12](NO3)2·yH2O LDH was monitored in situ. 

ODISC was operated in the hydrothermal set-up to probe the reaction of 10 mL aqueous 

Co(NO3)2.6H2O (10 M) with 0.5 g activated Al(OH)3 gibbsite, at 250 °C in an autoclave. 

The temperature was recorded using a thermocouple positioned between the glassy 

carbon sheath and the autoclave. Beamline I12 was configured in monochromatic beam 

mode (E = 52.9716 keV, ɚ = 0.2341 ¡), with the detector position set at 2500 mm from 

the sample. The sample autoclave was heated to 250 °C at a rate of 30 °C.min
ī1

 and held 

at that temperature for 102 mins. Sample cooling was then undertaken at a rate of 

2 °C.min
ī1

 to room temperature. Images from the 2D Pixium detector were recorded with 

4 second exposure at 60 second intervals. Figure 3.18 contains an annotated 3D stack plot 

for the synthesis reaction. Background intensity was estimated using an automatic 

iterative method and subtracted from the raw data.
51

 The following regions were excluded 

due to diffraction reflections from the steel autoclave and PTFE liner: 2ɗ = 2.62 ï 2.78, 

4.65 ï 4.75, and 5.35 ï 5.43°. 

 

Figure 3.18: Time-resolved in situ angular-dispersive XRD data for the synthesis of CoAl4-NO3. INSET: 

Temperature profile for the reaction.  
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Several important phenomena relating to the phases present during reaction can be 

inferred from the stack plot. The intensities of the (110) and (004) Bragg reflections due 

to crystalline gibbsite starting material decline to zero upon heating. This suggests 

complete dissolution of the starting material. During the 10 mins following dissolution of 

Al(OH)3, in which the autoclave temperature increases from 210 °C to 247 °C, no 

reflections due to crystalline materials are visible in the diffraction data. At 250 °C, 

Bragg reflections consistent with the LDH product appear, and grow in intensity. These 

reflections correspond to the (002) (d = 8.9 Å) and (004) (d = 4.4 Å) basal reflections of 

CoAl4-NO3 LDH. Several minutes later, non-basal reflections of the product phase 

appear, including peaks corresponding to diffraction from the (110), (015), and (211) 

lattice planes highlighted in the 3D stack-plot. 

The intensities of the observed Bragg reflections were integrated using a Gaussian 

function and the extent of reaction parameter, Ŭ, calculated for each phase in the reaction 

profile. The Ŭ vs. t plot in Figure 3.19 illustrates that the gibbsite peak intensity declines 

to zero prior to any product formation. It can be inferred that the entirety of the Al(OH)3 

reagent dissolves in Co(NO3)2 aqueous solution before reaction to form the product LDH. 

It also appears that growth of the non-basal reflections begins approximately when the 

intensities of the (00l) reflections have reached their relative maxima. 

 
Figure 3.19: Extent of reaction vs. time plot for the synthesis of CoAl4-NO3 LDH showing change in 

intensity of the gibbsite (110) (ƴ) and product (002) (ǒ), (004) (ƶ), (110) (Ƹ), and  (211) (ǅ) reflections. 

The lines correspond to fitting of the Avrami-Erofeôev rate equation. 
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The change in Ŭ as a function of time for the (00l) Bragg reflections was modelled using 

the Avrami-Erofeôev equation to provide insight into the mechanism of crystallisation. 

Initial fitting to both basal reflections yielded Avrami exponents very close to n = 1.5. A 

similar value has been observed in reports on crystal growth from solution.
58

 The value is 

suggestive of crystal growth that is predominantly controlled by nucleation, rather than 

by diffusion of reagents to the sites of crystallisation. To establish approximate 

parameters corresponding to the kinetics of growth in each dimension, the exponent n 

was set constant at 1.5 and Avrami-Erofeôev modelling undertaken for Ŭ corresponding to 

all reflections. The resulting parameters are provided in Table 3.7. The induction time for 

each reflection was calculated as the length of time between the autoclave temperature 

reaching 250 °C and the first observation of non-zero intensity for that reflection. Growth 

of the basal reflections is effectively coincident, following which there is approximately 

48 mins delay before growth of the (110) and (211) reflections begins.  

Table 3.7: Kinetic information extracted using Avrami-Erofeôev modelling (Ŭ = 1 ī exp{ī[k(t ī t0)]
n
})  to 

Ŭ vs. t curves of several product reflections. 

Bragg reflection               

/ (hkl) 

Induction time (t0)                

/ min 

Rate constant (k)              

/ sī
1
 

(002) 4 3.2 (1) 

(004) 5 3.0 (1) 

(110) 52 4.3 (2) 

(211) 52 3.6 (4) 

 

The growth in intensities of the (00l) reflections is accompanied by variations in their 

peak widths and positions. The decrease in width of the (002) and (004) reflections is 

most marked within the first 25 minutes of reaction at 250 °C (Figure 3.20(a)). This 

observation indicates particle growth and increase in product crystallinity as the number 

of consecutively stacked layers in the structure increases. No asymmetry is observed in 

the peak shape during formation, which would be indicative of stacking faults 

perpendicular to the c-direction. Following an initial sharp decline, the widths of the 

(002) and (004) reflections remain approximately constant for the remainder of the 

reaction.  
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Figure 3.20: Variation in (a) width of the (002) (ǒ) and (004) (ǒ) Bragg reflections and (b) position of the 

(002) (ƴ) and (004) (ǒ) reflections as a function of reaction duration (NB. The data in (b) are plotted 

against two different y-axes). 

 

The positions of the (00l) reflections are also observed to shift on a relatively small scale 

during product growth (Figure 3.20(b)). Basal reflection position is indicative of the 

interlayer distance within the product material. The variation in d-spacings of the (002) 

and (004) reflections is comparable throughout the course of the reaction, which is to be 

expected. The greatest increase in d occurs within the first 15 mins of reaction at 250 °C, 

which is followed by a consistent, but significantly slower, rise in the interlayer spacing. 

Due to the lower intensity of the (110) and (211) reflections, data corresponding to peak 

width and position were more difficult to interpret, but it appears that both parameters 

vary little with time in each case. 
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3.6.2 Crystal growth analysis 

The exceptional resolution observed in the in situ angular-dispersive diffraction data 

allows time-dependent crystallinity to be determined using the Scherrer Equation. 

Reflection broadening due to the sample volume was taken into account by numerical 

convolution of the data with a ótop-hatô function of variable width. The width used for 

each point was Ű(tanɗ), where Ű is the sample thickness. Contributions to peak width from 

the instrument were then corrected for using diffraction data from a sample of NIST-

standard LaB6. The variation in crystallite size during product formation was derived 

using the Scherrer Equation (Ű = 0.89ɚ / ɓcosɗ). Figure 3.21 contains a plot of the sample 

crystallinity, calculated using the width of the (002) Bragg reflection, as a function of 

time. 

 
Figure 3.21: The increase in average crystallinity (nm) as a function of reaction duration for the synthesis 

of CoAl4-NO3. 

 

The crystallinity calculated using this method relates approximately to the general 

particle sizes observed in ex situ TEM measurements. Analogous calculations were made 

using some non-basal reflections, but the lower intensity of these peaks led to a much 

greater spread of values extracted from Scherrer analysis. Nevertheless, sample 

crystallinity calculated from the (110) and (211) reflections generally remains constant 

with time, which is indicate of highly anisotropic crystal growth.  
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3.6.3 Discussion 

It can be inferred from the above observations that formation of the CoAl4-NO3 material 

occurs via a four-stage mechanistic pathway. The first stage involves dissolution of the 

solid starting material to form the corresponding aqueous ions. The next step begins 

following complete dissolution of Al(OH)3, when conditions become isothermal after 

20 mins. During this stage, termed the óinduction periodô, the building blocks for LDH 

growth are formed on the nano-scale, and only broad reflections corresponding to short-

range order in the (h00) and (0k0) planes are expected (Figure 3.22(a)). These reflections 

have very weak intensity in laboratory LDH XRD data and are not observed in the in situ 

data here. Existing hydrothermal crystallisation studies have suggested that the role of 

anionic species in the reaction medium, such as OH
ī
, during this period is as complexing 

agents to direct growth of the product structure.
59

 In the case of LDH formation here, this 

stage is particularly rapid, taking place in under 5 mins at 250 °C. 

 

Figure 3.22: Schematic illustrating the various hypothesised stages of hydrothermal LDH formation 

following dissolution of Al(OH)3. (a) Formation of nano-sheets from solution, (b) sheet stacking to form 

órod-likeô structures followed by (c) layer hydration, and (d) final structural ordering in three dimensions. 
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During the third stage, a poorly-crystalline órod-likeô layered structure is assembled from 

the building blocks formed in stage one (Figure 3.22(b)). The new material exhibits long-

range order in the direction orthogonal to the newly-stacked layers, corresponding to 

(00l) lattice planes. The formation of this phase is indicated by growth in intensity of the 

(002) and (004) reflections in the in situ XRD data, and occurs in a few minutes. A 

noticeable variation in the width and position of the basal reflections is also detected 

during this period. The change in position of these reflections upon formation is an 

interesting observation. It can be hypothesised that the small increase in d-spacing at this 

point is due to hydration in the interlayer region. Immediately following alternate 

stacking of the positively-charged layers and anionic guests, molecules of water enter the 

structure resulting in a swelling and shift in (00l) reflection position (Figure 3.22(c)). This 

effect has been observed in previous in situ investigations of 3D framework synthesis; 

both in the starting materials prior to reaction,
60

 and the product materials upon 

formation.
59

  

The fourth and final stage of crystalline LDH formation is indicated by growth in 

intensity of product reflections in directions which do not correspond to single unit cell 

axes i.e. for which more than one Miller index is non-zero. This is indicative of structural 

ordering between adjacent positively-charged LDH layers and also in the direction 

parallel to the layers. The órod-likeô LDH precursors connect together, forming platelets 

that are ultimately observed in the ex situ SEM measurements. The product layers orient 

in an aba stacking sequence and the intralayer Co
2+

 and Al
3+

 cations order within the 

octahedral interstices (Figure 3.22(d)). This concluding unification step begins as 

formation of the nanoparticles with rod-like morphology starts to decline. The rate of 

adhesion as the rods join to form platelets is closely comparable to the rate of growth of 

the rods from nanoparticles in the previous step. 

Comparisons can be drawn between the mechanism of hydrothermal LDH synthesis and 

that of the so-called óurea-methodô, which employs additional reagents, such as urea or 

hexamethylenetetramine (HMT), to facilitate LDH product formation. The hydrolysis of 

these starting materials at high-temperatures causes a release of ammonia and a 

corresponding increase in alkalinity of the reactant mixture, resulting in dissolution of 

metal hydroxide reagents.
61

 Subsequent formation of the product in solution is followed 

by homogeneous precipitation of highly-crystalline LDH particles. It appears that 

hydrothermal LDH synthesis at 250 °C observed here proceeds via a similar mechanism. 
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It is likely that the basic conditions due to highly-concentrated starting material solutions, 

in addition to pre-activation of the Al(OH)3 precursor, are the catalysts for initial gibbsite 

dissolution and the resulting homogeneous reprecipitation. This contrasts with the 

mechanism proposed for hydrothermal synthesis of the LiAl 2-X analogue, whereby LDH 

synthesis occurs via direct topotactic intercalation into crystalline gibbsite. 

In reference to Section 3.1.2, this synthesis reaction can be defined as topotactic based on 

the definition of Figlarz et al., where the structure of the LDH product is strongly related 

to that of the gibbsite precursor. However, the process itself involves complete 

dissolution of Al(OH)3 prior to product crystallisation, and cannot therefore be described 

as topotactic. Such a mechanistic route does open up the potential for interconversion 

between MAl4-NO3 LDHs. Complete replacement of intralayer M(II) cations can be 

achieved upon hydrothermal heating of the LDH in a highly-concentrated solution of the 

desired metal nitrate substitute, which is almost certainly facilitated by a dissolution of 

the starting material LDH followed by recombination and precipitation of the product 

species.
31

 

 

3.7 Synthesis using bayerite 

As discussed in Chapter 1, the intercalation of lithium salts into different polymorphs of 

Al(OH)3 results in formation of LDHs with different layer-stacking sequences. The 

hydrothermal formation of CoZnAl-NO3 LDH using an activated bayerite precursor was 

therefore attempted. Successful reaction required more óforcingô conditions than the 

analogous synthesis with gibbsite. 0.2 g of bayerite was treated with a 1 : 1 mixture of 

Co(NO3)2·6H2O and Zn(NO3)2·6H2O 10 M aqueous solutions at 225 °C for 110 hours in 

an autoclave. The diffraction pattern from the product material is provided in Figure 3.23. 

The product is of low crystallinity and the absence of several non-basal reflections is 

indicative of a poorly-ordered system. Basal reflections corresponding to LDH layers are 

clearly visible, but unequivocal reflection indexing was not possible for this phase due to 

the low number of crystalline Bragg reflections. Comparison of the diffraction data with 

those detailed in Section 3.2.1 indicates that the bayerite-derived LDH has an analogous 

structure to that of the gibbsite-derived analogue. The XRD data could be manually 

indexed on an identical orthorhombic cell to the gibbsite-derived analogues, with 

marginally larger c-parameter: a = 5.3 Å, b = 8.9 Å, c ~ 17.0 Å. 
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Figure 3.23: X-ray diffraction data corresponding to the bayerite-derived CoxZn2īxAl 8-NO3 LDH product.  

 

The structural similarity of the two Al(OH)3-derived LDHs is an interesting and relevant 

observation. XRD data from the gibbsite- and bayerite-derived LDHs are very similar and 

there exists no indication that the material formed from the bayerite precursor exhibits 

rhombohedral layer-stacking, as is the case with analogous reaction with lithium salts. 

Instead, the formation of an LDH with pseudo-hexagonal aba stacking geometry, 

equivalent to that synthesised from gibbsite in Section 3.2, is highly suggestive of a 

reaction process that is not topotactic ï i.e. the structure of the product is independent of 

that of the starting material. It is likely that the reaction with bayerite follows a similar 

reaction scheme to Figure 3.22, with dissolution of the solid starting material preceding 

the first stage. In this case, the thermodynamically favoured aba-stacked product forms 

preferentially over the rhombohedral abca-stacked alternative. The nature of the LDH 

product from synthesis with bayerite supports the findings from in situ studies; 

hydrothermal syntheses of LDHs involving Al(OH)3 occur via the homogeneous 

precipitation mechanism.  
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3.8 Conclusion 

The hydrothermal reactivity of Al(OH)3 towards the formation of layered double 

hydroxides has been explored. The family of MAl4-NO3 LDHs, which exhibit an unusual 

1 : 4 ratio of M
2+

 : Al
3+

,  has been extended to include species with three metal cations 

residing in the positively-charged layers. Comprehensive characterisation of this new 

sub-family of LDHs has been undertaken using XRD, IR spectroscopy, elemental 

analysis (CHN and EDX), TGA and TEM. The series were observed to exhibit tuneable 

intralayer cation ratios and successful synthesis of Co1īxZnxAl 8-NO3, Ni1īxZnxAl 8-NO3, 

and Co1īxNixAl8-NO3 for a range of x was achieved. The intercalation chemistry of the 

novel three-metal LDHs has been also been thoroughly investigated. Reaction of 

CoZnAl8-NO3 with phthalate was probed in situ as part of the first chemical experiments 

to be undertaken using Beamline I12 at the Diamond Light Source. Data quality from 

these and subsequent studies of LDH intercalation reactions has influenced improvements 

to the hardware and software facilities on I12. A crucial aspect of these in situ studies has 

been the optimisation of data collection, quality, and processing for future users studying 

a broad spectrum of chemical reactions using this facility. High-quality, angular-

dispersive X-ray diffraction data provide unprecedented insight into the mechanism by 

which this family of LDHs form from Al(OH)3.  
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Chapter 4: Molten Salt Synthesis and Characterisation of Oxides with 

the Aurivillius Structure  

4.1 Introduction 

Since the discovery of compounds with the Aurivillius structure (shown in Figure 4.1) in 

the 1950s,
1-3

 the ability to dope cations of different sizes and charges onto both the 

perovskite-layer A-sites and Bi2O3-layer Bi-sites in these materials has been 

demonstrated.
4
 However, doping of cations onto the perovskite B-sites of such structures 

has been found to be much less facile, with far fewer examples existing in the literature. 

One sub-family of Aurivillius compounds with B-site solid solution behaviour is the so-

called óBIMEVOXô series of materials. The substitution of transition metal cations 

(M
II-IV

) for V
V
 on the B-sites of the n = 1 Aurivillius phase Bi2V1īxMxO5.5īy results in a 

high concentration of oxide vacancies in the structure lattice, leading to high oxide ion 

conductivity.
5-7

 However, the solubility maximum for B-site cation incorporation is often 

as low as x = 0.2 in many BIMEVOX series, which can limit extensive tuning of the 

physical properties of these materials. 

 

Figure 4.1: Unit cells of the cubic perovskite structure (e.g. BaTiO3), the n = 2 Aurivillius structure (e.g. 

Bi3TiNbO9), and the n = 4 Aurivillius structure (e.g. Bi5Ti3CrO15). ǒ denotes perovskite A-site cations, 

ǒ denotes Aurivillius Bi cations, ǒ denotes Aurivillius O anions, and ǒ denotes all B-site cations. 
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The research described in this chapter focuses on members of the n = 4 family of 

Aurivillius phases. Many recent articles in this field proclaim the successful formation of 

novel doped n = 4 Aurivillius compounds that exhibit exciting and highly sought-after 

physical properties. However, it is also evident from several conflicting reports in the 

literature that synthesis of such novel Aurivillius structures as pure-phases can be 

challenging. The vast range of synthetically-accessible, structurally-related potential 

product materials, in addition to common use of relatively volatile reagents such as 

Bi2O3, often leads to formation of undesirable side-products alongside the target material. 

The existence of such impurities can be difficult to confirm because of their presence in 

low concentration and their structural similarity to the desired product, therefore care 

must be taken to comprehensively characterise all product phases formed. 

 

4.1.1 B-site cation-doped compounds with the n = 4 Aurivillius structure 

B-site cation doping can be divided into two categories: isovalent and aliovalent 

substitution. The term óisovalentô refers to the direct replacement of a cation in a structure 

with one of the same oxidation state. Aliovalent substitution involves replacement with 

an ion of different oxidation state, and takes place with either corresponding loss of 

oxygen from the structure or parallel aliovalent cation substitution, to balance the overall 

charge. 

The synthesis of B-site doped n = 4 Aurivillius ceramics has been dominated by phases 

containing d
0
 cations.

8
 Generally, the success of aliovalent B-site cation substitution in 

Aurivillius phases, leading to non-stoichiometry, is highly-dependent upon the maximum 

threshold for oxide vacancies in the structure under scrutiny. For Aurivillius phases 

where n > 1, this is typically very low (ca. < 5%).
4
 The successful substitution of Ga

3+
 for 

Ti
4+

 to form óBaBi4Ti3GaO14.5ô was initially reported to form a product exhibiting 

exceptionally high oxide ion conductivity.
9
 However, subsequent investigation led to the 

discovery of a small amount of ɓ-Bi2O3 impurity in the product mixture, confirming that 

incorporation of Ga
3+

 onto the B-sites was significantly lower than the original report 

suggested.
10

 This reappraisal highlights the importance of complete phase 

characterisation prior to forming definitive conclusions about structure-property 

relationships in these complex solid state systems.  
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The Bi5Ti3FeO15 compound was introduced in Section 1.4. It remains one of the few 

examples of a structurally characterised n > 1 Aurivillius phase that contains a significant 

stoichiometry of a non-d
0
 cation.

11
 Clearly, this system represents a template for synthesis 

of similar transition-metal doped species with highly desirable physical properties, and 

yet well-defined examples of such are rare. In 2011, whilst preliminary studies were 

being undertaken on the work described in this chapter, Giddings et al. reported the 

successful synthesis and characterisation of Bi5Ti3CrO15.
12

 This isovalently B-site doped 

n = 4 Aurivillius compound exhibits low-temperature paramagnetism due to Cr/Ti 

disorder on the B-sites. In the same report, the attempted ceramic synthesis of 

Bi5Ti3CoO15 and Bi5Ti3MnO15 species failed to yield pure n = 4 phases.  

A study of further reports of attempted Co
3+

 incorporation into n = 4 compounds 

highlights several inconsistencies within the literature. In 2009, Mao and co-workers 

reported on the multiferroic properties of óBi5Ti3Fe0.5Co0.5O15ô with n = 4 Aurivillius 

structure.
13

 Coexistence of ferroelectricity and ferromagnetism above room temperature 

in this compound was described, following partial doping of Co
3+

 for Fe
3+

 on the 

perovskite-layer B-sites. Thin films of this material have also been formed using the 

chemical solution deposition method.
14, 15

 However, subsequent detailed phase analysis 

on this system indicates that the magnetic behaviour arises instead from a small amount 

of CoFe2īxTixO4 spinel-type impurity phase formed alongside the Aurivillius 

compound.
16, 17

 In similar work, two very recent articles by Chen and co-workers (2011
18

 

and 2012
19

) describe the synthesis of the Bi5Ti3Fe1īxCoxO15 series in both bulk and thin 

film form. Despite clear variation in the XRD data observed across members of this series 

however, they do not report the existence of impurity phases or changes in crystal 

symmetry for any of the product materials. 

Examples of fully structurally characterised four-layer Aurivillius compounds containing 

other M
3+

 B-site cations are rare. Despite the attempts of Giddings and co-workers, 

incorporation of Mn
3+

 into perovskite layers of the structure, in various quantities, has 

been undertaken with some success.
20-23

 Synthesis of the gallium-doped Bi5Ti3GaO15 

species (alongside an unidentified impurity phase) was first mentioned by Subbarao in 

1962.
24

 Strain calculations and the room temperature dielectric properties of this material 

were subsequently reported,
25, 26

 however, this compound and its partially Ga-doped 

analogues have not been the subject of any further characterisation. Intriguingly, the only 

example of successful incorporation of trivalent V
3+

 in the place of Fe
3+

 into the n = 4 
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family was claimed by Kan et al. for the 0 Ò x Ò 0.05 members of the 

óBi4.5Sr0.5Ti4Fe0.5īxVxO15ô series.
27

 However, the c-parameters elucidated from structural 

refinement with materials in this series exhibited notable incongruity with increasing x, 

which is perhaps indicative of the formation of a competing impurity phase alongside the 

product. 

 

4.1.2 Molten salt synthesis of Aurivillius phases 

The technique of molten salt synthesis (MSS) was introduced in Section 1.1.2. The n = 3 

Aurivillius phase, Bi4Ti3O12, has been prepared by this method.
28

 The nature of the salt 

species, in addition to its ratio in the reagent mixture, has a significant impact upon both 

the size and morphology of the resultant bismuth titanate particles.
29, 30

 Formation of 

Bi4Ti3O12 was hypothesised to proceed via liquid-assisted reaction of Bi2O3 and TiO2 

above the eutectic point of the Na2SO4/K2SO4 salt employed (823 °C). Particles formed 

using this method were larger than those synthesised using a comparable NaCl/KCl salt 

mix, which was explained by the higher solubility and mass transport rate of the reagents 

in the sulphate flux. 

Synthesis of the óparentô Bi5Ti3FeO15 n = 4 material has also been successfully 

undertaken using a eutectic mixture of NaCl/KCl salts in four-fold excess.
31, 32

 Particle 

size and sample crystallinity were observed to vary markedly with changes in synthesis 

duration. In a parallel study undertaken by Porob and Maggard, Bi5Ti3FeO15 was 

synthesised using a seven-fold excess of a eutectic mixture of the Na2SO4 and K2SO4 

salts.
33

 They found that the molten flux accelerated the reaction kinetics, and a pure 

crystalline phase was formed upon reaction at 900 °C for just one hour. Under similar 

conditions, members of the Pb1īxBi4+xTi4īxMnxO15 series were successfully formed in the 

presence of excess of Na2SO4/K2SO4 salt.
34

 A limit for incorporation of Mn
3+

 into the 

perovskite layers of the structure was observed at x Ó 0.8 in this report.  

Further examples of MSS of B-site doped n = 4 Aurivillius phases are uncommon. 

Palizdar et al. attempted the synthesis of Bi5Ti3Fe0.5Co0.5O15 in NaCl/KCl flux, but the 

product could only be formed in the presence of impurities.
35

 Nevertheless, an interesting 

comparison of the particle morphology with the product from analogous ceramic 

synthesis emphasises the applicability of this technique in forming highly-textured 

platelet materials.
36

 



Chapter 4 

97 

4.1.3 Scope of the chapter 

The work described in this chapter focuses on the isovalent doping of several M
3+

 ions 

(M = V, Cr, Co, Ga) for Fe
3+

 on the B-sites of the parent n = 4 Aurivillius phase, 

Bi5Ti3FeO15. Ionic radii for the M
3+

 ions are provided in Table 4.1. Cations were selected 

based on their likelihood to successfully substitute for Fe
3+

 (similar ionic size and 

charge), as well as their propensity to promote interesting physical properties in the 

product material (in the case of Cr
3+

 and Co
3+

, via unpaired d-electrons). Considering the 

quantity of publications in this field which report on the synthesis of minor impurity 

phases alongside target Aurivillius products, particular emphasis was given to 

comprehensive structural characterisation of each product phase. Where relevant, 

synthesis parameters were tuned in an attempt to form Aurivillius compounds with phase-

purity. 

Table 4.1: Summary of the ionic radii of the M
3+

 metal ions investigated. 

Metal ion Ionic Radius* / Å 

V
3+

 0.640 

Cr
3+

 0.615 

Fe
3+

 (LS) 0.550 

Fe
3+

 (HS) 0.645 

Co
3+

 (LS) 0.545 

Co
3+

 (HS) 0.610 

Ga
3+

 0.620 

* Ionic radii for ions with octahedral coordination obtained from Shannon, 1969.
37

 

 

Given the susceptibility of these systems to small changes in reaction conditions, the 

molten salt synthesis procedure was employed to facilitate optimisation of the products. 

Previous reports indicate that use of a 1 : 1 Na2SO4/K2SO4 mixture is highly appropriate 

for Aurivillius phase synthesis. This flux exhibits an appropriate eutectic point for 

synthesis at reduced temperatures, a high solubility in water (aiding product recovery), a 

low reactivity (therefore unlikely to participate in side reactions), and the individual 

components are relatively inexpensive. 
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4.2 Molten salt synthesis of doped Aurivillius phases 

The synthesis of four distinct series of B-site cation-doped n = 4 Aurivillius phases, 

Bi5Ti3Fe1īxMxO15 (M = V, Cr, Co, Ga), was attempted using an analogous molten salt 

method to Porob and Maggard.
33

 Stoichiometric amounts of the relevant metal oxide 

starting materials were ground with an excess of ionic salt to produce a homogeneous 

mixture. Reactions in this section were undertaken in the presence of a seven-fold excess 

of an equimolar combination of Na2SO4 and K2SO4 ionic salts. The mixture was placed in 

an alumina crucible and heated above the melting point of the salt. Following a dwell 

period at the synthesis temperature, samples were cooled, washed with warm water to 

remove the salt, vacuum filtered, and then dried in air for 2 hours.  

Molten salt synthesis of the four Aurivillius series was attempted over the range 

0.1 Ò x Ò 1.0, in increments of 0.1. n = 4 Aurivillius phase synthesis was only successful 

for certain members of each series. The values of x in the starting materials for which 

Aurivillius phase formation was achieved are provided in Table 4.2. 

Table 4.2: Summary of the values of x for successful n = 4 Aurivillius phase formation. 

Aurivillius Series Successful n = 4 product formation  

Bi5Ti 3Fe1īxVxO15 x = 0.1*, 0.2*, 0.3* 

Bi5Ti 3Fe1īxCr xO15 x = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6*, 0.7*, 0.8*, 0.9* 

Bi5Ti 3Fe1īxCoxO15 x = 0.1*, 0.2*, 0.3*, 0.4*, 0.5*, 0.6*  

Bi5Ti 3Fe1īxGaxO15 x = 0.1, 0.2, 0.3*, 0.4*, 0.5*  

* indicates formation in the presence of additional impurity phases. x in each case denotes starting material 

stoichiometry, as opposed to values observed in the products. 

 

Each series exhibits a maximum threshold for the quantity of M
3+

 incorporated onto the 

B-sites. At higher values of M
3+

 substitution, impurities form alongside the desired phase, 

until the respective limit in x is reached and an n = 4 Aurivillius phase no longer forms. 

Similar solubility limits have been observed during attempts at B-site Mn
3+

 doping into 

analogous n = 4 structures.
34

 Product powder samples containing vanadium and 

chromium ranged from light brown to dark brown, those containing cobalt were dark 

brown, and those containing gallium ranged from light brown to orange. 
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The elemental compositions of the reaction products were determined using energy-

dispersive X-ray spectroscopy (EDX) (Appendix B). The data were calibrated with 

respect to a Bi5Ti3FeO15 standard and the error in each case was determined to be ca. 

± 5 % from analysis of multiple samples. Those compounds exhibiting chemical formulae 

consistent with an n = 4 Aurivillius phase are listed in Table 4.3.  

Table 4.3: Summary of the elemental ratios obtained from EDX data for members of the Bi5Ti3Fe1īxMxO15 

(M = V, Cr, Co, Ga) series. 

Attempted 

Dopant 

Stoichiometry 

Chemical Formula 
Elemental ratios from EDX  

Observed  Calculated  

V0.1*  Bi5Ti3Fe0.9V0.1O15 
Ti : Fe : V 

2.97 : 0.88 : 0.12 

Ti : Fe : V 

3.00 : 0.90 : 0.10  

Cr0.1 Bi5Ti3Fe0.9Cr0.1O15 
Ti : Fe : Cr 

3.10 : 0.92 : 0.08 

Ti : Fe : Cr 

3.00 : 0.90 : 0.10  

Cr0.2 Bi5Ti3Fe0.8Cr0.2O15 
Ti : Fe : Cr 

2.99 : 0.81 : 0.19 

Ti : Fe : Cr 

3.00 : 0.80 : 0.20 

Cr0.3 Bi5Ti3Fe0.7Cr0.3O15 
Ti : Fe : Cr 

3.04 : 0.69 : 0.31 

Ti : Fe : Cr 

3.00 : 0.70 : 0.30 

Cr0.4 Bi5Ti3Fe0.6Cr0.4O15 
Ti : Fe : Cr 

3.04 : 0.60 : 0.40 

Ti : Fe : Cr 

3.00 : 0.60 : 0.40 

Cr0.5 Bi5Ti3Fe0.5Cr0.5O15 
Ti : Fe : Cr 

3.08 : 0.52 : 0.48 

Ti : Fe : Cr 

3.00 : 0.50 : 0.50 

Co0.1*  Bi5Ti3Fe0.9Co0.1O15 
Ti : Fe : Co 

3.56 : 0.88 : 0.12 

Ti : Fe : Co 

3.00 : 0.90 : 0.10  

Co0.2*  Bi5Ti3Fe0.8Co0.2O15 
Ti : Fe : Co 

2.99 : 0.83 : 0.17 

Ti : Fe : Co 

3.00 : 0.80 : 0.20  

Co0.3*  Bi5Ti3Fe0.8Co0.2O15 
Ti : Fe : Co 

3.41 : 0.75 : 0.25 

Ti : Fe : Co 

3.00 : 0.70 : 0.30  

Co0.4*  Bi5Ti3Fe0.7Co0.3O15 
Ti : Fe : Co 

4.35 : 0.68 : 0.32 

Ti : Fe : Co 

3.00 : 0.60 : 0.40  

Ga0.1 Bi5Ti3Fe0.9Ga0.1O15 
Ti : Fe : Ga 

3.08 : 0.91 : 0.09 

Ti : Fe : Ga 

3.00 : 0.90 : 0.10  

Ga0.2 Bi5Ti3Fe0.8Ga0.2O15 
Ti : Fe : Ga 

3.36 : 0.79 : 0.21 

Ti : Fe : Ga 

3.00 : 0.80 : 0.20 

 * indicates samples synthesised alongside additional impurities. The Ti content in some Co-doped phases 

was slightly higher than anticipated. 

 

Inductively coupled plasma (ICP) atomic emission spectroscopy was used to verify the 

bulk elemental composition for pure samples listed in Table 4.3. In each case, the M
3+

 

metal ratios agreed with those established using EDX analysis. 
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4.2.1 Bi5Ti3Fe1īxVxO15 ï X-ray diffraction analysis 

Structural characterisation was undertaken on products from the attempted synthesis of 

Bi5Ti3Fe1īxVxO15. Initial reactions were undertaken at 950 °C for 5 hours. Bragg 

reflections corresponding to an n = 4 Aurivillius phase were observed in samples where 

x Ò 0.3. These reflections were indexed on the basis of an orthorhombic unit cell, 

a ~ 5.47 Å, b ~ 5.44 Å, c ~ 41.00 Å with space group A21am. In all cases, Bragg 

reflections from an impurity phase were additionally observed in the data, which are 

highlighted for the 0.1 Ò x Ò 0.5 products in Figure 4.2. 

 

Figure 4.2: Powder XRD data for the products of attempted syntheses of 0.1 Ò x Ò 0.5 members of the 

Bi5Ti3Fe1īxVxO15 series. Reflections corresponding to a Bi4V2O11 impurity are labelled ( ). 

 

The observed impurity is consistent with a bismuth vanadium oxide phase, Bi4V2O11.
38

 

This material, mentioned in Section 4.1, exhibits room temperature monoclinic symmetry 

with lattice parameters a = 5.61 Å, b = 15.28 Å, c = 16.60 Å, ɓ = 89.76 °, and space 

group C2/m.
39

 The intensity of the Bi4V2O11 reflections increases with increasing x. For 

samples where x Ó 0.4, several Aurivillius (00l) reflections at low angle are not visible in 

the XRD data, which indicates that an n = 4 stacked phase no longer forms under these 

conditions. Instead, a mixture of several other phases predominates, including Bi4V2O11 

and the n = 3 Aurivillius phase Bi4Ti3O12.
40

 


