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Abstract

Studying the Synthesis and Reactivity of Crystalline Materials using
In Situ X-ray Diffraction

Sau J. Moorhouse Somerville College
D.Phil Thesis Trinity Term2013

The use ofin situ X-ray diffraction (XRD) to investigate reactions involving crystalline
materials is the focus of the wodescribedn this thesis. The development of procedures for
probing chemical reactions situ, and the application of this technigioe studyingin detail

the mechanisms and kinetics of sedidteprocessess reported

The information inChapter One provides a backgrountb thein situ study of chemical

reactions, with specific emphasis on the application efay diffraction. Three distinct

families of inorganic materials arentroduced including layered double hydroxides,
Aurivillius phases, and metalrganic frameworks, and the reéece of eacin contemporary

technologiesis discussed.

Chapter Two incorporates & accountof the design, construction, and development of a
chemical reaction furnace, the Oxfebdamondin SituCell (ODISC), for then situ study of
solid-state reactins. 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. Dethds of
implementation and optimisation of this equipment for use at Beamline 112 at the Diamond
Light Source are provided.

The synthesis and characterisation of a new series of ternary layered double hydroxides
(LDHs) with general formula [MV & xAlg(OH),4(NO3)4yH,O (M, M6 = Zn, N i
detailed inChapter 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, includingin situ energydispersive and angulalispersive X-ray diffraction
experiments. The chapter concludes with details ofnasitu XRD investigation intothe
synthesis of these materialga direct reaction of metal salts with Al(Ol)which was
observed to proceed four stages.

Chapter Four is concerned with the molten salt synthesis and characterisation of novel
cationdoped compounds with the Aurivillius structure. The lediextent of substitution on

the B-sites of the parent BiizFeO5s material wasobserved tde highly dependent on the
nature of thedi- or tri-valent substituent. The impact of varying reaction conditions, such as
dwell duration and nature of the molten salt, upon pure product formatadescribed. A
comprehensiven situ XRD investigation ind the molten salt synthesis of a novel doped
Aurivillius phase is detailed i€hapter Five. A discussion of thesynthesismechanismin
addition to a description of the role of the molten safirmduct formationis provided.

A brief in situ XRD study ofthe mechanism and kinetics of crystallisation of metghnic
frameworks (MOFs) is detailed i@hapter Six. The use of iorexchanged polymer resin
beads to direct the synthesis of MOFs is probed in real time, and the route to formation is
compared to thdor the conventional solvothermal technique.

Experimental procedures pertaining to all of the above chapters are provid¥dhjter
Seven Supplementary data are included in Appendices
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Chapter 1: Introduction

1.1Synthesising inorganic solids

In general, the preferred synthesis route towards many functional inorganic solids is the
hight e mper at ure O6ceramicd method, which in
elevated temperatures, often in excess of 1000 °C. Due to slow diffusianiohghin 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 toehmodynamic driving

force at elevated temperatures. Recently, emphasis has been placed on the discovery an
improvement of alternatives to the ceramic method for the formation of extended solids.
Techniques such aso-precipitation, sebel synthesis,hydrothermal synthesis, and

molten salt synthesis have been investigated.

A deeper knowledge of some webtablished synthesis techniques has led to their wider
application in the preparation of functional solids. Ltemperature soft chemical

( ahimie daced ) met hods, such as solvother mal ¢
route to known perovskite materials and their related oXiddternatives 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.
However, the main obstacle towards the ultimatg nt het i ¢ 6desi gno
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

thesisare introduced in the ensuing sections.

1.1.1 Intercalation

Intercalation refers to the process of incorporating guest species into,avene or
threedimensional lattice without significant structural reorganisation of the*hblse
position adopté 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 graphifewhich have since been extended to the formation of

1
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CgK, a mateial that is applicable in organic synthe3isore recently, this type of
chemical reaction has been harnessed to facilitate efficient separation of anionic

isomers® ’

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 reacticegspralowever,

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 superconductipgrpes of the product

relative to the host materidl.

1.1.2Molten salt synthesis

The molten salt synthesis (MSS) methiodolves 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 s&ynthesising materialda the molten salt, or

6fl ux growt ho, met hod, -temparature meltoas & eeactioh e
6sol vent o6. Simple inorganic compounlds, C
used as solvent fluxes. Examples include metal nitrates, sulphates, halides, and
carbonates, bismuth oxide, lead oxide, and lead fludfitleMolten 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 implementatio 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 durationare possible due to greater reagent mobifity** The
dissolution and reprecipitation processes resulting from the presence of molten salt enable
the use of cheaper, lower purity reagents than those required fosglidideactions. The
preferred atibutes of molten fluxes for the synthesis of quaternary oxides are discussed
in a recent review by Bugaris and zur Ldyelhey 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 mdtten sa
synthesis, including zeolité,'” perovskites®?° and binary metal oxides: >One of the

most widelyinvestigated advantages of the molten salt method is the ability to regulate
the morphology of product particlé%. The technique has also begpplied to facilitate

the finetuning of magnetic properties of materi&lsA thorough investigation by Zhou

and coeworkers detailed the effects of a systematic variation in molten salt synthesis
conditions, such as the amount and nature of the salh, tingopurity, morphology, and
size of BazrQ perovskite particles’ They found that reliable morphological control
could be achieved through varying the annealing time. However, solubility and reactivity
effects associated with different salts were fotmdignificantly impact on the success of

pure product formation.

Various reaction mechanisms have been postulated for different molten salt systems.
Heddenret al identified the presence of a reactive intermediate in the formation of RTaO
(R = Gd, Y, Lu), which forms through initial reaction with 230 flux.?®> Additionally,
Geselbrachet al. determined that interaction betweenQQO; starting material and an
RbCI flux was crucial in the synthesis reaction of RIEBO:10.2° However, it §l
remains unclear in many cases whether MSS oodarslissolutiorreprecipitation or

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

1.1.3 Solvothermal synthesis

The hydrothermal technique involves synthesis of crystaftiagerials 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 tc
those experienced under room temperature ¢ondi As a result, features such as the
considerable reduction in,B viscosity are said to facilitate an increase in the mobility,

and hence reactivity, of reagents in solution.

The term O6sol vother mal 6 i s used t @andd e s c

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 solvotherme
synthesis and its many advantages are discussed in separate reviews byaDemdze
Walton?” ?® 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 varietytefialavia one

pot syntheses involving identical reagents is not unconfhdflt 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 nempounds 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 thegss.

In recent yeardan situ X-ray diffraction has risen to prominence as an excellent probe for
the examination of solvothermal proces¥es’? The crystallisation mechanisms of
various titanate materials have been probedeipth using EDXRDB® Croke et al.
observed that successful synthesis of Ca,T& well as the rate of product formation, is
dependent upon the use of Ca0® hydrogarnet as the source of €4n situ neutron
diffraction techniques have also been employed to monitor the dissetuiecipitation
mechanism of BaTi@formation®> *®Kinetic information about crystallisation reactions
undertaken in autoclaves can be obtained through the application of mathematical models
to thein situ data®>’ Michailovski andco-workers determinedthrough the use of a
combination of Xray absorption spectroscopy and EDXRD techniques, that the
solvothermalgrowth of MoQ fibers occursvia a dissolutionprecipitation mechanistt

In situ EDXRD is also very useful for the observation of intermediate phases in
solvothermal reactions. Mcintyet al. discovered that hydrothermal synthesis of the 3D
framework structureYbsO(OH)NO;3, occursvia two sequential intermediates: the 2D
layered corpounds, YB(OH)sNOs-2H,0 and Yh(OH)sNOs-H,0.3°

1.2 Monitoring chemical reactions in the soligstate

The tinestum s a Latin phrase which transl
chemistry, the term refers to an occurre
either a chemical process or a method of probing that mixture. On the coaikaiju

refersspecifically to processes undertaken on the mixture when it is no longer reacting.

4
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Various methods of monitoring the crystallisation of solsitu were discussed in a
recent review by Pienack and Benéffhis section is focussed specifically on selid

statein situ probes.

1.2.1 Noninvasivein situ probes

When studying reactions in retine, it is important that the method of investigation does
not interfere with the progress of the reaction. Data feonsituquenching experiments

can often be unrepresentative of the reaction medium due to the disruptive impact of the
guenching process and its propensity to influence structural and chemical characteristics
of the system being studied. In contraseiositumethods, norinvasivein 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 usin@n situ over ex situtechngues 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,-imwmasive,in situ probes are sought.

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

in the early stages of development. Several elegantinwaive methods have been
employed to facilitate thén situ study of solidstate reaction’ such as smathngle

X-ray scattering (SAXS} X-ray absorption fine structure (XAF$Y,Ramar’** NMR,*
neutron diffractiorf® and Xray diffraction (XRD)* It is important to recognise that
monitoring the behaviour of amorphous phasesitu, using techniques such asray
diffraction, can provide valude complimentary information to that obtained purely from
crystalline solid$® 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 ermphasised thah situ methods are not without their limitations. In order for
reactions to be probed under rmbient conditions, custeatesigned reactor cells are
often necessary, with specific requirements depending on the sample environment and the
tedhnique itself (discussed further in Chapter 2). In the case of XRD measurements, very

dense materials may degrade the data because of tmay absorbance, and for some
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phases, particularly with lowymmetry crystal structures, there may be significant

detection limits.

1.2.2In situ X-ray diffraction

Energydispersive Xray diffraction (EDXRD) is an appropriate technique for the-non
invasive study of a range of chemical reactions involving crystalline mat&rialghe

di ffraction properties of hi-pysgeneraed fyom, p
synchrotron sources are well suited ifositu studies of bulk chemical systems. The total
photon flux across this energy range is extremely high. -Sfatee-at EDXRD
detectors, positioned at fixed angled2o the diffracted beam, enable data collection
across a wide range gfvalues ¢ =2 ‘dyto be undertaken simultaneously and rapidly.
High quality data acquisition is therefore possible on the times€aeconds, which is
suitable forin situ measurements. Furthermore, the high energgys and large photon

flux permit penetration of dense materials and large sample volumes. Diffraction using
this techni qgue oshapadgaugd volummhieh is definedzby thege 6
angle and the collimation geometyThe principal disadvantage of EDXRD is the low
data resolution owing, in part, to the large sample volume and poor eesaytion of
existing solidstate detectors. This has prevented apibn of advanced analysis

techniques to EDXRD data, such as detailed structure refinement.

More recently, the availability of high energy, singlavelength Xrays in conjunction

with high-speed area detectors, has facilitated tigsolved studies usingngular
dispersive XRD? Data collection on the millisecond scale is now possible due to the
emergence of novel det ec tpoarn ed Ys taerats mad ri ont
designs. The resolution of data measured using this technique is considesaldy than

that obtained from EDXRD studies, thus facilitating structure refinement. Until recently,
the main disadvantage of the angtd&persive technique was the lower flux of the
monochromatic beam, which hindered penetration of thighed sampm vessels and
large sample volumes. However, facilities such as Beamline 112 at the Diamond Light
Source now enable higlux, angulardispersive diffraction at far higher energies

( 63keV) than were previously available. In addition to the excepticatal kbsolution,

a considerably greaterspacing range is also accessible due to the absence of any fixed

2d constraints experienced with  EDXRD. A disadvantage of anglidpersive
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diffraction is the detection of Bragg reflections from the sample vessekequipment

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

A considerable limitation of thim situ X-ray diffraction technique is the requirement for
synchrotron radiation. Whilst higiemperature Xay diffraction (HTXRD) studies are
now possible using laboratory diffractometers, this method often does not facilitate
monitoring of reactions on a regentative scale or under standard laboratory conditions.
Access to facilities which enable situ XRD studies requires the submission and
acceptance of a beamtime proposal, a process which is usually highly competitive. If
successful, the resulting timdlaavance forin situ XRD studies at Diamond Light
Source, for instance, is typically no more than three days per six month allocation period.
Application of both energdispersive and angulaispersive Xray diffraction in the
study of chemical reactionssing Beamline 112 is discussed in greater detail throughout
the following chapters, in addition to the following section.

1.2.3 Beamline 112 at the Diamond Light Source

Beamline 112 is a mulpurpose facility at the Diamond Light Source. The high intgns

high energy beam of -Xays available at this facility can be harnessed for
imaging/tomography, Xay diffraction, and small angle -kay scattering (SAXS)
experiments. The beam is provided by a superconducting-puléti wiggler which is
positioned inthe storage ring. Beamline 112 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 continuouspectrum of Xrays in the region
500E/ keV O150. In energydispersive mode, reactimsamples are irradiated with a
continuous series of -Xays with energies across this entire range. The photon flux at
50keV isca. 1.8 x 132 photons.5 ! Following interaction with the sample, the diffracted
X-ray beam passes through two psample collimator slits and onto the detectér.
23-element Ge energyispersive detector is used to record diffraction data from the
polychromatic beam throughoutcaemical reactionT he r a do fafl 6 od klee ,
each element of the detector is Bf.addition,Beamline 112 offers the use of a Thales
Pixium RF4343 detector for anguldispersive studies. This flglanel detector hardware,

in combination with acustomdesigned higlenergy monochromator, allows angular

v
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dispersive diffraction using Xays of a specified energy, withO  &e¥. The Pixium
detectorsample distance can be adjusted in conjunction with the beam energy to optimise

the observabld-spadng region.

1.3 Layered metal hydroxides
1.3.1 Aluminium hydroxide

Naturally occurring aluminium hydroxide, AI(Ok) has four structural variants:
gibbsite?® bayerite>* > nordstrandité’ and doyleite’ The general structure of this
material is based upon lamellae of edparing AlQ octahedra, which interactia
hydrogen bonding. Al atoms are ordered in two thirds of the octahedral sites within each

layer (Figure 1.1).

1,

(a) (b)

Figure 1.1: Structure of the gibbsite polymorph of Al(OHincluding (a) layer stacking and (b) view
parallel to thec-axis. Al atoms are shown in green angldotahedra in red. H atoms have been omitted for
clarity.

The different polymorphs of Al(OH)exhibit a sinilar layer structure, but each has a
unique stacking sequence of those layers. Gibbsite hadbastacking sequence, in
contrast to bayerite which exhibitsa 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(QHIndergoes topotactic

6i mbi biti dandX ions.THe cations become incorporated into the octahedral
holes within the layers, and the anions reside between the layers alongsitercadated

water moleculesReaction of lithium salts with different Al(Oklpolymorphs results in
LDHs with different lagr-stacking sequences. The use of gibbsite produces layered
double hydroxides with pseudwxagonal symmetry (a twlayer aba stacking
sequence)? whilst reaction with the bayerite and nordstrandite polymorphs has been
shown to form the pseugtiombohedri (threelayer abca stacking) alternativé®

Britto et al. have also suggested such systems may undergo slight structural distortion
resulting in monoclinic symmetf}.

I

a

(a) (b)

Figure 1.2: Structure of the bayerite polymorph of Al(Ofjncluding (a) layer stacking and (b) view
parallel to thec-axis. Al atoms are shown in green anglddtahedra in purple. H atoms have been omitted
for clarity.

More recently, incorporation of transition metal nitrate salts into the gibbsite struagire h
been reported, but the reaction only proceeds followingaptigation of the solid
Al(OH)5 precursor through bathilling. The resulting product materials featuré*Nbns

in only half the octahedral holes in the lay&snd 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,

9
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MgeAl ,(OH)16-4H,0, was correctly reported by Manad3eThe first comprehensive
structure analyses of layered hydroxide minerals were undertaken over 50 years later
using single crystal Xay diffraction (XRD)**®” LDHs are now the most widely

investigated metal hydroxedcompounds.

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)(which exhibits a Cadl structure type). Mg(OH)
comprises infinite sheets of edglkaring MgQ octahedra, which are linkda/ hydrogen
bonding between the layers. The LDH structure can be derived from brucite by
substitution of a fraction of the Mgions for M°* ions in the octahedral holes between
alternate pairs of OH planes. In this way, the layers acquire a net pohiirge cwhich

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

that water molecules also-aatercalate alongside the anions between the I&§ers.

Figure 1.3: Structure of the [LiA}(OH)s]Cl-yH,O LDH,*®including (a) layer stacking and (b) view parallel
to thec-axis. represents Lications,> represents Al cations, represents interlayer Ginions, and M@
octahedra are coloured red. H atoms and interlayer water molecules have been omitted for clarity.

The majority of hydrotalcitdke LDH compounds can be described by the general
formula [M*1 sM>*(OH);]*" (X™ )anyH20, where M* ions are commonly Mg, C&”,

Mn%, F&*, Cd*, Ni¥*, zn**, and M" ions can be AT, CF*, Mn**, F€"*, Co®*, Ni*, or

Ga®. Pure LDHs have beenxd od.nEe3d, iutt haddiz
suggest that a wider range of metal ratios within the LDH layers is pqssitlieding
010xO 0. 5. T kare goviermed bysthe proximity of ¥to one another within

the layers. Recently, a series of LDHs with wunusual chemical formula,

10
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[MAI 4(OH)12)(NO3)2:'yH,O (M = Co, Ni, Cu, Zn), have been synthesised and their
reactivity probed® > " Synthesis of these materialsa hydrothermal reaction of
activated Al(OHj gibbsite with highlyconcentrated solutions of metal nitrates, results in
incorporation of M" ions in only half of the octahedral holes in the LDHeesy(Figure
1.4).

It is important to note that several LDH species exist that cannot be described by the
above formula. Many ternary LDHSs, containing mixtures of greater than one typ& of M

or M** ion within the layers, have been prepafeBven examplesf quaternary systems
have been reportéd.The substitution of some ¥ for M** cations in ternary LDH
materials have been reported, including*Tzr**, and SA".”*"" In addition to LDHs
containing M™" ions, the [LIAL(OH)e]X-yH,O materials, whicttontain Li" and AF* in

the intralayer interstices, have been the subject of considerable investiyaffofiDue

to the difference in size and charge of the two cations, ordering is observed within the
| ayers ofaX6hgsyget éns Ayntliesi®of LiAdXI LDES wasdescribed

in the previous section.

Figure 1.4: Idealised structure of the catiamdered [ZnAl(OH).(NO3),-yH,0 LDH,*? showing one layer

viewed parallel to the-axis.o represents Al cations within red Al@ctahedra and represents Zn cations
within yellow ZnQ; octahedra.

11
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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 solfftibis one

pot, direct synthesis approach involves combining mixtures of the relevant metal salts
under pH control and has two main variants. Performing at ad | e d ol
supersaturationd requires simultaneous a
solution of the desired interlayer anidii*wh er eas-sapedbbaghr ati ond
of metals salts are added to a basic solution containing the anions at a slow and steady
rate®#® Synthesisvia coprecipitation generally leads to products igfher 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 thein situ hydrolysis reaction to give ammonia and hydrogsrbonate
maintains the pH of the reactionat. 9.2” 8 Product crystallisation from solution tends

to form hexagonal platelef.In addition to these and the direct intercalation method
detailed in Section 1.1.1, synthesis of LDHs has also been akdertusing the

reconstruction method, °*the sakoxide method? **and hydrothermal reactioh.

The intercalation chemistry of LDHs is vast and vafied® The facile and reversible
substitution of interlayer anions has enabled the incorporatioa bfoad range of
interesting and technologically relevant anionic species into the structure of these layered
inorganic host§”™ In part due to the high ieexchange capacities of LDHs, many
applications of them are known, including in catalySis®* polymer sciencé®® ***and
separation science. 1%

1.3.3In 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 reffews The decline and growth of
starting material and product reflections, in addition to those of crystalline intermediate
phases, can be simultaneously, accurately, andinvasively probed using this
technique. As layered crystalline solids, metal hydroxidemngonly exhibit several
intense Bragg reflections in their-pdy diffraction patterns, making them highly suitable
for in situ XRD studies:’® The kinetics and mechanisms of chemical processes involving
these materials are often highly unusual, and smahgés to the reaction conditions can

have a significant impact on the route to product formation.

12
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Precipitation of both the gibbsite and bayerite forms of aluminium hydroxide from
solution have been probed using EDXEDIt was noted that they exhibitedntrasting
behaviour at elevated temperatures, but a transition between the two polymorphs was not
observed. The reactivity of metal hydroxides has also been monitoredu. The
synthesis ofLiAl ;(OH)g]X -H,O LDHs via the direct intercalation method thiAl(OH)s,
described in the preceding sect i dnsiuy wa
EDXRD.!® The rate of direct conversion of the gibbsite starting material to the cation
ordered LDH product was found to be highly temperatieendant.

Investication into the reactivity of LDHs using tirresolved Xray diffraction has been

the focus of much attention in recent years. Examples of reaction intermediates and
staging have been observed duringsitu investigations of LDH intercalation reactions,

and the kinetics of these processes have also been monfforéd:* Comprehensive
insight into the mechanisms of dehydration and thermal decomposition of LDHs and their
layered analogues has been gaittedugh the use of both laboratory and synchrotron

X-ray diffraction facilities-*>*%

1.4 Compounds with the Aurivillius structure

In the early 1950s, Bengt Aurivillius reported the first perovslidie layered bismuth
containing solid oxide¥**?* The subsequentig e r i ved o6 Auri villius
oxides can be described by the general formulgdBA r.1BrOsn+1], Where A represents

one or more bulky cations such asBiPK*, B&*, SF*, C&*, K*, and N3, and B
corresponds to smallarations that are weHuited to octahedral coordination, such as
W, Nb**, zr**, Ti**, Feé*, CF*, and Mi*.*®* The structure of asoal | ed G AuTr |
phased comprises r e g u-lika [Bi,0p%h layens qnd opseudo s 0
perovskite [Av1BnOsn1]® ' blocks, wheren corresponds to the number of sheets of
cornersharing BQ octahedra in the perovskité&ke slab. Typically,n is an integer
number in the range 1 4, although various homologous series witk> 4 have been
reported, up tm = 9.2° The annotated idealised structure ofnan 2 Aurivillius phase is
provided in Figure 1.5.

13
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Bismuth
oxide
layer

Perovskite
layer

Figure 1.5: Unit cell for then = 2 Aurivillius structure (e.g. BTiNbOy)  denotes Bi cations and
perovskitelayer A-site cationsp denotes O anions, adddenotesB-site cations

Recurrent intergrowth phases also exist in the Aurivillius family, which exhibit-long
range ordered structures with alternating perovskite blocks of differesgparated by
bismuth oxide layers (Figure 1.8 **” Such materia are often denoted with non
integer values oh, where most commonip=1.5, 2.5, and 3.5. Alternatively, these
phases can be described by the general formuldBh iBxminOsmens, Where
m=nz= 1. The preferential location of-8Bite cations in intergrowth layers of specific

has been reported by Sneddiral*?®

High-resolution transmission electron microscopy
(HRTEM) has been adopted as a powerful tool not only for confirming the exisiénce
but observing the relationship between, different perovskite layers in recurrent
intergrowth structure¥® The remarkable comprehensive ordering of intergrowth layers
in Aurivillius phases has been explained by the lcargge repulsive interactionsising

from elastic forces that exist throughout the structgfé>*

14



Chapter 1

/\/\<>
A KoXoX
SPP XX p OO 4
/\°/<°>< AVA VA Z NAVAZ
AAAH
e o0 0000 O O o O O _ ©°
o o o ADAADADAADA DA DA
AR A OCOE OO
OSSO AL OBANL
oo QR IR Y
N2\ 20 Z 2@@< §<‘> N
(o] (o]
OOP
(a) (b) (c)

Figure 1.6: Schematic illustration of the structures of three members of the Aurivillius family, including
(@)n=1/2 recurrent intergrowth phase, (b= 2 phase, and (@) = 2/3 recurrent intergrowth phase.
denotes Bi cations and perovskitger A-site cationsg denotes O anions.

At room temperature, compounds in the Aurivillius family can be tetragonal, or close to
tetragonal with slight orthorhombic distortion. Inethcase of distorted structures,
octahedral rotations in the perovskite layers lead to a doubling cdlith@ane with
respect to the tetragonal polytype, resulting in the lattice parameter relationship:
aothaboth @ @e2d 5. 4 gparaméthreof th unit cell correlates linearly with
variation inn. Displacement of B i t e cat i ocnesnt rtedd amosd dfi fon
coordination octahedra, results in an ionic polarisation and corresponding lowering of
crystal symmetry as the octahedral coorilorabecomes irregular. The symmetries of
Aurivillius compounds with odd or evenare described by different orthorhombic space
groups Aba2 or A2;am, respectively), owing to the 4phase or oubf-phase octahedral
rotations about the-axis. It has beereported 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 thegkes!®?
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1.4.1 Synthetic routes to Aurivillius phase formation

A broad spectrum ofysithetic techniques has been employed to facilitate the formation

of Aurivillius compounds. Due to low reagent homogeneity and slow ionic diffusion,
conventionalsolist at e reaction (referred to as tF
at temperatures excess of 1000 °C and can involve multiple regrinding and pelletizing
steps:®® Use of the BiOs 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 BD, 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
synthasis method employetf*

The 2008 report by Kongt al. provides an excellent summary of the mechanochemical
route towards purphase formation of compounds with the Aurivillius structiire.
Mechanochemical activation to form an amorphous Aurivillius pecodtollowed by
subsequent calcination, is an appropriate variation on this techifdtfeSynthesis of
Asite substituted Aurivillius phase® has
Pure phases with the= 4 structure were formed followingrecipitation of nitrates onto

the surface of Ti@ particles, however this procedure still required calcination steps
undertaken at 750 °C and 950 °C. Alternatively, hydrothermal synthesis of Aurivillius
compounds facilitates orstep product formation aemperatures below 250 ¢ 141
Sardar and Walton have reported the synthesis gfi§;, using NaBiQ-2H,0 reagent

as a reactive source of BF° Solgel and coprecipitation methods have also been
applied™*#14°

Molten salt synthesis (MSS) is @mparatively newer technique than the-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'***° Existing examplesre 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 -saiide
compounds have been extensively investigated. Imifeiest in these materials focussed
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on their suitability as leaftee ferroelectrics®® % ! The structural basis for
ferroelectricity in the bismuth titanate family was discussed by Newrgtal the main
polarisation vector is observed paralielthea-axis, but there is also a small component
in the c-direction!? Witherset al.in 19913 and Frit and Mercurio in 19997 reported
that the principal structural drive towards ferroelectricity in these compounds originates
from displacement of the Bi atoms residing on the perovskistes, and notia
octahedral oficentring of the Bsite cations. It has subsequently beemdnstrated that
substitution of cations onto the-gites of the Aurivillius structure results in significant
variation of the ferroelectric properti€S.As a consequence of this interesting behaviour,
ferroelectric materials of the Aurivillius family ercurrently being widely studied for
potential uses in newolatile memory:the use of SrBiraOg thin films as dynamic
random access memories (DRAMSs) has been summarised by3cott.

Several reports also detail the propensity for the use of bismuthteitbaaed layered
compounds as higtemperature piezoelectrit¥: *®The Asite dopech = 4 Aurivillius
phase, NasBis sTi4015, exhibits excellent piezoelectric properties, a high resistivity, and
a high Curie temperature {® 600 °C)*>° This materialis commercially available and
has been used in accelerometers at temperatures up to 49®36tematic substitution

of Ba cations onto the perovskite-sites of this material, however, leads to a gradual
decrease in the ferroelectric to paraelectriageh transition, resulting from reduced

structural distortion due to doping of the larger Ba'ftn.

More recently, focus on the applications of Aurivillius phases has shifted towards their
use as oxide ion conductdfé.The n = 1 BiVOss material exhibits intrinsic oxygen
vacancies®® **and at elevated temperatures (> 570 °C) disorder of these vacancies in
the perovskite layer results in high oxide ion conductitfity’®®A range of metal ions

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

of doped BiV oxides'®™"°

1.4.3 The BiTiz0,2-BiFeOs 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

17



Chapter 1

ferrodectricity in a single phase is raré,and a coupling between the two properties,
referred to as 6 mul?tThefreason forithisisdargity is primarily r a r
due to the opposing origins of the two types of behaviour. Transition noetalwith
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 oxygearbitals and transition malt emptyd-orbitals.

As a result, an additional driving force such as a structural distortion, is required for
ferromagnetism and ferroelectricity to coexist.

Aurivillius phases are excellent candidates for multiferroic behaviour. The majority
exhibit ferroelectricity due to offite displacement of Aite andd ° B-site cations.
Accordingly, if suitable substitution of transition metals with partiillgd d-orbitals

onto the Bsites were to result in strong magnetic interactions, it is enfp@gible the

two properties could become coupled. The structural, magnetic, and dielectric properties
of compounds in the BTizO:>-BiFeO; Aurivillius system =37 9) therefore, withd°

andd" cations on the Bites, have been the subject of extensivitiny*> 1"*1’® The

n= 4 member of this series, BisFeQs, has been under particular investigatibhand
reports indicate that it exhibits a -eaistence of ferroelectricity and weak
ferromagnetisnt®® B-site doped analogues of tme=4 phaseare therefore currently
being sought, some existing examples of which are discussed in the introduction to

Chapter 4.

1.5 Metalorganic frameworks

In general, metabrganic frameworks (MOFs) are materials that are composed of
inorganic clustersnterconnected by rigid polydentate organic moieties to produce an
ordered porous framewofR: ¥ This family of materials has been the subject of
significant and increasing investigation in recent years. The potential industrial
applications of MOFs arextensivé® and they are currently being investigated for use
as hydrogen storage materidl&'®’ as shape selective cataly¥tsjn drug delivery®®

and in carbon dioxide capture and stor&J&he importance of the interesting magnetic
behaviourexhibited in several MOFs, in particular those containing cobalt centres, has
been highlighted by Kurmot?
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Scientific focus on the synthesis and characterisation of new-orgehic frameworks

has increased considerably over the last two decdadésvast number and range of
synthetic routes towards MOF formation are now available to the modern ch&mist.
These include solvothermal, microwaassisted, vapotdiffusion, mechanochemical

and electrochemical synthesis methbsA variation on the solvbiermal technique,
ter med tahses i 6t eslidbn met hod, has al so been
formation!®* ***and is discussed in greater detail in Chapter 6. Successful attempts to
improve the speed and scale of MOF synthesis have also recentlyrdpeeted®®
However, despite our evémproving 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 tggslas 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 fashiipaterials.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 preferentiallptihness.

There exist several difficulties associated with probing solvothermal syntheses in real
time: the reactions are often undertaken in Hwelled steel autoclaves at elevated
temperatures, the reagents and products can be present in low comrentad 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 al’®’ highlighted the only existip
examples of EDXRD MOF crystallisation studies as those probing the formation of
FeMIL-53, MOF14, and HKUSTL%® 19 |n the latter study by Millange and -co
workers, the kinetics of HKUST formation were successfully analysed using a model
that separ@s 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
organc frameworks have been reported, using both XRD and -dighitering

techniqueg$®®2%
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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 solistate chemical processes usingsitu 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
Sour ce, t he UKOGs redfitallyofor atudiessugimgcthe rhigghergy n ,
X-ray Beamline, 112.

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 involvig crystalline materials, in addition to showcasing the vaipiglicability

of the in situ X-ray diffraction technique on Beamline [12. The ultimate target,
succeeding furnace construction, was to make available this equipment to the wider
scientific commurty 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 salthesist of
compounds with the Aurivillius structure, and the resssisted crystallisation of metal
organic frameworks. These areas were chosen firstly with the intention of understanding
more comprehensively their interesting, and occasionally poorly stodel; 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 catitng requirements for their
study using Xray diffraction, such as the observable range of relestespiacings from
Bragg diffraction, enabled the extensive capabilities of Beamline 112 to be demonstrated.
Additionally, the range of chemical environmemnégjuired to undertake such reactions
represented those most widely applied in the field of sihte. Throughout this
research, emphasis was placed upon improving, adapting, and diversif\gitig XRD

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

Chemical Reactions using TimeResolved Xray 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 requiresdifor
diffraction studies on these reactions, to recreate the appropriate sample environment
whilst allowing Xrays or neutrons to penetrate the sample. FamayXdiffraction
experiments, a considerable flux of photons in the high energy spectral region is
necessary to penetrate thigkalled reaction vessels and to facilitate collection of data
with acceptable time resolution. As a result, it can be problematic to monitor such
processef situ using conventional laboratory equipment and techniques. Explpiator

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, intnesddd chemical
reactioncell for thein situ study of a range of chemical syntheses using-teselved
energydispersive Xray diffraction (EDXRD) and angulatispersive XRD on Beamline
12 at the Diamond Light Source is described in this chapter.

2.2 Existing equipment forin situ studies

Two existingin situ diffraction furnaces were refurbished and commissioned for use at
Diamond Light Sourcé.® The stirrer function and the heating system of a hydrothermal
cell were repaired and this furnace was used to undertake feépshillies on Beamline

112 during the commissioning period in 2010. A steel insert was constructed to improve
the heating efficiency of a separate higimperature furnace, which was used to
undertake preliminary studies on the molten salt reactions etkiailChapter 5. During
commissioning time, the requirements for hiylality 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 mifsttige method of remote

equipment control.

Use of the two existing furnaces for situ experiments during this time had several
drawbacks. The hardware itself was old and often unreliable. Both furnaces were
constructed with very specific purposes innthiand 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 extensi#owever, when functioning
effectively, the fundamental features of these apparatuses facilitatedqgalots
diffraction data collection. Integrated heating, stirring, and precise sample centring were
the key elements required for a highly versatilsitu 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 multifunctionaln situ cell

Prior to designing and building the naw 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 potemstiakeholders were consulted about their ideas for
building an efficient, highlhapplicable reaction furnace. Providing a utsaility for 112

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

initial criteria.

The furrace 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.mirf’. The option for rapid sample heating and cooling should be available,
which, in addiion 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 shoblel 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 thincident Xray 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 angulatispersive 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 beaypath and preanting 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 then&ge.

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

Numerous specialised furnaces and reaction cells have been constructed tinesiable
diffraction and imaging studies on samples under-ambient condition§* Several
design idesa were investigated prior to deciding on the most appropriate method of
sample heating -sfhoerl | @D | fSh@atadafier@lses rand induction
furnaces were all explored as potential designs. However, following detailed
consideration of the itial criteria, sample heating using infrared radiation was deemed to

be highly suited to the requirements of theituchemical reaction furnace.

Furnaces that heat samples by focussing-hitgnsity infrared radiation onto strongly
absorbing reactiowessels are becoming more prevalent due to the advantages of this
6radiati ve tr an s’ Rifuinacds eviht lown thermal pnpassoparmib .
significantly faster sample heating and cooling than ovens thawizetitermal contact.
Infrared radiation can be highly focussed, which facilitates localised heating, making high
temperatures very accessibfeSuch furnaces contain halogen lamps and reflectors with
very specific geometry, which enables maximum heat trawsi® 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 withinisttopen 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 SituCell (ODISC) is provided in Figure 2.1.
(b)

Centring | .
tube
| Furnace Jﬂ
body e
Reaction |
vessel
IRlamp —

Polished
aluminium——
reflector

-« Stirrer _
insert

Figure 2.1: (a) Schematic of the ODISC furnaedongside (b) a photograph of the internal furnaceipet

Samples positioned inside the furnace are heaterhdiative transfer. The furnace shell

and heating saip were assembled using commercially available components. The
heating system uses higkpplished aluminium elliptical reflectors to focus high
intensity, shorwave 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.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 veateling unit. For applications above
400°C, it is necessary to further cottle 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 gpladse(Figure 2.2).

The baseplate is fully compatible with the sample stagt Beamline 112 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 incideay Keam to the sample and

of the diffracted beam from the sample to the detector. A quartz panel in the window

31



Chapter 2

prevents heat losgia convection through the opening. The diameter of the window,
16 mm, is such that heat loss is minimised but a clear giatin angle of 5° from the

sample to the detector is maintained.

CROSS SECTION SIDE VIEW

N Chamber
shutter

Mounting
bracket

Beam
window

Stirrer
insert

Base-plate

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 heatinglindrical vessels up to 65 mm maximum
diameter can be incorporated into the large, egwmber inside the furnace body.
Exchangeable mounting disks and centring tubes were constructed in order to
accommodate the differing dimensions of various reactorigurations. Three bespoke
chemical reaction cell systems were initially developed to integrate with the IR furnace
design: thelow-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 2Gnmen
diameter (ID)20mm x 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 2imm and the recess in the mounting disc has a diameter of 28 mm.
Likewise, high temperature sample vessels (dimensions OD 22 ni6 mmx 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 cdron sheath that is required to transfer heat to the vessel. The top section of the
hydrothermal setip 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 thie top

the furnace.

(a) (b) ()

To rupture disc and
temperature / pressure
recording equipment

ID =27 mm

Centring

E < ¢plates
&

—

Alumina
crucible

Upper
support
Hydrothermal
autoclave
Glassy
<+———carbon
vessel

Silicon
<«—— carbide
vessel

Mounting
disc

Lower
support

y/

<« $tirrer
insert

Figure 2.3: Schematic showing three chemical reactor configurations; (ajtdowwerature system,
(b) highrtemperature system, and (c) hydrotheromaifiguration.
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IR heating imposes several constraints upon the choice of chemical ressssh. The
efficiency of sample heating is dependent upon the IR absorptivity, thermal conductivity,
and emissivity of the container materialSample 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 tera§s, 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. Polytetrafluoroethgrie (PTFE)ined stainless steel autoclaves were used for

hydrothermal reactions with heat to the vessel prowdked glassy carbon sheath.

The hydrothermal and low temperature configurations incorporate a mechanical stirrer
insert in the lower sectioof the cell for reactions that require agitation. The stirrer
magnet comprises three neodymium disc magnets, (15 mm diam@term) mounted
vertically inside a cylindrical steel head. The steel head is positioned on top of a 60 mm
long cylindrical spindlewith diameter 6 mm. A speexbntroller printed circuit board
drives the 240 V rotating motor, which operates at speeds up to 1000 rpm. The stirrer
mechanics are positioned inside a 1¥®7 x 74 mm steel instrument case. High
coercivity, PTFEcoated stirer bars (15x 9 mm) with samarium cobalt rasarth

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 tlhenfice 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
500mmlengthx 1.5 mm diameterK-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 Idemperature saip, the thermocouple was positioned
directly inside the reacting sample. In the highhperature setp, two thermocouples

were positioned inside the silicon carbide tube; one between the alumina crucible and the
silicon carbide vessel, dnone inside the reacting sample. For hydrothermal reactions,
one 0.5 mm diameter thermocouple was positioned between the glassy carbon sheath anc

the steel autoclave and another inside the sample volume, in the sealed container.
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2.4.3 Furnace controller dsign 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 Li§burce. The construction of the

furnace controller was undertaken by Nen

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

The temperature of the furnace is controlled by @mmmable 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 imggprofiles for the different sample

configurations at various temperatures (Appendix A).

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

foom a completed circuit and connecofthet he
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 throutgiedirnace

system (Figure 2.4), with the sixth acting as an auxiliary input to allow further switches to
be added. The interlocks were designed ¢
conditions of the system are deemed unsafe. Each of the ikgiconnected to a
labelled lightemitting 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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Air connection
. Water
Water connection
. : Supply
------ Electrical connection

[ switch

A 4
—
N

Furnace
Controller

3 ............................ ;

Figure 2.4: Schematic of the ODISC operating system illustrating switch connectivity: 1. \Nawer
2. Water temperature; 3. Air pressure; 4. Chamber shutter; 5. Remotefshut

Interlocks 1 and 2 are linked to parameters in the water cooling system. A cable connects
the furnace controller to the water cooléaa 9pi n 6 D6 t y p earsfdhe k et
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 prese
minimum. The maximum coolant temperature, measured followingagadtrough 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 @ooling system to ensure a constant air flow to the
lamps is maintained. A 1MPareedtype pressure switch was connected to thdl@w

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 waset to 0.2MPa (2bar). 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 furnhaeber is open. Even at
low operating voltage, the lamps produce very bright light which is potentially damaging
to the eyes and skin. A magnetic, régde proximity sensor and magnet were attached to
either side of the chamber shutter doors and powtretdamps only enabled when the

two halves of the switch were in magnetic contact.

The power supply and furnace controller can be operated remwdedgnnection to the
Beamline 112 EPICS softwaré.'’ Communication was establisheid an ethernet caé
connected to the controller using an-B® socket. Interlock 5 is therefore connected to

a remote -Hteoned gewictyc h, |l ocated in the co

immediately when operating in remote mode.

Only when all six interlocksar pri med can the OHeater On
LED on the front panel then indicates that the controller is in communication with the
furnace. An additional feature at this p
and OLocal 06yoaconrd efshe fumakcescanehd exchanged from the Eurotherm
device to a manual potentiometer dial. This potentiometer controls the furnace output

power on a continuous scale of A00%.

2.4.4 Commissioning at Diamond Light Source

ODISC has been fullcommissioned onto the Joint Engineering, Environmental and
Processing Beamline 112 (JEEP) of the Diamond Light Source. Figure 2.5 illustrates the
compatibility of the ODISC basglate with the 112 sample stage. Countersunk screw
holes on the basalate arepositioned at 25 mm spacings and align with those located on
the sample stage. The versatility of the apparatusatso enables its use at other high
energy synchrotron Xay beamlines, such as Beamline F3 of the DORIS synchrotron at

Hasylab, Hamburg.
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Figure 2.5: Top-view schematic of the 112 sample stage illustrating ODISC-pke 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 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 Lowtemperature culture tube configuration

An additional sample configuration was implemented, initially to facilitate- low
temperature solvothermal reactions (Figure 2.6). Thisugeincorporated 100 mm
lengthx 12 mm OD culture tubes with 20 mm Ofdlybutylene terephthalate (PBT)
screw caps. PTREned magnetic wing stirrers were positioned in the tubes for sample
agitation. Heat was transferred to the sample vessela glassy carbon sheath
(dimensions OD 18 mm ID 14 mmx length 90 mm), locatebleneath 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, wit@-ang
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positioned between two threaded connectors, enablethéh@ocouple 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 configuratiors Wectated by the melting point

of the PBT cap, at 150 °C.

<— Thermocouple

Centring

E P
&

=, Upper

support

Brass
ferrule

Culture
tube

sheath

D Mounting

ﬁ*m
support

<«— Stirrer
insert

Figure 2.6: Schematic illustrating the lotemperature culture tube chemical reactonfiguration.

2.5.2 Gold coating

The tungsten emitter in each of the four halogen lamps produces infiedizdion
primarily in the short wavelength regiooa(1 0 0 &( ®m) O 3000). The
aluminium is consistently high throughout much of the UV, visible, and IR regions
(0% reflectancea(nm)r %HB0elen)n heshtdvave B

regi on, gold exhibits the greatest refl e
over the asfamge O853000) .
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In order to improve the operating efficiency of the furnace therefore, the elliptical
reflectors inside the chamberere 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 tdded 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 gokbated furnace chamber. LEFT: the furnace inteeind RIGHT: one
of the four individual goletoated 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 @OFC. The suitability of ODISC for
undertaking such studies was examined using platinum foil to simulate a metallic sample.

A 1 cmx 1 cm sample of Pt foil was mounted on a ceramic spacer and positioned in the
furnace chamber, orthogonal to thera§y beam path (a schematic of the -sgt is
provided in Appendix A). A Ktype thermocouple was speoklded 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. Changeshie 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% tbfe maximum output power to the lamps, the
temperature of the sample increased from 43 °C to 1098 °C in 10 seconds. After
60seconds at 60 % output, the sample temperature plateaus &ClZEseconds into

the study, the output voltage was set to O W "re 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 *Qi¢igle the aid of

air cooling in the furnace chamberpgale cooling from 1250 °C initially occurs at a rate

of over 50 °C.sé¢. To maximise the applicability of this sep, the PID parameters of

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

metallic samples at a rate B¥C.mird * and above (Appendix A).
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2.6 Equipment calibration and commissioning

Several calibration scans were undertaken using ODISC biefaiéu experimentation
could begin. It was important to establish the quality of data that could be acquired from
X-ray diffraction at Beamline 112. A sample of Ti@ith the rutile structure was selected

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

Rutile is inexpensive, highlgrystalline, and its structure has been vebthracterised’

Bi,O; was chosen for use in temperatwalibration scans because of its physical
properties. In addition to exhibiting intense Bragg reflections over a widinge,
commercially available BOs; exhibits two distinct phase changes upon heating to
900°C, one of which is a melting transitioni,B3; 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 oOBin subsequent
reactions. These equipment calibration anchrmassioning experiments were undertaken

before goldcoating was implemented.

2.6.1 Data quality assessment

EDXRD scans, lasting 60 seconds each, were undertaken at room temperature on a
crystalline sample of Ti@ One sample was placed in a glassy carbon tube (low
temperature configuration) having a 20 mm length of sample in the-patm and
another in the alumina crucible inside a silicon carbide vessel -{higperature
configuration), with 1Imm 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 requiredsibu studies.
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Figure 2.9: EDXRD datafor a sample of rutile TiQusing (a) the lowtemperature reactor configuration
and (b) the highemperature 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 Titde

Bragg reflection (110) using a simple Gaussian fit to the data. The FWHM value for the
(110) reflection of TiQin the lowtemperature saip was 0.01913(3) ‘A and for TiQ

in the hightemperature saip was 0.0189(1) A. These values, of comparable
magnitude, indicate that despite the greater sample vessel length positioned irayhe X
beam path, data recorded using the-temperature saip shows no signifiant reduction

in diffraction intensity or resolution when compared to that from the-tagiperature
setup. Furthermore, the use of higkdiffracting crystalline sample vessel materials in
the hightemperature saip has no significant effect upon theffrédiction 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. Conseqtlg, it was vital to confirm that high data quality is
obtainable from such short scans on crystalline materials. TheED®RD data clearly
illustrate that this is the case, as well as indicating that any change in sample
configuration has minimal effecpon 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 ttC 96@s
determined by monitoring the phase changes observed upon hea@mple of BOs.

The calibration run was undertaken using the high temperatuop set

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 tw
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 °€mmi®00 °C and hold at that
temperature for 10 minutes. The temperature profiles in Figure 2.1f0atkishat 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 Bhi%C.
demonstrates that samples can be heated to elevated temperatures using the
high-temperature setp, under very accurate control and with no significant lag between
the control temperature and the temperature of the reacting sample.

79104
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Figure 2.10: Heating profile recorded using the hitgmperature configuration. Thermocouple 1 was

positioned between the sample tube and crucible. Thermocouple 2 was positioned within the sample
volume. INSET: Closaip of the heating profile at the target temperat&@®, °C.
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To verify the accuracy of temperature data recorded from the cell, the temperatures at
which BiLO3 phase changes occurred were determined precisely usisity EDXRD

data. Upon heatind}Bi»Oz undergoes a phase transition, which begins at ajypately

729°C, to the fluoriterelatedi-Bi,Os form.*" 2 i-Bi,O; exists until the melting point of
bismuth oxide at 824C.* The 3D stack plot in Figure 2.11. clearly illustrates two
discrete transformations in the diffraction profile. Bragg refletioorresponding to the
starting material are replaced BBi,O3 intermediate reflections at= 67 mins, and at

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

liquid melting transition.

0 - Bi,0, Bi,O, (/)

a - Bi,O,

Figure 2.11: 3D stackplot of EDXRD data for a sample of B); 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 functjon of
and time for the heating ot}Bi,Os. The background has been subtracted from the
numerous diffraction patterns using a simple but highly effective automatic algéfithm.
Starting material reflections are observed to shift to logvas theU-Bi,Os; undergoes
thermal expansion upon heating. Those reflections that do not shift position with time can
be attributed to fluorescence peaks due to bismuth:E= 77.12 keV § = 3.38 AY),
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KU, E= 74.81 keV ¢ = 3.28 A% and Kb, E = 87.34 keV ¢ = 3.83 AY). Such pels
remain even following melting of the sample. IntermediaBi,O; reflections are
observed atj= 3.68 A* andq= 3.14 A*, which correspond to the respective (311) and
(220) reflections?

The extent of reaction)} is defined as the integrat@uensity () of a specific reflection
attimet, di vi ded by t he max i=gktHg)mexg.Aplotofy o f
Uvs. time for the heating of-Bi,Os (Figure 2.12(b)) shows the precise temperature at
which phase changes occur. At6T( mi n) O 6§ AC7J2D. #33. 0) ,
of the starting materidl-Bi,Os reflections begins a rapid decline @&8i,03 reflections
increase in intensity. The andi-Bi,Os curves cross dl~ 0.5 which is indicative of a
direct solidsolid conversion in a one step process. The temperature recorded by
Thermocouple 2 at this point directly corresponds to th®Hvhasechange temperature
observed by Schrodet al®® The melting point provide a more precise indication of
sample temperature, as the phase change occurs more rapidly than -solsblid
transformation. The considerable rise in background intensity provides an indication that
the material has melted, which is concurrent with aedess in intensity of thé-Bi,O3
reflections. Data from Thermocouple 2 indicate thatOBi melting occurs at
760t(min)O 77 (BQACY O 831.6), which is agali
point noted by Harwig®

(a) (b)

5 - Bi,O, Bi,0,(/)

a - Bi,0, 6 - Bi,O, Bi,O, (/)

q/A’
Extent of Reaction (o)

t/ min

Figure 2.12:Backgroundsubtracted EDXRD data for a sample of@i heated to 900C. (a) Contour plot
and (b) extent of reactiows. 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 higemperature anfiguration 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 powderggdsdioned inside

a crucible in the silicon carbide tube. Teample 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 Appeidix

It is clear that sample temperatures can be accuratiehitored and controlled using
appropriately positioned thermocouples in each of the configurations. However, where
possible, these temperatures were verified using internal calibrants observed
experimentally. Thal-spacing shift of assigned Bragg refieas 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 RbCI in a molten
salt reaction are two such examples of internal calibrasexl for reference in the

following chapters.

2.6.3 Angulardispersive Xray diffraction

Angulardispersive XRD became available on Beamline 112 in 2011. The option to
quickly switch between Xay beam energies was particularly useful when observing a
range of materials with reflections at very differdrepacings. A sample of ettringite was
synthesised and used as dcalibrant for anguladispersive studies with ODISC. The
mineral ettringite, C4AI(OH) ¢](SQy)3-26H0, has a layered structure wih- 11.23A,

c~ 21.44 A. This highly crystalline material was suitable for use as a catilotaa to the
multitude of Bragg reflections it exhibits across a wigeange, with the additional

advantage of it being relatively simple to synthesise.

Ettringite was synthesised by stirring 10 g Ca(@Hhd 7.59 Alx(SOQy)s in 100mL
degassed and dei@eid water at room temperature for two days. Following reaction, the
mixture was filtered, and the solid washed with a saturated solution g@€INFRhe
resulting white powder was analysed using kigéolution powder laboratory XRD to
confirm successful fonation of the pure phase. Anguldispersive diffraction was then
undertaken on the sample at Beamline 112. In monochromatic beam mode, diffraction

data are recorded using the flat panel detector as 2D images of intengiligtector
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pixels, which contairthe various Bragg rings of the material being studied. The beam
energy, beam centre and samgétector distance were first accurately determined using
data from a sample of CeOFollowing this, 2D diffraction data obtained from a vial
containing the etingite were converted to a 1D plot of intensity 2d 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 anitial model to establish accurate information about the structure of the

synthesised phag.
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Figure 2.13: Refinement of a hexagonal structure model with anegitspersive 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 differdmetween both experimental and modelled data.
wRp= 0. 0633, Rp065430. 0425 , &

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

subsequently be plotted as a function @f& calibration purposes.
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2.7 Conclusion

A new, versatile, infraretieated chemical reaction cell, ODIS@&s been commissioned

for thein situ study of a range of chemical syntheses using Beamline 112 at the Diamond
Light Source. Specialised reaction configurations have been constructed to lmsthble
EDXRD and anguladispersive studies on various samples under-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 sllTimee
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 ;T€Onfirm that data of
excellent intensity and resolutican be obtained from crystalline samples using ODISC.
Phase changes upon heating a sample gD:Bwere monitored using EDXRD to
demonstrate the impressive accuracy of temperature measurement using the reaction cell.
It was found that minimal discrepaneyists between the temperatures of the sample tube
and reacting sample in the higgmperature configuration. An additional feasibility study
illustrated that the cell is capable of rapidly heating and cooling metallic samples at

temperatures in excess 00 °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 appiga@oucially, its
design and fabrication as a versatilesitu furnace has facilitated the study of a broad
spectrum of chemical and engineering science usimgyXdiffraction?” The apparatus
became available for use by the wider scientific communitd12. A useguide 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 worldwidel lindertakem situ diffraction
studies using this equipment. It is anticipated that future experiments involving ODISC

will employ a greater range of higinergy Xray techniques, such as tomography and
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high-speed imaging, and that these studies witigate 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 AI(OH) 5

3.1 Introduction

The Licontaining family of Layered Double Hydroxide (LDH) materials,
[LiAl 2(OH)g]X-yH20 (LiAl»-X, where X= e.g.Br, Cl, CO;, NO3, OH), wasintroduced in
Section 1.3. A general synthetic route to these materiala the intercalation of lithium

salts into aluminium hydroxide.? This method involves the direct reaction of highly
concentrated solutions ®fiX with different polymorphs of Al(OH).*> * Al(OH); has a
structure comprising sheets made up of double laykerexagonally packed O atoms,
discussed in detail in Chapter 13Aions 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 aredrporated into the host lattice; the' ldations

enter the vacancies in the Al(OHayers and the anions enter the interlayer space. The

resultant LDH exhibits cation ordering within the layers.

3.1.1 LDHs formed from Al(OH)

There are a limited number of examples which demonstrate the potential for LDH
formation using aluminium hydroxide as a precursor. Greerstell. recently reported

the successful synthesis of a Mg/Al LDH through hydrothermal reaction of Al(@id)
Mg(OH), at 150 °C> Additionally, Ogawa and Sugiyama formed a range of Zn/Al LDHs
via the hydrothermal reaction of Al(Okjand ZnO in the presence of benzenesulfonic
acid® Various intralayer Zn/Al ratios (spanning the rangeil4) were achieved using

this technique.

In addition to these examples, a related series to the Li/Al LDHs, contairfihipiv,
has been synthesised using Al(QW)t art i ng materi al . By r
(which had been subject to particle breakdown by-téling prior to reaction) with
concentrated transition metal nitrate salts under hydrothermal conditions, a novel series
of LDHs with the formulgd MAI 4(OH)12](NO3)4yH,O (MAI4-NO3, M = Co, Ni, Cu, Zn)

was synthesisel.These materials exhibit a very different stoichiometry to most
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previously synthesised LDHs, with & M** ratio of 1 : 4 in the layerdhe MAI,-NOs
materials were determined to have promising shape selective intercalation ch&mistry.
Palladiumdoped variants of these LDHs have also been used as precursors to efficient
catalysts for the conversion of acetone to methyl isobutyl kéfo&ucturally similar

LDHs have been formed through hydrothermal reaction using the bayerite polymorph of
Al(OH); as a starting materidl. Further to this work, Chitrakaet al. employed
hydrothermal treatment to Mg&bHO-coated gibbsite in the synthesof chloride
intercalated MgA{-Cl LDH, with Mg?* : AI®** ratio of 1: 4.12

3.1.2 Topotactic approaches to LDH formation

Reactions are often | abelled é6topotacti c.
a structureconserving process. The contep topotaxy has been discussed in depth by
Figlarz and ceworkers®™ | n t his wor k, a topotactic
transformationin which one crystalline phase is convertatb another with a definite

and reproducible crystallographiorientation relationship between thevoo . N o

assumptions are made about the mechanism of the reaction in this definition.

Britto and Kamath introduced the concept of métadroxide layer buildingblocks as
O0structur al synt hon sribus patymotplhice variations oft Li/Al ¢ t |
LDHs* **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 intercatati of lithium salts into the polymorphs of
Al(OH)3, other topotactic methods have been employed to transform blikeiteetal
hydroxides into hydrotalcitt i ke LDHs. Using a unique 00>
which involves simultaneous intralayexidation of F&" to F€* and incorporation of |

ions into the interlayer space, Ma al. have successfully synthesised Co(ll)/Fe(lll)
layered double hydroxidé& Further studies revealed a similar method can be applied to
systems without iron, whereof to C&" oxidation is favoured by prolonged reaction
durations and the use of iodine/bromine reagents in exce¥sDelamination is an
additional effective method of forming novel LDH systems that retain some structural
character from the parent meg.'*** Delamination involves the deconstruction of an

LDH into its individual component onano
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reformed into a model lamellar arrangement to create an ideal multilayefilrthin

system.

Recent advances in phgal methods which probe reactiomssitu allow the concept of
topotaxy to be extended to describe structmeserving processes, as well as the
relationship between materials that exist at the start and end of these processes.

3.1.3 Synthesis of LDHsontaining three intralayer cations

It is possible to synthesise LDHs that contgieaterthan two metal cations in the
octahedrallycoordinated sites in the positively charged layers. Synthetic routes to such
compounds generally involve a mixture of tledevant concentrated metal ion solutions
as starting materials. Liu and-emrkers have successfully synthesised the ternary LDHs
M/ Md-C@ (M, Mé=Fe, Co, Zn) using a urea hydrolysis metfd@espite altering

13* ratio

the molar amounts of the relevant stagtimaterials, attempts to vary theeM A
in the products proved futile, and a ratio of 2 : 1 was consistently obtained. However, by
varying the M*:  Fratios in the starting solutions it was possible to alter the ratio of

these metal ions within the layers.

Tichit and ceworkers have reported the synthesis of Co/Mg/Al and Ni/Mg/Al LDHs
using the coprecipitation method under supersaturation conditicdBy varying the
quantity of metal ions in the starting materials, the ratio 6f MAI** (27 3 : 1) and
M?*:M&" (07 4 : 1) in the intralayer region was tuned. Klemkaital. further reported
the synthesCOLDHs M/ MO/ Md ith=M*CAI* ratids cJose wo
3:1, using an analogous procedéfahe threemetal LDH systems were found to-re
form layered materials following higlemperature decomposition and subsequent

rehydration.

A study into the thermal decomposition obbaltcontaining LDHs by Johnsen and
Norby contains a comparison between the CM®; and Co/Zn/AINO; systems? The
three metal LDH in this case, [66ZN0.36Al0.2d OH)2](NO3)0.19C0O3)0.050.46H0, was
synthesised by the coprecipitation method, artubits a M* : M3* ratio of 3: 1. Other
hydrotalcitelike compounds containing mixtures of*Aland M* ions in the layers are

|.30

listed in the seminal paper by Cavagii al™> The majority of threemetal phases

discussed in this work contain €wr Mg?* ions.
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3.1.4 Scope of the chapter

Following recent reports into the synthesis and reactivity of MAIHs,”® further
studies into the hydrothermal formation of related LDHs using aluminium hydroxide as a
precursor have been undertaken. Reaction of the gibbsite polymorph of ANG@H)
mixtures of M* salts provides a unique method of forming analogous layeseblel
hydroxides with more than two metal ions in the matalroxide 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 torikarlayers.

An account of the structure, properties and reactivity of the novel series ofribtake
layered double hydroxides is provided. The chapter concludes with the description of an
in situ X-ray diffraction study into the synthesis and reattieif Al(OH)s-derived LDHs,
including the first ever chemical reaction to be probed using Beamline 112 at the
Diamond Light Source.

3.2 Synthesising ternary LDH systems

Hydrothermal reaction of Al(OH)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 andrgmoting reactivity. Forcing hydrothermal conditions were also used,
with elevated temperatures, long reaction durations, and highly concentrated metal salt

solutions being employed.

Syntheses of thremetal LDHs were performed using the following procedur g of
activated Al(OH) was reacted with 5 mL of a 10 M aqueous solution of each of two
metal nitrate hydrates (Zn(NR-6HO, Co(NQ).-6H0, Ni(NOs),-6HO). The reagents

were treated hydrothermally at 150 °C for 48 hours. Following controlled cotaing
room temperature at 5 °C.minthe 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 bigeey, the Co/Zn product was phtloured,

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 twanetal MAlL,-NO3; compounds.
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The compositions of the reaction produatere determined using CHN analysis and
energydispersive Xray spectroscopy (EDX) (Appendix B). All compounds were
synthesised with phagmurity. The general formula for each was found to be
[MxM 6 xAlg(OH)24](NO3)4:yH20 , wher e M, M6  =notaion,purddses, o r
these novel materials wil/ hencgNOgantd h b ¢
individually as MM @ xAlg-NOs. The exact compositions, including the number of co
intercalated water molecules determined using thermogravimetric Bn&lySA), are
provided in Table 3.1.

Table 3.1:Chemical compositions of the new ternary LDHs.

Stoichiometric ratios from EDX
Formula
Observed Calculated

Al:Co:Zn Al:Co:Zn

[CoZnAlg(OH)24(NO2)a-5H,0 8.00:0.98 (+0.1) : 0.87 (+0.1)  8.00: 1.00 : 1.00

Al:Ni:Zn Al :Ni: Zn

[Ni16ZNn0.1Alg(OH)24(NO3)s-5H,0 8.00:2.18 (+0.2) : 0.06 (x0.1)  8.00:1.90:0.10

Al: Ni: Co Al : Ni: Co

[C00.1Ni1 Al g(OH)24)(NO3)s-4H,0 8.00:2.07 (x0.2) : 0.03 (x0.1) 8.00:1.90:0.10

EDX wasundertaken on an appropriate humber of different product particles to ensure
that, in each case, two#cations were present within the same particle and the sample
did not comprise a mixture of the individual MANO; LDHs containing different M

ions.
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3.2.1 Xray Diffraction

Rietveld refinement has previously been undertaken withyXdiffraction (XRD) data

from the parent structure, ZnNANO3z;. Due to disorder invoked by interlayer water
molecules, this LDH was dehydrated prior to undertaking XRBasurements and
subsequent structural analysis. Results from structure refinement indicate ffiat Zn
cations occupy one half of the octahedral holes within the Al{Q&yers, with some
evidence for intralayer cation ordering. The [Z§®H).,]*" layers are arranged with
abab stacking sequence and interlayer separation of 8.32 A. The structure exhibits
monoclinic symmetry with a=5.1976(8)A, b=16.647(2)A, c=10.4054(24,
b=119.966(16)°, and space groBp,/c.*

The relative compositions f t h eg-NE@Ma@Mpdunds are comparable to those of the
MAI ,-NO3 materials. It can be expected therefore, that the structures of both families will
also be analogous: nitratetercalated layered double hydroxides with metal ions
incorporated into vacames in the gibbsite Al(OH)layers. Indeed, Xay diffraction data
obtained from the novel materials are typical of LDHS nt ense Obasal 6
corresponding to diffraction from lattice planes parallel to the layers were evident in each

case (Figue 3.1).

- 002
1 004

- —— CoZnAl-NO,

] —— Ni,,Zn, ,Al,-NO,
i —— Co,,Ni, ,Al,-NO,

Intensity / a.u.

T

10 20 30 40 50 60 70
201°

Figure 3.1: X-ray diffraction data for the thremetal LDHSs.
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By converting the symmetry of th&nAls;-NOs; unit cell to become approximately
orthorhombic, the lattice parameters from refinement becarme5.20 A,b = 16.65 A,
c=9.01 A, andb ~ 90°. This alteration to the unit cell allowéidgh-resolution diffraction

dat a f or g-NOjmateihld doAé comprehensively indexed. A similar model to
the parent material was used for this analysis5.3 A,b~8.9 A andc~17.0 A, but

with a slghtly expandedc-parameter due to the presence of interlayer water in the
hydrated species (Table 3.2). Additionally, theand c-parameters were swapped to a
nonstandard setting where the (P®ragg planes lie parallel to the layers, in order to
facilitate comparison witsimilar LDHs.The structural similarity between the binary and
ternary 1. 4 systems suggests an analogmasiel applies including, perhaps, ordering

of the M cations in half of the octahedral vacancies in the Al@Q&fjers. In a similar
study, Britto and Kamath did not observe such ordering in an analogous LDH formed
from ZnSQ and bayerite; they instead recordebl @ : M3 ratio of closer to 1 : 3 in the
layers due to some replacement of*Ah the bayerite by zil), which could be the
reason for this disordét. The ordering of metal ions in the octahedral holes of the
MMO6 ANO; materials is not unexpected given the contrast in size and charge of the
metal cations? In comparable fashion to the twoetal NiAlL-NO; LDH, the

Ni-containing materials have significantly lower crystallinity than the other -inetal

systems.
Table3.2.Ref i ned uni t cel |l gNOyLRHRet er s for the MMOBAI
LDH a-parameter / A b-parameter /A c-parameter / A
CoZnAlg-NOs 5.282(5) 8.904 (9) 17.03 (1)
Ni1 oZNg 1Alg-NO3 5.322 (9) 8.909 (7) 17.00 (2)
Cp.1Ni; gAlg-NOs 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 usihgh-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 eacise.
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3.2.2 IR Spectroscopy

I nfrared (1 R) sgN®ennaterials afe@novidedhingFigiWeMBR A |
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Figure 3.2: IR spectroscopy data for (a) &l /Alg-NOs (b) Niy.¢ZNny 1Al-NOs and (c) CoZnAd-NOs.

The IR data are as expected for an LDH; the broad absorbacae3®58 cm' and the

band at 971 chl are consistent with the respective HD stretching and bending
vibrations of ceintercalated water molecules and hydroxide groups in the positively
chargel layers. The low intensity band at 1630' tmorresponds to thévibration of the
interlayer water molecules. Bands beloa 800 cmi* are attributable to AlO and M O

lattice vibrations; in all three spectra, a strong absorption is seen at 717 Tdme
presence of nitrate in the LDHSs is confirmed by the absorbance observed at 1365 cm
This band is assigned to N=0O, the band appearing split due to overlap of the symmetric

and antisymmetric vibration signals.
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3.2.3 Thermogravimetric Analysis

Thermograunetric analysis (TGA) was performed to confirm the number of co

i ntercal ated water

provided in Figure 3.3.
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Figure 3.3: TGA data for (a) CoZnAINOs;, (b) Nip oZny 1Alg-NOs; and (c) Cg1Ni; Alg-NOs.

Mass loss occurs in two stages for each LDH. TGA data for CeAX@} are provided

in Figure 3.3(a) and are described here as a representative example. The first stage of
mass lossaa. 8.2%) begins below 100C and is complete by 20T. This corresponds

to loss of the interlayer water molecules, resulting in the dehydrated compound

[CoZnAlg(OH),4(NO3)s. Above 250°C, there is simultaneous dehydration of the layers
and decomposition of the nitrate gues&.(40.1%) to yield [CoZnAO,2]O,, which

corresponds to the
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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
mor phol ogy eNO;produet pAtidésAHigure 3.4(a) contains a TEM image
of the CoZnA¢§-NO3; sample. It is clear that the particles exhibit hexagonal platelet
morpholayy, which is consistent with particle shape observed for Liitd,-X and

MAI 4,-NO; LDHs, and is indicative of a material with psetligxagonal symmetry.

Figure 3.4: Transmission electron micrographs of (a) Co4rRD; and (b) activated gibbsite Al(OH)

Wang and OO0Hare investigated the topotac
gibbsite to form LDH nanorod$. They found that the rotike 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 perhapgivedafaa

process that is not topotactic.
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3.2.5 Further s@HtNE@ss yHSO systems[ MM6 Al

The synthesis of ternary LDHs containing other transition metal cations was attempted.
The ionic radii of F& (0.780 A), and Cti (0.730 A) cations are similar to those of’Co
(0.735 A), Nf* (0.700 A), and zf" (0.745 A), which make them ideal candidates for
incorporating into similar thremetal system3&! Recent reports by Chitrakat al. and
Kamedaet al. detail the synthesisf a FeAk-Cl LDH.** % Both groups employed the
coprecipitation method with Algland FeCl starting materials, and in each case only
small amounts of very poorly crystalline LDH products were formed. Impurity phases,
such as goethite (FeOOH), were fodria excess. The formation of pupbase ternary
LDHs containing F& was therefore attempted using gibbsite and the hydrothermal
method. The products of all reactions involving ‘Fealts exhibited diffraction patterns
that were dominated by F&; and boehmite (AIOOH) impurity phases. No reflections
corresponding to a pure LDH phase were observed, which was likely due to the

competing oxidation of Féto F€* at such elevated temperatures.

The[CuAl4(OH)12(NO3),-2.5H0 LDH, with 1 : 4 metal ratiowas reported by Fogg and
co-workers in 2004. The hydrothermal synthesis of analogous thresal systems
containing C&" was therefore attempted. The diffraction data in Figure 3.5 illustrate that
formation of three novel coppepntaining ternary LDHsvas successful. The XRD data
are very similar t @NOgratesaks, withfbasal BpacingstofiB&r M
8.6 A. Bragg reflections could be indexed using similar lattice parameters to those
detailed in Section 3.2..3~5.3 A, b~8.9 A, andc~17.0 A, suggesting a similar
structural model applies. Despite attempts to optimise sample purity by altering the
synthesis conditions, the coppmntaining LDHs could only be formed alongside a
crystalline impurity phase, G{NOs3)(OH)s. The X-ray diffraction pattern of the Ni/Cu/Al
system indicates a product of lower crystallinity, as is also observed fanickel
cont ai nigiN@;mskdtidlAdiscussed in Section 3.2.1.
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Figure 3.5: X-ray diffraction data for the three novel coppentaining LDHs (Reflections labelled *
correspond to th€u,(NO3)(OH)z impurity).
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Further analysis of the Glternary LDHs was complicated by the presence of the
Cw(NO3)(OH)z impurity. The elemental comositions 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 d&BX studies of this compound illustrated
that individual particles contained either an excess of nickel and aluminium
(corresponding to a twmetal LDH) or an excess of copper (corresponding to
Cw(OH)3sNOs3). Considering this information, it is likely thahe LDH in this case
contains a significant excess of & Cu, which is consistent with the previously

discussed nicketontaining ternary systems.

Table 3.3:Elemental compositions and basal spacings for the cajgpeaining ternary LDHSs.

Metal ions Composition d-spacing /A
M M6
[C01.0CUy. Al g(OH)24(NO3)4- 7TH,O
c0 v +y[C(OHXNOJ 55
Ni Cu * 8.6 (1)
[Cuy.oZn; Al g(OH)24(NO3)4-8H,0
c 2" + YICU(OH)NOJ 550

* illustrates that a consistent formula could not be derived fostragem.
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3.3 Monitoring changes to the LDH intralayer composition
3.3.1 Tuning the M(I1) = M6(I1l) ratio

I't is clear that i n gNO&DHs dissussedir thetpreedinge r n
sections, using a 1 : 1 mixture of metal salts does not always result in a corresponding
1: 1 ratio of M cations in the product. Analysis of the metal compositions gives a ratio
of approximately 1 : 1 only for the LDH @duced from the Co/Zn/Al system and
apparently for the Cu/zZn/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?*: Ni** ratio is approximately 1 : 40. It ppars, therefore, that where’Ns present in

the reaction mixture, it is incorporated into the Al(@Wih a high degree of selectivity

over the other metal ions, producing an LDH which is essentially the,INi@ material.

This finding is supportely the fact that the XRD patterns of the products from the M/Ni
reactions closely resemble those of NtAIOs.

The preferential incorporation of transition metal ions into the LDH layers can be

summarised as follows:
Ni*>>cd*a €& Zn

This seriesgenerally correlates well with the radii of the ions for thé* Mations.
ShannorPrewitt radii for octahedrally coordinated ions are as follows* ©o745 A:

Ni®* 0.690 A; Cd* 0.730 A; zif* 0.750 A% ¥ It is clear that the smaller Nj with

higher chargedensity, intercalates preferentially over the largef'C&W* and Zif*
cations, which are close in size and show approximately the same propensity to
intercalate. Additionally, a recent DFT study by Yat al. using a range of
[M,AI(H,0)s(OH)4]** clusters in LDHs found that the 20l cluster was more stable
than the 2CeAl, 2Cu-Al, and 2ZrAl analogues due to several factors derived from the
electronic structure of the Nication®® It is possible that effects such as Jdmfer
distortionandbndi ng energies have some i gNdsuenc
LDHs.

As a result of these observations, further experiments were performed in which the ratio
of M?* 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 priesent,
Product %M(Il) = Observed %M(IN[%M(Il) +%Mb6 (1 1 ) ] .

100 4
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Figure 3.6: Scatter graphs illustrating the relationship between % metal ion in the reagents and products for
() %Co in CZn,,Alg-NOs (b) %Ni in Ni,Zna, Alg-NOs (€) %Ni in CgNix,Alg-NOs. 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 oftfeawetal incorporated into the LDH layers.
The ratio of C6" : Zn** in the product material varies approximately linearly with the
change in starting material ratio. In this case, the percentafjein€orporated into the

LDH layers corresponds to the percentagé®@othe 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 : licaf the starting materials is
required to achieve equal incorporation of 'Nbns in the product. A 17 : 1 excess of
Zn(NOg); is required to synthesise NIZNANOs;, and 21 : 1 excess of Co(N@ is
required to form CoNiAFNOs. It is expected that a silar relationship would be

observed for a pure phase®li, xAlg-NO3 system.
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3.3. 2 Synt he Slz(CB")36nNO3)5[yM®|6 M6 6 Al

By restacking delaminated layered double hydroxides, Johnsen awdrkers have
successfully formed LDHs with alternating layersntaining combinations of cobalt,
aluminium, magnesium and gallium catidfisthe tolerance of MAFLDH systems for
incorporating a variety of metal ions in the octahedral holes in the layers was therefore
investigated. Bulk synthesis of an Al(QHJerived 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 todrporate a significant proportion of each
cation in the product: 4.8 mL Co(NJR:6H0O, 0.4 mL Ni(NQ),-6HO, and 4.8 mL
Zn(NGs),-6H,0. CHN and EDX analyses undertaken on the product phase confirmed the

incorporation of four metal ions into the LDH layefgppendix B).
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Figure 3.7: Powder XRD data for the [G@Ni1.1ZNg 4Al g(OH),4(NO3)4 2H,0O LDH.

The chemical formula of the new material is §@Wii1 1ZNngsAlg(OH)24(NO3)4-2H0.
Successful LDH formation is indicated by the XRD data in Figure 3.7, wdachbe
indexed to a structure analogous to the MRO; compounds, with lattice parameters
a~53 A b~8.9 A, andc~17.0 A. The presence of ndmasal 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 Nf* ions in [C@sNi1.1Zno.4Als(OH).4(NO3)s-2H:0 is slightly greater than
Cc?* and zrf*, with the M* : AI** 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 toptimise the physical and chemical properties of these systems.
The selective intercalation chemistry of the MAIO; 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 MANO3; materials illustrate that the preferential
intercalation of various anionic isomers femperaturelependent. For instance, the
incorporation of  2@-naphthalenedisulfonic acid in preference to the
15naphthalenedisul fonic acTi/d AGonet00,0vEe
opposing trend for the CoANO; and ZnAl-NO; systems. Iis 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 lonrexchange intercalation chemistry of thre-metal LDHs

To demonstrate the <char act eiNOsgmnaterials, thdrH r
intercalation chemistry was explored. Five simple organic anions were selected for
investigation: fumarate, succinate, phthalate, terephthalate -swaghhi2haleesulfonate

(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 LDHSs, but also because their functional groups are represergathose found in

useful organic molecules such as drugs and herbi¢ides.

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
metattuned systems, reactions with phthalate were carried out with LDHs dagtain

approximately a 11 ratio of M: M6 . For all intercal ati on

was added to 10 mL of water containing a five tenfold excess of the guest ions and
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the mixtures stirred for periods of i230 hours. A full list of reaction anditions is
provided in Chapter 7t proved possible to intercalate all five organic anions into the
MMO6 ANO; LDHs. The compositions of the products calculated frelemental
analysis data, and the basal spacing of each compound calculated-fepnmd#fraction

data, are summarised in Tables-3.8.

Table 3.4:Summary of XRD and elemental analysis data for the organic intercalate Zob;GAl &-NOs.

Guest Formula d-spacing / A
Fumarate [C01.6ZM1 Al 5(OH)24](CaH204)1 (CO3)0 5:4.5H0 10.7(1)
Succinate [CO1.ZM1 Al (OH)24] (C4H404)1 {CO3)o.36H0 10.7(1)

Terephthalate [C01.6ZM1 Al 5(OH)24](CeH404)1 ACO3)059.5HO 14.0(1)
2-naphthalenesulfonate  [C0;.0ZN1 oAl g(OH),4](C10H7SOs)3(COs)g 5:8HO 17.91)
Phthalate [C01.6ZM1 Al s(OH)24l(CeH404)1  CO3)o.4 LOHO 14.51)

Table 3.5:Summary of XRD and elemental analysis data for the organic intercalateg os; WAl s-NOs.

Guest Formula d-spacing / A
Fumarate [Ni1.9Zng 1Al g(OH)24(C4H204) 1 8(COs)0.2-8HO 10.7(2)
Succinate [Ni1.6Zng 1Al g(OH),4](C4H404)1 ACOs)0.3- 7THO 10.7(1)

Terephthalate [Ni1.9Zng 1Al g(OH)24)(CgH404)1.6(CO3)0 - 10.5HO 14.0(1)
2-naphthalenesulfonate  [Ni1.9Zng 1Alg(OH),4(C10H7SO;)2.o(COs)g 55 7TH,O 17.9(1)
Phthalate [Ni1.1Zng oAl g(OH)24)(CgH404)1.6(CO3)0.4- LO0HO 14.41)

Table 3.6: Summary of XRD and elemental analysis data for the organic intercalateg\is; (Al g-NOs.

Guest Formula d-spacing / A
Fumarate [C0o.1Ni1 Al g(OH)24)(C4H204)1 (CO5)0 - 7THO 10.8(1)
Succinate [C0o.1Ni1 0Alg(OH)24)(C4H404)1.o(CO5)0.1-10.5H0 10.8(2)

Terephthalate [C0o.1Ni1 Al g(OH)24)(CsH404)1 CO3)0.1- 11HO 14.0(1)
2-naphthalenesulfonate  [C0p 1Ni1.gAl g(OH)24)(C10H7SOs)2. o CO3)g 55 7THO 17.9(2)
Phthalate [Co1.2Nig Al g(OH)24)(CsH404)1 6(CO5)0.4: 10HO 14.41)
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3.4.1 Xray Diffraction

X-raydiffraction data confirmed the complete replacement of nitrate ions in the interlayer
region with the respective organic guest ion. Theaa¥X diffraction patterns of
CoZnAlg-NOs; and CoZnA¢-succinate are shown in Figure 3.8.1jBragg reflections of

the MM G ANO; materials were completely absent from the powder patterns of the
products. New reflections were observed at highgpacings, which could be indexed on

a similar unit cell to the starting materia € 5.3 A,b ~ 8.8 A), 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.

-

ﬁ\f\m*

004

Intensity / a.u.

| CoZnAl,—succinate

CoZnAl-NO,

20/ °

Figure 3.8: X-ray diffraction data for the host CoZnANO; and product CoZnAlsuccinate materials.
INSET: Schematidllustrating 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 cdains IR spectra for the succinate intercalate of the CaZnBH,

alongside reference spectra of sodium succinate and the host material.
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Figure 3.9: IR spectroscopy data for (a) CoZrMIO; (b) Nasuccinate and (¢) CoZn@kuccinate. The
orange dottedine 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
1365cm ! and 138@cm'* were observed irhe product spectrum, which confirmed that

all of the starting material had been consumed. Instead, two strong absorption bands at
1550 cm! and 140&m' %, corresponding to the carboxylate functional group of succinic
acid, were observed. IR spectra for #uglitional four intercalates of CoZnALDH were
consistent with complete conversion of CoZgNIO; to the guesintercalated species.
Infrared spectroscopy also confirmed successful conversion of th&ZAI-NO3z; and

Co; «NiAl-NO3 analogues to the relevant carboxyated sulfonatentercalated LDHs.

3.4.3 Thermogravimetric analysis

Thermogravimetric analysis was employed to establish the number-iofeccalated
water molecules in each intercalation product. The presencegahiorguest species
between the LDH layers was also verified by observing the decomposition pathways of
the products. TGA data for CoZnf$uccinate LDH are provided in Figure 3.10.
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Figure 3.10: Thermogravimetric analysis curve for CoZrguccinate.

An initial mass loss of 10.4 % is observed upon heating the CgeZugtinate LDH

from room temperature to 108. 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 B¢Z 520
leaving only metal oxides with the nominal composition CoZ@. TGA traces for the

other intercalaté.DHs are similar to the data described above.

3.4.4 Transmission Electron Microscopy

Transmission electron microscopy studies were undertaken orprighicts 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
CoZnAlg-succinate material. Clearly, particles exhibit hexagonal platelorphology
analogous to the nitratatercalated host.
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Figure 3.11: Transmission electron micrographs of CoZgsliccinate.

3.5In 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-kKay diffraction. Because of the differencedsspacing of

the basal reflections of the host and product materials, correspondihg ttistance
between the positivelgharged layers in each structure, the process of guest ion
intercalation can be effectively monitored. Interesting reaction intermediates, staging, and
selective iorexchange have been detected in previmusitu investgations of LDH

intercalation reaction:*’

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 ofterhibit interesting intercalation chemistipcorporation of
succinate into [LIAJ(OH)]CI-H,O takes placeviaa 6swstamg@ad i nter me
which chloride and succinate anions occupy alternating LDH 14ye@arboxylate
intercalation reactions invwahg the parent MAFNO; materials, as well as the

[LiAl 2(OH)s]NO3-H,O species, proceed through estep transformation of the host to

the product. It was of particular interest therefore, to establish the mechanism of
intercalation involving the novel teri ar y g NO4bDAIS.

An advantage of studying these reactions during the commissioning phase of Beamline

112 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 produttseactions undertaken during

synchrotron beamtime were confirmed using laboratory XRD data analysis.

3.5.1 Monitoring intercalation reactions using energlispersive XRD at Diamond
Light Source

In situ energydispersive Xray diffraction (EDXRD) was employed to probe the
intercalation of organic carboxylate species into the three novel LOBENAlg-NOs3,
Niy.oZng 1Alg-NO3, and Ca@1Ni; sAlg-NOs. This was undertaken in an attempt to elucidate
information about the mechanisms of these reactidbarboxylate 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 asyringe 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.
Energydispersive diffraction studies of LDH intercalation reactions in this section were
undertaken using a refurbished version of the Oxfdedesbury hydrothermal cell,

discussed in Chapter2.

3.5.1.1 Shifted EDXRD Detector Configuration

Experiments detailed in the following section (Section 3.5.1.2) were carried out during
0 thno u deamdtime as part of the commissioning phase of Beamline 112. EDXRD
studies were undertaken using the-ed@ment, semannular, Gedetector. Tie radial

0t aolf & 6 d fogehoh elem2nt in the detector isabitd the 112 energy range spans
50 OE / keV O150. Consequently, the observed rangg wdlues in this setip is limited

to A 00 6. 4

In order to monitor systems outside of tlysrange thereforei.e. materials such as
layered double hydroxides that exhibit reflectionsda® 2 A&pO 2 ''P, 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 respectiveothlengles for each
detector element. The increased range of detector angles facilitated the detection of

reflections over a considerably enlargethnge. However, no standardisgdalibration
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was available for this configuration, agdralues were therefore determined relative to a

sample of highly crystalline Ti©

Use of t-thet &sthorf tednfi gurationdé required
from the diffracteebeam 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 firstin situ experiments on Beamline 112

The roomtemperature intercalation of phthalate anions intdCoZnAlg-NOs,

Niy oZnp 1Alg-NO3, and C@1Ni; Alg-NOs, 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 t®ld excess of phthalate was added dwape to the reaction
mixture and changes in the diffraction data were monitored. A 3D stack plot containing
data from the reaction of phthalate with CoZgNOs is shown in Figure 3.12. At the
outset of the reaction, t{602) Bragg reflection of the CoZnANO; starting material is
observed atj = 0.74 A* (d=8.5 A). After 14 minutes, signalling the start of phthalate
addition, the starting material reflection declines as the product (002) Bragg reflection
appears afj = 0.42 R*. The product reflection position corresponds thspacing ofca.

15.0 A, 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
fluorecence from heavy elements, such as lead and indium, that are found in hardware in

the experimental hutch.
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Figure 3.12: 3D stack plot showing the change in intensity of host and product (002) Bragg reflections for
the intercalation of phthalate in€@oZnAlg-NOs

The extent of reactiont), is defined as the integrated intensity of a specific reflection at
time t, divided by the maximum intensity of that pedk= I s (t)/ niy(max)]. A plot of

Uvs.t for the reaction of phthalate with CoZMO; shows that the host and product
curves intersect db) ~ 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 te ffroduct in a onstep transformation. This

one stage process is analogous to previous results obtained for carboxylate intercalation
into the MAL-NO; LDHs

Extent of reaction a

t/ min
Figure 3.13: Extent of reactiorvs.time plot for the intercalation of phthalate into CoZgRIO; showing
evolution of intensity of 0)Btaggrefiestorts. ( 002) (y) and
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EDXRD stack plots for the reaction of phthalate witli; oZng1Als-NO3; and
Cap.1Ni1 0Alg-NO3 were very similar to that for CoZnANOs. 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 timesfiist
chemical experiments undertaken on BeamlineatlRiamond, 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 Beamlin&2. 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 thigpset
Discussions into the construction of aspeke collimator, tuned to the respective takie

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 tme¢al systems were @ved in

more detail using facilities at Beamline F3 of Hasylab, Germany. The intercalation of
succinate and terephthalate anions into the 1:1 rhetad CoZnAd-NOs, NiZnAlg-NOs,

and CoNiAk-NO;z were found to proceeda singlestep processes analogous to those for
phthalate. Figure 3.14 shows a 3D stack plot for the reaction of CeR with
succinate, alongside the extent of reactisrtime plot for this reaction.

002 Product (d = 10.9 A)

002 Host (d = 8.7 A)

Extent of reaction a

1
60

(a) (b)

Figure 3.14: Timeresolved in situ X-ray diffracion data for the intercalation of succinate into
CoZnAlg-NOs: (a) 3D stack plot showing the change in intensity of host and product (002) reflections and
(b) Extent of reactiows.t i me pl ot for the hosdreflecods2) (y) and p
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The onestep nature of the reaction is clear: the host and pratuct csirves cross ata.
U = 0.5, supporting a mechanism with direct conversion of the host material to the
product.In situ EDXRD data for the reaction of NiZn&NO; with terephthalateare

provided in Figure 3.15.

002 Product
(d=14.3A)

004 Product
(d=7.2A)
002 Host

(d=8.8A)

Extent of reaction o

2

%

(a) (b)

Figure 3.15: Time-resolvedin situ X-ray diffraction data for the intercalation of terephthalate into
NiZnAlg-NOs: (a) 3D stack plot showing the change in intensity of host and product (002) reflections and
(b) Extent of reactiovs.t i me pl ot for the hosOreflecob) (y) and pi

The extent of reactions. time curves of the host and product gés cross close to
U=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 basaktigih of the product
material can be observed during reaction. The product (002) reflection positions for all
reactions of succinate and terephthalate are consistent witthgpacings recorded in
Tables 3.43.6.

3.5.3 Monitoring intercalation reactios using angulardispersive XRD at Diamond

Light Source

Following detailed investigation of facile carboxylate intercalation into the novel
threemetal LDHs, these simple reactions were then used to demonstrate the effectiveness
of in situ angulardispersive diffraction at the Diamond Light Source. The properties of
the anguladispersive diffraction saip at Beamline 112 are ideal for probing LDH
intercalation reactions. The largeea 2D Thales Pixium RF4343 detector was employed,

77



Chapter 3

in corjunction with the OxforeDiamondIn Situ Cell (ODISC) in the lowtemperature
configuration>’ to observe the intercalation of succinate into CoZ0s (Figure 3.16).

An aqueous solution containing a fif@d excess of succinate anions was added-drop
wise to CoZnA§-NO;s 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%e®.23286 A) and

the detector was positioned 2501.440 nirom the sample. This enabled Bragg
reflections in the higl-s paci ng régijiom® 28)O0Oto be dobser
The 2D image of concentric Bragg rings was integrated over 360° and converted to a 1D
diffraction pattern with intensitys. 2d. The background due to the sample vessel and

water was estimated using an automatic iterative method and subtracted from the raw
data>™.

Host Host
Product 002

1.0 = “Q‘A 'y
Product 004 ' o' o 44
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Figure 3.16: Time-resolvedin situ angulardispersive XRD data for the intercalation of succinate into
CoZnAlg-NOs: (a) 3D stack plot showing the change in intensity of host and product basal afdisain

Bragg reflections, and (b) Extent of reactiemd t i me pl ot f or tyh @1l1h¢{h,sand ( 00 2
product ( 0Q2))(006)%)) refle¢tiéng. 4 )

It is clear from the 3D stack plot that with little optimisation, the quality of angular
dispersive Xray diffraction data from the intercalation reaction is vastly superior to data
obtained using the shifted EDXRD detector configuration (Section 3.5.1A2)
comparison of the full width at half maximum (FWHM) values of the CogND;

(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 beers3using a laboraity
diffractometer with CeK U r adi ati on was undertaken. Tt
calculated from data collected at Diamondiis 0.065(3)A, whereas the (004) FWHM

from laboratory data id = 0.059(1) A, which emphasises the comparable data quality.

Several strong basal reflections, some of which are also observed in-disp@ygive

data, are clearly visible in both the starting material and product phases. However,
additionally observedh the anguladispersive data are a considerable number of lower
intensity nonbasal Bragg reflections, which appear in both the starting material and
product phases even at higth @hgles (Figure 3.16). These reflections are indicative of a
system that 9 ordered not just in the direction orthogonal to the layers and their
observation emphasises the quality of the anglilgrersive XRD data. Batch peak
integration has been undertaken for both basal andasal reflections and the resulting

U v platin Figure3.16(b) confirms the onstep 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
paramegrs are slightly larger for thae situsamples, which can be explained by increased
hydration due to the sample presence in solution.
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Figure 3.17: A stacked projection of timeesolvedin situ XRD data recorded during the intercalation of
succinate intdCoZnAlg-NOs. Diffraction scans recorded at two minute intervals are shown. Selected Bragg
reflections corresponding to the starting material and product are labelled.
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A stacked projection of thim 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 getkg analysis procedure. A
preliminary attempt at XRD data fitgrvia 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 Isar that for future analyses, data is of suitably high
quality to allow batch Rietveld refinement on entire reaction sequences, with intricate

changes in solidtate structures observed as a function of time.

3.6 An angular-dispersive XRD study of LDH sythesis using Al(OH)

In addition to reports on losemperature intercalation reactioirs 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 Ilaboratory and synchrotreray Xdiffraction
techniques?>* Synchrotron XRD has also been employed to study dehydration in LDH

like montmorillonite clays> *°

Reactions involving the various polymorphs of Al(QHhave also been the subject of
much scrutiny in the field o situ diffraction studies. EDXRD has been employed to
observe the contrasting behaviours of gibbsite and bayerite during precipitation from
solution at 60C and 80 °C’ No transition between the two polymorphs was observed
at these temperatures. The inteati@ah of lithium salts into gibbsite to yield
[LiAl 2(OH)g]X-H20 (X = CI, Br, OH, NQ, SQ)) has been probed using EDXRD by Fogg
and ObdTe itDel product was observed to fonia a singlestep transformation
from the gibbsite starting material, at a teargiuredependant rate. In contrast to this
mechanism, Britto and Kamath proposed that hydrothermal synthesis of theNDaAl
LDH (~3: 1, M" : M") occursvia a dissolutiorreprecipitation mechanism when using a
bayerite precursdrt They hypothesised that a highly crystalline product forms due to the

slow kinetics of dissolution of bayerite at the sdiglid interface.

An in situ angulardispersive XRD study was undertaken to instigate a more thorough
understanding of the processasolved in hightemperature hydrothermal formation of
LDHs from Al(OH)s.
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3.6.1 Monitoring the synthesis of CoANO3; LDH

Hydrothermal synthesis of the [CafDH);2](NO3),-yH,O LDH was monitoredn situ.

ODISC was operated in the hydrothermatgetto probe the reaction of hOL aqueous
Co(NGy),.6H,O (10 M) with 0.5 g activated Al(OH)ibbsite, at 250 °C in an autoclave.

The temperature was recorded using a thermocouple positioned between the glassy
cabon sheath and the autoclaBeamline 112 was configured in monochromatic beam
mode E=52.9716k e V, > = 0.2341 i), wit hmmflom det
the sample. The sample autoclave was heated to 250 °C at a ratéCoima®’ and held

at that temperature for 102 mins. Sample cooling was then undertaken at a rate of
2 °C.min * to room temperaturémages from the 2D Pixium detector were recorded with

4 second exposure at 8@cond intervalgzigure 3.18 contains an annotated SBck plot

for the synthesis reactiorBackground intensity was estimated using an automatic
iterative method and subtracted from the raw dafde following regions were excluded

due to diffraction reflections from the steel autoclave and PTFE lider: 2621 2.78,

4.651 4.75, and 5.35 5.43°.

T/°C

t/ min

110 211 *1:
304 \ ¢ (I) 2‘5 5‘0 7‘5 160 1é5 150 1%5 260

Gibbsite 770
Gibbsite 004

Figure 3.18: Time-resolvedin situ angulardispersive XRD data for the synthesis of CpNIO;. INSET:
Temperature profile for the reaction.
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Several important phenomena relating to the phases present deaciipn 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 irsrfollowing dissolution of
Al(OH)3, in which the autoclave temperature increases from°@1@ 247 °C, no
reflections due to crystalline materials are visible in the diffraction data. At 250 °C,
Bragg reflections consistent with the LDH product appaad, grow in intensity. These
reflections correspond to the (002)<8.9 A) and (004)d = 4.4 A) basal reflections of
CoAl;-NO3; LDH. Several minutes later, ndrasal reflections of the product phase
appear, including peaks corresponding to diffractiamfrthe (110), (015), and (211)
lattice planes highlighted in the 3D stauliot.

The intensities of the observed Bragg reflections were integrated using a Gaussian
function and the extent of reaction para
pr of i | evs.tplbthineFigude 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)
reagent dissolves in Co(NJp aqueous solution before reaction to fdira product LDH.

It also appears that growth of the Aomsal reflections begins approximately when the

intensities of the (A reflections have reached their relative maxima.
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Figure 3.19: Extent of reactiorvs. time plot for the synthesis of CoANO; LDH showing change in
intensity of thegibbsite (110)Y) and pr oduct z ) (0Q10)2)), afdd(R11) Direddetibns. (
The lines correspond to fitting of the AvralBir of e 6ev r at e equati on.
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The change itJas a function of time for the (D0Bragg reflections was modelled using

the AviamiEr of ebev equation to provide insigh
Initial fitting to both basal reflections yielded Avrami exponents very close=d..5. A

similar value has been observed inae on crystal growth from solutiofiThe 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 tieetics of growth in each dimension, the exponent

was set constantat 1.5 and Avrainr of e 6ev mode | IUcomeggpondimgite r t a
all reflections. The resulting parameters are provided in Table 3.7. The induction time for
each reflection was taulated as the length of time between the autoclave temperature
reaching 250 °C and the first observation of-zero intensity for that reflection. Growth

of the basal reflections is effectively coincident, following which there is approximately
48 minsdelay before growth of the (110) and (211) reflections begins.

Table 3.7:Kinetic information extracted using Avrasir o f e 8 e v Umo dle IT1 k(enxt})ito]
Uvs.t curves of several product reflections.

Bragg reflection Induction time (to) Rate constant k)
/ (hkl) / min /st
(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 (QOreflections 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 particleéoyvth 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-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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The positions of the (0Preflections 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 variatiod-gpacings of the (002)

and (004) reflections is comparable throughout the course of the reaction, which is to be

expectedThe greatest increase agroccurs within the first 15 mins of reaction at 2%

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 correspdodiegk

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 ihesitu angulardispersive diffraction data
allows timedependent crystallinity to be determined using the Scherrer Equation.
Reflection broadening due to the sample volume was taken into account by numerical
convolution of -hahted dfau racable vwadtn Toaf width wsed for
each poinmit, watserU thAni s the sample thickne
the instrument were then corrected for using diffraction data from a sample of NIST
standard LaB The variation in crystallite sizduring product formation was derived

using the Scherrer Equatiod= 0.8%/ bcodd). Figure 3.21 contains a plot of the sample

crystallinity, calculated using the width of the (002) Bragg reflection, as a function of

time.
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Figure 3.21: The increase in average crystallinity (nm) as a function of reaction duration for the synthesis
of CoAl;-NOs.

The crystallinity calculated using this method relates approximately to the general
particle sizes observed ex situTEM measurements. Analogeealculations were made
using some nodasal 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) reflectionsegally 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,0ti2y material
occursvia a fourstage 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) when conditions become isothermal after
20mins.During this

stage, termed the O6induc
growth are formed on the naisoale, and only broad reflections corresponding to short

range order in thehQ0) and (B0) planes are expected (Figure 3.22(a)). These reflections
have very weak intensity in laboratory LDH XRD data and are not observedimdite

data here. Existing hydrothermal crystallisation studies have suggested that the role of
anionic species in the reaction medium, such a5, iting this period is asoenplexing

agents to direct growth of the product strucfilfe the case of LDH formation here, this
stage is particularly rapid, taking place in undenifs at 250C.

o Al (aq) = o
@ OH (aq) ) -
(a) @ Co* (aq) “ -' - &
s NO; (aq) ® o
e & Nanoplatelet
(b) e ." Stacking
o * —)
= -
g Interlayer
Hydration
o]
-
[
= = )
= 22 3pode
. o9 ordering
CD= )
-
=]
]

Figure 3.22: Schematic illustrating the various hypothesised stages of hydrothermal LDH formation

following dissolution of AI(OH). (a) Formation of nansheets from solution, (b) sheet stacking to form
structures

f ol | o wealistrztyral ordejing in threeedimertsignd.r at i
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During the third stage, a poottyr y st a Hliikneeb draoyder ed struct u
the building blocks formed in stage one (Figure 3.22(b)). The new material exhibis long
range order in the direction thngonal to the newlgtacked layers, corresponding to
(00 lattice planes. The formation of this phase is indicated by growth in intensity of the
(002) and (004) reflections in the situ XRD data, and occurs in a few minutes. A
noticeable variation inthe 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 incredspacing at this
point is dueto hydration in the interlayer region. Immediately following alternate
stacking of the positivetgharged layers and anionic guests, molecules of water enter the
structure resulting in a swelling and shift in l(O@&flection position (Figure 3.22(c)). &hi
effect has been observed in previonssitu investigations of 3D framework synthesis;
both in the starting materials prior to reactf8nand the product materials upon

formation®®

The fourth and final stage of crystalline LDH formation is indicatgdgbowth in
intensity of product reflections in directions which do not correspond to single unit cell
axesi.e. for which more than one Miller index is n@ero. This is indicative of structural
ordering between adjacent positivelyjarged LDH layers andlso in the direction
paral |l el t o tlhiek ddéayleDH . prTeheu rosrords connec:
that are ultimately observed in te& situSEM measurements. The product layers orient

in an aba stacking sequence and the intralayef"Gand Al®* cations order within the
octahedral interstices (Figure 3.22(d)). This concluding unification step begins as
formation of the nanoparticles with rdite morphology starts to decline. The rate of
adhesion as the rods join to form platelets is closelyparable to the rate of growth of

the rods from nanopatrticles in the previous step.

Comparisons can be drawn between the mechanism of hydrothermal LDH synthesis and
thatofthesac al | edhnedbodéd, which employs addit:i
hexamethylenetetramine (HMT), to facilitate LDH product formation. The hydrolysis of
these starting materials at hitgmperatures causes a release of ammonia and a
corresponding increase in alkalinity of the reactant mixture, resulting in dissolution of
metal hydroxide reagenfe.Subsequent formation of the product in solution is followed

by homogeneous precipitation of highdyystalline LDH particles. It appears that
hydrothermal LDH synthesis at 250 °C observed here prosggdssimilar mechanism.
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It is likely that the basic conditions due to higleslyncentrated starting material solutions,
in addition to preactivation of the Al(OHy precursor, are the catalysts for initial gibbsite
dissolution and the resulting homogeneous reprecipitafidns contrasts with the
mechanism proposed for hydrothermal synthesis oLithe-X analogue, whereby LDH

synthesis occungia direct topotactic intercalation into crystalline gibbsite.

In reference to Section 3.1.2, this synthesis reaction can be dafinedotactic based on

the definition of Figlarzt 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}) prior to product crystallisationnd cannot therefore be described

as topotactic. Such a mechanistic route does open up the potential for interconversion
between MAI-NOz; LDHs. Complete replacement of intralayer M(Il) cations can be
achieved upon hydrothermal heating of the LDH in a higloigcentrated 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?

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 laystacking sequences. The
hydrothermal formation of CoZnANOz; LDH using an activated bayerite precursor was
therefore attempted. Successful reactior
analogous synthesis with gibbsite. 0.2 g of bayerite was treated with a 1 : 1 mixture of
Co(NGs),-6HO and Zn(NQ),-:6H,0 10 M aqueous solutions at 225 °C for 110 hours in
an autoclave. The diffraction pattern from the product material is provided in Bi@®e

The product is of low crystallinity and the absence of severalbasal reflections is
indicative of a poorlyordered system. Basal reflections corresponding tbl ldyers 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 baysaiteed LDH has an analogous
structure to that of the gibbsitkerived analogue. The XRD data could be manually
indexed on an identical orthorhombic cell to the gibbdéeved analogues, with

marginally largec-parametera=5.3 A \b=89 A c~17.0 A.
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Figure 3.23:X-ray diffraction data corresponding to the bayediggived CqQZn,; ,Alg-NOs; LDH product.

The structural similarity of the two Al(Oktderived LDHSs is an interesting and relevant
observation. XRD data from the gibbsitend bayeritederived LDHs are very similar and
there exists no indication that the material formed from the bayerite precursor exhibits
rhombohedral layestacking, as igshe case with analogous reaction with lithium salts.
Instead, the formation of an LDH with pseddexagonalaba stacking geometry,
equivalent to that synthesised from gibbsite in Section 3.2, is highly suggestive of a
reaction process that is not topotadti.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 stageln this case, the thermodynamically favousdsi-stacked product forms
preferentially over the rhombohedrabcastacked alternative. The nature of the LDH
product from synthesis with bayerite supports the findings fiomsitu studies;
hydrothermal sytiteses of LDHs involving AI(OH) occur via the homogeneous

precipitation mechanism.
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3.8 Conclusion

The hydrothermal reactivity of Al(OH)towards the formation of layered double
hydroxides has been explored. The family of MNIO3; LDHs, which exhibit an unusual

1 : 4 ratio of M* : AI**, has been extended to include species with three metal cations
residing in the positivebgharged layers. Comprehensive characterisation of this new
subfamily of LDHs has been undertaken using XRIR spectroscopy, elemental
analysis (CHN and EDX), TGA and TEM. The series were observed to exhibit tuneable
intralayer cation ratios and successful synthesis qfi2oAlg-NOs, Ni; xZnAlg-NOs,

and Cq xNixAlg-NOj; for a range ofx was achieved. The intercalation chemistry of the
novel threemetal LDHs has been also been thoroughly investigated. Reaction of
CoZnAlg-NOs with phthalate was probed situas part of the first chemical experiments

to be undertaken using Beamline |112tla&¢ Diamond Light Source. Data quality from
these and subsequent studies of LDH intercalation reactions has influenced improvements
to the hardware and software facilities on 112. A crucial aspect of ithege studies has
been the optimisation of datallection, quality, and processing for future users studying

a broad spectrum of chemical reactions using this facility. deigddity, angular
dispersive Xray diffraction data provide unprecedented insight into the mechanism by
which this family of LDHsform from Al(OH)s.
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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 19508;% the ability to dope cations of different sizes and charges onto both the
perovskitelayer Arsites and BiOs-layer Bisites in these materials has been
demonstrated However, doping of cations onto the perovskitsis of such structures

has been fountb be much less facile, with far fewer examples existing in the literature.
One subfamily of Aurivillius compounds with Bsite solid solution behaviour is the-so
called oBI MEVOX6 series of material s.
M"Yy for V¥ on the Bsites of then = 1 Aurivillius phase BV; xMxOs . gresults in a

high concentration of oxide vacancies in the structure lattice, leading to high oxide ion
conductivity>’ However, the solubility maximum for-Bite cation incorporation is often

as low asx=0.2 in manyBIMEVOX series, which can limit extensive tuning of the

¢

physical properties of these materials.
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m & |
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R o® 0% } oxide
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Padlad =S 3
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Figure 4.1: Unit cells of the cubic perovskite structud. BaTiQ), then = 2 Aurivillius structure (e.g.
BisTiNbOg), and then = 4 Awurivillius structure (e.g. BTisCrO;5). 0 denotes perovskite -8ite cations,
denotes Awurivillius Bi cations) denotes Aurivillius O anions, ariddenotesll B-site cations
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The research described in this chapter focuses on members afthé family of
Aurivillius phases. Many recent articles in this field proclaim the successful formation of
novel dopedn = 4 Aurivillius compounds that exhibit exciting and highly soughér
physical properties. However, it is also evident from several conflicting reports in the
literature that synthesis of such novel Aurivillius structures as-pliases can be
challengng. The vast range of syntheticallgcessible, structuralirelated potential
product materials, in addition to common use of relatively volatile reagents such as
Bi»O3, often leads to formation of undesirable smteducts 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 cationdoped compounds with the= 4 Aurivillius structure

B-site cation doping can be divided into two categories: isovalent and aliovalent
substitution. The term O0isovalentoé refer:
with oneof 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 th# overa
charge.

The synthesis of Bite dopedh = 4 Aurivillius ceramics has been dominated by phases
containingd® cations® Generally the success of aliovalentdte cation substitution in
Aurivillius phases, leading to nestoichiometry, is highhdependent upon the maximum
threshold for oxide vacancies in the structure under scrutiny. For Aurivillius phases
wheren > 1, this is typially very low €a.< 5%)? The successful substitution of &or

Ti**t o f or mi;:Gag@dBiwa s initially reported t
exceptionally high oxide ion conductivifyHowever, subsequent investigation led to the
discovery of a mall amount ofb-Bi,Oz impurity in the product mixture, confirming that
incorporation of G& onto the Bsites was significantly lower than the original report
suggested® This reappraisal highlights the importance of complete phase
characterisation priorto forming definitive conclusions about structymeperty

relationships in these complex solid state systems.
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The BkTigFeOis compound was introduced in Section 1.4. It remains one of the few
examples of a structurally characterised 1 Aurivillius phase that contains a significant
stoichiometry of a nou cation* Clearly, this system represents a template for synthesis
of similar transitioametal doped species with highly desirable physical properties, and
yet welldefined examples of such are rahe 2011, whilst preliminary studies were
being undertaken on the work described in this chapter, Giddings. reported the
successful synthesis and characterisation fiBCrO;s.'? This isovalently Bsite doped
n=4 Aurivillius compound exhibitslow-temperature paramagnetism due to Cr/Ti
disorder on the Bites. In the same report, the attempted ceramic synthesis of

BisTisCoOy 5 and BgTisMnOy5 species failed to yield pure= 4 phases.

A study of further reports of attempted ¥dncorporation ito n = 4 compounds
highlights several inconsistencies within the literature. In 2009, Mao aivdbders
reported on the mulsTiFes€msOi60i cwn g chdyridllius i e s
structure™® Coexistence of ferroelectricity and ferromagnetisbove room temperature

in this compound was described, following partial doping of*Cor Fe* on the
perovskitelayer B-sites. Thin films of this material have also been formed using the
chemical solution deposition methtt> However, subsequent @éled phase analysis

on this system indicates that the magnetic behaviour arises instead from a small amount
of CoFe xTiyO, spineltype impurity phase formed alongside the Aurivillius
compound® *’In similar work, two very recent articles by Chen andakers (2013

and 201%% describe the synthesis of thesBisFe, xCo015 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 fdayer Aurivillius compounds containing
other M* B-site cations are rare. Despiteet attempts of Giddings and -emrkers,
incorporation of MA" into perovskite layers of the structure, in various quantities, has
been undertaken with some succ’é’§§.8ynthesis of the galliurdoped BiTizGaOs
species (alongside an unidentified impunityase) was first mentioned by Subbarao in
19622* Strain calculations and the room temperature dielectric properties of this material
were subsequently report&t,?® however, this compound and its partially -Gaped
analogues have not been the subjéeny further characterisation. Intriguingly, the only
example of successful incorporation of trivalenit ih the place of F& into then = 4
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family was claimed by Kanet al. for the 00xO 0. 05 me mber s
6 BdShsTisFe MO0 s & Howewver, thec-parameters elucidated from structural
refinement with materials in this series exhibited notable incongruity with incregsing
which is perhaps indicative of the formation of a competing impurity phase alongside the

product.

4.1.2 Moltensalt synthesis of Aurivillius phases

The technique of molten salt synthesis (MSS) was introduced in Section 1.112=The
Aurivillius phase, BiTisO1,, has been prepared by this metAdd@he 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 partic®sFormation of
BisTizO12, was hypothesised to proceedh liquid-assisted reaction of BD; and TiQ

above the eutectic point of the }&,/K,SO, salt employed (823C). Particles formed

using this method were larger than those synthesised using a comparable NaCI/KCl salt
mix, which was explained by the higher solubiiiyd mass transport rate of the reagents

in the sulphate flux.

Synt hesi s of sTitFeOE n & plamatenalt as a0 been successfully
undertaken using a eutectic mixture of NaCl/KCl salts in-fold excess' *? Particle

size and sample crystality were observed to vary markedly with changes in synthesis
duration. In a parallel study undertaken by Porob and Maggakd,i;BeOs was
synthesised using a sevfid excess of a eutectic mixture of the,8&, and K;SO,
salts®® 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 PiBis.«xTis kMNsO15 series were successfully formed in the
presencenf excess of N&BQ/K,SQy salt®* A limit for incorporation of MA* into the

perovskite layers of the structure wasobservedat 0. 8 i n this report

Further examples of MSS of-8te dopedn = 4 Aurivillius phases are uncommon.
Palizdaret al. attempted the synthesis ofsBisFe) sCo 5015 in NaCI/KCI flux, but the
product could only be formed in the presence of impuritiéevertheless, an interesting
comparison of the particle morphology with the product from analogous ceramic
synthesis emmasises the applicability of this technique in forming higektured
platelet materialg®
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4.1.3 Scope of the chapter

The work described in this chapter focuses on the isovalent doping of sevérans

(M =V, Cr, Co, Ga) for F&€ on the Bsites of tle parentn = 4 Aurivillius phase,
BisTisFeQs. lonic radii for the M* ions are provided in Table 4.1. Cations were selected
based on their likelihood to successfully substitute fot" Reimilar ionic size and
charge), as well as their propensity to promote interesting physical properties in the
product material (in the case of*tand C4", via unpairedd-electrons). Considering the
quantity of publications in this field which reporh dhe 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 Awsvdbmpounds with phase
purity.

Table 4.1: Summary of thednic radii of the M* metal ions investigated.

Metal ion lonic Radius* / A
V3 0.640
cr? 0.615

Fe* (LS) 0.550

Fe™* (HS) 0.645

Co®* (LS) 0.545

Co®* (HS) 0.610
Ga* 0.620

* |onic radii for ions with octahedral coordination obtained from Shannon, 969.

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.
Previousreports indicate that use of a 1 : 1,8&/K,SO, 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 ofsBe cationdopedn = 4 Aurivillius phases,
BisTisFe sMO15 (M = V, Cr, Co, Ga), was attempted using an analogous molten salt
method to Porob and MaggattiStoichiometric amounts of the relevant metal oxide
starting materials were ground with an excess of ionic salt upeoa homogeneous
mixture. Reactions in this section were undertaken in the presence of dadvexcess

of an equimolar combination of b0, and K;SOy ionic salts. The mixture was placed in

an alumina crucible and heated above the melting pointeotdtt. 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 foris.

Molten salt synthesis of the four Aurivillius series was attempted overrahge
0.10x 01.0, in increments of 0.7 = 4 Aurivillius phase synthesis was only successful
for certain members of each series. The values infthe starting materials for which
Aurivillius phase formation was achieved are provided in Table 4.2.

Table 4.2: Summary of the values affor successfuh = 4 Aurivillius phase formation.

Aurivillius Series Successfuh = 4 product formation
BisTisFenxV«Ois x=0.1%, 0.2*, 0.3*

BisTiszFe; xCryOs1s x=0.1,0.2,0.3,04, 0.5, 0.6*, 0.7*, 0.8*, 0.¢
BisTizFe; xCoxO1s x=0.1% 0.2%, 0.3*, 0.4*, 0.5*%, 0.6*
BisTisFen xGaxO1s x=0.1,0.2, 0.3*, 0.4*, 0.5*

* indicates formation in the presence of additional impurity phasieseach case denotes starting material
stoichiometry, as opposed to values observed in the products.

Each series exhibits a maximum threshold for the quantity *fifdorporated onto the
B-sites. At higher values of Msubstitution, impurities form atmside the desired phase,
until the respective limit irx is reached and am= 4 Aurivillius phase no longer forms.
Similar solubility limits have been observed during attempts-siteBMr* doping into
analogousn=4 structures? 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 productse vatermined using energy
dispersive Xray spectroscopy (EDX) (Appendix B). The data were calibrated with
respect to a BTisFeOs standard and the error in each case was determined da. be
+ 5% from analysis of multiple samples. Those compounds extglshemical formulae

consistent with an = 4 Aurivillius phase are listed in Table 4.3.

Table 4.3: Summary of the elemental ratios obtained from EDX data for members ofsFigH8i; ,M,O15
(M =V, Cr, Co, Ga) series.

Attempted Elemental ratios from EDX
Dopant Chemical Formula
Stoichiometry Observed Calculated

Vo.i* BisTisFe& gV0.101s 207066 0.12 3,00 :0.90+0.10
Cros BisTiaFe oCro.101s 3.1Toi :: g%z (::{).08 3.0Toi :: g.%c:) ?(r).lo
Cro. BisTisFe sCro.201s 2.9T9i :: g.esi(::(r).lg 3.0Toi :: g.%c:) ?(r).zo
Cros BisTisFe 7Cro.s01s 3.011i :: g.%s:a (::{).31 3.0Toi :: gem ?{).30
Croa BisTisFey ¢Cro.4O15 3.011i :: g.%c:) (::{).40 3.02i ::ofgo: :Cor.40
Cros BisTis e sCro.s01s 3.013i :: g%z :C(r).48 3.02i :: géo :06.50
Coo.1* BisTisFe oCa 1015 3.51;3i g%éic::(()).lZ 3.0Toi cF).?aé)(::g.lo
Coo * BisTisFe sC O1s 2.9T9i g%é??).l? 3.0Toi g%&)(::g.zo
Coo 3+ BisTisFe sC O1s 341 075 025 3000705 030
Cop.4* BisTisFey 2C 2015 4.3T5i g.%é(::g.sz 3.0Toi 5%6?8.40
Gao.1 BisTisFer dGa 1015 3.0T8i g.%:le:%.og 3.0Toi g%(:)(:sg.lo
Gao. BisTisFe gGay.201s 536 078021 3,00 080 0.20

* indicates samples synthesised alongside additional impurities. The Ti content in satopedaphases
was slightly higher than anticipated.

Inductively coupled plasma (ICP) atomic emission spectroscopy was used to verify the
bulk elemental compositiofor pure samples listed in Table 4.3. In each case, tffe M

metal ratios agreed with those established using EDX analysis.
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4.2.1 BiTizFe; xKV«O151 X-ray diffraction analysis

Structural characterisation was undertaken on products from the attemptedisyoithes
BisTisFe xVxO1s. Initial reactions were undertaken at 950 °C fohobirs. Bragg
reflections corresponding to an= 4 Aurivillius phase were observed in samples where

x 00.3. These reflections were indexed on the basis of an orthorhombic unit cell,
a~547A, b ~ 5.44 A c ~ 41.00 A with space group2am In all cases, Bragg
reflections from an impurity phase were additionally observed in the data, which are
highlighne d f or xOh®. 6. prO®ducts in Figure 4.2,

Figure 42:Powder XRD data for the produ@tG. S fmermherns t
BisTisFe 3V Ossseries. Reflections corresponding to gVBO,, impurity are labelled ().

The observedmpurity is consistent with a bismuth vanadium oxide phas/Bi;.%®

This material, mentioned in Section 4.1, exhibits room temperature monoclinic symmetry
with lattice parametera=5.61 A b = 15.28 A,c = 16.60 A,b = 89.76°, and space
group C2/m* The intensity of the BV,O1; reflections increases with increasirgFor
samples wherg 00.4, several Aurivillius (00 reflections at low angle are not visible in

the XRD data, which indicates that ar= 4 stacked phase no longer forms under these
conditions. Instead, a mixture of several other phases predominates, inclufip@:Bi

and then = 3 Aurivillius phase BiTizO12.%°
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