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Abstract

Ferrihydrite is a poorly crystalline iron (oxy)hydroxide which exists exclusivedy in
disorderednanocrystalline fan. Lacking long range thredimensional structural
order, possessing a high density of defects and displaying variable composition
depending ororigin has meant that to date a clear consensus regarding a structural
model has yet to be reachéddeparturefrom traditional means of crystallographic
investigation is therefore required prompting the exploration of hitherto unexplored
and potentially novel methods in refining this elusive structure. Recent years have
witnessed significant interest in the inugation of ferrihydrites formed in the
presence of compounds such as phosphate and citrate. Novel forms of ferrihydrite
have been reported, produced by the hydrothermal treatment of these modified
ferrihydrites, which have the potential to increase undedshg of ferrihydrite in

general.

This work demonstrates the application of the latest generation of aberration
corrected electron microscopes to the structural and chemical characterisation of
ferrihydrite produced botm vitro and within the protein gg of ferritin. Twaoline
ferrihydrite (2LFh), coprecipitated in the presence of varying concentrations of
phosphorus (floped) and subject to hydrothermal and dry air annealing heat
treatments, has also been investigated. By way of a thorough chardoterisat
additional physicochemical characterisation techniques heeeapplied to confirm

the phase purity of specimens and benchmark them against those reported in the

literature.

The effects of prolonged exposure to the R8U electron beam of the transsion
electron microscope (TEM) has been investigated by the simultaneous acquisition of
FeL and GK edge electron energgss (EELS), EELS and energy dispersiveay

(EDX) compositional and selectedea electron diffraction (SAED) data. A safe
fluence level of 1Belectrons nif has been established, below which both 2LFh and
P-doped 2LFh can be obsed in their pristine state. Beyond the safe fluence limit
alteration of both pristine 2LFh and thedBped 2LFh proceeds by preferential loss

of oxygen, reduction of iron and concomitant phase transformation to a material

with characteristics similar tdnat of magnetite.

A novel lowelectron fluence method of scanning TEM EELS acquisition
(SmartAcquisition) has been developed and its applicability to the characterisation



of ferrihydrite nanoparticles proven.

Results here are consistent with independepilplished data which confirm
ferrihydrite to be a predominantly Fe(lll) bearing iroxide material in which the
iron atoms reside in sifold coordination with oxygens and/or hydroxyls.-Ee
EELS edge analysis provides support for a new and controvensig¢l for the
structure of ferrihydrite in which a significant fraction of iron is in four fold

coordination.

High-angle aberration corrected scanning electron microscopy is used to investigate
the morphology of ferritin mineral cores. Atomically resohsd>unit structure is
observed with individual cores comprising several crystalline units which appear to

have nucleated independently of one another.

The principle aim of this work it to explore the applicability of the latest generation
of analytical eletron microscopegor the elucidation of chemical and structural

properties of challenging nanoparticulate systems.
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(top) and prdo-main pek separation (bottom) as a function of
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4.1.3.). Both trends can be well fitted by analytical expressions
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Figure 6.26 Bright-field TEM micrographs images of synthetuthosphorus
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Powder Xray diffraction profile of the transformation product
formed following the hydrothermal treatment of synthetic two
line ferrihydrite at 175 °C over a period of 12 hours. Peaks
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Low-angle synchrotron Xay scattering data comparing synthetic
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order. 134

Comparison of lowangle synchrotron Xay scattering data for

the hydrothermally treated (eleven hours at °Cy5 5%
phosphorus doped synthetic thoe ferrihydrite sample (P5h11)
with the hydrothermally treated (fourteen hours at°Cj53%
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sample. 135

Comparison of the total -Ray scattering PDF data for synthetic
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Figure 7.9

six-line ferrinydrite (6LFh) acquired by Jansen et al., (2002). Both
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are practically identical. 140
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synthetic tweline ferrinydrite before (P3) and following
hydrothermal treatment at 1%5 for twelve hours (P3h12). An
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hydrothermally treated sample. 141

Figure 7.11 Comprison of neutmo and Xray diffraction data for phosphorous

doped (3% atomic) synthetic twme ferrihydrite following
hydrothermal treatment at 19 for twelve hours (P3h12). Inset
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Figure 7.12 Thermogravimetric analysis (TGA) and differential scanning

calorimetry (DSC) data of hydrothermally treated P3h11 (top) and
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transformation products are practically identical with all features
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Figure 7.17 (top) Fourier transform infrared spectra for 3% phosphorus doped
synthetic tweline ferrihydrite before (P3) and after hydrothermal
treament at 17%C for twelve hours (P3h12) (bottom). A
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treatment. 149

Figure 7.18 X-ray photoelectron spectra for 3% phosphorus doped synthetic
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treatment at 17& for twelve hours (P3h12) comparing
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XXili



two-line ferrihydrite (P5) following hydrothermal treatment at

175°C for zero, three and eleven hours showing the evolution o
the loops with ageing time. An increase in magnetic coercivity
and saturation with increasing treatment time can be clearly
observed. 153

Figure 7.20 Comparison of the maximum magnetization (Mmax) for
hydrothermally aged and annealed (at °Cj55% phosphorus
doped synthetic twdine ferrihydrite (2LFhP5) as a function of
ageing time measured at an applied field strength of 5 T at a
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time. 154

Figure 7.21 Zero-field cooled M vs. T curves (BT) for hydrothermally
treated (at 17&) 5% phosphorus doped synthetic tvee
ferrinydrite (2LFhP5). An increase in the magnetic blocking
temperature can be seen for increasing hydrothermal treatment
time. 154

Figure 7.22 Histogram of hydrothermally treated (eleveardhi@t 175C) 5%
phosphorus doped synthetic thoe ferrihydrite (P5h11)
crystallite sizes as estimated from the direct measurement of

seventy crystals observed in briglgld TEM micrographs. 156

Figure 7.23 High magnification  brighfield TEM micrographs of
hydrothermally treated (eleven hours at 4755% phosphorus
doped synthetic twdine ferrihydrite (P5h11). An increase ioth
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untreated sample (see Figure 6.26). 157

Figure 7.24 (a) High magnification brighfield TEM micrograph of
hydrothermally treated (eleven hours at A755% phosphorus
doped synthetic twdine ferrihydrite (P5h11) showing a well
crystalline area view down a learder zone axis (redoxed) (b)

a magnified view of the area
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are coloured red and Fe atoms (small) orange. (d) -dBW®
i mage simulation of the projection

slab of material. Simulation parameters are given in section 4 258.

Figure 7.25 TEM-EELS FeL edge analysis for hydrothermally treated (eleven
hours at 17%C) 5% phosphorus doped synthetic tlvee
ferrinydrite (P5h11) showing the derived ferric iroand
octahedrally coordinated iron content as a function of electron
fluence. Exponential curves (dotted) are fitted to both data sets.
Error bars for fitted data are derived from the uncertainties
provided by the fitting routine used for analysis of thesLFedge
feature. Those for the van Aken method are in accordance with
estimates derived in van Aken et al. (1998). The effect of
prolonged exposure to the electron beam can be seen marked by a

decrease in the ferric iron content beyon@dl&ctrons nr. 161

Figure 7.26 Aberration corrected HAADF STEM micrographs of
hydrothermally treated (twelve hours at 3Cpb 3% phosphorus
dopedsynthetic tweline ferrihydrite (P3h12) collected at fluences
below ~16 electrons nfh. Images (a) and (b) clearly show a
projected hexagonal arrangement ofafems. Close inspection

reveals atomic structural order extending oveB~#m. 163

Figure 7.27 Aberration corrected HADDF STEM micrographs of
hydrothermally treated (eleven hours at A755% phosphorus
doped gnthetic twaline ferrihydrite (P5h11) collected at fluences
below ~18 electrons nrA. Inset in (e) is a zoomed and contrast
adjusted view of the redoxed area which shows hexagonal
arrangement typical of Fatomic arrangement of hematite and the

D r i defscivephase as viewed down the(Q@] zoneaxis. 164

Figure 7.28 (a) Aberration corrected HAADF micrograph of hydrothermally
treated (eleven hours at PZ 5% phosphorus doped synthetic
two-line ferrihydrite (P5h11) (fluence of < 46lectrons nrif). (b)
Simulated AGHAADF micrograph of a 3.9 nm thick slab of
maghemite viewed down the [12] zoneaxis. (c) A favourably

orientedcrystal of P5h11 showing atomically sharp edges and (d)
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Pixel intensity profile is taken from boxed area in (c) showing
atomically sharp edge of the crystal. The red boxed area in (d) has
a width of 0.11 nm; approximately equal to the STEM probe
width of the UltraSTEM used to acquire images (a) and (c)
highlighting well defined crystals. 165

Figure 7.29 AC-STEM EELS compositional atysis of hydrothermally
treated (eleven hours at P 5% phosphorus doped synthetic
two-line ferrinydrite (P5h11). (a & c) examples of a typical
spectrumimage regions used for compositional analysis and the
corresponding typical Fe and OK EEL edgegb from a and d
from c). Shown in (c) is a spectrum image survey image of an
area of sample displaying f&¢om positions typical of wustite as
viewed down one of the cube fanermal zoneaxis of the cubic
unit-cell i.e. <1 0 0>. Also shown for comparison(d) are the
EELS edges for wistite as acquired on a CMZE0/1 by Brown
et al. (2001). It is clear the P5hl1l sample appears to be

inhomogeneous. 167

Figure 7.30 AC-HAADF STEM micrographs of the ferrith, ferrimagnetic
ferrihydrite, first presented and discussed in Michel et al., (2010).
Shown in (b) is a crystallite which may possibly be either
maghemite or magnetite viewed closdlte [11 2] zoneaxis. At
the thin edge of this crystal (rdebxed and seen magnified in the
green box) the Fatomic arrangement similar to
maghemite/magnetite as viewed down thelP] can be
observed. 169

Figure81 " Schematic cross section (viewing
four-fold symmetry channels in the protein shell) of a hepatic
ferritin core depicting our proposed formation mechanism. This is
a modification of a schematic of core formation by Lewiralet
(2005). (a) Early stage of iron deposition in the ferritin central
cavity. The sites near the ends of the tHodéd symmetry iron
entry channels (where the protein shell subunits, shown as grey

lobes, have specific oxidation sites) are favourable tfee
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incoming F&" to deposit and be oxidised. The yellow circles
represent oxidised iron (£¢. (b) As the iron cellular
concentration increases, more’Fis shuffled into the molecule
and may rapidly deposit and oxidise on the surface of any existing
Fe* deposits near the entry channels; consequently, core subunits
are formed. (c) With higher irefilling, a cubiclike core structure

with eightsubunits (only four of which are shown) develops.
Oxidation of further incoming B& results in the earlyaposited

Fe* diffusing inwards forming closely packed crystalline
structures of ferrinydrite (dark red circles in contrast to the
loosely packed P& (yellow circles)), the atomic structure of such

a subunit structure is seen experimentally in Figure e
surface of each core subunit is disordered facilitating dynamic
| oad and release act i aifitstoaust 6consi ¢
hypothesis (Hoy et al., 1974). (d) An example of a commonly
observed HAADF image of a single ferritin core of similami
loading and lying in a similar orientation to the schematic; the
four- fold symmetry arrangement of the subunits and a low

density centr al r ¢ Banetmal., 2009e di12ear | vy

Figure 8.2 A tableau of HAADFSTEM images (SuperSTEM) of extracted
and purified HoOSF mineral cores (SigiAldrich, UK). Subunit
structure is evident. Images were acquired and processed
(background normalised and Fourier filtered) by Kasim Sader
following the procedure outline in Pan et al. (2009). 173

Figure 8.3 HAADF STEM images of ferritin sample F1125 supported on an
amorphous carbon film. Stdpherical regions of ~7 nm in
diameter along with an irregular decoration of material 3 or so nm
outside this are visible (red and yellow arrows) all with apparently
similar HAADF intensity suggesting the presence of Helwitin.

The decoration of precipitate around a 12 nm diameter circle

(green arrow) suggests the presence offapdin too. 176

Figure 8.4 BF-TEM micrographs of synthetic ferritin cores (F1125)

suspended on a holey carbsupport film. Both images are taken
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at 7300x magnification at different levels of defocus as indicated

by thewhole image FFTs (inserted). The defocus in image (b) is

greater in magnitude than that of (a) (for which there is also some

degree of objective astigmatism). Corresponding to the increase in

defocus is an apparent increase in the-ugub structure and

coarseness of the granularity of the support film due to clipping of

high-frequency information i.e. this is dominateddastifact.

177

Figure 8.5 Comparison of powder XRD patterns of 6LFh (top) and a-poly

crystalline SAED pattern of synthetic ferritin mineral core sample
F4500 (bottom). The SAED pattern of ferritin cores has been

transformed to the same scattering angle axis as Ri2 pattern

(i.e. a source radiation wavelength equivalent to that of @i K
used for the acquisition of the powder XRD of 6LFh). The

similarity between the two patterns is clear.

178

Figure 8.6 HAADF STEM micrograph showing three iron rich ferritin cores.

Inset are EELS images showing iron and oxygen signals to be

correlated with the HAADF signal intensity (inset labelled

AAnal ogo) .

178

Figure 8.7 Histograms of normalised ADF signal intensities integrated over

whole ferritin cores with X and Y nominal iron loadj, following

the procedure outlined in Pan et al., (2009).

Figure 8.8 ADF STEM micrographs of HoSF cores reconstituted

nominal Fe/protein = 1125 (F1125).

Figure 8.9 ADF STEM micrographs of HoSF cores reconstituted

nominal Fe/protein = 222%2225).

Figure 8.10 ADF STEM micrographs of HoSF cores reconstituted

nominal Fe/protein = 3375 (F3375).

Figure 8.11 A selection of atomresolution HAADF STEM micrographs

reconstituted HoSF cores with nominal Fe/protein
(F1125).
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Figure 8.12 A selection of atomicesolution HAADF STEM micrographs of

reconstituted HOSF cores with nominal Fe/protein 2225
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(F2225). 184

Figure 8.13 A selection of atomicesolution HAADF STEM micrographs of

Figure A.1

Figure A.2

reconstituted HoSF cores with nomin&e/protein = 3375
(F3375). 185

Maps of energghift (eV) relative to the firspixel (0,0) of the
EELS spectrumimage. Field-of-view dimensions of the scan
region are given in nm above the respective maps and energy

shift in eV is shown on the temperature scale 211

Width of the ZLP integrated from the 50x50 spectinmage as a
function of scarwindow field-of-view. Dashedine represents
linear fit to data where -intercept has fixed at 0.6eV in
accordance with the sourtimited ZLP energ-width. Errorbars

represent 0.05eV corresponding to the spectral energy dispergiba.
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Chapter 1 Introduction

1.1Electron Microscopy

Microscopy is concerned witkisualising objects and structures on length scales
smaller than may be perceived by the unassisted human eye: some 0.2 mm or so.
Magnified images are produced by focusing radiation that desen scattered
following interaction with an object. The means foicusing depends on the
illuminating radiation which in turn determines the resolution or precision with
which points within an object are mapped to points within an image. For the firs
200 years or so, following the advent of the microscdight of optical frequencies

was the only available means of illumination. With optical frequencies features
down to several hundred nanometres or so cavispalised However, it turns out

that lightis far from the best choice, although this would have mattered little to the
early pioneers whosgroundbreakingpbservations truly changed our view of the
world. Indeed, it is difficult to look back without the slightest envy on those, who by
coincidenceof their temporal existence, were the first to put a refracting glass
instrument to their eye arabservewithout prejudice or the slightest notion of what
they might find. The revolution llsto opti
Gal i | e ¢ydrgprecedentagbservation of Jovian moons, must hé#een quite
disconcerting to the unprepargdth-centurymind.

Electron microscopy is a rich and diverse branch of microscopy which provides
many unique opportunities for probing the nature of mattdength scales ranging
from microst he Ungstrom | evel . Recent years
breakthroughs in the ability of microscope manufacturers to produce machines of
the highest stability, in which the limiting imperfections in the design and
construction of their predecessors have been greatly reduced, if not entirely
eliminated. Innovations in design combined with the appearanbegbfpowered
computercontrolled optics, providing redime management araptimisation of the

lens system, hav led to the elimination ofpherical aberration an inherent
characteristic of electromagnetic lenses and hitherto the limiting factor in
determining the degree gpatialresolutionattainable. It is now becoming routine

for aberratiorcorrectedscanningmicroscopego be equipped with subn gst r o m



probes which possess current densities one hundred times greater than machines of

the precorrectedjeneration.

1.2 Aims and Objectives

Ferrihydrite is a poorly crystalline iron (oxy)hydroxide which existel@stively in
nanocrystalline form. Found in both geological and biological context it is
thermodynamically unstable and is known to be the precursor of a number of more
stable iron oxides found in the natural environment. Exhibiting only short range
atomicorder, it is widely accepted to be composed of hexagonally close packed O
and OH anions with ferric iron occupying octahedral interstitial sites. Lacking long
range threalimensional structure, possessing a high density of defects and
displaying variablecomposition depending on origin {8/OH either adsorbed or
structural) has meant that to date a clear consensus regarding a structural model has
yet to be reached. Indeed, the presence of tetrahedral iron (either at the surface or
structural) has yet to benequivocally ruled out. Xay powder diffraction,
traditionally used in atomic structure determination of crystalline materials,
identifies only two to six broad peaks and consequently is of little use in refining a
structural model. A departure from diaonal means of crystallographic
investigation is therefore required prompting the exploration of hitherto unexplored
and potentially novel methods in refining this elusive structure. Recent years have
witnessed significant interest in the investigatioi ferrihydrites formed in the
presence of compounds such as phosphate and citrate. Novel forms of ferrihydrite,
produced by the hydrothermal treatment of these modified ferrihydirites been
reported which have the potential to increase understandindewihydrite in

general.

In recent yearsberrationcorrectedelectron microscopy has become a mainstream
techniqueand isnowin widespreadise.ln the case ohberratiorcorrectedscanning
transmission electrommicroscopy (AC-STEM), this means thatprobes with
extremely high current densities are in use; typically two orders of magnitude
greater than previously available with merected instruments. This not only
allows for realspace atomic scale analysis but alsakes the likelihood of
irradigion-inducedspecimen alteration ever more real. Consequently, any analysis
conducted using such machines must given proper consideration to this if

observations are to be free of artifact.



The aim of this work is to applyanalytical electron microscopy tothe
characteriation of iron (oxy) hydroxidenanoparticulatesystems with the highest
degree of spatial resolution currently availablepémticulay ferrihydrite produced
both synthetically and by biological means within the ferritin protein are studied
Particular focus is given to the least crystalline form of ferrihydrite, so called two
line ferrihydrite. Complementing observatios made within the transmission
electron microscopewill be measurements made using a variety of analytical

techniques commuy used in materialscience.

Whilst ferrinydrite has been the subject of seveigh-quality electron microscopy
investigations in the past (Janney, Cowley, & Buseck, 2000a, 2000b, 2001), it was

not until the work of Pan (2006) that the consequendeslextron irradiation

damage were given proper consideratidm particularthe effect of 197 keV

electrons on skline ferrihydrite. This work aims to build on that of Pan (2006) by
revisiting the question of f eprotomgédy dr i t
exposure to the electron beanowever the focus herein is on twine ferrihydrite,

the least crystallinborm. Methods for obtaining artifact free observations using the

analytical AGSTEM with be investigated and where developb@re necessary

The principle aim of this work it to explore the applicability of the latest generation
of analytical electron microscopes for the elucidation of chemical and structural
properties of challenging nanoparticulate systems.



1.3 Overview of ThesisChapters

Following this short introductorghapter the rest of this thesis is laid out in the

following order

Chapter 2 provides a brief overview of irohemistrywith particular reference to
ferrihydrite and ferritin. An account of scientific opinion is givairtlining both the

historical context aththe current state of affairs.

Chapter 3 discusses the analytical electron microscope describing in some detail
themicroscopés constructionthe analyticalmethodst permitsand the information

which may be obtaked using these methods

Chapter 4describes the synthetic routes to the samples studied herein and the
analytical techniques used from which evidence has been obtained. A brief
descriptionof the underlying physics is given, as each technique is putniexio
within the aims of this work. The first part of this chapter describes in detail the
synthesisnethodsused The second part is devoted to describing those techniques
which have been chosen tmmpkement observations made ithin the electron

microsope.

Chapters Zhrough8 provide accounts of the experimental results of this study.

They are divided in the followingnanner:

Chapter5 details thecharacteriationof ferrinydrite as both twoand sixline types.
Analytical data acquired from bulk methods is compared petbrrevieweddata
in order to confirm the integrity of the product. Followitigs, a detailed account
of observations made within tlegectronmicroscopeis given and discussed the

contextof those previouslgutlined.

Chapter6 follows the same approach as the previous chapter in detailing the
characteriation of two-line ferrihydrite synthesised in phosphate bearing solutions.
This product islater described as phosphoraisped two-line ferrihydrite or
P-doped ferrihydrite for short. Observations from bulk methods and the electron

microscope argiven.

Chapter7 expands on the work of the previous two chapters by investigating the
effects ofthe thermally induced accelerated ageing of ferrihydritgparticulay
P-doped ferrihydrite. Ageing at elevated temperature in bottanlrfannealing) and

within aqueoussolutiors (hydrothermal)is compared,with the main focus on
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the hydrothermally treated samples. In addition to the bulk analytical techniques
employed in previous chapters data obtained from magnetic studies, neutron
diffraction and pakdistribution data derived from total -Pay scattering
experiments are given. Theadditional observations are presented along with data
obtained from urdoped tweline ferrihydrite for comparison.This chapter

concludes by presentirgpservations made within the electron microscope.

Chapter8 sees a departure from synthetic ferrihygrivith the focus turning to the
iron-hydroxide core of the ferritin molecule (widely believed to be ferrihydrite).
The aim here being to study the nature ofitftegganiccoreas a function otore
iron content. The irofioading levels choser/{, Y2, % andcapacity of 4500 iron
atoms) were characterised in tekectronmicroscope Directimaging ofcores is
made using aberratiecorrected higkangle annular dark field STEM and

correlated withcoreiron content.

Chapter 9brings together the work of the preus four chapters in providing a
discussion and summary of the work described. Here particular attengioensto
what has been learnt arathieved. This chapter concludes by providing a

speculative outlook and specific suggestions for the continuatittrisresearch.

Following Chapter 9Appendices are presented which provide supplementary
information on particular themes encountered in the main chapters of this

document.



Chapter 2 Introduction to Iron Chemistry

2.1 0verview

Iron, element number 26 in the periodic table, is the cornerstone of human
technology and also plays pivotal roles in the chemistry of living organisms, being
foundin the active coreof manybioinorganicmolecules. In the data published by
Nelson (1991) elements were ranked based on their abundance in the atmosphere,
lithosplere biosphere and hydrosphere. This system also takes into account whether
the elements are essential to life, their role in energy production, manufacturing and
their importance ipure chemistry. In this publication, iron has an overall ranking of

eight, highlighting the relevance of this element, and its compounds, to humankind.

Native iron (iron uncombined with other elements) is present on the surface of the
earth in very small gantities withthe majority of it being involved in the formation

of iron oxides, hydroxides, carbonates and pyrites. Among the most abundant ores
of iron compoundss magnetite (Fg,); hematite(FeO3); siderite (FeCg); iron

pyrite (Fe%). Iron oxides hve low solubility in water, therefore the main forms of

iron in water environments are ferric hydrates such as [Fe{®Hhd [Fe(OH)]-.

In its metal oxidation state (0), the outer electronic configuration of iron®%s3d
Depending on the oxidationase and the number of ligands, the total number of
unpaired electrons in the outer orbitals can vary from 0 to 5. This number is at the
core of the chemistry of iron and its compounds, its reactivity with other elements
and the electronic properties of thesulting molecules. The number of unpaired
electrons and their relative orientation and distribution in the d and s orbitals dictates
the spinstate of the element, which in turn influences the nature of bonding around
the metal centre. The type of cheadi bonding iron is involved in, its strength and

the nature of elements and ligands which can take part to this bonding are a result of

the electronic configuration of iron.

Known oxidation states faron span fromi Il (d*%) to +VIII (d°), although seveit
of them are not well established. The common oxidation states of iron are ferrous
iron 1l (d® and ferric iron 1l (d). The ferryl state IV (d) is now largely
recognised in biological systems. Low oxidation states such asllafdi |l are
stabilised by p-acceptor ligands and are therefore presents in iron carbonyls
Fe(CO)x such as sodium iron tetracarbonyl JM{CO)] (Collman 1975;



Colgquhoun Holton, Thompson, & Twigg,1984) and Fe(CQ) (Beagley
Cruicksank, Pinder, Robiette, & Sheldrick969), iron nitrosyls Fe(NO)y like
[Fe(H,0)sNOJ** (Griffith, Lewis, & Wilkinson, 1958 and iron phosphines such as
[Fe(PR)s] (Taylor, Lehto, Valkiers, BievreSelgrad, Flegel, & Kruk1998) and
their derivativesFe(ll) and Fe(lll) species are widely irved in the formation of
iron oxides and oxyhydroxides and will be discussedmore detail in the

following sections.

Fe(lV) species are extremely reactive and therefore of transient nature. Because of
this feature, only #ew of them have been fully cheaterised. However, transient
Fe(IV)O species are fully established as key intermediates in many biological
catalytic cycles, including that of cytochrometB0 Shaik Kumar, Visser, Altun,

& Theil, 2005.

The ability of iron to adopt a variety of oxidaii states is paramount to its rich
chemical reactivity and versatility as -Gactor of large arraysof proteins and

enzymes (see next section).

2.2 Spin Sates oflron

Depending ornits oxidation state, iron can adopt a variety of different spin states,
each of them referring to a particular configuration of its d electrons. These states
can be described and understood based on the principles of the crystal field theory
(CFT) (House20@8).

CFT describes the changes of the energy levels of electron orbital states, in
particular,d andf, of a metal involved in the formation of a complex, upon the
effect of an electric field created by an approaching charge (an anion or a neutral
ligand). The magnetic properties of transition metal complexes can be explained
based on CFT.

Briefly, the base of the CTF model is the change in the energy of the otherwise
degenerated-orbitals of a metal upon interaction with a ligand based on the
attractionbetwveen the positive charge of the metal centre and the negative charge
of the nonbonding electrons of the ligand. Given the spatial orientation of the
d orbitals, when a ligand approaches the metal centre, its electrons will be closer to
some of thed-orbitals andfarthea away from others. As the electrons in the ligand

will repel the electrons in thé-orbitals, the destabilisation of eadkorbital will



dependon its orientation and overlap relative to the approaching ligand, thus
previously degenerated-orbitals will be split into new energy levels. The
d-electrons closer to the ligand will experience a greater repulsionthe electron

pairs of the approaching nucleophile antl, therefore populate higher energy
levels. The degree of splitting betvmethese new orbital levels is the result of the
combination of the nature of the metal ion, its oxidation state, the geometry of the

ligands around the iotente and the nature of the ligand itself.

The difference between the new energy levels ofdtbevitals, with by being the
low energy level an@y being the high energy level, is known as the crystal field
splitting parameteD and its determined by the degreepahteraction (interactions
above and under the plane comprising the interacting atoms) betweakorthitals

of the metal centre and the ligand orbitals.

High splits are caused lpracceptor ligands such as CO and QBbnverselyp-
donor weak ligands Il I and Br, cause a relatively smaller split of tHerbitals.

The higher the split, the more difficult it will be for one particular electron to be
promoted from ayfto an gorbital. Compounds with laggD will, therefore have

all of the electrongpopulating the low energyg orbitals, before occupying the
higher energy £ Low-spin states refer to complexes where thelectrons
completely populatehe low energy o orbitals with antiparallel spin before
occupying the higher energygy eHigh-spin states are on the other hand
characterised by singly occupieg) aind g orbitals with electrons wittparallé

spins.

The crystal field splitting parametd is characteristic of the geometry of the
complex, with octahedral geometries having a greBtemalue than tetrahedral.
Octahedral complexes can vary between -&pin and higkspin, whereas
tetrahedral complexes are always hgyin, as the gap betweegand g orbitals is

low enough to enable occupation of both levels by electrons with the game s
orientation, before filling one singlerbital with two electrors with antiparallel

spin. The number of unpaired electrons will dictate whether the compound displays
diamagnetic (no unpaired electrons) or paramagnetic (one or more unpaired
electrons)properties. Diamagnetic compounds are repelledappglied external
electric fieldsas they create an induced magnetic field in the opposite direction.

Paramagnetic compounds are attracted by an external magnetic field as they form



induced magnetic fieldsiithe direction of the applied magnetic field.

An example of the electronic configuration in a fspin and higkspin complers

is given below.
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Figure2.1 Electronic configurations of iron in lowpin (lef) and highspin (right) complexes with
5d electrons.
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A variety of electronic spin states can be found for iron in its complexes.
Understanding the spin state in which iron is found helps in describing the nature
and strength of the bonds that iron canirbmlved in when bound to oxygen in

iron oxides and iron oxyhydroxides, as well as the magnetic properties of these
compounds. A table summarising the electronic spin states of the most typical
oxidation states of iron is provided bel¢adapted from Silve 1993).

Table2.1 Summary of the electronic spin states and electronic configuration of typical iron oxidation
states (adapted from Silyelr993).

() Spin state Oxidation state Electronic configuration
0 low Il tag®
1/2 low I tag”
1 low v tagt
2 high Il tagteg?
High v tag g
5/2 high i g g2
2S5 here indicates the spin quantum number, given by the total number of unpaired electrons.

2.3 Iron Oxides andHydroxides

Iron oxides (FgOy) andiron oxyhydroxides [Fg,(OH),] are ubiquitously present

in nature as solid (for instance, rock), liquid (for instance, mineral inclusion in
bacteria) and gaseous compounds (for instance, aerosols). Given their widespread
presence and their rich chemistnyd physics, they find applications in a vast variety

of fields including steel production, earth and planetary science, physagnetism,
medicine, biologymaterialscience and engineering. 16 iron oxides, hydroxides and
oxyhydroxides have been dese@tbso far.In all these compounds, iron (either
ferrous (I1), ferric (Il) or a combination of both) is bound to oxygeri'X@nd/or

hydroxyl (OH) groups. They differ in their composition, iron valence and crystal



structure. The degree of crystalline ard@erystallinity) is also seen to vary between
different iron oxides with some displaying a high degree of (long range) atomic
order (hematite, goethite, lepidocrocite, magnetite, maghemite) whilst others are
poorly crystalline lacking extended structugriodicity (ferrihydrite, feroxyhite,
green rust, schwertmannite). In general most iron oxides are structurally related,
something which permits the thermodynamic transformation between similar types.
The basic structural units are an octahedron (Fe owaad! to six &/OH ions) and

to a lesser extent a tetrahedron (Fe coordinated to féuU®HD ions). Mixed
octahedral/tetrahedral may occur as in the case of the solid state solution magnetite
maghemite. The structural differences between iron oxidesusfest in thevay in

which these polyhedral structural units are interconnected, either by face, edge or
corner sharing (Faivre, 2016).

The composition and structure of iron oxidesstill the subjectof a lively scientific
discussion. As structuraharacteriation techniques advance, more details as to the
atomic composition, the bonding nature and the crystal structure of these compounds
are revealed and questioned. Ferrihydrite, on which this thekisused raised a
recent dispute in the fieldf inorganic chemistry. As this compound only exists in
nanometescaled materials, itsharacteriationhas proved challenging to traditional
long-range characteriation techniques such aX-ray diffraction. A structure
described as 20% tetrahedral and 80% octahedmiinated iron with @&6;mc

space group was recently suggddtased on the analysis of totalrXy scattering

pair distribution function (PDF) datéMichel, Ehm, Antag Lee, Chups, Liu,
Strongin, Schoonen, Phillips, & Paris2Q07; Michel, Barrén, Torrent, Morales,
Serna, Boily& Liu, 2010). This study proposed a novel single phase interpretation
of the structure of ferrihydrites. Theie howeversome objection to this new mdde
(Manceau, 2011) as discussed in (Manceau, 2012; Barrén, Torrent & Michel 2012).
It has been suggested that using PDF refinement for the identification of a parent
crystal structure of defective nanocrystallinematerials could do what XRD did

for crystaline materials (Egami & Billinge, 2003).
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2.4 Ferrinydrite and its Binding with Inorganic Phosphate

Ferrihydrite, 5Fg0;0QH,0, is a nanoparticulate hydrated ir@if) oxide (Towe &
Bradley, 1967)As opposed to other iron oxides, this compound is metastable and
its structure has been descriiedbeof low order (Cornell & Schwertmann 1996;
Cartg Casula, Corrias, Falqui, Navaré& Pinna,2009). Ferrihydrite is ubiquitous

in the neaisurface envbnment, finds a large number of industagbplications and

also constitutes the core of ferritin (Cornell & Schwertmann 2003). The absorptive
capacity of this material is notably high. Along with its ability to precipitate ions
from aqueous solutions, ithprovides ferrihydrite with the ability to sequester
contaminants such as arsenate am@nium from both natural (Violante
Ricciardella, del Gaudio & Pign2007; Kinniburgh Jackson & Syers976) and
industrial environmentsXu, Zeng, Huang, Feng, HZhao, Lai, Wej Huang, Xie

& Liu 2012).

As previouslyalluded tg the structure of ferrihydrite is still theibjectof intense
scientific debate. Although a certain degree of disorder is generally attributed to
this material, the lack of any evident daline order might be the consequence of
the limited crystallite size which eludes any lenagge order to be assessed by
conventional structural techniques. A hexagonal celithas been reported for the
ferrihydrite that aggregates thehumanbrain Quintana& Gutierrez 2010).

With regards to its formation, ferrinydrite has been described as the first product of
induced ferric hydrolysis. Numerous studies have described a model for the
formation and precipitation dérrihydrite from aqueous solution$piro, Allerton,
Renner Terzis Bils, & Saltman, 1966; Knight & Sylva 1974; Flym 1984;
Schwertmanp Friedl, & Stanjek,1999; Rosg Blight, Collins, & Waite, 2014;
Jolivet Chanéagc& Tronc,2004).

The classic model describes \sted Fe(lll) ions which undergo hydrolysis to
generate low molecular weight Fe(lll) hydrated species as dimers and trimers.
These species then undergiation and oxolation (the two terms being somewhat
interchangeable), in which one of the water molezuiehe coordination sphere or

Fe(lll) ionises to hydroxide:

[Felll(H20]5]3+ — [FEIH{HQO]5OH]2+ +H*

During olation, the displacement of one water molecule by a surrounding complex

11



occurs, leading to a species in which the hydroxide is bridged between the two

metalcentes, in the secalled prconfiguration.
[Fe"'(H,0)sOH]* + [Fe"!(H,0)¢]* «— [Fe"'(H,0)s(u-OH)Fe"'(H,0)s]°* + H,0

In the prspecies, the water molecules in the coordination sphefe(lbf) canstill
undergo ionisation and displacement by surrounding complexes, thus leading to an
extensive condensation process and ultimately to the formation e©&%d,0

nanoparticles from solution.

The details of the hydrolysis mechanism are still under debate. Due to the high
reactivity of Félll) towards hydrolysis, the reactions involved in the formation of
ferrihydrite can occur at a high rate, thus makingiséation andcharacteriation

of the intermediates challenging. Recently, thexp Fdlll) species has been
reported as the main component in partiljgrolysedferric solutions (ZhuPuls,
Frandsen, Kubicki, Zhang, & Waychuna®013). Detection of Kél) trimers
(Lopes de Laat, & Legube2002; VilgéRitter, Rose, MaisonBotterq & Lainé,

1999) tetramers (MelikhgwWozlovskaya, Berliner, & Prokofiev1987) and larger
aggregation states have also been reported. The exact composition of the larger
polymers is yet to be univocally defined. Some studies also have considered these

larger polymers to be already ferrihydrite phase.

Based on the similarity between aqueou@dIRl and F¢lll), the involvement of the
so-called ALz Keggin cations in the formiain of ferrihydrite has been suggested.
These species are composed of central tetrahedral metal units surrounded by
octahedral metal units (Casey 2006; BradkKydd, 1993). Fe; Keggin clusters

have recently been syntfised (Sadeghi, Zakharov, ymann,2015), posing the
guestion as to whether fzeclusters might actually be the precursor to ferrihydrite
formation (GebaueKellermeier, Gale, Bergstro& Colfen, 2014).

After the nucleation and growth of individual ferrihydrite nanoparticles,
aggreation may occur (Yuwondurrows, Soltis, Do& Penn 2012). Aggregates

of ferrihydrite nanoparticles cadopt lowmass fractal dimensions, thus enabling

the formation of larger lowdensity structures that exist as stable colloidal
suspensionsen microméer scale (LeggMenggiang, Comolli, Gilbert& Banfield,

2014A; Legg,Menggiang, Comolli, Gilbert& Banfield, 2014B). These structures

can then collapse to form denser aggregates upon a change in solution conditions,

such as increased ionic strength. Timal structure of the resulting ferrinhydrite
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aggregates dictates their stability, reactivity, transpgmhavior (Legg et al,
2014A; Legget al, 2014B; Gilbertet al, 2007) and usage assequesteimn the
treatment of wastewater (LogParkinson, Newman, & Farro\2002).

As mentioned before, ferrihydrite plays a crucial role in the binding and
sequestering of contaminants and nutrients, including the ubiquitous phosphate.
Phosphate'snvironmental relevancgemsfrom its involvement as nutrient for

plants and crops. The absorption of phosphate onto ferrihydrite could be used as a
model to study and predict the behaviour of toxic species such as arsghsta H
Additionally, phosphate plays a crucial role in the biochemistry of iron

mineralisation in the ferritin protein family (see next section).

Although the reactions of phosphate towards iron hydroxides have been detailed,
the entire process is yet to be fully understood, as is the configuration adopted by
phosphate on th surfaceof the mineral (KhareMartin, & Hesterberg 2007;
Antelo, Fiol, Pérez Marifio, Arce, Gondar, & L6pez22010; Lindegrer& Persson,
2010).

Phosphates are known to forimnersplere complexes with iron hydroxides, as
evidenced by numerous experimental techniques (Khsterburg, Beauchemin

& Wang, 2004; TejedofTejedor & Anderson1990). Howeverthe interpretation

of surface complex structures spectroscopic data is not hfaamgard, and
guestions such as whether monodentate or bidentate complexes between phosphate

and ferrihydriteare formedare still under debate.

In a theoretical study by Kwon amubicki (2004) six possible surface complexes
weremodeledby quantum mechanical calculations: deprotonated, monoprotonated,
and diprotonated versions of bridging bidentate and monodentate comfdeges
Figure2.2). The reslts suggested that the surface complexes change depending on
pH. Four possible species were suggested, including a diprotonated bidentate
complex at pH4-6, a deprotonated bidentate or a monoprotonated monodentate
complex at pH 7.5.9, and a deprotonatedonodentate complex at pH 12.8.
Reaction energies were also calculated for adsorption from aqueous solution to
determine the relative stability of a monoprotonated monodentate complex and a
deprotonated bidentate complex. According to these resultspagheprotonated

monodentate complex should ta&oured(Kwon & Kubicki, 2004).
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Figure 1. Possible bidentate (2C2¥) and monodentate (1C2F)
surface complexes of phosphates/iron hydroxides: (A) dipro-
tonated bidentate (BD-Hz); (B) monoprotonated bidentate (BD-
Hi); (C) deprotonated bidentate (BD-Hg); (D) diprotonated
monodentate (MD-H;); (E) monoprotonated monodentate (MD-
Hi): (F) deprotonated monodentate (MD-Hgp). H20 molecules
are H-bonding to the phosphate—iron clusters. Red, oxygen;
white, hydrogen; orange, phosphorus; blue, iron octahedra.

Figure2.2 Possible surface complexes between phosphate and ferrihydrite showing bidentate and
monodentate configurationRepralucedfrom Kwon & Kubicki, (2004)

A recent Xray diffraction and transmission electron microscopy study indicated
that both the adsorption capacity and relative adsorption reactivity toward
phosphate significantly decrease with increasing crystallite 3ize absorption
kinetics could be divided into three successive -firster stages: relatively fast
adsorption slow adsorption, and a very slow stage. With decreasing crystallite size,
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ferrihydrite absorption of inorganic phosphate exhibited increasitey gonstants

per mass in all of the stages. Additionally, the smaller ferrihydrite crystals have
higher rate constants, and more phosphata®rbedand more OH is released

over time per mass basis. The initial step in the overall process was shown to be
that of a phosphate binding to two f&H groups to form a binuclear bidentate
surface complex on ferrihydrites with @3.25 A *f T P coor di nati on

(Wang,Harrington, Liu, Parise, Feng, & Spar913).

2.5 Bioinorganic Relevance of~errihydrite: Structure and Function
of Ferritin

As mentioned in the introduction to this chapter, iron plays a vital role in a variety
of biological processes, including respioat photosynthesis, nitrogen fikan and

DNA synthesis (Andrews, Robinson, Rodrigi#@ainones, 2003). High
intracellular levés of iron, however, can resuib high toxicity because of its
competition with other essential metal ions and its ability wuce oxidative
damage. The latter is usually the result of the naturally occurring Fenton redox
reaction, in which ferrous iron(ll) reacts with hydrogen peroxid®:tio produce
highly reactive hydroxyl radical®OH. These reactive oxygen species, generall
known as ROS, are able to react with any nucleophile presents in biological
molecules, including protein, lipids and DNA, eventually resulting in the possible

onset of cellular malfunction and DNA damage.

Cellular systems have evolved to be able to cbritre evatuality of this toxic
reaction by developing the ability to control cellular irohomeostas by
sequestering excess iron into the insoluble form of ferrihydrit@inviproteins

known as ferritin

Ferritin can be described as protein nanocagwith a specific size and shape
which is optimal for iron binding and for hosting a core in which the excess ferrous
iron(ll) can be oxidised to ferric iron(lll) and then converted into ferrihydrite. Each
ferritin is composed of 24 homomers or structuraéiated heteromers with an
octahedral symmetry. This resultsa macromolecular assembly with a diameter
of ~12 nm and a mineral core of ~8 nm (Baldallah 2010Chasteen & Harrisgn
1999 Mann, Bannister, & Williams, 1986; May & Williams, 1980erritin is

ubiquitous, being found in all higher animals, bacteria, fungi and plants (Harrison
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& Arosio, 1996; Massovel993)

Ferrous iron(ll) entershe ferritin core through conserved pores located on the
protein shell. Once transported into the cdegritins are able to promote the
oxidation of Fe(ll) to Fe(lll) using molecular oxygen or hydrogen peroxide as the
oxidant, in a reaction catalysed by a ferroxideeete. The resulting Fe(lll) is then
used tabiomineralisea core of crystalline ferrihyie in the absence of phosphate.

If phosphate is present in the surrounding crystallisation core, an amorphous
mineral is obtained. The inner surface shelfesfitins is a conserved structural
region which allows for the accommodation of up to ~3500 atoms within the

ferritin cavity (Chasteen & Harrisqri999).

A ferritin monomer(seeFigure 2.3) usually comprises a sequence of ~BE8@ino
acidsfolded into fivehelices (Ai E). The Ntermini is located on the outside of the
ferritin shell whereas the -@rm is within theferritin core. Helices A to D are
roughly~4.2 nm in length and assembled together into a bundle with parallel and
antiparallel helices. Helicas and C are connected via a loop that acts as one of the
interacting surfaces between two monomers. Helix E is oriented at 90 degrees to
the bundle and is one of the main interaction points between four monomers within
the protein shell. In helix D a breanto the network of hydrogen bonds is present
around residue 136, allowing the loop between helices B and C to point outwards
from the protein surface, taking part in the formation of the threefold axis pore.

Theoverall structure of human ferritin, deping the five helices and the® loop is

givenin Figure2.3.

B—C loop Human H-ferritin

» N-Terminal

Position 136

C-Terminal

Figure2.3 Ribbon diagram illustrating therotein backbonetructure of monomeric humdi-ferritin
showing helices A in a sequential way from-No C-terminals. Position 136 indicated the
residue at which a break in the hydrogen bonds allows #Bdd@p to kink outwards in
forming the threefoldxis pore. Rproduced from Faivr€2016)
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Each subunit can be described as an elongated cylinder with a length of ~5.2 nm and
a width of ~3 nm. Hydrophobic interactions characterise the ends of the cylinder,

whilst thecente is predominantly maintained by hydrophilic interactions.

In mammalian systems, two distinct polymers aleserved, of roughly 21 and
19%Da molecular weight. These two polymers are usually referred to as ti¢avy
and light (L) chain, respectively. The heasubunit host the ferroxidase centre,
while the light subunit contains the nucleation surface where crystal formation is
inducedand displays electron transfer capacity. Depending on the ratio beltwveen
andL-chain, the predominant function of the rgisig ferritin can either be oxidation
activity or iron storaggClegg, Fitton, Harrison, & Treffry, 1980Grady, Zang,
Laue, Arosio, & Chasteen2002; Levi, Santambrogio, Cozzi, Rowad Corsi,
Tamborini, &Spada1994).

TheH-chain in mammalian ferritin contains the redox ferroxidase centre in the helix
bundle. The centre is able to bind two ferrdtegll) cationsand oxidise them to
ferric Fe(lll) cations with concomitant reduction of molecular oxygen. Once
oxidised, ferric caons migrate from the bundle to the inner cordesfitin where
biomineralisationoccurs, leading to formation and growth of ferrihydrite nuclei
(Bouw-Abdallah 2010).

Two iron sites are present in the ferroxidase, nafelyandFeB, bound to the rest

of the protein via coordination bonds with histidine and glutamic acid residues. FeA
is also bound to a water molecule which is in turn coordinated to a glutamine and a
glutamic acid residue. Another siteéeC is present but unlikely to be essential for
theredox properties of ferritin. This site might play a role in iron movement within
the inner core of the protein.

The inner surface derritins host the nucleation site, a binding site that coordinates
iron ions (Wade Levi, Arosio, Treffry, Harrison, & Man, 1991). The protein
backbone surrounding the nucleation site is folded in such a way that leaves space
for additional coordination spheres around the iron, thus allowing the growth of the

mineral and formation of one or more polynuclear ferrihydritstatites.

Multiple nucleantan form on numerous nucleation sites, tfeustins can nucleate
and hold polynuclear iron clusters of up to 4500 iron atoms (Tretfigo, Quail,
Guest, & Harrison 1998; Towe & Bradley 1967), however isolated proteins
usually contain ~1000 to 3000 iron atoms. At high iron loading, slow mineralisation
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kinetics are observed, thus resulting in oxidation of ferfa(l) outside the protein

ferroxidase site to be in kinetic competition with thigaproteinoxidation.

L-ferritin, which lacks the active ferroxidase centre, is still able to promote
biomineralisation to ferrihydrite, suggesting that core mineralisation can occur by
direct deposition of iron on the surface of the mineral. A core of at least ~200
ferrous Fe(ll)cationsseems to be required for the surface mineralisation reaction
(Zhaq Bou-Abdallah, Arosio, Levi, Janu€handler, & Chastee2003).

The oxidation of Fe(ll) to Fe(lll) and the subsequent formation of ferrihydrite
crystallites are the result of threeaim chemical reactions, usually referred to as
ferroxidation reaction (a), mineralisation reactionb)( and detoxification
reactiongc).

(a) 2Fe"+0,+4H,0 —» 2FeQOH +H,0, +4H*

(b) 4Fe"+0,+6H,0 —» 4FeOOH +8H"
(c) 2Fe" +H,0,+2H,0——» 2FeOOH +4H*

Depending on the iron intake into tHerritins, Fgll) is either processed via
ferroxidationor a mixture offerroxidation mineralisation and detoxification for low
and high iron uptakes, respectively. Fe(ll)/protein ratios higher than ~800 promotes
mostly the mineralisation reaction, whereas the detoxification reaction is

predominant for Fe(ll)/protein ratio$ ©100 to 500.

Iron mineralisation withinferritins is also largely influenced by the presence of
phosphate, an abundant anion in living systems. Phosphate can be incorporated and
released byerritins (Trefry & Harrison 1978) and can form a layer on theneral

core surface. Addition of phosphate/Fe(ll) mixture under anaerobic condieis

to the formation of a layer consisting of one iron atom per three phosphates (Heqing
Watt, Frankel, & Watt,1993). Additional Fe(ll) entering the inner core dérritins

can bind the phosphate layer and then undergo oxidatidfe(tb), which then
migrates to the iron core under the phosphate layer, leading toFgdiebinding

and oxidation (Johnsoannon, Watt, Frankel, & Watt999).

Addition of phosphate$o ferritins has been shown to accelerate the oxidation of
Fe(ll) to Fe(lll) and the uptake of Fe(ll), along with aiding the migration of oxidised
Fe(lll) from the redox centre of ferroxidase to tleeritin core where nucleation
occurs (Watt, Hilton, & @ff, 2010).
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Ferritin has a long history of analysis by electron microscopy (Farrant, 1954;
Haydon, 1969; Isaacson & Ohtsuki, 1980)lofg-standingquestion has existed as

to the natureand role the apparent low central density of cores as seen in electro
micrographs (for example seéigure 2.4). Recently the group here at Leeds
demonstrated that ferritin mineral cores within human liver tigmsses distinct
subunit morphology. It was postulated by Paat al., (2009) that the sukunit
structure results from the eight channels in the protein shell that are known to
facilitate the transport of iron ionmto the protein cavity Ran, Sader, Powell
Bleloch Gass, Trinik, Warley, Li, Brydson, & Browr2009;Chasteen & Harrison,
1999). Figure 2.4 shows a bright-field transmission electron microscope image
which ferritin molecules appear to exhibit subunit structure and apparent low density

cores.
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Fig. 1. Apoferritin and ferritin molecules of variable iron eontent
negatively stained with sodium phosphotungstate at pH 7. This electron
micrograph shows substructures (arrowed) in the iron cores which are
independent of phase-image granularity, Twice-recrystallized horse
spleen ferritin supplied by Mann Rescarch Laboratories, New York,
Philips EM-200; 80 kV. = 800,000,

Figure2.4 BF-TEM micrographof negatiely stainedhorse spleeapoferritin anderritin molecules
of variable iron content illustrating iron core subunit structReproduced fronTowe (1969).
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Chapter 3 Analytical Transmission Electron Microscopy

Transmission Electron Microscopy is a rich and diverse branch of microscopy which
provides many unique opportunities for probing the nature of matter on length scales
ranging from microa to nanomegrs and in moe recent years beyond this to the
Angstrom level. Various imaging modes combined witlrege ofin situ analytical
techniques provide information pertainingatmmic structure, chemistrglectrical

and magnetic properties wiaterials.

Recent years havavitnessed revolutionary breakthroughs in thbilities of
microscope manufacturers to produce machinagbeohighest stability. In refining
their art they have greatly reduced, if not entirely eliminated, the limiting
imperfections inherent in the desigmd construction of their predecessors. The
arrival of computer controlled optics, providing rdamhe management and
optimisation of the lens systenhasled to the elimination afphericalaberrationan
inherent characteristic of all lenses and hitherto the limiting fat#termining the
degree ofkpatialresolutionattainable. Electron microscopy sits firmly in the arsenal
of characteriation techniques at the cutting edge of materials scienceviding
both a uniqgue window on the atomic world acoimplementingthe information
derived by other techniques, electron microscopy has been pivotal in bringing about

the nanotechnologsevolution.

Numerous texts exist on the subject many of wiiffar unique perspectivesn no
particular order here are a few which cover most of the bases (AmeliDgkk,
Landuyt, & Tendeloo1997; Egerton 2011; Egerton 2005; Fultz & Howe, 2012;
Spence2002; Williams & Carter2009; Brydsor2001).

3.1 The Basics

In the transmission electron microscope an ultra thin specimen (<100 nm), is
examined by means of ligh-energybeam of electrons. The majority of these
illuminating electrons will pass directly through the sample unaffected, however, a
small proportion wi interact with the atoms which make up the specimen.

Two distinct types of transmission electron microscope may be defined: the
conventional transmission (TEM) and the scanning transmission microscope
(STEM). In the firstinstancea broad beam illuminias the sample and a post sample

objective lens is used collect the transmitted elestt@fiorm images and diffraction
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patterns.On the other handnithe STEM, the objective lens sits prior to the
specimen and is used fiarm a highly focused probe atth s peci mends sur
probe is scanned acrog® surface in a raster fashion and information is collected
serially pointby-point. Of the two, the STEMendsto be the most versatile for
analytical proposes since its focused probe allows signale tochlised with a

higher degree of spatial resolutioMccordingly, STEMs are almost always
equipped with a spectrometer (EDX or EELS) whereas for TEM this is not always
thecase.

More will be said about the particulars of TEM and STEM later, but for tiaw

components they share in common willdigcussed.

3.2The Electron as an lllumination Source

The electron a fundamentalparticle of mass,my = 9.109x 103! kg, possessing
electroniccharge,e = 1.602176 x 1° C, the electron is a constituent part of the

atom and provided sufficient energy it may travel freely. Originally thought to be of
ethereal origins, in 1897 J. J. Thomson dispelled this by verifying its particle nature

by proving it possesses char@lghomson 1897) However, a quarter of a century

later in 1924, Louis de Broglie proposetiat all matter is inherently undulatory
depending on its energy ahdo w i t 6 s(de Bilogiee1924xAdcording to de

Broglie, all particles have an associated wavelemgtatedto their momentumby

2= h / nuherem and3s aretherelativistic mass and velocity respectively, dnid

Pl ankbds const ant Davissensand Gerimgrevidedevideace for | at e
electron diffraction thuproviding experimental backiigor de Br og/l i e6s
contradictory hypothesi®avisson& Germer 1928) In 1927, Hans Buh showed

that a magnetic coil can focus an electron beam whidhto Ruska and Knoll
constructing the firstransmissiorelectron microscopwith which theyobtained the

first images with 17x magnification in 193Hawkes 1990) Only two years later
theyhad surpassed the resolution of lightroscopes.

With the energies of electrons in the TEM being of the order of several hundred
thousand electron voltsielativistic effects cannot be ignored. Correcting for
relativistic effects the de Broglie wavelength is gitagn

Q

- . %o ,
Ca Qup 7%
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whereh, m ande are described abov¥,is the accelerating potential ands
the speed of light in the vacuuffhis relationship is tabulated for selected energies
typical of electron beams used in the TEMfle3.1).
Table3.1 Selected energies typical of electron beams in TEM along with corresponding electron

wavelengths (uncorrected and corrected for relativistic effects), and reiatidhiies of mass
and velocity. Rproduce from Williams & Carter (2009)

Accelerating Nonrelativistic Relativistic Mass Velocity

voltage (kV) wavelength {nm) wavelength (nm) (x mo) (x 10° m/s)
100 0.00386 0.00370 1.196 1.644
120 0.00352 0.00335 1.235 1.759
200 0.00273 0.00251 1.391 2.086
300 0.00223 0.00197 1.587 2.33
400 0.00193 0.00164 1.783 2.484
1000 0.00122 0.00087 2.957 2.823

Being wavelike the electron exhibits all the characteristics of classical waves such as

refraction, interference and diffraction as illustrated below Higure 3.1.

In phase Out of phase
Constructive interference Destructive interference

R AYAYA

Medium 1 | Medium 2

Vi n; Snell's Law of refraction
sind, _ v; _ M
5 siné, v, M
0 a - smb; Va2 2

RN

Figure3.1 lllustration of ®me daracteristics of classical wavediffraction from an aperture and
subsequent interferenadde phase relation between two waves and the resultant wave from
their superpositiorrefraction at a boundary between two media with dissimilar et
indicesand Snell's law ofefraction

3.3 MicroscopeConstruction

As already alluded to there are twodifferent types of ransmission electron
microscopethe conventional (TEM) and the scanning type (STEM). Regardless of

thetype the fundamentals are the same. Electrpnsduced in a source gun, are
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accelerated towards a speciméeld in a high vacuum. Their trajectory is

manipulated by a series of lenses and apertures. Electrons pass through the specimen

and their interaction is detected in onese¥eralvays.

3.4The Electron Source (Gun)

The electron gun sits at one extreme of thical system and provides tb&ctrons

for imaging and anal ysi s. tipdp achievediby e mi s

eitherthermionicemission field-emissionor a combination of thewo asis the case
for Schottkysources. Thermionic sources weraditionally made of tungstemnire,
however,these have been superseded by lanthanum hexaboride, ihaBodern

TEMSs. Figure3.2 compares the emission charactecsbf these sources.
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Figure3.2 Emissioncurrent densitie6Am) for thermionic emittersamparingtungsten and
lanthanum hexaboride afunctionof operatingemperature.

Field emission, or FEG, sourcesy on the enhancement of the electric field (>10
V/cm) about the sharp point of a tungsten rod, which is held at a poténuial
several kV with respect to the first (extracting) anode. This bias applied to this lens
is thusly termed thextraction vétage The pointradius(r) is typically < 100 nm

and inthe idealised case of a spherical point the electric field scales=ak/r. The

tip must bekept ulta clean whit requires ultrehigh vacuun (UHV) conditiors (<

107 P3. Operated at ambient temperatufE G sour ces ar EEGs ai d

however,they do require temporarily heatinffa§hing from time to time to drive
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off debris attracted by the strong field in the vicinity of the tip whvebuld
otherwise impairemission. The problem of contaminatibaild-up, as well as the
requirement for UHV conditions, may be avoidedtlie tip is heated during
operation as is the case tbermally assistefEGs. Semiconductor surface coatings
(e.g. ZrQ) may be applied tohe tip in order to lower the work function thus
enhancing emission. The reductignis equal to the Schottky barrier between the

metalsemiconductor from which such sources derived tfaire.

b — |

Cathode ——

FE. Tip —— Vv, V,

First

g N
Anode —— [ —

I

Second o
Anode ——

\ Crossover

200 pm %
— "effective source”

Figure3.3 Scanning electron microscopreageof a FEGtip, illustrating it's extreme sharpness and a
schematic of a fiekdkmission source showing the relative positions of the tip, anodes and first
bean crossover pointReproducedrom Williams & Carter,(2009.

Electrons drawn from the tip by the first anode pass througltérgre towardshe
secondanode with 100 kV or so accelerating voltagedefinethe electron beam.

The overlap of the field from the two anodes has a lensing effect on the beam which
producesa crossover point beyond the second anodeNRggeee3.3b). The diameter

of this crossoveiis the effective source size the rest ofthe c r 0 s ¢ oapckis 6 s e e ¢
important for the subsequentormation of the beam. A laeg(or bright) effective

source size facilitates forming a parallel beam of electrons since the demagnification

of the source, occurring in the optical elements dirgatgceding the source, will

servet o condense and bl ur svsarfacgeas seamntl®s acr o
specimenlLarger source sizes necessarily have a larger spread in the distribution of
electron energies and a greater degree of incoherency. This causes problems when
focusing dued chromatic aberration in the lenses and makes the beam less viable

for use in energyossspectroscopy.

Some of the defining characteristio$ electron sourcegsee Table 3.2) are as

follows. Thebrightnessof the source, measured in A#%n, is the ultimate limiting

factor in determining the maximum achievable beam flux. §he n @msssion
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current stabilitycan vary from fractions of seconds to days. A stable sojarce
short time scalesy especiallydesirable in scanning techniques where the incident
flux will necessarily determine the intensity of the signal being measured. The
coherencyof the source is a factor determining the diffraction limited spatial
resoluton and is especiallymportant in situations where interference between

electrons provides analytical information such aghase contrastnaging.

Thefield emission gunKEG) offers an improvement in brightness over thermionic
emitters (coldFEG 16° A/m?sr and Schottky 20*?A/m?sr) and also offers an order
of magnitude reduction in energy spread (CFEG 0.3 eVSuittky0.7 eV). The
cold-FEG opeates with a stability of % whereas the Schottky is capable of
greater thari% stability.

Table3.2 Comparison of therinciple characteristics oélectron sources used in electron microscopy
Reproduced from Williamm& Carter (2009)

Units Tungsten  LaBg Schottky FEG  ColdFEG
Work function, @ eV 4.5 2.4 3 4.5
Richardson'sconstant MmZK2 6x10° 4x10°
Operatingtemperature K 2700 1700 1700 300
Current density (at 100 A/m? 5 10° 10° 10°
kV)
Crossoversize nm >10° 10* 15 3
Brightness (at 100kV) A/mPsr  10%° 5x10"  5x10% 10%
Energy spread (at 100kV) eV 3 1.5 0.7 0.3
Emission currentstability %/hr <1 <1 <1 5
Vacuum Pa 107 10* 10°® 10°
Lifetime hr 100 1000 >5000 >5000

3.5Electron Lenses andApertures

After | eaving the gundés assembcolynnofhe el

the microscope by a series of apeztu and electromagnetic lense§pertures
provide a means of selecting individual electron trajectories and the lenses serve to
redirect ad focus these trajectories. The similarity between electron optics (charged
particle optics in general) and traditionhght-based optics is such that, in
considering the trajectories of electrons in passing through an optical apparatus and
ultimatelyimage forming lenses, the same approachy beused: that ofjeometric

optics. More precisely, provided the refractive index does not change significantly
over a distance of a few wavelengths then on paper light optics and electrons optics

are indistinguishdb. The only difference is that in electron optics the influences of
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the lenses extend beyond the physical material from which it is constructed,

gradually diminishing with distancdn light optics, however, lensegenerally

constitute abrupt changes efractive index (Ros&008).

The lenses of both TEM and STEM, with the exception of those within the gun

housing, are electromagnetic. A direct curréist passed througa coil of wire and

themagnetic fieldB produced geeFigure3.4) is used tananipulatethe trajectories

of the electrons as they pass through. The-Batart law predicts thaB will be

directed along the axis of the coil and for a givatialkdistanceRits magnitudewill

be proportional to/. A crosss ect i on

found in TEM is shown irFigure 3.5. The iron tadding serves to concentrate the

t hrough

a

tiypically

entr

magnetic field in the vicinity of the polgiece where the specimen sits immersed in

thefield.
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Figure3.4 Schematic illustrating the geometry of thagnetic field produced byaurrent carrying

coil of wire.
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Figure3.5Acrosssecti on t hrough a fAtop e nthetpansmiseier si on

electron microscopd he iron cladding serves tmncentrate the magnetic field in the vicinity
of the polepiece where the specimen sitsmersed in the fielRedrawn fromEgerton(20095.

In the gereral case of an electron travelling at veloayvithin a uniform magnetic

field @it will experiencea force given by:

k2 b &
If ®andd are parallethen™®will be zero and the electron will continue according
to Newton's first lawHowever if & subtends an angkfwith respect ta® then the
electron will experience a fordeproportional tod O E 1 . This force acts in a
direction mutually orthogonal t@ and &. The resulting motion of the electron
describes a helix propogating along the direction of the field dineith velocity
0 ®AT O. Ignoring relativistic efécts and considering only the perpendicular
velocity componenb the radius of the electron's helical motion is given by

av auvi Q¢

0Q 0Q

The focussingaction of the electromagnetic lerssachievedby adjustingl which

i

variesB, which inturn alters the radial distanceof the electrons from the optical

axis aboti which theyspiral. Sincer also deperslon 3 it is apparent whyas

mentioned previously) electrons of a single wavelength are desirable for electron

beams in th&EM.

The geometry in the electromicroscge is chosen such thatP is ideally
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symmetrical about the optical axie which the electron trajectory will be near
parallel: i.e./ will be small meaning thaO £/ / . In optifs this condition is
known as the par@ approximation and in both light and electron optics means
tha geometric optics may be used for determining the beam paths through an optical

system by simpleay-tracing.

3.61dealised Image Formation in theTEM

An imaging system aims to map points in an object to points in an image with a one
to one correspondence. Focusing with a thin lens results in rays scattered from an
object in theobjectplang a distance u from the lenseing brought to focus in the
image plane a distanceon the opposite side of the lenchese rays pass through

the lens and converge to cross in the back focal plane from where they continue
(unless detected as a diffraction pattern) to be projected to a point in the (Gaussian)
image plae Figure3.6). The image thus produced is inverted and linearly scaled

(magnified) with respect to tlobject.

: Back focal
plane

Wrm—

v >

Figure3.6 Ray diagram illustratingocusingusinga thin lens. Rays from an object in thigiectplane
a distance u from the lens pass through the lens and converge to focus in the batarfecal
from where they continue (unless detected) to be projected as a-dpsideémagean the
image plane.

The action of the lens is to Fourier transform the object to reciprocal space in the
back focal plane which is then transformed back to real spagassingto the

image plane. It is obvious that the transformationis not total in that not all

spatial frequencies in the object pass through to the image and therefore the image is
a filtered representation of the real space object. The finite diameter of e len

ultimately determines the angular range of scattered rays coming from the object
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which make it through to the image much like a-btep filter used in signal
processing. The angular acceptance of the lens can be further limited by using an
aperture to dect specific beam pathabout the optical axisFigure 3.7). This may

be used to enhance contrastBF imagesesulting in strongly diffracting/scattering
regions appear darker in the resulting image. The aperture can also be displaced
from the opical axis resulting in darkield images in which diffracting regions are
brighter. The further from the optical axise higher the spatial frequenctbatare

accepted.

Points in object plane

) i\
o

Aperiure inserted
4 in back focal plane

Figure3.7 Theuseof anaperture in the back focal planéatransmission electron microscofme
limit the effective angular acceptanceitsfobjecive lens.

The resolution of any optical imaging system is ultimately limited by the wavelength
of radiation it employs as illumination. Essentially any image forming lens, by virtue
of afinite diameter, limits the angular range of illumination that patgsesigh it to

be focused in forming an image. Diffraction, which invariably occurs when a wave
passes through such a limiting aperture, results in point sources in the object plane
being transferred by the lensdaextendedegion in the image plane.rd¥ided the

focd lengh f of the lensis large compare with the lens diameted the phenomenon

is known asFraunhofferdiffraction, which for a circular lens predicts that a point
source object will have an intensity distribution in the image plane known as an Airy
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pattern the form of which is depicted in various wayBigure3.8.

Intensity Profile

Figure3.8 Various depictions of an Airy or Fraunhofdiffraction pattern showing 3D wire mesh
model of the Airy patterftop-left), a2D profiles throug the centre of the Airy patteftop-
right) defining D the width of the Airy disk (83.8% total power) and the closest approach of
two Airy patterns used in defining the Rayleigh criteriondpatialresolution.A sequence of
projections of two Airypdternsprogressiely overlapping(bottom)

By the Fourierrelation the diameter of the Airy disk (i.e. tHeraunhoferpattern)
varies inversely with the diameter of the lens (or limiting aperture) and
proportionally with wavelengthgf. This isencapsulateih the so-called Rayleigh
criterion which definsethe spatial resolution of an imagilegs.

_ 0.614
psin (B) (Williams & Carter2009)

whereg is the refractive index of the of the medium dnid the acceptance
angle of the lens. The Rayleigh critar requires that in order for two point objects
to be distinguishable ithe imageplane their Airy disks must be separated such that
the first minimumof one corresponds to the maximum of the other, as shmwn

Figure3.8.

3.7Lens Aberrations

Electron lenses, like their opticalounterparts suffer from aberrations which

degrade the performance of the lens. Some of the most important aberrations are

represented ifigure3.9.
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Spherical Aberration

Two fold astigmatism

-
3

Figure3.9 Graphicalray diagrandepictiors of some of the most important aberratiafi€lectron
optical lensesDiagrams illustrag sphericalaberration, offaxis coma, chromatic aberration
and twofold astigmatism.

The most important of these imperfections @neomaticandspherical aberration
Chromatic aberrations result in lenses having a wavelatgpknént focal length,

an effect which can beainimisedwith the use of monochromated sources or energy
filtered imaging. Spherical aberrations{C which is the most significant in TEWM

resuls in a lens with a radially varying focal length, with the lens being optically
stronger moving radially out from the optical axis. Electrons travelling off axis will
be brought to focus closer to the lens than those which travel close to, or on, the
axis. One way tominimise the effect of spherical aberration is to use an
appropriately small aperture to select only those electrons which travel close to the
optical axis.This, however limits the resolution by increasing the size of the Airy
disk. Coma is m aberration which is a result of the electron beam travelling along a
path which is not coincident with the true optical axis of the lens. Gés be
corrected for by appropriately tilting the beam so as to achieve alignment with the
optical axis. Astigratism is an aberration which results from a departure from radial
symmetry of t Hield. First mreled astg@majismeis dorcected for by
using a series oélectromagneticoils immediately preceding the objective lens.
Other, highorder, aberrabns (i.e. G-3rd) can be corrected for, or at least partially
compensated for, by offsetting their effect against other aberrafibissis done by

using a series ofmultipole lenses immediately following the lens. Such

configurations a known & aberration correcter and ae used © provide
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subAngstrom probes and image resolution in the latest machines (Egerton, 2003;
Krivanek, Corbin, Dellby, Elston, Keyse, Murfitt, Own, Szilagyi, & Woodruff
2008; Lupini & Pennycook2002).

In an optically pedctlens all ray paths travelling parallel to the optical axis will be
focused exactly at the focal point. However, in réaises the net effect of
chromatic and spherical aberrations gives rise to what is known as the disk of least
confusion. The sizef this disk (inthe image plane) is the size of the smallest

6f ocusedd spot which can beverdlesolutervof d anc

themicroscope set up (Williams & Cart@009).

3.8 Optical Element Configurations (TEM)
TheCondenset.ens System

Immediately following the anode is the condenser lens system. This comprises up of
one or more (typically two) lenses and an apertamgteredabout the optical axis.

The condenser systedemagnifiesthe beamcros®ver from the gun system and,
together with the préield of the objective lens, projects the beanto the sample.

By overfocusing the lens system (i.e. using it as a weak lens) near parallel
illumination can be achieved at the sample. The area of illuramati this mode
canbeupto-25¢e m and i s suit abl iemagihgpA convesgent ma g n i
beam can be achieved by using the condenser system as a strong lens as well as
usng the condensero6s aperture to Thentr ol
condenser aperture can also be used to limit the beam current by cropping electrons

fromit.
TheObjective Lens

Immediately following the specimen is the objective lens and its aperture. This lens
is used to produce lEgh-quality image in its image planand a diffraction pattern

(DP) in its back focal (diffraction) plane (BFP). The diffraction pattern is formed by
the objectivdensfocusing electrons at positions in the BFP according to their angle
of incidence on the lens (i.e. the scattering anglér wihich they have left the
specimen). If these electrons are followed past the BFP they are recombined in the
image plane to form an image (typically-6@00,00k magnification in TEM). The
objective aperture is used to select which scattering andlébeotransmitted

electrons whichcontribute to the final image, something whishimportantfor
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generating diffraction contrast phase contrast imaging to be discussed later in this

chapter.
TheProjector Lens System

Following the objective system is ar&s of intermediate lenses which further
magnify theimageor DP, and project this (with the projector lens}othe viewing

screen, camera or detector system. Contaiméluis section of the optical system is

the selected area diffraction aperture (SAD) which can be used to limit the effective
area of illuminatior(typically 10-0 . 2 e m de p e n d iapeurasaed)att he s |
the sample (projected backwards) from wh&hDP or an EELS spectrum are

obtained
Correctorsand Stigmators

In addition to the main lenses outlinatdove there are a series of alignment coils

and astigmatism correctorstigmator$. The alignment coils provide control over

the tilt and shift of thdeam with respect to the optical axis. This is necessary for the
proper alignment of the microscope (e.g. coma correction). The astigmatism
correctors, as their name suggests, are used to compensate for astigmatism in the
objective lens and are essential the formation ofhigh-quality high-resolution

latticeimages.

3.90ptical Element Configurations (STEM)

The STEMOGs | reissimilarrorti@anag €EEMpowever in STEM the

objective sits prior to the specimen atitkre are no post objective |essfor

imaging purposes and a set of scan coils are used to raster scan the beam across the
sample.Post specimerouplinglenses may be used to compress the beam in order
that it may be efficiently transferred tqpastcolumnEELS spectrometer. In STEM
magnification is achieved by appropriatallgoosing the area over which the beam

scans and var yi axgtatiorh(eeanocorjvergeriaagle)e | ens 6
TheObjective Lens

The objective lens in STEM is highly excited, when compared to TEM, and is used
to forman extremely smal~0.1 nm)probe of high current density10™° A). The
sample in STEM sits very close to the objective lens and is innfewersed in its

post lendield. This allows for highly convergergrobes20 - 25 mrads.
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Scan Coils

After the objectivecondensetens system comes two pairs of scan coils which are
arranged to be mutually orthogonal to the optical axis. This arrangement allows
themto act in cmperation scanning the beam over an area of the sample in a raster

fashion.

3.10Signal Detection

There are many possible signals which may be produced when the electron beam of
a (S)TEM interacts with a sample. The most commonly exploited of these are the
scattered transmitted electronboth indirectly (BF) and directly (DF)and theX-
raysproduced by electreheamexcited sample atoms. The scattered electrons carry

a wealth of information about the sample which can be extracted by proper
measurement fotheir scattering angle, phase and energy ISLS) X-rays
provide information on the elements present in the sample and can be used to

determine relative concentrations of different atospiecies.
Electron Detection for Imaging

Electrons are generally detected either by using photographic plates, -charge
coupled devices (CCD) or photomultipliedrs. TEM the CCD is eithelocated

below the viewing screen in a dedicated post column imaging/EELS system or
above the viewing screen @35 mm port. The CCD itself is not actually exposed
directly to the electrons but is coupled to a phosphorescent (scintillator) screen via a
series of fibre optical cables. Photons produced by electron bombardment in this

screen travel down the opticalldes and are detected in ED.

Il n the STEM, a scintillator mat energyal [
into light. This light is then detected by a photomultiplier system and its
intensity recorded as a function of beam position to coctstm image. STEM is
capable of not only detecting those electrons which have been scattered through
small Bragg angles (®)Lbut also those which have suffered relatively larggé°(>
Rutherford or nuclear) changes in their direction of propagation. This
accomplished by using several (on andafis) detectorso simultaneouslyletect
electrons from various scattering angles. Theaaf§ detectors are callexhnular
darkfield (DF) detectors. DF imaging is possible in the TEM and is accomplished
by ether tilting the beam or by offsetting the objectagerture.

35

S



Electron Detection for EELS

Electron energy loss spectroscopy in the analy(S8EM involves analysing the
kinetic energy distribution of the forward scattered electrons emerging from the
sample (Brydson, 2001). Fdinis a dedicated spectrometer is used which usually
consists of an energy discriminating element and an electron detéb® first
element, which is usually a magnetic prism, is used to disperse the electrons,
according to their kinetic energies, across a detector. The detector can either count
electrons serially (SEELSYith the aid of a slit to select amergywindow, or in

parallel (PEELS)s is the case for CCD detectors. In front of the prism element is
the spectrometer entrance aperture, this is used to define the angular range of
scattered electrons accepted by the spectrometer (typicallyrwa23. Between the

prism and theCCD there are usually a series efectromagnetienultipole lenses

and electrostaticorrectors. These are used to modify the electron pedléng the

prism and achieve focus in the detector plane. The whole EELS detector system is
usually mounted post column in both TEM and STEM. Another BEystem,

which is less frequently employed, is tee-called Omega Filter. This is an 4n
column energy discriminating element which is made up of four magnetic prisms

arranged in the shape of the Gréstkerq .

In PEELS the magnetic prism projects the spectrum across a CCD. The spectrum is
then recorded in paralldédy vertically summing the CCD pixelalues across the
CCD. That is, in a direction perpendicular to the energy dispersive pREELS

hasthe major advantage of short acquisition time86.6 - 100s) which are generally

only limited by the time taken to collect sufficient electron counts for good statistics.
One major disadvantagef PEELSIs that CCDs give rise to addednoiseandin

some cases a fixed pattern gain variation (a problem for STEM) in spectra: this is in
contrast with the SEELS detector system in which the same detector is used for all

energylosses
X-Ray Detection for Chemical Analysis

X-rays emitted from the sampkee collected by a dedicated detector which is
mounted on the side of the column just above the sample stage. The sample is

usually presented to the detector during acquisition by tilting it through ae @ingl

~15’to avoid absorption by the specimeoider.

The detector its self is generally one of two types: Wavelength Dispersive (WDX) or
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Energy Dispersive (EDX). The former consists of a collimatgstem andeveral
(curved) crystals of well know Bragg spacings. The collimatadys are diffracted

by the crystals and are serially collected as a function of angle, usually by
photomultiplier system. WDX detectorsare capable of energy resolutions of
~10eV and can detect all elements down to lithium (Egerton, 2009). EDX systems,
which are capable gfarallel recording, mploy a semiconductor materi@loretto,
1994) to convertthe X ay p h ot anto@ sorresporedmgplyage pulse. This
pulse is then analysed by the detei@lectronics and passed to dedicated software
to create a spectrum. BEDsystems perform less well at detecting softays than
WDX and are limited, in the best case, to elements above boron. EDX also performs
worsein terms of energy resolutior- (100 eV) when compared to WDX. These
drawbacksare however compensated for the short acquisition times inherent in
parallelrecording. This has meant that EDX has become th&yXetection rathod

of choice in most modern analytical T§Ms (Egerton2009).

3.11Imaging Modes and ContrastMechanisms

There are two grand regimes of imaging in the TEM: Bright Field (BF) and Dark
Field (DF). BF images are produced usingaows apertures and detectors (a
position which would givé b r iingabetragions in the absence of a specimen). DF
images are acquirdaly either tilting the beam, using edikis apertures (in thease

of TEM) or by using offaxis annular detectors (in the case of STEDBpending

on their angular location, tise detectors are termed eithenalardark-field (ADF)

or high-angle ADF(HAAD F) detectors

Amplitude Contrast

As electrons pass through a specimen they will be scattered by the atoms within the
sample. The amount of scattering will depend upon the atomic density (in
projection) of a given region of the specimen. The greater thisitglethe more
scattering will occur. In TEM, with a suitable choice of objective apertegons

of high density in a specimen will result in intensity deficient regions in BF images.
This mechanism is callemassthicknesscontrast The inelastic scating power of

an atom, at high angles ( > 5°), is proportional to the square of its atomic humber (Z)
and as such imaging using only electrons scattered through these large angles or
greater is called £ontrastimaging(i.e. HAADF imaging (Goodhew2008.
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In the case of crystalline samples, electrons will be strongly, and preferentially,
diffracted in specific directions (up to ~ 1° off axis) depending on the nature of the
unit cell being probed. This will affect both BF and DF images by removing
electros from BF images antlansferringthem into DF ones (ADF not HAADF in

the case of STEM) orice versaThis mechanism is termeiffraction-contrastand

will occur along withmassthicknesscontrast as outlined above. When diffraction
contrast is presenit will tend to dominate the image contraf&tr crystalline
materials inTEM.

It is common to group the above contrast mechanisms together under the umbrella
name of Amplitude contrastsince they result in direct changes in the

amplitude/intensity of theransmittedsignal.
Phase Contrast

Phasecontrast resutfromt he phas e dhe aasegoéBraggd diffeactionn
suffered by electrons which have been diffracted by atoms within the sample. If the
specimen is sufficiently thin so that transmittedcetens can be considered to have
experienced zero or a maximum of one scattering event the specimen is said to be a
phaseobject In cases where theample is extremely thin, so that the transmitted
beambés i nt ethuachanged when canrparnen to grémary beam, the
specimen is said to benseak phaseobject(WPO) (Goodhew2008).

In TEM, if a WPO is illuminated with coherent illumination the Bragg scattered

el ectrons wil |l be phase shifted HfOhe "~/ 2
contrastin an image is formed by selecting an appropriately sized objective aperture

so as to allow both the unscattered and (some specific) diffracted electrons through.
Superposition of the respective electron waves, when they are reconstructed in a
conjugae image plane, will result in contrast by virtue of these phase differences.
Contrast may be further enhanced in the:c
shift to the diffracted electrons by operating the objedaus atan appropriate level

of defocus. This is the principle behind the formation of atomic lattice images in

TEM.

Lattice Imaging

Images may be obtained, in both TEM and STEM, which are capable of resolving
crystal lattices and individual atomic columns. For this the microscope muslbe w

aligned, the objective aperture must let through only those diffracted electrons which
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correspond to spatial distances resolvable by the microscope and the objective lens
must be correctly defocused (see below). If these conditions are met atomiasolum
will appear dark in BF images and between the columns will appear bright
(Williams & Carter 2009).

Focusing with the objective lens introduces phase shifts in elesmgas which

vary with the angle with which they pass through. The relationship betpkase

shift and angle for a given lens is determined by its contrast transfer function (CTF).
The optimum level of defocus alluded to above is determined by theigbjecé n s 6
CTF and is know asScherzer defocugor an objective lens of a giver (Gpherical
aberration coefficienthnd el ectrons of WScheedrdefogus h o

is givenby:

WQ pg 6 _ 7

(Williams & Carter 2009)

3.12Electron Diffraction

When a collimated beam of electrons, such as that of Eid, Ts incident on a
periodic spatial arrangement of atoms, such as those of a crystalline material,
interference between the diffracted electveaves will give rise to a diffraction
pattern (DP). The DP of single crystals, as viewed in the back foca fBFP) of
theTEMOs obj ect iofaserlexeal spots whase istensity and relative
position are characteristic of the scattering atospatial arrangement. By analysing
this pattern it is possible to deduce the real space configurationr$ atdhin a
crystalline material. Amorphous and polycrystalline materials also give rise to a
diffraction pattern, however here the pattern consists of rings rather thanlspots.
the case of polycrystallineamplesthese rings are composed of many thadsaof
individual diffractions spots which, because of the random orientation of the
individual crystallites, blur together to create rings. The position of these nngs,
the BFP, can be used to calculate the wéttice spacings of the material. For
amorphoussamplesthe position of these rings represents the average interatomic

spacings.

When performing electron diffraction in the TEM it is common to use an aperture to
select the area olhe samplewhich is allowed to contribute to the diffractiontean.

This is known as a selected area aperture (SAD) and the mode of acquisition is
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known as selected area electron diffrac{lSAED).

3.13Electron Energy L ossSpectroscopy(EELS)

Electron Energy Loss spectroscopy (EELS) is one of the major analytical techniques
used in this study and accordingly this section is dedicatadligcussion of EELS

in the TEM. The aim is to provide and outline the most relevant aspects since the
subje¢ is addressed in greater detail elsewhere (Ameliretkal., 1997; Brydson

2001; Egerton2011; Egerton2012).

In the context of the(S)TEM, EELS involves analysing the kinetic energy
distribution of the transmitted electrons whiah passing through specimenhave

lost energy due to inelastic interactions. The amounts of energy exchanged and
concomitant angular deflectiois characteristic of the type of interaction process
and in turn the solid state nature of the specimen. Of practical intereshengy
losses up to several thousand eV which include the excitations of phonons
plasmons, inneshell and valence electrons. Therefdt&LS probes the chemical

and electronic properties of materials and may provide information pertding
sample thtkness, valence electron density, optical propertieiemental
distributions/concentration®xidation state, coordination environment and specific
bonding characteristics (Brydsor2001; Egerton 2012; Egerton 2009). Fine
structure spectral details aoften sufficiently distinct making EELS an effective
fingerprinting method and in many cases can be used for quantitative analysis of
mixtures. Outlinedn Table 3.3 isa summary of the different type of information

available fran a detailed analysis of &EL spectrum.
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Table3.3 Summary of the different types of information available from detailed analysis of a
electron energy loss spectruniték Amelinckxet al.,(1997)

Spectrum domain

Information accessible

Whole spectrum and Thickness, total inelastic

zero loss in
particular
Low-loss region

Low-loss region

Low-loss region

Core-loss region

Core-loss region

Core-loss region

Core-loss region

scattering
Average electron density

Interband transitions/joint
density of states

Interface/surface properties

Qualitative and
quantitative elemental
analysis

Site symmetry; bonding
type; bond lengths

Radial distribution
function

Density of holes on local
states

Required processing
technique

Measurement of
unsaturated zero-loss peak

Measurement of plasmon
line properties

Kramers-Kronig
transformation; calculation
of dielectric constants
(critical-point modeling)

Study of the interface
plasmon modes

Measurement of core-edge
weight

Analysis of core-ELNES;
comparison with
fingerprints; molecular
orbital, multiple scattering
or band structure
calculations

Analysis of core-EXELFS

Measurement of white-line
intensities

Field of application

Very general

Microanalysis in metallic
alloys

Optical and transport
properties; comparison
with VUV spectra;
intergranular van der Waals
forces

Interface and boundary
structure and chemistry

Nanoanalysis of any type of
material

Site-selected valence state;
charge transfer; bonding
and structural environment

Site-selected crystal
coordination

Electron configuration in
intermetallics, insulators,
and superconductors;
magnetic properties

ELNES, energy loss near edge structure: EXELFS, extended electron energy loss fine structure; VUV, vacuum ultraviolet.

Performed in the conventional TEM, EELS provides bulk averaged information
from areas of approximately 100 nm in extent, whereas using a dedicated STEM the
probesize limits EELSspatialresolutionto around 1 nm. The use of €correcting

optics in the ase of STEM dramatically increases the spatial resolution attainable as
well as the current density of the probe.-S8CEM EELS data is now routinely
acquired using suBngstrom probes allowing chemical and compositional
information to be obtained with atacrresolution (Allen, Findlay, Lupini, Oxley, &
Pennycook, 2003; Egerton, 2007; Klie & Zhu, 2005; Kujawa, Freitag, & Hubert,
2005; Muller & Silcox, 1995; Pennycook & Varela, 2011; Pennycook, Varela,
Lupini, Oxley, & Chisholm, 2009; Zhou, Pennycook, & IdogB012).

Acquisition and Persistence of Energy Loss Spectra

The energy loss signal is collected and recorded usitiger a dedicated
spectrometer or a hybrid enerfifer-comespectrometer which, may be used for
spectroscopy.Historically, numerous degns have been proposed for electron
energy analysers of which many have made the transition from the hypothetical to
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their practicalrealisation and subsequentse.Despite this, the current market for
EELS hardware isdominatedby GatanInc. with their flagship post colmn
spectrometer design (GubberBarfels, Trevor, Twesten, Mooney, Thomas,
Menon, 2010; Krivanek 1989). An example of this design iustrated inFigure
3.10where it adorns the top ofdeedicated STEMolumn

projector
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Figure3.10 A dedicatedscanning transmission electron microscéted with a Gatarpog-column
enaqy filter (left) anda detailed view of a Gatgmostcolumnenergy filter(right) illustrating
the path of the electron beam in passing through the main components of the spectrometer

In producing the energy loss spectrum the spectrometer must accept a small portion
of the beam coming from the projector cross over just outside the entrance aperture.
The spectrometer entrance aperture is variable and is used to deternangulae

range of electrons entering the spectromeidis allowsaberrationsassociated with
off-axis beam paths, to be balanced against larger collection awbieb provide

more signal. Passing through the entrance aperthee electron beanis finely
adjustedby passing through a set of pspectrometermultipole tuning lenses
(FocusX, FocusY, SX and SYIJ.then passes through the uniform magnetic field of
the prism which constitutes the main dispersieeement and isultimately
responsible for producing the egg loss spectrum. The geometry of the prism is
such that electrons travel alomgdirection perpendicular to the magnetic fiéld

The resultant force experienced thy electron isn a direction mutually orthogonal

to both the magnetic field anitheir direction of propagation. This translates the
electronpatht hr o u g h theprsms@uwve. The trajectory of electrons is such
that those with lower energies are deflectedatgreater extent such that upon
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leaving the prism the beam will be spread. d-ollowing the prism are a series of
guadrupole lenses which transform the spectrum by magnifying and project it across
the scintillator which is optically coupled to a CCD for parallel detection (Krivanek,
1989; Krivanek, Ahn, & Keeney, 1987; Shumaggl).

Optimising the AcquisitionProcess forQuality EELS

In conventional TEMEELS can beperformedeither in imaging mode or diffraction
mode. In the firsinstance the spectrometer is said to be diffractcyupled to the
microscopesince in the spectrometer plane there will be projected a DP of the
sample.In imagecoupled mode, in which the microscope is operated in diffraction
mode, the opposite is tr{ggerton, 2011). Image coupling should be preferred over
diffraction couplingas this reduces the effects of chromatic aberrations in the
objective and projector lenses which can lead to spectrometer collection efficiencies
being depené@nt on scattering angle (Brydson, 2001). When the microscope is
imagecoupledto the spectrometer selectedarea diffractioraperture can besed to
(approximately) define the area of the sample from which the EELS signal
originates. In thisvay, EELS data from spatially res@d regions may be obtained

in TEM (typically areas of ~ 200 nm isiameter)

The angular distribution of the forwards scattered electrons collected for EELS may
be approximated by horentziandistribution for which a characteristic scattering
angle may be defined. The angle increases proportionally with the energy loss of the
feature in questionf the collection angle of the spectrometer is too small then only

a fraction of the signal will be collected. On the other hand begfmcharacteristic
angle,furtherincreasing the collection angle resultdiitie extra gain of sigal but
instead increases the background contributwiditionally, at large angke (> 30

mradg the dipole selection rule no longer holds. The characteristic scattering

semiangleis givenby

o(mrads) E(eV)

mrads) = —————

2E,(keV) (Brydson 2001)
As a rule of thumb collection anglsbould not exceed-2 timesd.
TheEnergyLossSpectrum

The energy loss spectrum igdescrde approximation of the continuous probability

distribution describing inelastic electron scattering as a function of increasing energy
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loss. The independent varlabs energyloss which is divided into discrete intervals

of equal width in energy loss. Thdependnt variable is simply the frequency
(N(E+mpE) ) wi t h wlare abberves Iwghcehergy m gshe interval E to

E + golB principle this covers a largamge of energloss however, due to practical
considerations values from 0 to several keV are normally considered accessible. The
actual range covered in a single spectrum acquisition depends on the total number of

channels, the energlispersion and angnergyoffset used by thgpectrometer.

With numerous energy loss mechanisms contributing to the EELS signaatuis

to define several regiorsf energyloss(seeFigure3.11)

Low Loss Core Loss
% Excitations lonizations
o
4000 { 2
-
e
& Near Edge
Fine Structure
@ 3000 -
g Extended
o Fine Structure
(&
il ]
2000 s o 60‘99
0 v,
Salfe .
oﬁ}?}; T -
gaac;, o
1000 - g
Interband {9”"”
nterba
Transitions X1 0
0 50 100 150
Energy Loss (eV)

Figure3.11 Electron energy losspectrum showinthe zeralosspeak plasmon and cos®ssregions
of an idealised electron enerpyss spetrumwith electroncounts on a logarithmic scale.
After Egerton(2011).

The £ro-LossPeak

At zero energyloss we find thezercloss peak(ZLP) which represents all those
electrons which have been either elastically scattered or not ah allproperly
prepared (i.e. thin) TEMample the ZLP will be by far the most intense feature in
the spectrum. Bgefinition, the ZLP is due to electrons having incurred zamergy
lossand as such it provides a known reference for calibration of the elosgy
scale (Egertor2011).

The width of the ZLP is determined by the energy spread and stability of the

electron source as well as the spectrometer focusing and aberration effects in the
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microscope.Typically qpEis between0.3 - 0.8 eV for field-emittersand below

0.2 eV for monochromatic sources (Egerton, Qian, & Malac, 2006). This vgidth
thecommonly usedardstickfor measuring and comparing the energy resolution of
an EELSsetup.

The integrated signal intensity of the ZLP with respect to the reabedpectrum is
related to the thickness of the specirbgn
t A
Vi n(—)
I, (Brydson 2001)
wheret is the specimen thickness,i s t he el ectronés me
inelastic scatteringy is the integrated intensity of the whole spectrum knsl the
integrated intensity of the ZLP. In the case of an ideal specimen, for wiiltiple

scattering is not arssue, the relative thicknesgwill i deal 0.3t be O

PlasmonLosses

From around 5 50 eV energy loss is in ti@asmonregion This ispopulated by
peaks due to electrons having lost energy in exciting collective resonant oscillations
of valence and/or conductidrand electrons (Egerton, 2011). With relatively large
interaction cross sections, this is by far the most intense region ioetastic EELS
spectrum.Corresponding mean free path values for fast electrons (~100 keV)
interacting with plasmons are of the order of 100inaiose to the thickness of a
typical TEM specimen. Accordingly, there is a significant likelihood that in pgssi
through the specimen such an electron will excite a plasmon and losg Epgrg

the process.The position of the plasmonpeakis proportionalto the squareroot of

the valence electron density, amslwidth is governed by the damping mechanisms
which tend to quell these oscillations (Bryds2®01).

In the case of thick samples, in which multiple scattering is significant, multiple
plasmon peaks may be obsensghcedevenly in energy loséseeFigure3.12). In
terms of thickness, an ideal ldass spectrum is one which exhibits only one clearly
visible plasmon peak. In general EELS data require treatment fophaidtiattering
effecs and this is typically done using Fourier deconvolution methods which rely on

an accurate measurement of the-logs spectrum (Egerto2011).
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Figure3.12 Composite electronnergylossspectruncomparinga thin region25nm)of silicon
(solid) with thatof a thicker(480nm)area (ling. Multiple plasmon peaks starting at ~16.7 eV,
can clearly be observed for the thicker spectriine broad feature starting around 100is¥
silicon L3 ionisationedge. Alapted from Egerto@009).

CorelLosses
Extending from the lowWoss region up to several thousand eV is tloeeloss

region. Peaks, or edges, found here are due to electrons having lost energy in
exciting atomically bound electronsom inner shell cordéevels to previously
unoccupied (yet still bound) finatates just above the Fermi level (Bryds2d01).
This energyloss mechanism is analogous to absorption edgesray Xabsorption

spectroscopyXAS).

The spectroscopic notatiamsed for identifying EELS cofl®ss edges is broadly

similar to that used in Xay absorption spectroscopy (XA&pweverin the case of

EELS, edges are identified liyeinitial state cordevel rather than the finatate as

in XAS. Initial stateorba | s wher e n = 1 K L2Metc3Foreache de
value of n, the orbital angular momentunmumber| may assume integer values
between 0 and (@) inclusive. Thetotal orbital angular momentumumberj, is

given byj =1 + s, in which s is the spn quantum number equal to £ 1/2 and
identifies two distinct electrons for each combination of n & peedictedby the

Pauli exclusion principle. This relationship is illustrated graphicalfyigure3.13.
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Figure3.13 The full range of possible edgesan electron energipssspectrum due to corghell
ionisationalong with a description of the associateanenclatureAdapted fronWilliams and
Carter(2009.

Coreloss edges are superimposed on a slowly decaying background signal. This
background signal igrimarily due to the higlenergy tail of the plasmon region and

to a lesser extent contributions doecbrelossfeatures lying at lower energdgsses

At an energyloss E, sufficiently beyond (> 40 eV) the next nearest endogg

feature, the analytical form of the background signal is that of a pawer

AE™T (Egerton, 2011)

whereA andr may bedetermined by fitting to a region background.

Provided the energy loss associated with a particular transition is negligible
compared to that of the primary beam transitions betweeA®eets and previously
unoccupied (yet still bound) states will babject to the dipole selection rule. This
limits the rangeof observedallowed) transitionsto thosefor which the changein
orbital angular momentum betwee initial and final states is =1
(Brydson 2001) In general this condition is true providk the spectrometer
collectionangle( bu}ed is relatively small permitting electrons scattered by 430

mrads(Egerton,2011).
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EnergyLossNear Edge Structure (ELNES)

In EELS coreloss edges correspond to electron transitions from-leget initial
statesto previously unoccupied (yet still binding) firstlates just above the Fermi
level. The edg@nset corresponds to the energy required to promote the transition of
a corelevel initial state electron to the lowest (allowed) state just above tiai Fer

level.

The actual position of this onset will vary with formal charge (oxidation state),
something which is known aschemicalshift (Brydson, 2001; Garvie & Buseck,
1998). These chemical shifts will typically be of the order of a few eV across

different chemical states. F@&xample in the case ofron, there is an approximate

~2 eV increased between oxidation staté" Bad F&*. Unlike XPS in which such
shifts may beationalisedn terms of a combination a reduction of nuclear screening

and thecorrespondingncreasedattraction the nucleus has on the 2kctrors of

Fe** compared tdhe 26 of F&*. In EELS additional consideration must be given to

the final state which is most probably @ ate for which the occupancy is one less

in Fe than F&™.

3.14BeamDamage

The high energy electron beam of the TEM has the potential to seriously alter a
specimen to such an extent that it no longer can be coeditiebe representative of

the parent material Typically referred to asbeam damageoften there is a
compromise between the information sought and what is permitted before damage is
so significant it can no longer be ignored. This is all thex in the case of
aberratiorcorrectedSTEM where the reduced probe size (0.1 nm compareceto pr
corrected 12 nm) contains the same total number of electrons asoprec¢ed only

now concentrated ovem areaone hundredth of the size. Damage has been studied
and discussed numerous times in the literature (Egerton, 2013; Egerton, Li, &
Malac, 2004 Egerton, McLeod, Wang, & Malac, 2010; Humphreys, 1984ng &
Spence2012).

Damage results from the inelastic interaction betweenspieeimen anctlectron
beam and can take several fortdeockon damage results fromteractionbetween
beamelectronsand the nucleiin which the electrod directionmaydeflectedby up
to 180°. Radiolysisrefers to the breaking of chemical bonds due to the ionising
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effects of electron irradiation. The excitation of phonons results in the beam energy

being dissipatedsaheat throughout the specimen (Williams & Ca609).

In strict radiation physics terms, the amount of energy absorbed by a substance is
measured in joules p&ilogramme (or grayg, however in the TEM it is difficult to

gauge the extent of the thidimension and therefofienceis the preferred units of
measureFluencerefers to the amount of radiation passing through an area presented
perpendicular to it. This is extended to electron microscopy where the number of
electrons passing through a givarea is considered. In Sl units this wouldtihe
numberof electrons per meter squardthwever due to the reduced dimension
typically considered in the TEM, units adlectrors per nm or Coulombs per

centimetre are used since these giveoaesensiblenumber.

There are a number of methods fonimising the effect of beam damage such as
reducing the beam energy in order that is below the threshold for a specific damage
mechanism. Crydixation, in which the specimen is embedded in vitreous ice, is
alsoused. This may help with heating, but in otbasesit simply fixesthe damage
products in place. Carbon coating the specimen can help but thgmidoesnot

solve the problem. The best way is to reduce the overall fluence that the specimen

receiveshowever this cannot be done indefinitely (Egerton e2alp).

Part of this work involved the development of a {imence EELS method in
collaboration with Dr Kasim Sader of SuperSTE8ée Appendix A)This involved
customsed control of the electron laen in order that signal can be averaged over
extendedi e qui val ent 0 cimen(S&ader,Schaffer, tvdughans Bryelson,
Brown, & Bleloch 2010).

3.15Electron Microscopes Wed During This Study

The following microscopes were used extensively througtiosistudy.Additional
information pertaining to the simulation of microscope images is presented in
Table4.2.

NION UltraSTEMM

The Nion Company was founded in 1997 by Ondrej Krivanek and Niklas Dellby
and is dedicated to the research, design and manufacture of -adtjag
aberratiorcorrectedSTEM microscopes, correctors and their constituent parts. Built
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from scratch the UltraSTEM 100as designed as a dedicated aberratmmection
machine rather than being a retrdapted desigrimaging may be performed using
three imaging detectors: bright field, medium angle dark field and-dngte
annular dark field. EELS is carried out usin@atan Enfina spectrometeh fast
readout 1k x 1k CCD detector allows for Ronchigram and diffraction pattern
acquisition.The microscope combines a highightness 100 kV colfield emission
gun capable providinground200 pA beam currents with amergyspreadof 0.3

eV. The gun vacuum is extremely lowgingtypically 10 Torr, meaning the tip
remains clean for longer providinextremely reliable emission. A 3rd generation
NION aberratiorcorrector (12 quadrupole and three combined quadrupole
octopole$ correctsall aberrations up to fiflorder. A fully bakeablemodular
columndesign which provides ultdaigh stability whilst minimising contamination.
The microscopesifully remotely computer controlled (e.g. insertion of apertures,
detectorsetc).

Quad. Quadruplet

EELS CCD Det.
EELS Aper
BF/MAADF | 1k x 1k CCD
QOCM |
HAADF/Beam Stop Tt | - Gate Valve

Pumping 3
PL4
PL3
PL2
PL1
Pumping 2

oL + T
Sample Chamber

- | qﬁ[f

C3/C5 Corrector

Sample Exchange

CL3
CL2
Pumping 1 -] VOA
cL1
Gate Valve
To CFEG e

Y

Figure3.14 The column of theNION UltraSTEM2 "An electron microscoperfthe aberration
corrected eraat SuperSTEM (UK]left) and a schmatic of the columifright) taken from
Krivaneket al.,(2008).

This microscope was used over a five day period (a significant part of which was
unsupervised) during a visit to the STEM groups are Oak Ridge national laboratories
in the USA. Additionally, the same model has been useanerous timest the
SuperSTEM facilitis at Daresbury LaboratgryK.
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SuperSTEM1

SuperSTEMI1(seeFigure 3.15) is a VG HB501 colummetrditted with a Mark Il

Nion quadrupoleoctopole Gc or r ect or providing 1.0 U pr
is fitted with acold-FEG emitter with a 4000keV operating voltage and a 0.3 eV
energy spread. Detectors consist of BF, medium and high angle annular detectors

collecting overangles of 0-6, 35100,and 70210mradgespectively.

" EELS spectrometer with 80° magnet prism
’ and quadruple-sextupole optics

- - < Ronchigram camera, BF and DF detectors
B g-r
.
mm mm 4—— Quadrupole transfer system
= = <«—— HAADF detector

4—— Objective lens and specimen stage
<4—— Scanning coils

=]

<4—— Quadrupole-octupole Cs corrector

<4— 2 stage condenser system

= Field emission electron gun with magnetic
gun lens

AEE N ==

7

-96 kV
| (] -100 kV

Figure 4.5 (a) The SuperSTEM facility at Daresbury Laboratory, UK; (b) Schematic
diagram of the microscope column.

Figure3.15 (a) The SuperSTEM1 microscope at Daresbury lratmyies, UKalong with a (b)
schematic diagram of the microscope coluirelken fromPan(2006)
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Philips CM200 athe Universityof LeedqUK)

TEM analysis was carried out using a Philips Model CM200 TEM operating at
197kV. This microscope is fitted with@atan Imaging Filter (GIRyhich was used

for bulk EELS investigations and all oth€EM imaging basedwork. An Oxford
Instruments UTW ISIS Xay detector was used for EDX spectrum acquisition. This

microscope has a point resolution ofldm

Figure3.16 The Philips CM20Qransmissiorelectronmicroscopehousedat the University of Leeds
UK.
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Chapter 4 Materials Synthesis andCharacterisation
Methods

This chapter provides a detailed description of gheparationmethods used for

each of the synthetic compounds examinethis report. A brief synopsisf each

of the major techniques used in thelraracteriation is given in terms of what is
measured and how this is measured. It is not the intention here to be exhaustive in
describing or provide the histories of technique development as that has already
been covered in many textbooks. What is intended however is that the beader
convinced of what information a particular technique can provide and how the
measurements may be repeated. Split thteeparts, the first section covers the
methods used isynthesising various ferrinydrites and the iron storage protein,
ferritin. Second, the techniques which provide what is traditionally termed bulk
information as acquired fromnacroscopi@reas of a sample are described. Third,

the experimental parametersed for each analytical technique are provided.

4.1 Synthesis Methods

This chapter details the samples synthesised during this study providing a
description of the sample, the synthesis methods used and abbreviated sample names
used throughout this docuntefor the sake of brevityTable 4.1provides a concise

summary of all samples used during this study.
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Table4.1 Details of samples synthesised and examined during this study. Sample Full Names,
AbbreviatedNames and Description are provided along with appropriate sign posting to the
sections where a fuller description of corresponding synthesis methods may be found.

line ferrihydrite

Sample Full Abbreviated Sample Description

Name Name(s)

Synthetic twe | 2LFh Two-line ferrihydrite synthesiseid vitro

line ferrinydrite according to the method provided in
section4.1.1.

Synthetic six 6LFh Six-line ferrihydrite synthesiseid vitro.

according to the method provided in
section4.1.2.

Phosphorus
doped synthetig
two-line

ferrihydrite

2LFhPX, Rdoped
2LFh

2LFhPO I

2LFhP1or P31
2LFhP3or P3
2LFhP5or P5
2LFhP10or P1Q
2LFhP20or P2Q
2LFhP300r P30

2LFh coprecipitateth vitro in the presence of
phosphorus according to the methwdvided
in section 4.1.3. Molar quantities of P®@ere
chosen to achieve a range of P/Fe levels (0.
0.03, 0.05, 0.10, 0.20 & 0.30). X is the atomi
percent P with respect to Fe. e.g. for P/Fe =
0.20, X = 20 and the sample is denoted
2LFhP20

Hydrothemally
treated

PXhY
(P3h12, P5h5,

2LFh coprecipitateth vitro in the presence of
phosphorus according to the method provide

Ferritin mineral
cores

(phosphorus P5h11) in section 4.1.3 was subject to hydrothermal
doped) tweline treatment at 175°C according to thethod
ferrihydrite provided in section 4.1.4. X in the abbreviate
sample name is as defined above and in seq
4.1.3 and Y is the time in hours the sample
subject to hydrothermal treatment.
Thermally PXaY 2LFh coprecipitateéh vitro in the presence of
annealed (P5a13 phosphorus according to the method providg
(phosphorus in section 4.1.3 was subject to hydrothermal
doped) twdline treatment at 175°C according to the method
ferrihydrite provided in section 4.1.5. X in the abbreviate
sample name is as definadove and in sectiol
4.1.3 and Y is the time in hours the sample {
subject to thermal treatment.
Reconstituted | F1125, F2225, Horse spleen ferritins were reconstituted
(in vitro) F3375, F4500 vitro from apeferritins prepared from

commercially bought horse spleen ferritin
according to the method provided in section
4.1.6. Ironto-protein ratios of 4500, 3375,
2225 and 1125 were chosen since these val
correspond taores filledto maximum, %4, %2
and¥sof their nominal capacity for iron.

The methods described below for the preparation ofnesichber crystalline forms

of ferrihydrite are based upon those described in Schwertmann & Cornell, (1993).

Apo-ferritin was prepared from horse splderritin following the method outlined
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in Meldrum et al., (1991)Meldrum,Wade Nimmo, Heywood,& Mann, 199]).

4.1.1 Preparation of Two-Line Ferrihydrite

Ten gramsof Fe(NQ)3-9H.O were weighed and dissolved in 250 ml of twice
distilled water and placed on magnetic stirring plate set for rapid stirring.
Approximately 165 ml of 1M NaO#) was added to the solution raising the pH
from an initial value of pH 3 4 to a final target value of pH-78. Above pH 5 the
base was addedropwise with sufficient timebetween additions allowed for the
sol ut i oredguilibrptéd t o

Washing of the precipitate was achieved by a combination of centrifugation,
exchange of the supernatant with fresh distilled water asagjitation by vortex to
bring the sediment back misuspensionThis was repeated fivimes After each
successivewash the supernatant was observed lecomeincreasingly cloudy
indicating a decrease in the electrolytic content of dbleition. For storage the
samples were freezedried, ground using anortar and pestle and stored as a dry
powder at 4 °C to prevent both bacterial growth and the possibility of
thermodynamidransformationsThis method produces approximately gramsof
2LFh.

4.1.2 Preparation of Sx-Line Ferrihydrite

One litre of twicedistilled water was preheated in an oven to 75 °C and its
temperature maintained. Twentgrams of Fe(NQ)s:-9H.O were added to the
preheated water with rapid stirring producing a goldeioured solution. The
resulting solution was returned to the oven &mproximately 11 minutes by

which time it had become reddish brown in cololoefore being rapidly cooled by
plunging i n an i cstempeaature wasmagplioXimatelhegualsta | ut i
ambient temperature. The sample was then transferred lysisliaubing ard
dialysed against excessive distilled water for four days with the dialysis water
being changed twice daily. Followinthis the sample wasreezedried ground

using a mortar and pestle and stored as a dry powder at 4 °C to prevent both
bacterid growth and the possibility of thermodynamitansformations.This

method produces approximatelyamsof 6LFh.
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4.1.3 Coprecipitation of Two-Line Ferrihydrite with Phosphorus

2LFh was coprecipitated in the presence of phosphorous following a protocol based
on a modification of the method previously describedofme 2LFh. The source of
phosphorous was potassium phosphate monobasicP@®&H MP Biomedicals
Europe) which was addgo 1M NaOHhg prior to their additiorto theferric nitrate
solution. Molar quantities of KEHPQs were chosen to achieveange ofP/Fe levels

from 0.01 to 0.30. Frorthis point forwardhese samplare referred to as 2LFhPX,
where X represents the atomic percent P with respect teoFexample, a sample

with P/Fe = 0.10 will be denot&l FhP10(or simply P10 for brevity)

Washing and storage of the products were carried out as per the methddrused
pure2LFh (sectio.11).

4.1.4 Hydrothermal T reatment of PhosphorousDoped Two-Line
Ferrihydrite

Phosphorousloped tweline ferrihydrite P-doped 2LFh was synthesised and the
product washed according to tipeotocol for 2LFh as outlinedn section 4.1.1
Freezedrying of the product was omitted, with the precipitate being kept as an

agueous suspension priorageing.

Fresh suspensions ofd®ped 2LFh were taken and hydrothermally aged according
to the protocol desitred in the literature for the hydrothernegatment oRLFh in

the presence of citrate (Michel, Baryéhorrent Morales, Serna, Boily, & Liu,
2010). A polytetrafluoroethylene (PTFE) lined higressure reaction vessel (Parr
Instruments Co., Model 4748yas filled with freshly prepared-éfoped 2LFh
suspensions and placed in an oven, which had been previously preheated to 175 °C,
for times ranging between 0 to 14 hours. Once the ageing time had elapsed the
reaction vessel was removed from the oven andvaticto cool naturally to ambient
laboratory temperature which typically took several hours. The solution was then
freezedried, ground to a fine powder and stored at 4 °C prior to further analysis.
Samples prepared in this manner are sulmghureferredto as PXhY whereX
represents the target atomic P level with respect to Ferahd time in hours the

samplespent at 175C.

It should be noted here that although Y represents the time the samples spent in the
oven at 175 °C this is not the total tinkeey were subject to temperatures elevated
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above ambient. The larghermalmassof the reaction vessel (3750 g of stainless
steel) dictates that the heating up and cooling down periods necessarily add some

degree of ambiguity when fileing a time spent a giventemperature

4.1.5 Thermal Annealing of FhosphorusDoped Two-Line
Ferrihydrite

Phosphorusdoped 2LFh was prepared and dried according to the method outlined in
section4.11. For heat treatment in air, approximately 1 gram of the dry powder was
placed on a clean alumina plate and placed in an oven which had been preheated to
175°C. Treatment time ranged from O to 14 hours after which time the samples were
removed and alloweatcool to ambient laboratory temperatures before being stored

at 4°C prior to further analysis. Samples produced in this manner are subsequently
referred to as PXaY; where X represents the target atomic P level with respect to Fe
and Y the time in hours ¢hsamples spent in the oven at 175 °C

In another experiment, a small amount of each of tdeged 2LFh samples were

heat treated in air for XRD analysis, the results of which are presentedpter 7

Each was placed on an alumina plate and heatedina nace to 700eC w
held for one hour before being removed and allowed to cool to ambient

temperatures.

2LFhP3was also subject to heat treatment in air, however, this was perfémmed

situ, combined with XRD analysis and so the method can dnedfacnsection 7.6

4.1.6 In vitro Reconstitution of Horse SpleenFerritin Mineral Cores

Horse spleen holterritins were reconstituteth vitro from apaoferritins prepared

from commercially bought horse spleen ferritin (HoSF) (Sigktdrich, UK). The
native mineral cores were removed using the procedure outlined below. Once
obtained, the cores of theppcHOSF were reconstituted with ferrihydrite vitro

with controlled amounts of iron available foptake so as to obtain a series of
ivHoSF samples each with a different istwaprotein ratio.Four ivHOSF samples
were preparedwith iron-to-protein ratios of 4500, 3375, 2225 and 11Zbese
values correspontb HoSFcores filledto maximum, %, Yand¥4 of their nominal
capacity for iron. 4500 ironatomsi s usually taken to be t
capacity for Fe(lll) atom3reffry and Harrison(1978). From here on the ivHoSF
samples are referred to as FA563375, F2225 and F1125 thus denoting the target
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iron level used for eadleconstitution.

All work was carried out at room temperature (23°C) #oibwing reconstitution
the ivHOSF solutions were stored at 4°C prior to analysis. Special thanks are given
to Professor Fiona Meldrum who was kind enough to provide pracssitance

with initial attempts ateconstitution.
Preparation ofApo-Ferritin

Apo-ferritin was prepared from horse spleen ferritin (Sightdrich U.K. Type 1
Equi ne Spl e demitin, GAB: 96773 Bofolloviing the method outlined
in Meldrumet al.,(1991).

A 20 ml aqueous solution containing 50 mg of HoSF was prepared and dialysed,
with constant stirringand nitrogen bubblingagainst thregortionsof a 0.6 % w/v
solution ofthioglycollic acid in a 0.1 M buffer solution of sodium acetate which had
been pH adjusted to 4.5 by the addition of sodium hydroxide. Two hours were
allowed to elapse between successive changes of dialysate and during this time the
ferritin solution was bserved to change from reddish to clear and colourless,
indicating the reduction and removal of the ferric iron core to leave only the iron
free apoferritin in solution. Next, the (apo)ferritin solutions were washed by
dialysis against four portions of.15M saline solution, with constant stirring and
nitrogen bubbling, over a period of twerfyur hours.Finally, the ferritin solutions

were dialysed for three hours against a preservative solution of 0.15M saline and
0.015M sodium azide, in order to preweunwanted bacterial growth, prior to

storage in solution at 4C.

The residual iron content present in #ygoeferritin solution was determined using
atomic absorption spectroscopy (AAS). Calibration of the equipment was carried out
using solutions of kown iron concentration (1, 5 and 10 ppm). With tmethod

the residual iron content was determined to be no more than 0.1 ppm (which is close
to the detection limits of iron byAAS), or in other words equivalent to

approximately one iron atom papcferritin molecule.

The protein concentration of tregoferritin solution was determined vidV-Vis

spectroscopyy measuring the absorbanae280 nm for whichAsgon > ™= 9.6
(May & Fish, 1978. Assuming a molecular mass for ajeoritin of 443 kDa

(Richter& Walker, 1967) the protein concentration wiamind tobe 2.2 x 16 mol
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mi™ of apoferritin.
Reconstitution oApo-Ferritin

For reconstitution of HoSF cores froapoHOSF the followingreagents were
prepared. All water used here was of ultra pure (MiQQ)Igrade and had been-de
aerated by constantly bubbling nitrogen through it over a period greater than twelve
hours (i.e. overnight). A 0.021 Mtock solution of ferrous ammonium sulphate
(SigmaAldrich) was used as the soluble source of iron. Reconstitution was carried
out in a 0.1 M MOPS @Morpholinepropanesulfonic acid) buffer solution (Sigma
Aldrich, UK) which was adjusted to pH 6.5 by the addition of sodium hydroxide.

For the preparatn of ivHoSFsamplesl ml of apoferritin solution was taken and
diluted up to 2.3 ml by the addition of the 0.1M MOPS buffer solution. An
appropriate volume of ferrous ammonium sulphate solution was addachieve

the desired irofto-protein ratio: i.e 0.47 ml for 4500 iron atoms per protein.
Following this the solution was gently mixed by slight agitation before being set
aside for a period of several hours in order thatufftakeand sequestratioof iron

may take place. Followingreparationthe smples were transferred to a refrigerator

(4°C) for storage prior tanalysis.

4.2 Characterisation Methodsand Experimental Parameters

The following section provides a brief overview of the methods used for sample
characterisation during this study.

4.2.1 Diffraction BasedTechniques

Diffraction is a wavelike phenomenon that occurs on all length sdaless most
pronounced when the wavelength of the incident wave is comparable to the
dimensions of the repeating structure of the diffracting objecthénclse of a
crystallinesolid the regular spatialepeat of theeolumbicatomic potential provides
both the geometry and perturbation necessary for diffraction to occur. A collimated
beam of monochromatic radiation incident on such a structure will seattbthat

it becomes spread over a wide angular range. At a given distancettieom
diffracting object the interference between waves scattered from various points
within the object result in an intensity distributialepenént on the angle with

respectto the incident beam. For certaamgles constructive interference between
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diffracted waves gives rise to intensity maxima known as Béajlgction® These
reflections occur at angular positions determinedtbi e wavel engt h,
incident wave anthe lattice plane spacing, It is by the analysis of these peaks, in
terms of their angular position, intensity, breadth and asymmetry, that the spatial
arrangement of the atoms in a crystalline solid may be deduced. This is the concern

of crystallograpy (Cullity, 1956).The Bragg condition for diffraction is given by:
¢Qi Q¢ ¢ _
whered anda-are defined above is an integer and is the angle between

the incident beam and the diffracting planes.

In this study diffraction(polycrystalline/powder) has been carried out using three
different experimental probes: the-ray, the neutron and the electron. Electron
diffraction will be addressed in the dedicated TEM section of this chapher

specifics otthe related technique$ ¥-ray and neutron diffraction are givbalow.
PowderX-RayDiffraction

In interacting with matter Xays are scattered by the charge distribution associated
with atomic electrons. The scattering powertomic factorfor X-rays is observed

to vary mondonically in proportion to th&-number of the scattering atom or ion
(Shmueli, 2007). For thistudy, two different forms of Xray scattering were

explored for which the methods are described sepatzatiy.

Powder X-ray diffraction (XRD) is a widely used laboratory technique which
provides a quick, easy and powerful means of probing the atomic structure of
crystalline materials. It can be used in the determination of crystal structures, but is
now more commonly used for the identificatimi crystal phases and finds
application in a wide variety of disciplines from materials science to protdoyy.

As used here powder XRD provides a method for validating the phase purity of
samples by comparison with patterns already reported in thetlire. The
nanocrystalline and defective nature of the ferrihydrite samples resulén in
excessivebroadening of the Bragg reflections preventing the identification of

isolated Bragg peaks and the possibility of meaningful strucefrabment.

PowderX RD data was acqui r edBraggBrengno@ad2RIANal y-
diffractometer equipped with a PW3373-€l s o ur d)eopetating &40 kV

and 30 mA Diffractograms were acquired over an angular range-aft8 () with

60



a scan speeaf 0.00L6 °/s resulting total acquisition times of just over 11 hours.
Approximately 1gram of dry powder was ground in a mortar and pestle prior to
mounting. A rotating stage with a rotation period of 4 seconds was used to reduce
preferred orientatioeffects. XRD data was collected with a Zesolution of 0.01°

which is far beyond the resolution required for the analysis presented in subsequent

sections.
In situ Heating and Combined PowdeiRay Diffraction

In situ heating and combined XRD analysis of RIP3 was performed inair
between 285000 °C usinga HTK-1200 heating stage (Anton Paar), the results of
which are presentdd section 7.6Diffractograms were collected over 10 to 120

in increments of 0.052d. First, a diffractogram was collected at room temperature
(~ 25°C), following which the stage was heated to 100 °C and a diffractogram
acquired. Subsequent diffractograms were then collected in 50 °C steps up to and
including 1000 °C. Finally, the sample was aléml to cool to room temperature
before the final scan was madeemperature calibration of the heating stage has
been carried out by Rogéfolinder (Ph.D.student Leeds UK) using materials for
which phasdransition temperatures are well known (KN30 °C KSQ; 583 °C

and BaC@810 °C).

No postacquisition reduction of the data has been performed other than the manual
removal of the occasional countisgikes by setting channel intensities equal to the
average of the two immediately adjacenes.

Total Xray Sattering &Pair Distribution FunctionAnalysis

In generalthere are two components to the diffracted signal intefisttye Bragg
reflections and the diffuse background. The sharp Bragg peaks are reciprocally
related to extended regions of order in 1gahce. Whereas the slowly varying
diffuse signal is due to order occurring on much shorter scales. Traditional
crystallogaphy, such as XRD, is concerned only with the coherent Bragg like
intensities which it extracts from the total signal by discarding the background. As
such, information pertaining to short range structure is lost. On the otherdwand,
calledtotalscatteng methods use the entire diffracted signabifwalysis.

The atomic pair distribution function (PDF) descril3& atomic structure in terms
of the radial distance between pairs of atolhmay be experimentally determined

only from data for which Qmax.€. momentum transfer) is sufficiently high (~30
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U?). Such data is obtainable in synchrotrorray beam lines and neutron source
facilities (Billinge & Kanatzidis, 2004; Billinge, 2008; Egami & Billinge, 2003)

In obtaining the PDF th2D total scatteringignal is first corrected accounting for
instrument and sample effects. The PDF is then arrived at by calculating the Fourier
transform of the corrected data. Once obtained the PDF may be used in the

refinement of structurahodels.

The total Xray scatteng data presented here was very kindly collected®byM.
Michel who is also responsible for thmstacquisitionreduction of the data to
obtain the PDFs following the protocol used in (Micaehl, 2007). The procedure
involved in refining the crysilographic parameters specific to thats (1993) and
Michel models, which was also investigated using PDFgui by my$&aits(
Sakharov, Salyn, & Mancea®993). This has been used to benchmark this work

against the currefliterature.

High-energy Xray total scattering data was collected atIDiB beamline (S4) at

the Advanced Photon Source, Argonne National Laboratory. Total scattering data
for PDF analysis were collected with a
A) with a sampleto-detector ditance of ~21 cm. The radiation scattered by the
sample and calibrant (cerium) was collected with a Pdtkimer amorphousi area
detector. Conversion of data from 2D to 1D was done using the program Fit2D
(Hammersley1997). Apolarisationcorrection waspplied duringntegrationof the

data. The experimental total scattering structure function S(Q), reduced
experimental structure function f(Q), and PDF, or G(r), were obtained using
PDFgetX2 (Qiu, Thompson, & Billinge, 2004) and standard corrections were
applied (Chupas, Qiu, Hanson, Lee, Grey & Billinge03). The true background
intensity of an empty sample holder was measured and subtracted from each sample.

PDFs were calculated from tlk®urier transfornof the reduced structure function

truncated aB0 +~ 1A ™.
NeutronDiffraction

Neutron diffraction is @omplemetary technique to Xay diffraction and provides
unique information in its ownight. Unlike X-rays, which scatter due to interactions
with atomically bound electrogs) neutrons are scattered frambomic nuclei. This
results in a scattering power which varies irregularly with atomic number (and mass

number, i.e. isotopes) unlike X-rays and electrons which vary smoothly with
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atomic number. This means that in certairsesa neutrons are able to easily
distinguish between species dimilar atomic number: for example, important
elements such as H, N, O, €, Additionally, unlike Xrays, neutron scattering
factors do not fall off with increasingqRand are therefore moreliable for higher
angle peaks. Neutrons Y& an intrinsic magnetic momerfunlike X-ray and
electrony and therefore are sensitive to the magnetic lattice arrangement of
magnetic materials. The penetratidepthof neutrons is much greater than that of
either Xrays @ electrons and therefotbey are less susceptible to absorption and
surface effects. Neutrons do have their awawbackshowever, and therefore are

complanentaryto other scatteringechniques.

Neutron diffraction data was collected ugirthe General Materials (GEM)
diffractometer located at Target Station 1 on tB& beamlineat the Harwell
Science and Innovation Campus, Oxfordshire, UK. The GEM-tififeght (TOF)
instrument has a highly stable detector array with six large solilk alegectors

covering an angularange of 1.1-1 6 9 .TBeemaximum measurablemomentum

transferof 55 A gives GEM high spatial resolutions approachingf.1

Beamtime was granted via the Gem Express medsdceurier service. Reduction
of the raw totakcattering data was carried out following the guidelines provided by
ISIS.

Electron Diffraction

Selected area electron diffraction (SAED) patterns were obtained using a Philips
CM200 TEM using an aperture of approximate diameter 180 nm aramara
lengthof 30 mm. Patterns were recorded on photographic platesligitided for
subsequent persistence and analysis. Lattice spaangeere deduced from the

radiallocationR of spots/rings within recorded patteussng
Rd = La&

whereL & 23.1Amm and is aalibrated constant. A script routine was also
developed which produced radially averaged diffraction patferrthe analysis of

extremely spottpatterns.

4.2.2 Vibrational Spectroscopy

Infrared absorption and Raman scattering are related struchemlical techniques
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which measure transitions primarily between the vibrational energy levels associated
with chemical bondsBonds vibrate by stretching, contracting and bending about
their equilibrium position. The precise energy associated with a given vibrational
mode depends on the bond strength and atomic masses involved. The differences
between the techniques lie in the nature of the resulting molecular transition.
Because they are subjeto different selection rules, often an infrared active
transition is Raman inactive (antte versa Both give information on the structural

and chemical makap of a sample, however, since strong bands inRMspectrum

of a material often corresportd weak bands in the Raman, the two make for

complemetrary analysigools.
Fourier-Transform hfrared Spectroscopy

The selection rule for infrared absorption dictates that allowed transitions are those
which are accompanied by a change in the electriclelimoment of the molecule
(Barbara, 2004). The majority of molecules exhibit bands imntideinfrared (4000-

400 cm'), and as a general rule the region < 1800 wifl be the most populated.
In the case ofiso-structural molecules, the precise ener@ssociated with a
particular vibrational mode depends on the bond strength and atomic masses

involved.

FTIR spectra were obtained using a Thermo Scientific Nicolet iS10 FTIR
spectrometer, fitted with an attenuated total reflectance (ATR) accessory. flipis se
provides superior data quality along with increased repeatability compared to
traditional transmission methods. The ATR accessory was a Thermo Smart iTR
Diamond designed to overcome specific difficulties encountered by traditional
methods when measugrtransmission data of opaque materiédsr analysis he

sample is pressed hard against a diamond stage to ensure close contact. Infrared
radiation approaches the sample from within the crystal only to suffer totally internal
reflection at thecrystal sarple interface by virtue of the large decreasaefractive

index that travelling outside this boundary would otherwise imply. With this
arrangementthe interaction between the radiation and sample is possible via its
evanescent wave which rapidly decays to

stage.

All spectra were recorded as the sum total of thetyscans, between 4000600

cm?, at a reslution of 4 cni.
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RamanScatteringSpectroscopy

Raman scattering is the name given to the inelastic scattering of light upon
interacting with the normal vibrational modes of molecular and crystal structures.
The probability of this interaction is vanisigly small, accounting for around one in

ten million of the scattering events attributed to its elastic counterpart, Rayleigh
scattering. It is the change, hift, in the energyof the scattered photons, compared

to the incident radiation thagive riseto the Raman ignal. The selection rule for
Raman scattering dictates that allowed transitions are those with are accompanied by
a change in the polasbility of the electron cloud about the molecule (Smith &
Dent,2004).

In this study, Raman spectra weracquired using a dedicated RenisfidmVIva

Raman microscope equipped with a 514 nm, 25mW laser. Calibration of the

measured shift was achieved using the 520 lame of an internal silicorstandard.

For observation, a small amount of dry powder waseoglagn a standard glass
microscope slide (76 x 26 xitim) and pl aced on tshimblymi cr o
flat area ofthe samplevas selected and brought to approximate focus using one of

the low magnification objective lenses. A 50x objective lens wasl dsr final

optimum focusing by adjusting the height of the sample stagainamize the

diameter of the lasepot.

In a preliminaryexperimentit was determined that a laser power of 1.25 mW (~3.5
x 10° W/cn?) was required to avoid thermally drivphase transitions observed at
higher laser powers. Using this value all spectra were collected using six

accumulations each of thirty seconds duration. All spectra are preseatzpimed.

4.2.3 X-Ray Photoelectron Spectroscopy

In X-ray photoelectron sp&oscopy (XPS) the binding energies of cshell

electrons within a sample are determined.iBy | umi nati ng t he samp
an intense beam of monochromaticrays the emission of photoelectrons is
stimulated. These electrons, having been edditem atomically bound corghell
orbitals, exit the sampleds surface wher

their kineticenergy.

Photoemission process involving a valence electron initially at or close to the Fermi

energyErmay be describeby:
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Ex max I

where Exmax iS the is the maximum photoelectron energy for a given
material of work functiomu (and Xray source energyl is Planck's constant and
is the frequency of the illuminatingdiation.In the case photoelectrons odre
shell origin the effective binding energy of the initial state must be taken into

account.

Es Bl
where Eg is the binding energy andk is the kinetic energy of the

photoelectron.

From the above equations, the binding energy of thesluek state from which the
photoelectron originated is thereby inferred from the difference between the energy
of the incident illumination and the kinetic energy with which it exited the sample.
The binding energy of corshell states are sufficiently distinct to permit elemental
identification andconsequenthXPS is used foguantitative compositionanalysis.

The environment immediately surrounding an atom affects the binding energies of
its eledrons and itisby h e s e 6 ¢ h e mithe detectian lofithfe preséncet oh a t
particular molecular species is achieved. However, it isititel state which
predominates in determining the measured binding energy with final state effects
being minimal Therefore the resulting spectrum is notrdermationrich as EELS

or X-ray absorption spectroscopy for example (Watts & Wolstenholme, 2003).

The mean free path of the photoelectron is of the order of anfevometres
therefore, in most cases XPS imsumlered a surfaegensitive technique, however,
applied to ferrihydrite crystallites of approximately 5 nm in diameterfebhnique

can be considered to be probing the entirety of the sample, i.e. the surface and bulk

of thematerial.

During the coursef this study Xray photoelectron spectroscopic (XPS) data was
acquired using two different dedicatguectrometers.

Time was successfully applied for at the National Centre for Electron Spectroscopy
and Surface Analysis (NCESS) located at the Daresburgrhtories (UK),via the
ANCESScall for p r o p o Blausedab this facility is a VG Scienta ESCA300
photoelectron spectrometer, equipped with a high intensity monochromated
aluminium Xray source (AK U = 8. 338(6) | (1486.7 eV)
of 0.26 eV, allowing for the rapid acquisition of high quality spectroscopic data, in
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terms ofbothspectral resolution and sigA@knoise statistics. The detector system is
a hemispherical analyser comhineith a multichannel detector which gives the

entire system an overahergy resolutionf 0.30eV.

The second XPS system used was a VG Sciestalab250 housed in the Physics
department of the University of Leeds (UK). This instrument is also ecaipfie a

monochromated AK ($ource.

For both systems, samples were prepared for analysis from dried powders by
pressing a holder stub, which had a piece of double sided carbon impregnated sticky
tape on it, into the powder. A smooth analysis surface wadenby scraping the
surface with a clean razor blade to remove excess material. Energy calibration was
done by setting theslpeak of (adventitious) carbon to 284.5 eV (Wagner, Riggs,
Davis, Moulder, & Muilenberg, 1979)n addition to lowenergy resolutio survey

spectra (@ 1300 eV), highresolution spectra were acquired specific to thesG-&

2p, O Isand P p energy levels.In order to compensate for charging of the sample,
whichoccursap hot oel ectrons are | ost rdniflawan t he
gun was used to uniformly illuminate the sample and was set such that the measured

O 1ssignal was maximised.

Al | dat a was processed u $ni CagaXPsE heee Ca s a
mathematical profiles are available to the user to model the lmacidjcontribution

to the measured signals, these are; a simple linear, Shirleyaugahrrdprofiles.

Fitting regions are set over a givdrinding energyrange and resonant peaks
extracted from the background by choosing one of the model functions. @dpay

Figure 4.1 is a comparison of the Shirley afeugarrdbackground functions as

applied to the O 4 signal as measured from dire ferrihydrite using the VG

Sdenta ESCA300 spectrometer at the NCERHity.
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Figure4.1 X-ray photoelectron spectrum of the oxygen 1s peaks comdahinigy andTougarrd
background moddlnctions as described in section 4. 2VBasuement madesing the VG
ScientaEscalal250 spectromter at the University of LeedbK)

Analysis of the O 4 XPS peaks was carried out as follows. Energy calibration of the
binding energyscale was set relative to the € deak (284.5 eV) and the nsaed
signal was extracted from the underlying background by meansStirkey-type
background fitted over the binding energy range 524 to 538 eV. The envelope of the
O 1s peak was then subsequently modelled by fitting a number of synthetic peaks
using tlke Marquardt leastquares method. In order to account for the combined
effect of instrumental (Gaussian) arifetime broadening (Lorentzian) on the
measured spectrum, a Voigt profile (product of Gaussian with a Lorentzian) with a
30% Gaussiafike componat was chosen as the mathematical function for the
fitting peaks. Durindfitting, the areas and centroid positions of the peaks were
allowed to vary freely and independently, whereaduhewidth-half-maximaof the
peaks, whilst beingllowed to vary frely, were coupledsuch that they were equal

for all fitted peaks for a given specimen.

The same peak fitting analysis, as described above for thes Signal, was
performed on the Pp2signal with the background being fitted over the binding
energy rangd 29 to 136eV. The Fe B peaks, being less simple to interpret, were

simply compared to those from literature over the binding energy rangeésD1€V.

Elemental quantification was performed by first calibrating the birdmegrgy
scale, as outlined abouJeefore extracting the element specific signals from the
underlying background using one of two profiles to model the background

contribution; i.e. those of Shirley adugarrd Ratios of elemental concentrations
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were then calculated using the measurednelg specific signal intensities and
comparing those with interaction cresse ct i ons whi ch resi de i

library.

Quantitative elemental analysis of XPS spectra is a multistep approach which
involves the extraction of inner shell photoelentgignals and the determination of
appropriate photoelectrarrosssectionsor Scofield factors (van der Heide, 2011).
Quantitative accuracy depends on several parameters such as the accuracy of relative
sensitivity factors, corrections for electron transmission function, sutéexelume
homogeneity, estimates of the energyatefence of the electron mean free path and
signatto-noise ratio. Additionally the topology of the specimen surface can lead to
bias due to photoelectron absorption. Typically errors in compositional estimates are
considered to be of the ordeifl8%. Datgoresented here has been derived using the
peak positions and Scofield factors contained within the standard CasaxPS library
(Fairley, 2001).

4.2.4 Thermal Analysis

Thermal analytical methods involve monitoring the physical properties (or changes
in) of a @mple in response to being heated igiveen atmosphere, according to a
controlled heating regiméBfown, 1988; Speyer, 1994). Atmospheres can be chosen
to be inert (vacuum, nitrogen, helium, argon) or reactive (air, oxygen, hydrogen)
depending on the spéic experimentalrequirements at hand (Rowland & Lewis,
1951).

Thermogravimetric analysis (TGA) involves monitoring the masa sampleas a
function of temperature, whilst it is subject to a controlled heating protocol (Speyer,
1994). With variableatmaspheresthe sample can be protected from oxidation or
made to react. Typical applications include observing decomposition, absorption,
adsorption, desorption and dehydration as well as chemical reactions such as

oxidation and reduction (Speyé&894).

Differential scanning calorimetry (DSC) is used in the study of phase transitions and
chemical reactions in terms of heat flow to and from a matdnathe power

compensatedDSC each crucible has its own dedicated temperature sensor and
heater. The temperae difference between the sample and reference material is

maintained close to zero by varying the power to each of the heaters. DSC is
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commonly used for studying heat capacities, phase changes, chemical reactions and
crystallisation (Kaufmann, 2003; Tarka,1992).

Thermal analysis was performed using a Meffleledo TGA/DSC 1 Star system in
which both TGA and DSC measurements were executed simultaneously. The scan

program was set to increase from ambient to 700 °C at a fixed heating rate of 0.17

°C s'. Measurements were conductét atmospheres of both air arlium.
Thermal analysis data presented here typically measures mass with an accuracy of

accuracy to 0.1% and temperature to withinl2C.

4.2.5 Magnetic Analysis

The vibrating sample magnetometer, or VSM, is an instrument that measures the
magnetic momentn of a sample as a function applied magnetic field streHgtind
temperaturd (Cullity & Graham, 2011 The technique is described in further detail

by Foner (959) who is widely considered responsible for its development (Foner,
1959,1967).

Determination of the magnetic momentinvolves vibrating a sample sinusoidally
along a direction perpendiculéw an externaly applied field,H. If the sample is
magnetsed then this oscillatory motion will result in a varying flux which is then
measured as an inducetectromotive forcawvithin a set of inductive pickip coils
located in close proximity to the sample. Given thmais the net moment for the

whole of the sale itis commonto define the specific moment per unit mags,

The magnetic measurements reported here were made using an Oxford Instruments
3001 vibrating sample magnetometer (VSM) whicthes propertyf the Condensed
Matter Physics group at the Unigéy of Leeds (UK). This instrument is capable of
producing applied fields between £+ 5 T aoperating withtemperatures ranging

from 4- 300K. The VSM was used in this study to acquiragnetisatiorcurves(M

vs H) and temperature dependence (84T) measurements. All samples were fine
grained dry powders of which approximately 19@ was used for the analysis of

each.

M vs. H data was recorded at a fixed temperature of 5 K for applied field values

between 5 T with a fixed rate of 0.033 T's Thescan pattern was aduadrant
loop in which applied fields were scannedadl®ws:

OT Y +5 T -% D W OT.T Y +5
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M vs. T measurementwererecorded with the applied field strength fixed at 5mT
over the temperature range 15 250 K. Demagnetizationof the sample was
accomplished by a series of alternating

each successively lower mmagnitude.

4.2.6 Electron Energy Loss Spectroscopy

Bulk energy loss spectra were acquired using a Philips CM200 TEM in ddfrac
mode (image coupled) using an approximately 0.18 mm diameter selected area
aperture. The EELS collection and convergence -samies were defined asrad

and approximately inrad respectively. A thin area was examirfed each sample

with the relalve sample thicknesbeing estimated from the lowoss spectrumin

each casall were less than 0.3 inelastivean free patlengths. EELS spectra were
acquiredwith an energydispersionof 0.1 eV/channeland an energyresolutionof

0.8 eV as estimated from the width of the zdogs peak The probe current was
estimated using an FEI calibration curve based on the measured brightness (i.e.
exposure time) incident on the fluorescent viewing screen of the TEM. The value
derived from the FEI wve had been independently verified by (indirectly)
measuring the current incident on the drift tube of the GIF when exposed to the

image coupled beam and with the spectrometer magnet switched of2(P&h,

Coreloss EELS spectra were extracted frone wnderlying background using a
powerlaw function fitted over 20 eV prior to the edge onset. The effects of plural
scattering were removed using the Fouratio deconvolution technique using the

low-loss profile.

Quantitative elemental analysis of EEIspectra is a multistep approach which
requires the extraction of elemental inner shell signals and the determination of
appropriate crosssections for these interactions (Williams & Carter, 1996).
Extraction of the signal intensity involves separatingiaig from the background

which is done here by extrapolating a podesw background fitting over 20 eV

prior to the edge onset. The effects of plural scattering in the measured signal are
accounted for by Fourier deconvolution using the-loss spectrum sareference.
Hydrogenic crossections are used to model interaction csesdions. Each of

these steps may introduce bias in measured elemental concentrations and therefore
guantitative elemental EELS results presented here, altkgrifjltonsistent, may

differ from actual compositions. It is commonly accepted that the magnitude of
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these discrepancies may be as large -48% depending on the elements under

consideration.

Analysis of the F&. edge ELNES was performed using two different methods. The
first, which provides an estimate of the ratic”AgFe, was the whitéine intensity

ratio methodvan Aken, Liebsche& Styrsa 1998). A DigitalMicrograph script was
developed for this method and is provided in Appendix C. The second method,
which, in additin to estimating iron's oxidation state, also provides an estimate of
iron's coordination (octahedrak. tetrahedral). This method was first proposed in
the EELS literature by Garvie and Buseck (1998) and uses linear least squares fitting
to estimate an g@erimentally acquired spectrum in terms of a linear combination of
the spectra of several well characterised reference standards. The reference minerals,
originally measured in the thesis of Pan (2006) are: henfdf&"; hedenbergite
BlFe*: Feorthodase 'Fe** and hercynite “Fe?*. A fuller description of these
reference minerals along with information regarding their origins and a more in
depth description of the fitting routine can be found in the thesis of Pan (Pan, 2006)
and in subsequent publications of her w@ikan, 2006; Pan, Vaughan, Brydson,
Bleloch, Gass, Sader, & Brown, 201®itting of experimental F& edges was
performed using | GOR ProE data analysis
based upon the Levenbeiarquardt method of leasguares fitting
(Wavemetrics2007) Errors quotedwithin this document for linedeast squares
fitting of FeL edge data have been derived from the estimated errors associated with
each of the free fitting parameters as provided by theRgomrsoftware. Typically

these errors are a few tens of percemdl are thought tdoe rather pessimistic

estimates and that in fact actual errors may indeed be less.
Smart EELS Acquisition

One of the chief aims of this project is to investigate low fluence methioEEL
spectrum acquisition. To this aim a novel metleddEELS acquisition, dubbed
"Smart Acquisition” (SA), was developad collaborationwith the team at the
SuperSTEM facility in DaresburfuK). The method is described in detail elsewhere
(Sader, Schaffer, Vaughan, Brydson, Brown & Blela@®l0)as such oly a brief
description will be given here. Computer code for implementing Smart Acquisition
EELS specifically geared towards nanoparticulate systems is provided in

AppendixA. Briefly SA useghe fine probe of STEM to integrate EEL signals from
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spatially extended regions of a samplealtows the independent control of probe
scanning procedures and the simultanesmgiisition ofEELS signals. The original
motivation for this work arose from the nedd control the electron dose
experienced by beasensiive specimens whilst maintaining a sufficientiygh
signatto-noise ratio in the EEL signal for the extraction of useful analytical
information (such asenergy loss near edge spectral features) from relatively
undamaged areas. Obtaining a sufficient SNREELS to detect and analyse the
coreionisation edges usually requires many orders of magnijuelater electron
pbuence than i magi ng thebneideat electtonsgproduge caae f r a c
ionisation events). Consequently specimen damage is th@ hmitation when

undertaking EELS of bearsensitive materials.

In traditional STEM EELS data is usually collected either from a single position
using a stationary beam or from a series of equally spaced points across a sample. In
the first case aingle spectrum is generated and in the second case multiple spatially
resolved spectra are acquired in what is known as a spectrum image. In each case the
beam dwell time must be sufficiently long for adequate signal statistics to be
collected. In the ca&sof coreloss EELS features seconds to tens of seconds are
typical. In the case of SA, dwell times are limited only by the scanning hardware

which currently permits dwell times of a few milliseconds.

The practical execution of SA is a multistep procesglvin the simplest terms is

as follows. Using a reduced beam dwell time the sample is searched and a target
area is found. A preview HAADF image of the area is acquired with sufficient
signal to noise statistics to permit subsequent image processingped@heis then
blanked to avoid further illumination of the specimen. The area from which the
EELS signal is to be collected is then defined using appropriate image processing
and masking functions and the scan coordsate generated. The beam is then
unbanked, a preview scan is acquired and any sample drift which may have
occurred is corrected. Finally, the LS data is acquired using an appropriate

dwell time per mask pixel.

4.2.7 EnergyDispersive Xray Analysis

When the high energy electron beaniT&M is incident upon a specimeaninner
shell electron may be ejected thus creating an electron hole. The resulting electron

vacancies are then filled by electrons from a higher energy level, andray iX
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emitted with energy equal to the differendetloe two states. These energies are
characteristic of the element from which it was emitted, and therefore may be used
for compositional analysis. In EDX analysis the relative intensity-odiyKemitted is
measured as a function of their energy. The EP&ctometer used in this study
was an Oxford Instruments UTW ISIS system mounted on the column of the Philips
CM200 housed at the University of Leeds (UK).

Quantitative elemental analysis of EDX spectra performed here relies on the Cliff
Lorimer relationwhich relates measured signal intensities to values of relative
atomic concentrations via so calledactors (GarratReed & Bell, 2003; CIliff &
Lorimer, 1975; Lorimer, 1987). The Clifforimer k-factors are not constant but
depend on the accelerating tagle of the TEM, the detector efficiency amongst
other parameters. Additional factors affecting the accuracy of elemental
guantification by EDX include the method used for backgroumdnisstrahluny
removal, specimen topology,-Pay absorption within thepecimen and florescence.
The accuracy of EDX elemental analysis can be improved-fdctors are
determined experimentally by measuring spectra from standard reference samples
for which precise composition is known. This has not been done here andrieref
EDX compositional estimates are expected to have associated errors16%10

(relative atomic) in the worst case.

4.28 (S)TEM Micrograph Simulations

Image simulations of both BFEM and HAADF micrographsvere performed

using Christoph Koch's Quantitee TEM/STEM simulation (QSTEM) software
(Koch, 2002). This software us¢he multislice method as described in Kirkland
(2009). For BFTEM image simulation parameters were chosen to best replicate
imaging in the Philips CM200 TEM and for HAADBETEM image simulation
parameters were chosen to simulate imaging using the Nion UltraST&Ne 4.2
summarises the simulation parameters used in each case. Where simulations are
presented Kigure 7.24 & Figure 7.28) the crystal structure, relative sample

orientation and thickness are given.
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Table4.2 Summary of (S)TEM image simulation parametgsed in multislice image calculations.

Parameter Philips CM200 Nion UltraSTEM
Electron Energy (kV) 200 100

Defocus (nm) -86.7 (Scherzer) 0.0
Astigmatism (nm) 0.0 0.0

Spherical AberrationCs; (mm) 2.0 0.0

Chromatic AberrationC. (mm) 1.0 1.0
Convergence Angle (mrads) 15 25

Beam Tilt, (deg.) 0 0

Thermal Diffuse Runs 30 30
Temperature (K 300 300
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Chapter 5 Characterisation of Two-L ine and Six-
Line Ferrihydrite

Synthetic samples of both twoand sixline ferrihydrite were prepared by the
methods described in sectiond.4 & 4.2.1 respectively X-ray powder diffraction
(XRD) data for the respective products confirms success in each case. FTIR and
Raman spectroscopy daaquired here is discussed with reference tditérature.
Analytical electron microscopy, in particular Bfaaging, SAED, EELS, EDX, is

used to assess the beam damage susceptibility of 2LFh. TEM aSd BM images

along with EELS, EDX data and SAED patis are acquired under low fluence
conditions and presented. Smart acquisition EELS is applied to the surface and bulk
of individual 6LFh crystals and comparison madlable 5.1 provides an overview

of the samples examined in the current chapter.

Table5.1 Details of samples examined in Chapter 5.

Sample Full Name | Abbreviated Sample Description
Name(s)
Synthetic tweline | 2LFh Two-line ferrihydrite synthesiseid vitro
ferrihydrite according to the method provided in
sectiond.1.1.
Synthetic sixdine 6LFh Six-line ferrihydrite synthesiseid vitro
ferrihydrite according to the method provided in
sectior4.1.2.

5.1 X-Ray Powder Diffraction

XRD data from synthetic 2LFh and 6LFh is displayedFigure 5.1. For both
samples there igxcellent agreement between the data acquired here and the
previous work of others, confirming both the success of synthesis and the purity
(phase) of the sampleEdgleton& Fitzpatrick 1988; Dritset al, 1993).
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Figure5.1 Powder Xray diffractiondat of synthetc two-line ferrihydriteand syntheticsix-line
ferrinydriteacquired usin@Cu-KU r a (d.b4aA). Characteristic peaks are marked with
dspacings given iAngstroms.

The XRD pattern for2LFhis composed of two very broad maximaad-spacingsof
2.59A and1.50A ( 3 &ngl6 2 2 Cu-KU ) The extremewidth of these peaks is
indicative of thenanocrystalline nature and poor crystallinity of the sample (Cullity,
1956). The positions of the two main peaks, at 2.59 A and 1.50 A, are in good
agreement with previous work of others (Eggleton & Fitzpatrick, 1988; Towe &
Bradley,1967).

The XRD patterrof 6LFh is composed of six broad peaks whichbietweenl.48

and 2.54 A. The two main peaks, residingpproximated-spacings of 1.5and2.5

A, can each be seen to consist of poorly resolved doublets. The despacing
doublet correspondgo, in orde of increasinginterplane separation,the { 330G
and{115 atomic planes whilst thether is due to the {110} andL{1} (Drits et al,
1993). Between these two principle maxima are the remaining three less intense
peaks, atd-spacings of 1.72, 1.97, 2.24 A, which are attributed to, in order of
increasingd-spacing, the {144}, {133} and {122planes (Dritset al, 1993). The
presence of the weak broad peakaggiroximated-spacings of 3.3 and 4.6 Anot
normally considered wdn identifying this mineral are thought to indicate that the
unit cell parameter a = 5.08 (Aowe & Bradley 1967; Dritset al, 1993).
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5.2 Fourier Transform Infrared Spectroscopy

The FTIR spectra of 2LFh and 6LFh are presentdéignre5.2. The results of the

IR measurements for both forms of ferrinydrite are broadly similar to those
previously published in thditerature (Russell1979; Cornell & Schwertmann

2003). Russel(1979), with reference to the IR spectrum of 6LFh, noted that the
background in the range 2,000 to 4,000"@an be attributed to strong scattering of
thelIRr adi ati on which Irsizeoulptasr tfircdmst aen dif s@r
ferrihydrite.

As observed here, the signal intensitythin this region is somewhat more
pronounced for 2LFh than for 6LFh. On the dvaad this may reflect the decreased
particle size of2LFh vs. 6LFh. However,it may also indicate an increased.8
content of the 2LFh samp(Russel] 1979). This last point may be supported by the
increased intensity of the band around 1622*¢@H bending) for 2LFh when
compared to the corresponding band in the 6LFh spectrum noteddsgll(1979)

to be proportional to the extent of hydration of the sample. This bandy a&itm

one at 3450 cm' (stretchimy vibratiors of OH groups andH.O molecules), was

noted by Toweand Bradley (1967) to be associated with molecular waiter
Ahydrboognedned associationd (Ristil, De Gr
2007; Towe & Bradley]1967).

6LFh

Transmission / a.u.

1385

4000 3500 3000 2500 2000 1500 1000
Wavenumber / cm™

Figure5.2 Fourier transform infraredpectra obtained frosynthetic tweline ferrihydrite and
syntheticsix-line ferrihydrite Labeled are the positions imfiportantfeatureswvhich are
discussed in the text.
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Cornell and Schwertmanr(2003) attribute bands at 36&81*, 3430 cnit and 650
cm* to be due to free surface OH, bulk OH stretch and bulk OH deformations,
respectively. The sharp spike at 1385'@m observed for 2LFh may be attributed to

NOs from the ferric nitrate reagent used during synthesis (Corn&ltwertmann,
2003; Miller & Wilkins, 1952). The absence of this feature in the 65pé&ctrum

indicatesthe increasecefficacy of the dialysis method of washing over that used for

the 2LFh sampleThe weak bands at 1480 and 1060*crseen more prominently
for 2LFh, may indicate the presence of carbonétesadsorbed COfrom the air)

of atmospheric origin ada20®8.i ated with sa

5.3 Raman Spectroscopy

Under the Raman opticahicroscopeboth forms of ferrihydrite (2LFh and 6LFh)
were seen to be composed of two distinct surface types, each distinguished by their
colour. Figure5.3 displays the optical micrographs taken from the surface of 6LFh
during the alignment of the optical system. The smoother ofwbesurfacesvas a

shiny dark black/brown whilst the roughsurfacewas seen to be a more orange.
These different surface types have been previously noted and attributed to the
surfaces and int®rs of aggregates respectively (Mazzéitir histlethwaite 2002).

Both types of surface gave identical spedt@yever the darker of the two surfaces

was slightly more susceptible to alteration under the laser; consistent with the fact
that that opticlly darker surfaces absorb mateongly.

Figure5.3 Optical micrographs taken from the surfacefitheticsix-line ferrihydritewhilst
focusing the Raman microscope. Two distinct surface types can beseegher orange
surface (left) and amoothe darkersurface (right).

Figure 5.4 compaes the Raman spectra acquired from 2LFh and 6LFh. For both

materials the spectra are very similar exhibiting broad bands around 510, 710 and
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1380 cni. The positions and relative intensities of these bands are consistent with
previously reported data fo6LFh (Hanesch 2009) and also both forms of
ferrihydrite (Mazzetti& Thistlethwaite 2002). In a systematic Raman spectroscopic
study of various iron oxides and (oxy)hydroxides, Hanesch (2009) suggests that the
710 and 510 cthbands (in addition to one 870 cni) are sufficiently distinct to
permit unambiguous identification of ferrinydrite provided sufficient care has been

taken to avoid transformation under the Raman laser (Harz3@9)

710

1380

6-Line Ferrihydrite

710

1380

2-Line Ferrihydrite

I I I I I I
1400 1200 1000 800 600 400
Raman Shift / cm”’

Figure5.4 Raman spectra comparing the typical damage free signaigtfetictwo-line ferrihydrite
andsyntheticsix-line ferrihydrite Thethreemain featuresharacteristiof ferrinydrite are
labeled 1380, 710 and 5bén™.

5.4 Analytical Electron Microscopy

5.4.1Electron BeamDamageAssessment 02LFh

Whilst both 2LFh and 6LFh have been the subjecthahquality electron
microscopy investigations in the past (Jannégwley, & Buseck,2000a 2000h

Janney, Cowley, & BusecR001), it was not until the wor&f Pan (2006) that the
consequences of electron irradiation damage were given proper consid@?ation

2006; Pan, Brown, Brydson, Warley, Li, & Powel006; Paret al.,2010) This

section aims to build from wher@an left off by revisiting the questio of
ferrihydriteds s e prelanded exposuye tottle electrom beamh f e c

only this time the focus is on twime ferrihydrite, the least crystallirierm.

The fluences discussed here are for 197 keV electrons belonging to théobamad
illumination of a Philips CM200 transmissielectronmicroscope
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Fe-L,3ELNES

Displayed inFigure 5.5 are the ferric iron content estimates derived frBeiL
ELNES fitting analysis as a function of accumulated electron fluence Lfbh,2
using themethod described isection 42.6 and Pan(2006). Error bars shown have
been derived from the errors of fitting coefficient values which were provided by the

fitting routineand may be somewhat over cautious

For fluencesrangingfrom 1.3 x 10 to approximately 1.0 x fCelectrons nri the

ferric iron content remais fairly constant at around &7227% of the total iron
present.At 1.0 x 16 electrons nrif the onset of change imarked by a decrease in

the ferricironsi gnal . By the experimentdos end,
fluence haseached.5 x 10 electrons ni, the ferric iron contertias beemeduced

to ~30% of its starting valug-30 = 15%). The same trend is idéfied by the van

Aken EELS Fé. White-Line Ratio methodsee Appendix Cyhich estimates the

initial and final ferric ironcontents to be 95 5% and 18t 5%, respectively(van

Aken at al.,1998 van Aken & Liebscher, 2002)

Fitted to the data are exponential functions which, when extrapolated back to the
zeroelectron fluence limit, estimatée ferric iron content to be ¥127% of the

total iron present in the case of the NLEfed data and 92 5% using the &n

Aken method. Over the course of thgperimentthe average valence of iron has
been reduced from an initial starting value of 2.9 to a final meanvalue of

2.3+ 1.
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Figure5.5 Summaryof Fe-L, selectron @ergyloss near edge structure fittiagalysis as a function
of electron fluence applied t&ynthetictwo-line ferrihydrite (a) the percentage ferric iron
derived from NLLS peak fitting; (b) the percent octahedral iron derived from NLLS peak
fitting; (c) the percentage contribution of each of the four reference compounds used in NLLS
fitting and (d) the percentage ferric iroantribution derived using the van Aken whiitee
intensity ratio method. Exponential best fit lines are displayed in a, b & d for illustrative
purposes.

O-K ELNES

The evolution of the EELS -® edge of 2LFh as a function of increasing electron
fluence isdisplayed inFigure5.6. There are four features of interest, which in order
of increasing energlpss are as follows. Firstly, there & intensepre-peak at
approximately 529 eV, the intensity of which remains a constant 80% ofidahe
peak maximum over the entire fluence range. Moving up in entrgy the next
significant feature encountered is what will be referred to as the main lgaang
maximum intensity at some 539 eV the main peak is the most intense feature of the
O-K ELNES and is also most typical of Op Zharacter in the absence of
hybridization with Fe 8. Two subtitle modifications of itéine structure can be
observed.Firstly, the gradient, or slope, on its high enetgys side isseen to
increase sligtly upon on increasing fluenc&econdly, at highfluences there is
some evidence for w-energy loss shoulder appearing aro@d®eV. The next
feature, o rathe enegy-loss range, © conside lies between544.0 eV and 549.5
eV. At low fluences (below1G® electrons nii) this region is conspicuous by the

absence of intensity artlere s little to report. However, when fluence exceeds 2 x
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10° electrons nif increasingintensity is observed with the appearance of a small
peak at approximately 546.5 eV. A peak at this position and with similar relative
intensity is also observed in thekOELNES of hematite maghemite, magnetite and
waustite (Brown Moore, Evans& Brydson, 20Q). Beyond 550 eV the & edgeis
rather featurelesssave for a broad peak around 561 eV, for which a slight
negative shift (~2 eV) in enerdgss may be observed to occur as the accrued

fluence is increased between 2aad 18 electronsnm’.

2.6x 10°

59x10°

1 I | I 1 I I | 1 I I |
520 530 540 550 560 570 580
energy-loss/eV

Figure5.6 Electron energyoss near edge structufeL(NES) of theoxygenK edgefor synthetic twe
line ferrihydrite. Bold typeface numberabove the curveimdicaie cumulativeelectronfluence
in units of electros nm”. The lowfluence spectrum (bottommost) is typical of both forms of
ferrihydrite.

Figure 5.7 shows the change in oxygen content of 2LFh as a function of
accumulated electrefiuence, derived from both EELS and EDX measurements.
Error bars plotted irFigure 5.7(a) represent 10% of the base value. Within the
fluencerange 1.3 x 10 to 3.5 x 16 electrons nrif the oxygen signal remains

approximately constant at some £10%. Beyondthis, the oxygen signal drops to
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approximately45+ 10%; by which time the fluere is 3.5 x 18 electrons n.

Figure 5.7(b) traces the percentage change in the absolute iron and oxygen EDX

signals flormalied by the copper signal) as a functioh electron fluence. The

absolute iron EDX signal shows littlariation whereas the oxygen specific signal

is seen to drop significantly beyond approximatelyel6ctrons nii, suggestinghe

preferentialloss of oxygen from the materialhe point at which the oxygen signal

is first seen to decrease corresponds well with the observed drop in the ferric iron

content as estimated by EELS. Additionalligure 5.7(a) displays the results of

fitting an exponential function to the datahich when extrapolated back taerc

electron fluence estimat@&Fh is composed of 61%xggenrelative to iron

80—

~
o
1

@
=1
|

EELS Oxygen { % composition
& 3
| |

w
=}
1

© 2LFh % Oxygen
- - - Exponential Fit

Absolute EDS signal % change

n
=
|

10

o
|

3
1

n
=1
1

w
=}
1

B
S
1

A Iron EDS % Change
o Oxygen EDS % Change|
- - - Exponential Fits to Data

10° 10° 10° , 10 10° 10 10° 10% 10'°
fluence / electrons nm™ fluence / electrons nm

Figure5.7 (a) Oxygen content ofynthetic tweline ferrihydriteas a function of cumulative electron
fluence as determined I@jectron energyoss spectroscop¥EELS); (b) the change in absolute
oxygen and iron signassnormalisedby the copper signaisingenergydispersive Xray
spectroscopyEDX). In both datasets preferential loss of oxygen can be seen for fluences
above 18electrons nrf.

A selection of higkresolution BFTEM micrographs of 2LFh acquired at a fluence
of approximately 1 electrons nifare displayed below iRigure5.8. The effect of
this exposure is quite striking, especially so when comparedpwgtine 2LFh (see

Figure 5.12).
crystallinity, in terms of both the degree and extent of atomic order evident from

Significant structural reorderindnas given rise to enhanced

lattice fringes now extending over many tens of nanometres. Lattice fringe spacings

of approximatef 4.9, 3.0 ad 2.5 A can be clearly sea in the high-reslution

micrographs.
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Figure5.8 Bright-field transmission electron micrograptissynthetic tweline ferrihydrite LFh)
after exposure to an accumulated eledtfiience of 410° electrons nii. Annotations in b&
¢ show lattice spacings 6f30 and 0.49 nm which are not characteristic of 2LFh in its pristine
undamaged staténset in (d) is the FFT of the area in the boxed region (grgenying
regular hexagonal symmetry

SAED patterns were aaged periodically throughout the duration of the
experiment. In order to aid interpretation of these patterns, especially in the case of
those collected at higher fluences, a@hwmensional rotationalhaveraged radial
intensity profiles of the diffractio patterndave beemproduceda selection of which

is shown inFigure5.9. It should be noted that the relativeensitiesof the peaksn

the radial intensity profiles are meaningless, especially in the cases of the higher

fluence, morespottypatterns.
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Figure5.9 Radially averagedelected area electron diffractipatterns osynthetic tweline
ferrihydriteacquired afluences ofa) 4 x 10°, (b) 1.5 x 10° and(c) 4.4 x 18electrons nr.
Numbers above the curves indicdtepacings given iRngstroms The effect of accumulated
electron fluence can be seen by the appearainegditional reflections.

Upon increasing fluence, the SAEDs were observesl/tdvefrom ones containing
two diffuse rings, atl-spacings of approximately 1.5 and 2.6 tfpical of 2LFh,

into patternswhich includedadditional rings and eventualipto those containing
discrete spots. This indicatedectron irradiationinduced crystallisation of the
samplefesulting in an increasa both order and size (coarsenirug)crystallites. It

can be seen that upon increasing fluence the maxima arobinl deviates little
from its original position, whilst that at 2.64 A shifts toward slightly smadler
spacingslt should be noted that, in the case of iron oxides and hydroxides, the 2.5
2.6 and 1.5 A spacings are ndiagnostic, being common to manfytbe oxides and
therefore, alone, cannot be used as a means of phase identification. The second point
to note is that thosd-spacings which offer hope of uniqualyentifying a crystal
structure are to be found @tspacings larger than s&y7 A. Bearin these two last

points in mind there is little we can say about the diffraction pattern collected at 4.0

x 1¢ electrons nnf other than that its general forimtwo broad maxima at 2.6 and

1.5 A is typical of 2LFh and corresponds well with powder XRDaswements.

At afluence of1.5x 10° electrons nii three extra peaks have appeared, of which

two (2.88 and 2.10 A), confirm thmresence oéxtra mineral phasesin addition to

the precursor 2LFh. At the highest fluence of 1.5 x 10° electrons nii three
additional maxima appear at 4.87, 1.71 and 1.28 A. Of these new peaks the largest
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d-spacingmay corresponds to either maghemite, magnetite or goethite, however,

these are relatively weak reflections for each these phases (12%, 6% and 8%,

respectively. The large breadth of this 4.87 A maximum is due to this reflection

being somewhat oversaturated in the original diffragbtern.

Plottedin Figure5.10 are the radial intensity profiles of 2LFh asacquiredat 1.5 x

10 electrons nif and 4.4 x 1®electrons nij along with the stick patterns tiie

mo s t

(JCPDS: 060251402 and39-1349respectively). The Xay diffraction pattern®of
magnetiteare almostidentical to thoseof maghemiteand are thereforenot shown.

ntense

r e f | ehematiteamdsnage@&favocomparisomt i v e )

It can be seen that there is a good correspondencedietiie maghemite stick

pattern and the experimental diffractjpaitterns.
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Figure5.10 Radial averagedelected area electron diffractiotensity profiles ofcquired from
synthetic tweline ferrihydrite after exposure 4 x 10 (197eV) electrons nif. For
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In light of the aboveliscussionit can be concluded that magnetite is the mostylikel

candidae for the conversionprodud of 2LFh when subjecte to around4.4 x 10

(200 keV) electron nifi in the vacuum of the TEMThis is supported by the
following observations. Firstly the signals acquired from thelL REELS edge

suggestreductionof iron under the electron beam. Reduction of iron is consistent

with the loss of oxygen (and/or hydroxide rwhich in turn is supported BELS
and EDX spectroscopy compositional analysis. Crystallographic {&#ED)
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suggests the presence of extra phases, in addition to precursor 2LFh, being present at
elevated fluences. Of these phases magnetite (oxygenPpan8wustite (oxygen%

a 53) are ferrousron bearing mineralshoweverthe latter is not highly ranked
accordingto the crystallographic dat&inally, the OK EELS edges acquireat 4.4

x 10° electrons nif are very similaii both in terms of peak intsitiesandpositions

i to those measured from magnetite and maghemite, which have been measured on

the same microscope (Browenal.,2001).

In conclusion it would appear that, up until an accumulatgddctronfluence of
approximately 1Belectrons nif, 2LFh can be observed by a TEM using 197 keV
beam electrons, in itpristine (undamaged) state with minimal alteration being

observed in chemical and structwsignals.

5.4.2 Bright-Field (S)TEM and HAADF STEM Imaging

Low-resolution (S)TEM imaging of Zth (Figure5.11) reveals aggregation of the
sample on scalesanging from tens ofmanometresto several micronsEven

following extended periods of ultrasonicationléed crystals were not observed.

Figure5.11 Low magnificationbright-field andHAADF aberration correcteB TEM micrograph
pairs showing a typical aggregate sfnthetic tweline ferrihydrite Electronfluence is
estimated to be of the order of 1.5 X #fectrons nm.

High-resolution BFTEM imaging Figure 5.12) is only possible on the electron
transparent edged aggregates, where occasionally individual crystallites may be
seen to extend from theggregatemass These crystals have poorly defined edges
(being faceted when seen), which combined with their propensity to aggregate,

makesthe estimationof their ful extent difficult. Therefore, the possibility of any
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real statistical assessment of crystal morphology and size is preciegultethis
by making observations at the fringesagfregatest can be estimated thatystab
no greater than 4 nm iextentis present as pegorevious TEM work on 2LFh
(Janneyet al, 200(). Lattice fringes corresponding tbspacings of approximately
2.5/2.6 A canoccasionally be observamnfirmingthe crystallinity of the sample.
However, these spacings being common toyr@rihe iron oxides and hydroxides

are not a unique diagnosticfefrihydrite.

#

Figure5.12 High-resolutionbright-field TEM micrographs othe edge of a synthetic twime
ferrinydrite aggregatéaken close to Scherzer defocAsomic ordering and faceting can be
seen extending over regions ~4nm in extent.

HAADF AC-STEM imaging of 2LFh Figure5.13) more ofen than not yieldfuzzy
images. This is most probably due to a combination of the instability of aggregates
during electrorbeam irradiation and relatively large variations in sample height
which make achieving perfect defoatifficult. However, in raréenstanceshints of

crystallinity may be observed revealidgpacings of 2.52.6A.
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Figure5.13 High-magnification (1000k timesHAADF aberration correcte8TEM images of
synthetic tweline ferrihydrite A high degree of crystal aggregation can clearly be $&€h.
inserts indicate periodicity of 2i52.6 A. Electron fluence is estimated to be of the order of

10’ electrons nrf.
As was observed for 2LFh, the 6LFh form absdibits a tendencyto aggregee,
however, here the extent is far less pronoundedufe 5.14). Single isolated

crystals which may often be observed have faceted edges and sizes of approximately

4.9 + 1.0nm (based on an average of forygtallites).

o

Figure5.14 (a) Brightfield TEM and (b)HAADF aberration correcte8TEM imagesof synthetic
six-line ferrihydrite showing small aggregated clusters of well defined individual crystallites

HAADF AC-STEM imaging of 6LFh Kigure5.15) reveals irreglar-shaped single
crystal particles witlaspectatiosin the image plane close to unity. Fourgeralysis
of the HAADF images (inset, Figure 5.15) reveales spatial fequencies
corresponding tal-spacings of 1.8 A in addition to the 2.2.6 A spacings, typical

of both forms oferrihydrite.
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Figure5.15 High-magnification (500k and 1000k timedAADF aberration correcte8TEM
microscopémagesof synthetic sidine ferrihydrite showing well defined single crystals
Inset: FFTs indicate periodicities of 2.2.6 A for the lefthand side image and 1.8 A, 2.3.6
A for the righthand side image. Elgon fluence is estimated to be of the ordet @f
electronsim®.

5.4.3SelectedArea Electron-Diffraction

SAED patterns of 2LFhRjgure5.16, left) exhibit two diffuse rings ad-spacings of
251 2.6 A and 1.5 A, consistent with previous TEBAED work on the same
material (Jannegt al, 200() and also with the powder XRD dategaired in this
study (section 3). SAED patterns of 6LFhF{gure 5.16, right) display sixrings
corresponding t@approximated-spacing values of 1.51, 1.57, 1.810&.2.28 and
2.60 A, which again is consistent with previous TEBMED observiions of this
material (Jannegt al, 2000h Janney, Cowley, & Buseck, 2001
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Figure5.16 SelectedareaTEM electron diffraction patterntypical of synthetic tweline ferrihydrite
(left) and synthetic skkine ferrihydrite(right).

5.4.4Energy Dispersive XRay Spectroscopy

EDX analysis as applied to 2LFh is shownFigure5.17. The carbon and copper
signals are due to the sample support film and the supporting grid. No elements
other than iron and oxygen are observed (EDX is not capable of hydrogen
detection), thereby edirming the chemical purity of the sample. Elemental
guantification, based on the{Reand GK signals, in thisase gives a ratid~e O of

3:7 which is consistent with any one of the suggested formulaeO48.5H0;
FeOOH-HO or 5FeOOH-HO (Jambor &Dutrizac, 1998). Identical results were

obtained for 6LFh and on this basis are not shosve.
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Figure5.17 Energy dispersive Xay spectra of synthetic twline ferrihydrite as acquired in the
TEM. Insetthe relative percentage composition of iron and oxyeggtimated from the
integrated intensity of the respectigeaks

5.4.5Electron Energy L ossSpectroscopy

TEM EELS

EELS measurements of the-Eeand QK specific signals for both 2LFh and 6LFh
areshown inFigure5.18. It can be seen that for both the materials thé Bad OK
signals are almost identical making distinct identification imposskHilstly, the
OK edge Figure 5.18a) is characterised by an intense-peak feature (85% of
main-peak maximum) situated at some ~529 eV. ifiagn peakat ~538 eV is fairly
broad(~10 eV) and asymmetric. A broad hump which extends from approximately
548 eV to 575 eV has its maximum intensity §0% of main peakintensity) at
around 561 eV. Of the majaron-oxidesand hydroxides the ELNES of the €K
edge of ferrihydrite is most similar to that of either maghemitemagnetite
however there is the conspicuous absence of a peak at arcting\d which is

common to bothErown et al. 2007).

Figure5.18b compareshe Fe-L signals for both forms of ferrihydrite. The signal is
typical of a predominantly FH{) bearing iroroxide material in which the iron

atoms reside in s#old coordination with oxygens and/or hyexds.
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Figure5.18 Comparison of (a) oxygeHK and (b)iron-L electron energyosssignalsfrom synthetic
two-line ferrihydrite and synthetisix-line ferrihydriteas acquired in th€EM. Electran
fluenceis estimated to be below 16lectrons nif.

ASmalcqui sitiono EELS

The smart EELS acquisition method was applied to both 2LFh and 6LFh in order to
compare thesurfaceand bulk specific signalsof each sample witlnigh spatia}
resolutionand low electra fluence. Before continuing it should be made clear that
surface and bulk can be somewhat misleading concepts whaiacussing
nanoparticles especially in the case of those, which like ferrihydrite, exhibit the
propensity to aggregate. In thstudy an atempt was made to isolate the surface
specific EELS signals by scanning around the edge of particles as seen in HAADF
images. The bullsignal was isolated by scanning the probe over the top of a particle
as seen in HAADF imageB the case of 6LFh, where it was trivial to firmblated
crystallites definingamaskto sol at e the fAsurfaceo of a
a fair degree of confidence (segure5.19). However, in the case of 2LFh which
invariably forms large aggregates, an attempt to isolate the ssacédic signal

could only be made by scanning along the edge of aggregates. This is clearly less
preferable than scanning tperimeter of a single crystallite especially considering

the size typical of 2LFparticles.
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Figure5.19 (a) High magnification aberration correctelMADF STEM micrograph of a single
isolated crystal of sythetic sixline ferrihydrite.Examples of SmartAcquisitiorEELS
acquisition maskssolating(b) thesurfaceand(c) thebulk signals fronthe crystal shown in

(a).
The final data set used for surface to bulk analysis consists of the following: For
2LFh, seversurfacebulk mask pairs were selected for the measurement of the Fe
ELNES and ninesurfacebulk pairs were selected for the analysis of thd-e
atomic ratio.For 6LFh the corresponding number of pairs were five and eight,
respectively. In allcasesonly data sets containingurfacebulk mask pairshave
been chosen to allow for comparison on a partideparticle (or aggregatdo-
aggregatéoulk) basis. Only E-L spectra having SNRbetter than 5 (as estimated
from the ratio of the F&3 peak maximum to the R.M.S. of the noise in the
spectrum) were selected. In addition to thesastraints an assessment of the
quality of the masking was made by overlaying thasks with the HAADF images
from which they were derived. By analysis of the pixel intensity distribution about
the masked regions spectra have been selected which best isokigdbesignal.
s auollpMere 6 s

rejected from analysis. The same was true for masks which were found to have a

Surface masks sampling a distance greater than 0.5maot h e

significant offset with respect to the targeted regions or for those in which drift of
the sample was observed during acquisition. Therefore, baseldesa $election
criteria we are confident that tiseirfacespectra are taken from the outer 0.5 nm of

the particles analysed and the respediivi& from furtherwithin.

Table5.2 Summary of the SmartAcquisitidbBELSleast squares fittingurfacebulk analysis as
applied to synthetic twdine ferrihydrite (2LFh) and synthetic sline ferrihydrite (6LFh).
Error values represent the standdayiationof the measuredalues.

Fe ELNES fitting for both surface and bulk Van Aken Fe:0 - EELS Quant.
Elpg3+ [“Ipg3+ lpg2+ llpg2+
(Fe™) (Fe™) ("re™) ("Fe™) Fe3+/ZFe Surface Bulk
Haematite | Fe-Orthoclase | Hedenbergite | Hercynite
2LFHY | 36+ 14% 18 + 12% 47 + 17% 0.8+0.10 0.65+0.08 | 0.63+0.02
BLFHY 93 +2% 1+2% 7+2% 0.93 + 0.05 0.59+0.06 | 0.67+0.03
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Table5.2 providesa summary of theurfacebulk smartacquisition EELS analysis
as applied to both 2LFh and 6LFh. During #ealysis it was apparent that there
was no statistical difference between thelLF®gnals acquired from theurfaceand

bulk of individual particles (or aggregates as the case IpedyAs such, results of
the FeL ELNES analysis for botlsurface and bulk measurerants have been

combined so as to compare between the two forrfesrifiydrite.

Uncertainties in the Fe ELNES fitting results for 2LFh are an order of magnitude
greater than those of 6LFidditionally, the breadth of the Fes for 2LFh was
increased whe compared to that of 6LFh. This result is anomalous since when
measured using TEMELS, the Fd. edges of both forms of ferrihydrite are almost
indistinguishable from one another. The increased width of the 2LHh dege
meant that when performing NLLSitting, satisfactory and indeed faithful
reproduction of the ELNES was often not achieved. The origin of this increase in
width is thought to be due to a degradation of the EELS spectral resataticsl

by a problem inherent to STEHHEELS. That isthe laeral movement of probe
position not being fully compensated for by the-sdanning coils resulting in
electrons entering the EELS spectrometer at a range of asglesAppendix B)
This effect is more pronouncegdhen large areas are being scanned which wa

necessarily the case for 2FLh soaasks.

For the 6LFh samplao statisticadifference betweesurfaceandbulk FeO ratios
were observed, being for tiserface(0.67 +0.03) when compared to thoeilk (0.59
+ 0.06). The same was observed for the 2LFh sample.

5.4 Concluding Remarks

2LFh and 6LFh were synthesised according to the methods ouitlinedapter 4
Powder XRD data for both samples confirms the success of the synthesis and their
phase (purity). The tovbroad diffraction peaks observed in the 2LFh diffractogram
are indicative of the nanocrystalline nature andr crystallinityof this sample. The
diffractograms obtained for both forms of ferrihydrite are consistent thibise
previousy reportedn theliterature (Towe & Bradleyl967; Eggleton & Fitzpatrick,

1988; Drits et al.1993)

The FTIR spectra acquired here for 2LFh and 6LFhimargood agreemenivith
thosepreviouslyreported in the literaturéRussell, 1979; Cornell & Schwertmann,
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2003;Risti et a. IThe decrea@edl payticle sizebfrh, comparedo 6LFh is
reflected in the strong signal intensity in the 2,000 to 4,000"amgion. The

increased intensity of the Gstretching band at 1622 ¢nin the 2LFhspectrum
may be indicative ofanincreased water content of this sample compared to 6LFh.

The absence of the sharp band at 1383 atributed to N@) for 6LFh highlights

the efficacy of the dialysis method of washing over that used for 2LFh.

The positions and relative intensitiesthe broad bands around 510, 710 and 1380

cm? in the Raman spectra of both forms of ferrihydrite are consistent with data
previously reported in the literaturéézzetti & Thistlethwaite, 2002; Hanesch,
2009.

The effects of prolonged exposure to th®I28v/ electron beam of TEM has been
investigated by the simultaneous acquisition ofLFend OK edge EELS data,

EELS and EDX compositional data and SAED. A safe fluence level’aflé6ftrons

nm? has been established, below which both 2LFh ardbpged 2LFR can be
observed in their pristine state. The same safe fluence level has previously been
established for 6LFh under the same conditions (Pan, 2006; Pan et al., 2006; Pan et
al., 2010). Beyond the safe fluence limit alteration of both pristine 2LFh and th
phosphorus associated 2LFh specimens proceeds by preferential loss of oxygen,
reduction of iron and concomitant phase transformation to a material with

characteristics similar to that of magnetite.

Results here demonstrate that of the major-oxides,the EELS ELNES of the ®&

edge of ferrihydrite is most similar to that of either maghemite or magnetite (Brown
et al., 2007). The Fk signal is typical of a predominantly Fe(lll) bearing woxide
material in which the iron atoms reside in-&d coodination with oxygens and/or
hydroxyls (Grunes et al., 1982; Colliex et al., 1991; van Aken at al., 1998; van Aken
& Liebscher, 2002; Brown et. al, 2001). Support for the newly propddietiel
model for ferrihydrite (Michel at al., 2007) comes fromlFedge EELS analysis
which allow for a significant proportion (B 25%) of tetrahedrally coordinated

iron in the pristine structure of 2LFh.

BF-TEM imaging and SAED are in good agreement with previous TEM
investigations of ferrihydrite (Janney et al., 20@200b; Janney et al., 2001)
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Chapter 6 Characterisation of PhosphorusDoped Two-
Line Ferrihydrite

This chapter details theharacteriation of synthetic tweline ferrihydrite (2LFh)
coprecipitated in the presence of phosphord¥4doped)prepared by the method
outlined in section 4.1.Firstthe results of bulk measurements usinga} powder
diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, Raman
spectroscopy, combined thermal gravimetric analysis (TGA) and differential
scanning calorimetry (DSC) and-ray photoelectronspectroscopy (XPS) are
presented and each discussed accordingly. Following on from this the results of
characteriationusing analytical electron microscopy are presented for seletted P
levels. Emphass here is onestablishing asafe electron fluence value with which
these samples may lodserved.Table 6.1 provides an overview of the samples

examined in the currechapter.

Table6.1 Details of samples examined in Chapter 6.

Sample Full Abbreviated Sample Description

Name Name(s)

Synthetic twe | 2LFh Two-line ferrihydrite synthesiseid vitro

line ferrihydrite according to the method provided in
section4.1.1.

Phosphorus 2LFhPX, Rdoped | 2LFh coprecipitateth vitro in the presence of

doped synthetig 2LFh phosphorus according to the method providg

two-line SLERPO I in section 4.1.3. Molar quantities of P®ere

ferrihydrite chosen to achieve a range of P/Fe levels (0.

2LFhP1 or P1, 0.03, 0.05, 0.10, 0.20 & 0.30). X is the atomi
2LFhP3 or P3, percent P with respect to Fe. e.g. for P/Fe =
2LFhP5 or P5, 0.20 X =20 and the sample is denoted
2LFhP10 or P10, | 2LFhP20

2LFhP20 or P20,
2LFhP30 or P30

6.1 X-Ray Powder Diffraction

Displayedin Figure 6.1 are the powder XRD profiles for the 2LFhPX series. In
order to faciltate comparison the profiles have been: (1) subtracted from the
underlying background signal; (2)ormalsed by the respective profile intensity
maximum and3) smoothed using Gaussiarof appropriate width that information
(Bragg) was neither lost or tioduced. The XRD profile acquired for iron(lll)
phosphate dihydratéFePQ-2H;0), usedas a referencemineral is also displayed

here.
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Figure6.1 Comparison of powdeX-ray diffractionpatterndor the synthetic tweline ferrihydrite
phosphorus dopingeries. Also shown for comparison is the XRD pattern of FARXE.
With increasing P/Fe levels it can be seen that the general form of the undogeg:two
ferrihydrite (2LFh) profile is preserved.

It can be seen frorRigure6.1 that with increasing P/Fe levels the general form of
the undoped 2LFh profile is preserved: that is, two broad maxirappabximate
dspacings of 252 . 6 and 1. 5dGuKB)5 es waggle sét2ien g2
small scattering domains (Towe & Bradley, 1967). For P/Fe levels of 0.10 and
above there is a noticeable shift in the position of the peak maximum of the low
anglereflection to larger d-spacings (lower angles). Accompanying this shift is a
broadening of both peaks with increasing P/Fe: this effect is most pronounced for
the highangle peak. Both effects have been previously observed for 2LFh
coprecipitated in the presence of N&@y-H.O (Thibault, Rancourt, Evans, &
Dutrizac, 2009). Here the authors suggest two possible causes either: incorporation
of POy in the structureof the coprecipitated particles @r reduction in overall
particle size due to surface poisoning bysHibiting growth or a combination of

both.

6.2 Fourier Transform Infrared Spectroscopy

Presented ifrigure6.2 is a comparison of the FTIR spectra acquired from the series
of 2LFhPX samples for the spectral rang00-4000 cni and (right) a detailed
(zoomed) view of the 850160 cnt region. The FTIRprofile of the reference

mineral, FeP®2H,0, is also shown on tHeft.
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Figure6.2 A selection offourier transform infraredpectra fothe synthetic tweline ferrihydrite
phosphorus dopingeries2LFhPXdefined in section 4.1.33ndFePQA 2,8 (left) anda
zoomed view of the $ stretching region fgphosphorugiopedtwo-line ferrihydrite samples
(right). In the right hand pane letter annotations above each curve correspdid @ sof

(a) 0.00(P0), (b)0.01PY), (c)0.03P3), (d)0.05f5H), (e)0.10P10, (f) 0.20P20 and (g)
0.30(30 asdefined insection 4.1.3

The first observation to make is that the N@eak (1385 cm) (Parfitt, Atkinson, &
Smart,1975)is present for P/Fe levels of O(F10)and lower but not present in the
spectra of samples with higher P levels. Timay, on the one handeflect the
increased efficacy of the washing procedure on the removal of ffn the
samples of higher P levels. However, since 2LFhPX samples sufiject to a
consistent method of washing, this most likely indicates the replacement of the NO
anion with the relatively more strongly binding phosighduring hydrolysis (Parfitt

et al.,1975).

The relative intensity of the absorption signal betweBf02 3600 cni shows
significant variation across the-d®ping series, being least prominent R/Fe O
0.2QP20)when compared to lower P levels. As notedhapters, this region along

with the absorption feature at 1622 tare due to the hydroxyDH") anion and can

be attributed to the extent of hydration or water content of the sample (Russell,
1979).
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Shown in the right hand panef Figure6.2 is adetailad view of the raw signal in

the 8501160 cni' region which contairs the various vibrationd modes of the
phosphate anion whichy simple comparisonare seem to bebroadly similar to

those observed elsewhere for P absorbed at the ferrihydrite surfacé (Sgarks

2001; Frost, Martens, Williams & Kloprogge2002). An attempt was made to
decompose the phosphate absorption band into a linear combination of Gaussian
profiles as to assess the molecular configurations of the phosphate anion as per Arai
and Spark$2001). This analysis was unsuccessful as it was difficult to consistently
determine the background in this region so as to properly extract the phosphate band
for analysisModelingthe background on that of the underlying 2LFh signal did not
produce sasfactory results. Alsoattemptedwas a linear baseline background
extractionbetween 835 cth and 118&m’ this appeared tavork well for the
2LFhP20 and 2LFhP30, for which the phosphate band could be satisfactorily
decompose into three Gaussia peaks however for P/Felevelsof 0.1QP10) and

lower a combination of three Gaussian peaks did not describe this fealire
leaving a significant residual signal between the experimental data and the fitted
envelope. This residual signal may be due in part to the underlyingleFsignal

which, as can be seen frdfigure6.2, is not entirely featureless within this spectral
interval. In addition, for P/Fe < 0.(®10) the proportion of phosphate that is either
surface bound or in close association with 2lig-hkely to constitute an increasing
fraction of the total phosphate present as the P/Fe decreases. This phosphate would
result in a PO region which is fundamentally different to tlditanamorphous iron
phosphate phase. Indeedi¥&z et al.,(1999) naed, whilst studying théR spectra

of phosphatedhematite that when dematitesurface igphosphatesaturated the -©

region of the spectrum is composed of two brdsshdsat 1015 crit and 1105 cri
(Galvez, Barron, & Torrent, 1999). This is also apparent Figure 6.2 and is
consistent with the fact that 2LFhP20 and 2LFhP30 could be decomposed into two
bands.

6.3 Raman Spectroscopy

Figure6.3 compares the Raman spectroscopic data collected for the 2LFhPX series.
For P/Fe > 0.(P10) the Raman signal is essentially identical the that observed from
2LFh (@s discussed irsection 5.3 and therefore provides no indication of the

presence of phosphate.
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For P/Fe = 0.08°5) andgreaterthere is an increase in relative signal intensities for
both the 900- 1200 cni and < 600 cril intervals whichis seen to incease with
P/Fe. Between 900 1200 cm' the extra intensity is due to the P-O stretching
excitations of phosphat@Nakamoto & Brown, 2003 Mayo, Miller, & Hannah,
2004). In the case 02LFhPX, this broad phosphateandappearsround1045 cnt
whereasthe corresponding feature for FefZH,O (seeFigure 6.4) has a similar

profile but is shifted slightly, peaking instead around 1025".cfihis shiftlikely
reflectsthe difference in the precise bonding environments abouphiosphateon
between these compounds. The precise origin of the extra inten#iy riegion <
600 cm' for 2LFhPX is unknownhowever it is similar to that observed for
FePQ-2H,0 (see irFigure6.4).

2LFhP30

2LFhP20

2LFhP10

2LFhP5

2LFhP1

2LFh

1400 1200 1000 800 600 400
Raman Shift / cm”’

Figure6.3 Comparison of Ramascatteringsignals ofthe synthetic tweline ferrihydrite phosphorus
doping series(2LFhPX defined in section 4.1.3ujith P/Fe levels of 0.00, 0.0R1), 0.05P5),
0.1QP10) 0.2qP20)and 0.3QP30) as defined in section 4.1.3
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Figure6.4 Comparison of Ramascatteringsignals ofsynthetic tweline ferrihydrite synthetic
phosphorus doped twine ferrihydrite(2LFhP30 (P/Fe = 0.3Dand FePGA 2.8.

It is apparent from inspection éfigure 6.3 that for P/Fe levels of 0.{B10)and
greater the Raman signals appears to be composed of a linear mixture 2f£Fh
and ironphosphate signalén order to assess whether these spectra of the 2LFhPX
series couldndeedbe decomposethto two such components, a taammponent
linear leastsquares fitting procedure was applied to the 2LFhPX curveghiBpthe
2LFh and FeP®2H.O were used as reference signals which, in the absence of a

more suitable method, wemormalsed by setting the respective signal intensity

maxima equalto unity. A fitting region between480i 1360 cmi* was chosento
coverthe mainspectral features of each reference spectrum (i.e. the phosphate band

at ~1030 cnmtand the 2LFh band at ~700 &n

Figure 6.5 displays the fractionaFePQ-2H.O contribution to the fitted profile
which was found to linearly increase with P/Fe. As was the case for the XRD linear
fitting, this result is purely qualitaee since the reference spectra signals were
normalsed somewhat arbitrarily by setting the intensity of the major spectral feature
in each case equal to unity a quantitativeestimation of the relative phase fractions

is desired the fitting procedur&ould need calibrating by the measurement of
standards for which the ratio 2LFh:irphosphate is wekinown.
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Figure6.5 Fractionalcontributionof FePQA 2,8 referencdRamanspectrum to the besit linear
combination of FePgA 2,8 andsynthetic tweline ferrihydriteto synthetic phosphorus doped
two-line ferrihydrite(2LFhPX defined in section 4.1)3as a function ophosphorusioping.
The dashed line represents a linear fit to the data points, indicatigg results in an
increased contribution of FeR® 2,8 character.

6.4 Thermal Analysis

Thermal analysis was applied to both 2LFh and a series of six 2lG-8#K P/F& s
between 0.01 and 0.30. For 2LFh combined DSC and TGA results are presented in
Figure 6.6, whereas for the 2LFhPX series TGA and DSC results are given

separately irfFigure6.7 andFigure6.8 respectively.

Data is presentechs acquired without correction and consequently, beyond
~300°C, all DSC data presented hexe seriously affected by (negative) baseline
drift which has not been corrected fsince a background profile was not recorded)
and should not be interpreted as an endothezneat.
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Figure6.6 Thermogravimetric analysigop) anddifferential scanning calorimetiottom)of
synthetic tweline ferrihydrite as acquired undair and HeatmospheresThe grey curve (top)
represents the differential of the percent masange fosynthetic tweline ferrihydriteas
measured in air. The corresponding differential mass curve for He purge gas (not shown)
is almest identical.

As can be seen frommspection offFigure 6.6 there is little difference between the
TGA results for 2LFh heated in air and helium. both cases the sample lost
approximately 2@¢0.1% of i ts initi al ma s s figlreyis t h e
slightly less than the 26+ 0.1% masdoss quoted by Whgianet al. (2011), for

2LFh thathad beersynthesised by the same protocol used here, howesaeing
beendried at room temperatu@Vengian, Hausner, Harrington, Lee, Strongin, &
Parise 2011) The region of continuousnassloss corresponds well with the
endothermic peak in the DSC data, an event which is known to accompany OH loss
and/or loss of structural water from irgimyd)oxides Schwertmann1991). The
maximum rate of madess ocurs at around 110 °C corresponding to the minima
(most endothermic event) in the DSC data. The DSC endothermic event extends
from approximately 28- 250 °C, as has previouslgeen observed for 2LFh
(Wengian et al.,2011). The other prominent feature inetibSC data is an
exothermic evenbccuring at approximately 410 °C, which is not accompanied by
massloss and which may be due to tphase transition taLFhY hematite which

has been previously noted to occur-a425 °C for 6LFh (Towe Bradley, 1967)

and 415°C for 2LFh (Wengiaret al.,2011) using a similar heating protocol as
employed here. This 4H)1°C DSC event corresponds well with the point at which
the rate of maskss, as seen in thdifferential massloss curve, tendsto zero.
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Hematte ( H#eOs) is a pure oxide in that it ideally contains no OH or.8. As
such itcan thereforepe assumed that by 410 °C 2LFh has lost a®kgH20.
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Figure6.7 Comparison ofhermogravimetric analysidatafor synthetic phosphorus doped tne
ferrihydrite serieg(2LFhPX defined in section 4.1.3gquiredover the rang8 to 700C using
air as a purge gas. Foomparisonthe thermamasdosscurve of puresynthetic tweline
ferrinydrite (dashed) ath the differentialmassloss of each respective sample (gdashed) are
shown.

The TGA masslosscurves for the 2LFhPX samples are broadly similar to that of
2LFh (se Figure 6.7). There is some variation in the total mass lost at 700 °C,
however, the difference is only a few percent araj reflect the degreef dryness

of the samples since there is no systematitatran observed with P/Fe. Subtle
differences, emphasised in the differential rmass curves, can be observed
between the 2LFhPX massss curves and that of 2LFh. The first difference is that
there is a secondary masss event which takes plaee 260 °C for the 2LFhPX
samples, which is not observed for 2LFh. This event is coincident with two subtle
exothermic peaks in the DSC data for all 2LFhPX samples, with the exception of
2LFhP3 Figure 6.8). These minor exotherms lie in the 20B00 °C region and
their intensityis seen to vary approximately in proportion to P/Fe. As dhelse

maybe associated with the decompositionroh phosphatghase
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Figure6.8 Differential scanning calorimetry datar thesynthetic phosphorus doped thine
ferrihydrite series(2LFhPX defined in section 4.1.&agquiredover the rang8 to 700C under
oxic conditionsWith increasing phosphorus content the delay and suppression of the
exothermic phase transformation peak can be clearly seen.

The DSC curves show thttte exothermic eventvhich formallylay a 410+ 1°C

for 2LFh, has been delayed to 455, 533, 587 °C for Ars of 0.0{P1), 0.03P3)

and 0.0%P5), respectively Kigure 6.8). For P/Fe levels of 0.1P10)and beyond,

this exotherms not present indicating suppressionhs phase transformati@iFh

to hematite It can also be seen that for 2LFhP5 this feature is suppressed to
approximately 15% the intensity of that of the other samples of lower P/Fe. This
most probably indicates that for 2LFhP5 a reduced proportion o$ahgle has
undergonédransformatiorwhen compared to samples of lower P/Fe. A similar delay
and suppression of the DSC exothermic e been observed for a series of
synthetic 2LFB coprecipitated in the presence of silica (Carlg€otschwertmann
1981).

Tabulated inTable6.2 is a summary of the TGA data presentedrigure6.7. The
estimate of OH/Fe given in the table has been calculated assuming that up to 400 °C,
i.e. before thenematitetransition temperature, all makss can be attributed solely

to the loss of adsorbed water and that beyond this temperature str@tusahd

H20O is lost. This estimate of OH/Fe is close to that of 0.18 which has recently been
given for pure 2LFh based on TGA measuremeni®/efigian et al.,2017).
Compared to théerrihydrits (Drits et al., 1993) and the revised Michel ferrifh)

(Michel et al., 2007) models forferrihydrite, for which OH/Fe = ~1 and 0.90
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respectively, this estimate calculated herein is OH [Betteragreement, however,
is found with theFhyd2/3/6 Michel modelsfor which OH/Fe = 0.20 (Dritet al,
1993; Michelet al, 2007; Michelet al, 2010).

Table6.2 Summary othermogravimetric analysidata for thesynthetic phosphorus doped thne
ferrihydrite series(2LFhPXdefined in section 4.1.8asacquiredunder oxic condibns

Original 7 Mass-loss between: Total % lost Es‘tlwated

sample | s/ me| 0-200°C 200-400°C a00-700°c| @ 7000 | A

OH/Fe

AFh 2176 15.2 43 01 19.7 0.25
AFhPL 3317 19.3 4.7 0.4 2.4 0.30
AFhP3 3358 16.9 3.8 0.1 20.8 0.22
AFhPS 3111 14.8 4.0 0.4 19.3 0.25
AFhPI0 3181 15.1 3.9 0.4 19.4 0.23
AFhP20  32.44 14.1 a8 0.4 18.0 0.21
AFhP30 3072 14.3 a9 03 18.3 0.22

6.5 X-Ray PhotoelectronSpectroscopy
ElementalQuantification

Displayed inTable 6.3 are the elemental concentrations for the various ferrihydrite
samples used in this studys determined byPS analysis The concentrations
calculated are slightly different depending on thedei function used for removal

of the background contributiorin all cases the Tougarrd profile provides P%

atomic values which are closer to the target P concentrations used during sample

synthesis.
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Table6.3 Comparison of the measured elemental concentratiosynttietic sixline ferrihydrite
(6LFh), synthetic tweline ferrihydrite(2LFh), synthetic phosphorus doped thine
ferrihydrite series(2LFhPXdefined in section 4.1.8and FePQ.2H,O as determined bX-ray
photoelectrorspectroscopyElemental concentration values are quoted as atomic percent. Data
was measured using the VG Scienta ESCA300 spectroatatee NCESS facility.

Shirley Background
Sample

Fe 0 p P/Fe

6LFh 38.8 61.2 - -

2LFh 311 68.9 - -
2LFhP3 31.1 67.2 1.7 0.05
2LFhP5 31.1 66.5 2.4 0.08
2LFhP10 28.8 66.9 4.4 0.15
2LFhP20 23.7 68.8 7.5 0.32
2LFhP30 17.2 71.1 11.7 0.68
FePO4-2H,0 7.6 73.5 19.0 2.50

Tougamrd Background
Sample

Fe 0 p P/Fe

6LFh 39.4 60.6 - -

2LFh 39.5 60.5 - -
2LFhP3 39.1 59.4 1.6 0.04
2LFhP5 38.8 50.4 1.8 0.05
2LFhP10 36.4 59.9 3.7 0.10
2LFhP20 31.3 62.2 6.5 0.21
2LFhP30 25.2 64.9 9.9 0.29
FeP04-2H:0 13.3 690.4 22.6 1.70

CoreLevelXPS:Fe 2p

The Fe P peaks from the 2LFhPX series are displaye&igure6.9. In each case

the maxima of the Fepg»and Fe P12 peaks are at approximadending energies of

710.6 and 724.5 eV, respectively, consistent with previously reported values for
synthetic ferrinydrite (Descostes, Mergi@thromat, Beaucaire, & Gauti&oyer,

2000; Frau, AddariAtzei, Biddau, Cidu, & Rossi2011). At binding energs of

some 8 eV, above each of the main Zepeaks liec or r es pondiiprdg A's
satellite peaks. These peak positions, along withrdlaive separation between the
principle peak and their satellites are typical of feiran (Mcintyre & Zetaruk,
1977;Descoste®t al.,2000;Frauet al.,2011). The Fe p spectrum measured from

6LFh, not shown here, was indistinguishable from thai.&h.
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Figure6.9 Comparison of thé&on 2p X-ray photoelectropeaksfor the synthetic phosphorus doped
two-line ferrihydriteseries2LFhPXdefined in section 4.1.8as measured using the VG
ScientaEscalal250 spectrometer at the University of Leeds (UK).

CoreLevelXPS:0O1s

Analysis of the O4 XPS peakswere carried out followingthe fitting method
outlined insection 4.2.3In all cases the Gilpeak was found to be well fitted by
three peaks, an example of such a fit is showigure 6.10 and the results of the

fitting are summarised ifable6.4.

—— 2LFhP5 O 1s signal

= = - Shirley background

— fitenvolope

—— O 1s fit component 1
Q 1s fit component 2

—— 0 1s fit component 3

(a) (b)

2LFh P30

2LFh P20

2LFh P10

2LFh P5

2LFh P3

2LFh

I I I I | | I I ! I I
538 536 534 532 530 528 526 524 534 532 530 528 526
Binding energy / eV Binding energy / eV

Figure6.10 (a) X-ray photoelectronxygenls peak for thesynthetic phosphorus doped tline
ferrihydrite series(2LFhPXdefined in sectin 4.1.3) and (b) an examplef a three
component fit to thexygenlsX-ray photoelectropeak ofsynthetic tweline ferrihydrite
with 5% phosphorus dopin@l(FhP35. The fitting routine used is explained in detaikaction
423.
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Table6.4 Summary oX-ray photoelectrolxygenls peak fitting results f@ynthetic phosphorus
doped tweline ferrihydriteseries(2LFhPX defined in section 4.1.8 The fitting routine is
explained in detail isedion 4.2.3.

sample Fitted Peak 1 Fitted Peak 2 Fitted Peak 3 FWHM
centre (eV) % Area |centre(eV] % Area |centre(eV) % Area (eV)
2LFh 529.3 51 531.0 37 533.0 12 2.2
2LFh P3 529.3 49 530.8 37 532.6 14 2.1
2LFhP5 529.4 50 530.9 40 532.5 10 2.1
2LFhP10 529.0 50 530.4 44 5321 7 1.9
2LFhP20 529.3 56 530.6 36 532.9 8 2.2
2LFhP30 529.2 28 530.4 61 532.4 7 1.8
Average = 529.3 - 530.7 - 532.6 - 2.1
Std Dev. = 0.1 - 0.3 - 0.3 - 0.2

In each case the centroid positions of the three fitting peaks faiehe stable
especially considering the possible errors in ekaualing energyalibration, having
average values of 529.5 0.1, 530.7 +0.3 and 532.6 +0.4 eV for compdnent

ard 3 respectively. Accordmpto the literature,O (oxide) ~529.8 eVOH ~531.2 eV

and HO ~532.5 eV (Lin, Seshadri, & Kelber, 1997). In XPS it is generally the
initial state which predominates in determining the binding energy of a given
species. As such the greater the number of bonds with increasingly electronegative
atoms the more positive the chemical shift for a given element (Watts &
Wolstenholme, 2003). However, in stdasethe peak at 532.6 eV would be assigned

to some PO species (most likely H@hich would be at odds with the relative peak
contributions which from the table above clearly shows ttatrelativemagnitude

of peak 3 (~532.6 eV) is negatively correldtwith P/Feln examiningphosphate
treatedron surfaces Stoch and Stoch (1989) assigned O1s peaks at 531.6 eV to P=0O
species and 532.9 eV to POH (Stoch & Std&g9).

CoreLevel XPSP2p

A selection of PR peaks from the 2LFhPX seriesdisplayed inFigure6.11. There
is less of a pronounced systematic shift in the p@akthan for the othepeaks
however, the low SNR makes background estimations difficult ifer $tructure

analysis.
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Figure6.11 X-ray photoelectronlpsphoru2p peak of selected synthetic phosphorus doped-two
line ferrihydrites(2LFhPX defined in section 4.1.8 For P/Fe levels belo@.20(P20)the
peaks can be seen to be identical beyond this there is significant modification of peak profile
indicating differences in bonding environment.

The same peak fitting analysis, as describeseittion 42.3 was performean the

P2 signal. In thiscase the measured peaks were found to be well described by two
fitted peaks, the results of which are summarisethinie6.5.

Table6.5 Summary ofX-ray photoelectron phosphoro2p peak fitting results for theynthetic

phosphorus doped twline ferrihydriteseries(2LFhPXdefined in section 4.1.8 The fitting
routine is described in detail in sectio2 3.

Sample Fitted peak 1 Fitted peak 2 FWHM
centre (eV) % Area  |centre (eV) % Area (V)
2LFhP5 132.5 83 134.4 12 2.1
2LFhP10 132.0 75 133.2 25 1.7
2LFhP20 132.0 89 134.1 11 1.8
2LFhP30 132.2 80 133.3 20 1.6
Average = 132.2 - 133.7 - 1.8
Std Dev. = 0.2 - 0.6 - 0.2

The lack ofapparent systematic variation in the bihglenergy and profile of the

P2p peak is consistent with the bonding environments being simikach case

6.6 Analytical TransmissionElectron Microscopy
6.6.1BeamDamageAssessment of 2LFh with 5%”hosphorous
Doping

Figure 6.12 summariseshe EELS Fd. edge analysis of 2LFhP5 as a function of
accumulated electrefluence. As was the case with 2LE$ee section 5.4.1grra
bars for the fitted ELNES data have been derived from the corresponding errors in

the calculged fitting coefficient valuesOverthe fluence range 5.5 x 1 2.8x 10°
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electronsnm’ the ferric iron contentis seento remain fairly constantat around

85+ 25% of the total iron present. Beyond 3.0 X2 &lectron nrif there is a marked
drop in ferric iron content, which reaches a final value of approximately122o
when a fluence of 4.1 x @lectron nrif had been reached. The feririon datahas
been fitted by an exponential function which, when extrapolated back to the zero
electron fluence limit, estimates 825% of the total ironto be ferric Over the
course of theexperimentthe average valence of the iron has been reduced fnom a
initial starting value of 2.& 1 to a final value of 2.2 1. These resultare very

similarto those observed for 2LFh fEELS analysis given isection 5.4.1
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Figure6.12 Summary of Fe. energyloss near edge structure analysis as a function of electron
fluenceapplied tosynthetic phosphorus doped tloe ferrihydritewith 5% phosphorus
doping(2LFhPY. The onset of specimen damage can be seen to occur around &lect®ns
nm? as indicated by the drop in the ferric iron signal.

EDX analysis was used to monitor the elemental composition of the sample

throughout the experiment, the results of which are summarigédure6.13. Both

the oxygen and phosphorus signals are sedrdreasafter 2.5 x 18electron nrif,
whereas the iron signal is seen to increase (relatively) at around the same fluence
value, indicating the preferential loss bbth oxygen and phosphorus from the
material. This corresponds well with the point at which significant reduction of
ferric iron is seen to occur and also the oxygen loss profile observed for 2LFh
(section5.4.1). Plotted in the bottom right-handside grapgh of Figure 6.13 is
percentagehange in the absolute oxygen, phosphorus and iron sigratsglised
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by the copper signal) which agasuggestghat both oxygen and phosphorus are

being preferentially removed from the material as a result of elebam

irradiation.
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Figure6.13 Summary ofnergy dispersive Xay spectroscopidata acquired in thtransmission
electron microscopas a function oélectonfluence forsynthetic phosphorus doped thine
ferrihydrite with 5% phosphorus doping2I(FhP5. Beyond10® electrons nmi preferential
loss of oxygen and phosphorous is obserizgbonential best fit lines are shown for
illustration only.Error bars represent 10% of the base value.

A selection of SAEDpatternsacquired periodically throughout the experiment, are
shown inFigure 6.14. The corresponding radially averaged patterns derived from
these raw images are givem Figure 6.15. As was the case for 2LFh, upon

increasing fluence the measured patterns vodrgervedto evolve from onesin
which two diffuse rings (typical of 2LFh) were seen albw-fluences(1.4 x 10
electrons nnj) to increasingly morespotty patterns at higher fluences (4.1 x®10
electrons nrif), indicating a coarsening of the sample and the preseradifonal

phases.
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Figure6.14 Selecteearea electron diffretion patterns oynthetic 5% phosphorus doped time
ferrihydrite (2LFhP5)acquiredat various electron fluencebhe effects of prolonged exposure
to the electron beam can be clearly s&wid typeface numbers indicagdectron fluencén
electronsym?,

It can be seen from these assignments and thettdrns shown ifrigure 6.16

that a spinel phase (magnetite/maghemite) and wiustite are possible candidates f
the conversion products of 2LFhP5 after being subjected to 4.1etebrons ni
(197keV). A transformation of 2LFh to magnetite would involve the conversion of
some ferric iron to ferrous and the increased probability of ferric iron occupying
tetrehedral sites. A transformation to wustite (FeO) would require the total reduction
of the divalent stateand an increasein Fe/O from approximagly 0.5, a nominal

value for 2LFh, to unity. These requirements are at least in part supported by the
FelL edgeand EDXdata.

40 3.5 30 25 20 1.5 1.0
d-spacing / Angstroms

Figure6.15 Radially-averagedselected area electron diffractipatterns oynthetic 5% phosphorus
doped tweline ferrihydrite (2LFhP5) at various electron fluenseswing an increase ihé
number of Bragg reflections with increasing fluence. Electron fluence values in units of
electrons nrif arewritten in boldaboveeach curve.
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Figure6.16 Radially-averagedselected area electron diffraction intensity proféésynthetic 5%
phosphorus doped twline ferrihydrite (2LFhP5ps measured at fluences of 5.5 £ 40d 4.1

X 199 electrons nM. Also shownfor comparisorthe stick patternsf the most intense feaes
( O% relative) for magnetite) CPDS card 39349)andwistite(JCPDS card 48312)

By thee x p e r i emdyim.taftersan exposureto around4.1 x 10 electrons nid)
the sample was seen to have changed from what was initially a large aggregate of

small particles to an aggregatelafgerparticle with dimensions of 2000 nm as is

shownin Figure6.17.
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Figure6.17 Bright-field transmission electromicrograph ofynthetic 5% phosphorus doped two
line ferrihydrite (2LFhPShfter exposure to 4.1 x 1@lectrons ni. The effect of prolonged
exposure to the electron beam can clearly be seen.

6.6.2 Beam Damage Assessment of 2LFh with 10% Phosphor@eping

Figure6.18 summariseshe results of the EELS analysis as a function of increasing
electronfluencefor the 2LFhP10 sample. Again, as has been previously observed
for the 2LFh and 2LFhP5 samples, there is a decreaferrin iron content, the
onset of which occurs around2 x 1 electrons nii. The initial starting value for

the ferric iron contents estimated from the NLLS fitting of the -Eepeak is

75+ 15% of the total iron content and falls to a final value of approximately
10+ 10% at a fluence of approximately f0electrons nif. Using the an Aken

FeL white-line ratio method(see AppendixC) these valuesre slightly different
being 93+ 5% and 6+ 5%, respectively. These values are identical with those
obtained when the fitted exponential functions are extrapolated back to the zero
electron fluence limit. Over the course of the experim@eet from 16 to 10°
electronsnm?®), the average iron valence value has been reduced from 2@

2.1+ 1. These results are very similar to those observed for 2LFh (sdctdi
and2LFhP5(section 6.6.1)
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Figure6.18 TEM-EELS FeL edge analysis for synthetic 10% phosphorus dopeditederrihydrite
(2LFhP10) showing the derived ferric iron and octahedrally coordinated iron as a function of
electron fluence. Exponential curves (dottea) fitted for illustrative purposes. Error bars for
fitted data are derived from the uncertainties provided by the fitting routine used for analysis of
the FeL edge feature. Those for the van Aken method are in accordance with estimates
derived in van Akae et al., (1998). The effect of prolonged exposure to the electron beam can
be seen marked by a decrease in the ferric iron content beydat:ddons nri.

Time-resolved compositional EDX analysis at progressively increasing fluence
indicates that botloxygen and phosphorus are preferentially lost from the material

to the vacuumwhilst the iron (absolute) signal is seen to remain fairly constant
(Figure 6.19). The onsebf the loss of material occurs at approximately 3 £ 10
electrons nif and the data for each species are well fitted by exponential profiles.
Analysis of the coppemormalied ab®lute EDX signals indicatea similar
percentage decreasies the oxygen and phosphorus signasrofluence estimates

oft he s aompdsitodas calculated by extrapolatigive: oxygen 73.7 8%,

iron 25.1+3% and phosphorus 1+3%, which by the expei ment 6 s end
changed to 5.4+ 7%, 33.% 4% and 0.% 1%, respectively.
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