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ABSTRACT

Transition metabulfides have complex electronic structures which make them potentially useful as
catalysts or for use in electronic devices. While photoemission spegpip is the best method to

study these materials, accurate interpretation can be difficult for msiterth complex electronic
structures. With increasing interest in the applications of sulfides as catalysts, there is a growing need
for clear and accate interpretation of photoemission spectra. Improvements in sample preparation,
resolution of spectr@®py techniques and recent developments of new spectromicroscopy techniques
mean that the tools required to analyse surface electronic structure oélmiaexr more readily
available. Increasing availability of these techniques is driving the necessitynfisoved

understanding of the electronic structure and more accurate interpretations of spectra.

The original contribution to knowledge presentedhis tthesis is the advanced interpretation of
photoemission spectra for pyrrhotite and pentlandite byeamination of electronic structure, and

the subsequent enhanced ability to detect minority species on sulfide surfaces using photoemission
spectroscop and microscopy techniques. Empirical line shapes were defined for core level sulfur
spectra for pyrratite (FeSs) and pentlandite ([Fe,Ni$s), which allows additional surface species to

be detected and quantified on reacted surfaces of these miheradilition to ultrahigh vacuum
spectroscopy techniques, scanning transmisstoayXmicroscopy is peented as a new method for
sulfide analysis, which allows for the mapping of chemical species and detection of minority species
on sulfide surfaces in @ksing conditions.

Photoemission spectroscopy was used with varied analysis depths to distingisisé and bulk

states on vacuum fracture surfaces of pyrrhotite and pentlandite. Pyrrhotite fracture surfaces were
observed to form an undercoordinatedate monosulfide in addition to a disulfide and polysulfide
species. Pentlandite fracture surfaces mterpreted to have two undercoordinated surface
monosulfide species, which arise from the loss of at least one bonding partner as a result of fracture.
Pentl anditebds surface monosulfide species wer
which has previously made the interpretation of pentlandite sulfur spectra djfficuliever as a

result of this study the correct interpretation is now jged. The difference in surface species reflect

the polar and nopolar surfaces which are exposed @tfure surfaces of pyrrhotite and pentlandite,

respectively.

By distinguishing the bulk line shapes of the core level spectra from the surface ssstrengetric
line shapes were observed. Broadening on the high binding energy side of the sulfuf@pectra

pyrrhotite and pentlanditerere determined to originate from ligand to metal charge transfer final

\Y



states. These asymmetric line shapes wéeafivith an empirical set of peaks, which subsequently
enables the identification of minority surfesecies. These line shapes were vital for identifying and
guantifying the surface species which result from oxidation of the samples.

The identificationof minority species was further enhanced with the implementation of Scanning
Transmission Xay Microxopy (STXM). STXM is a novel spectromicroscopy technique, for
investigating the changes to a miner amenbfer sur f
UHV which may result in altered chemical states due to a change in environmental contlivass. |

shown that the spatial resolution and chemical mapping ability of STXM was able to identify minority
species on the mineotpréviously = distihgaished fromhtheddik sgeotrall d
contributions. This technique also provided thdeeded ability forin situ analysis of the

electrochemical reduction of a mineral particle.
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Chapterl: Introduction

1 INTRODUCTION

Transition metal sulfides have typically been valued for their economic and environmental impact, as
a |l arge proportion of economically i mportant
This is of particular interest for Australivhich has large mineral deposits, and where mining export

in 2018 amounted to over $200 billion and 8.4%4he gross domestic produft]. Separating the
valuable minerals from the gangue is an intqat step in the metal refinement pres@nd requires

a good understanding of the surface structures of mineral phases. Sulfide minerals are also highly
reactive and are subsequently large contributors to acid mine drainage. As the sulfidic roclerd expos
during the mining process, oxygen amdter oxidises the sulfide minerals to produce sulfuric acid
which contains high concentrations of heavy metals and other toxic ele@lemtsaddition to the
economic and environmental impacts of mining sulfide ores, many sulfide minerals have interesting
crystalstructures and electronic propertiesd anost are considered small band gap semiconductors.
With an ever increasing demand for cheap and clean energy production, attention is turning to metal
sulfide structures as a viable alternative for catalysts dmdopatalystd3, 4], specifically for
harvesting solar energy for water splittidg6]. To effectively utilise these mineral structures in such
devices, and to efficiently separate naturahenal phases from imed ore bodies, a detailed
understanding is required of the surface structures and electronic structures of these materials, and

the reactions that take place on their surfaces.

X-ray spectroscopies such aga§ photoelectron specsoopy and Xray absrption spectroscopy

are advantageous for investigating changes to electronic structure. Since the shape and intensity of
these spectra depend on the band structure of the mineral, they are highly sensitive to changes in
oxidation state,ligand binding, ad local coordination. Xay photoelectron spectroscopy is
considered a near surface technique and is therefore the best available technique to investigate
changes to the electronic structure, and oxidation species on the surfacesrafsmit@vever,

correct interpretation of transition metal sulfide spectra is-tneral and is often overlooked in

studies seeking to use photoelectron spectroscopy as a simple characterisation tool. This is
particularly pressing for the primary nickel g sulfide penéndite ([Fe,Ni§Ss), which has
received recent interest for its use as a catalyst for the hydrogen evolution rf@gat8prContinuing
confusion regarding the interpretation of pentlandite photoelectron speptédicular is drivig the

need for studies devoted to accurate and detailed interpretation of spectra and identification of surface

species.
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Detailed interpretation of Xay spectra of transition metal chalcogenides has historically been
difficult for a number of reasons.afple preparation techniques have been limited for the highly
reactive sulfides, as some surface oxidation prior to analysis has been unavoidable. Consequently,
there is an unknown amount of oxidised surface species contributingdeetttea, which maskbke

bulk contribution. The limited spectral resolution available to many prior studies has also obscured
the bulk signal, as the contributions from multiple surface states overlap with each other and the bulk
component, contributingtthe difficulty in ©rrectly interpreting core level spectra. Bulk components

of photoelectron spectra of transition metal chalcogenides are also seen to have unusual line shapes
and additional features which arise from final state effects caused bypelectrelation betwan the

core hole and the valence electrons. These effects are difficult to predict with electronic structure
calculations and therefore require detailed analysis of the valence band to justify and explain the
origin thereof. The abilt to prepare sampldsy fracturing within ultrahigh vacuum and transfer

them directly to an analysis chamber ensures the samples are as pristine as possible. Also, recent
developments in analysis techniques, notably with the addition of a synchrotratioragihoton

source ad improved analysers, provides greater spectral resolution to existing spectroscopy
techniques. These notable improvements make a more detailed interpretation of core level spectra

possible.

While pristine mineral surfaces are higldgvantageous for dated investigations into electronic
structures, these are not characteristic of the mineral surfaces found in nature or in applications such
as catalysts. Therefore, it is also necessary to study mineral surfaces in environmeiiahssudh

as exposeto air, or solutions, to understand how the surfaces change in conditions relevant to mineral
separation or catalytic applications. Comparing photoelectron spectra of oxidised minerals to spectra
of pristine minerals is a good methdéar investigating canges to surfaces and has been used
extensively for this purpose. However, these analyses must be completed-imghitvacuum, and
assume that there is minimal change to the surface between removing the mineral from the oxidative
conditions and analysgit. The other major limitation of surface spectroscopy techniques is that the
results are averaged over an area which contains multiple species, and therefore the spatial
distribution of the detected species is not known, and mynspicies are poteatly not detected.

There is a need for new techniques which are able to resolve the spatial distribution of chemical
species, which thereby enable detection of minority species.

1.1 Thesis structure and aims

The aim for this thesis is tdevelop the interptation of Xray photoemission spectra andray

absorption spectra for the transition metal sulfide minerals pyrrhotiteSsjFand pentlandite

2
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([Fe,Ni]oSg), which are often closely intergrown in nature. Chapter 2 of this thesis psavitterature

review into previous interpretations ofday photoelectron spectroscopy (XPS) anth¥{ absorption
spectroscopy of transition metal chalcogenides. It discusses the methods used to improve
interpretations and examples of how these techsitage been used teklop our understanding

of mineral surfaces under environmental conditions. Chapter 3 details the methods used in the
experimental sections of this thesis, including a brief description of each of the techniques, sample
preparation, ad instrumental detlsi for each technique.

The experimental chapters begin at Chapter 4, with a detailed investigation of a pristine vacuum
fractured surface of monoclinic pyrrhotite ¢(5¢). X-ray photoelectron spectroscopy (XPS) is used
primarily to identify the surface ®zies on pristine fracture surfaces and distinguish the bulk line
shape from the surface components. Resonance valence band spectroscopy is used to investigate th:
electronic structure of the sample to provide an explanation for theimel shapes iderfted in the
photoelectron spectra. This chapter gives the first detailed explanation for the asymmetric bulk line
shape observed for pyrrhotite core level spectra, and clearly distinguishes the bulk sulfide line shape

from surface spees.

Chapter 5 makasse of the interpretation developed in Chapter 4 when surfaces of oxidised pyrrhotite
sample are investigated using photoelectron spectroscopy. This chapter reveals the surface structure
of pyrrhotite after oxidation in air, and expwe to acidic conditins and discusses the development

of the surface structure, and the effect on the photoelectron spectra.

Chapter 6 investigates the surfaces of two pristine pentlandite vacuum fractured surfaces and reveals
the surface species formeghon fracture. This is significant for the interpretation of pentlandite
photoelectron spectra and resolves the contentious assignment of sulfur species which has been
discussed in previous literature. Part of this chapter has been published in Appize@ Science

(Z.E. Pettifer, J.S. Quinton, W.M. Skinner, S.L. Harmer, New interpretation and approach to curve
fitting synchrotron Xray photoelectron spectra of (Fed¥ fracture surfaces, Applied Surface
Science, 504 (2020) 144458

The valence bandf pristine pentlandite is investigated experimentally for the first time in Chapter
7. These experiments aim to identify the origin of the broad asymmetric line shape of the core level
photoelectron spectra, and also investigate changes seen in thagieavhlence band as a result of

changes to the mineral déds stoichiometry. Thi s
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electronic structure of this mineral phase and justify the bulk line shapes applied in Chapter 6, which

will aid future applicabns d pentlandite as a catalyst.

Chapter 8 investigates the interaction of water vapour with the surface of pentlandite to understand
how surface oxidation reactions occur for this mineral phase. This chapter then examines more
extensive oxidation by @osureof pentlandite to air and acidic solution. The newly developed
interpretation of core level and valence band photoelectron spectra highlights how these
environmental conditions affect the pentlandite surfaces and how these changes are observed in
photoelectron spectra. This has significant implications for future studies where oxidised pentlandite
surfaces are used as catalysts and will aid in understanding how the surfaces change in similar

conditions.

Chapter 9 extends the current analytical maéshtoinclude a new and emergimgicrospectroscopy
technique, which until this thesis, has not been used for sulfide minerals. Therefore, Chapter 9
presents a new chemical mapping method for sulfide minerals, with a discussion about the challenges
faced wten appying this method to minerals, with suggestions of how to overcome such challenges,
and examples of the possibilities available for similar studies. This is a significant development for
sulfide analysis, since the analytical techniques used in &isaft8 require ultrahigh vacuum, and

the effect of this vacuum on the surface components is not distinctly known. Therefore, the purpose
of Chapter 9 is to provide an additional technique to evaluate the effect of the chamber environment
on the obsenasurfaice species. Chapter 9 concludes with an example of the future of this technique,
to analyse the electrochemical reduction of a mineral pamid#u, thereby showing the flexibility

of this new technique.
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2 LITERATURE REVIEW . LOOKING BEYOND THE EARTH (8 CRUST TO
SEE THE CRYSTAL STRUCTURES WITHIN

2.1 Transition metal chalcogenides

Transition metal chalcogenides form a large group of substances containing transition metal ions
bondedto group VI elements, known aket chalcogenides: most commonly oxides and sulfides.
Transition met al oxi des and sulfides constitu
crust and are a major source of transition metals. The valuableahpf@ses are often intergrown

with other less valuable phases, and their effective separation is a critical step in extracting the
valuable metals from the ores. In addition to their value as natural resources, transition metal
chalcogenides are of in@®ing significance due to themteresting crystal structures, electronic
properties, and potential for application in novel electronic devices. Transition metal chalcogenides,
and sulfides in particular, due to their stability and semiconducting naawe fecently been
highlighted agotential catalysts for reactions such as the hydrogen evolution or oxygen evolution
reactiong1-3].

Understanding and accurately characterising the surface electronic striicheseomaterials is of
critical importance for their application as catalysts, and implications for the efficient separation and
beneficiation of these naturally occurring miger Photoelectron spectroscopy is commonly used to
characterise surface chestry of metal sulfides for mineral separation studieg{jefand references
within), andis increasingly being applied to transition metal sulfides synthesisedtébystastudies

[5]. Unfortunately, too often the interpretation of photoelectron spectra is oversimplified or
misinterpreted, and conseaduly either critical information is overlooked6-9], or the
misinterpretation of spectra produces erroneous rgSult8]. An accurate and detailed interpretation

of photoelectron spectra requires a good understanding and careful consideratiencofstal
structure and the electronic structafethe material, as small changes to the structure can result in
perplexing features in the spectra.

Pentlandite is the major naturally occurring nickel bearing sulfide ore, and is often closely wtergro
with pyrrhotite, amongst other phases. As thabgl demand for nickel steadily increases, the need

to refine low grade nickel bearing sulfide deposits becomes more prgkEjngroth flotation $ the
method used to separate pyrrhotite from pentlandite and relies on the difference in surface
hydrophobicity between the mineral phases to effectively separate [fliemi3] Formation of
hydrophobic polysulfide species, or hydrophilic species such as oxyhydroxide species and the

distribution of these species across the surface plays a key role in the flotability of the mineral phase.
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Therefore, understanding tearfaces of these mineralsdaime reactions they undergo is important

for their separation for metal extraction, and for their application as catalysts.

2.2 Pyrrhotite

Pyrrhotites are the second most common iron sulfides found in nature, second oniiet(Fp3).

It is not considera to be an economically important mineral, except in the need to separate it from
other valuable mineral phases. Pyrrhotite is commonly found intergrown with other minerals and is
considered to be an unfavourable phase ifdgubres. It is the most sulficontaining phase, and its
removal is critical for minimising S©production, and reducing the potential for sulfuric acid

production within mining wastg 4].

The pyrrhotite crystal structure is based on the NiAs structure, which varies with iron deficiencies in
the lattice. The Fe rich endmember of the pyrrhotite series is troilite (FeS) which is found primarily
in meteorites due to the high tearptures of formatiofiL5]. Troilite has a stoichiometric hexagonal
structure, based on close packed layers of alternating iron and sulfur atoms, sometimes with other
transition metals such as bii Co in place of Fe in the stiture. In general, pyrrhotite has a variable
structure, which arises from ordered vacancies of iron in the lattice, resulting in super cell structures.
The general formula for pyrrhotite is £&, wherex may range from 00t0.125[16]. Pyrrhotite with

a higher iron content will have a hexagonal structwiesreas more iron deficient piiotite such as

FerSs has a monoclinic structuf@7], as seen irrigure 2.1. While irontrich pyrrhotte structures

display little or no magnetic response, the idmificient monoclinic structure dfigure2.1 has a

measured magnetic moment of 53.5918], however the origin of this magnetism is debdie].
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Figure2.1: Monoclinic structure of pyrrhotite. Blue: Bdoms, grey: sulfur atombkon vacancies occur in
alternating planes parallel to thegis. The topmoston layer in the shown structure is a lacunar plane.

The most commonly studied pyrrhotite structure is the 4C monoclinic pyrrhetite FerSg
stoichiometry which is found most commonly intergrown with pentlanf@]. The iron vacancies

in this structure are confined ttiexnating iron layers parallel to the ¢ aj@d]. The Fe atoms exist

in octahedral coordination with eitheio® 6 sulfur atoms, which are only mildly distorted due to Fe
vacancies. The mean distances between tladres along the c axis are relatively short, which may
indicate some delocalisation of valence electrons. The measured magnetic moment for monoclinic
pyrrhotite indicates the number of unpaired electrons per atom is equal to 4.27, and that iron is
therefae in highspin configuratior{22]. The simplistic view of pyrrhotite dominated by higpin

Féd' introduces a problem with balancing the charge of the Fe and S valencies. Therefore, pyrrhotite
neassarily has some amount ofFim the structure to account for the Fe deficiency in the lattice
[23].

"0oQy 00Q "0Q Y Eq. @)
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In Eqg. (1), L denotes an iron vacancy. The ordering of e the lattice is less clear. Mdssbauer
spectroscopy @s not able to identifthe presence of Becations in the lattice, indicating they were
itinerant and were not localised on the time scale of the techniqué (1@® s) [21]. The presence

of Fe" was definitively shown using-Xay photoelectron spectroscopy, which was able to distinguish
the Fé' signal from the Pesignal using high resolutionpZpectra[24]. An explanation has been
provided for why Mossbauepsctroscopy was not Ebto detect P&, It is suggested that there is a
critical separation for cations in a lattice, below whichdkedectrons are shared, and above which
the cations can be considered losali For Fé cations, this critical distaeds 3.0 A[25], whereas

the Fe-Fe distances are nothan 3.1 A, except in the filled Fe layer, where the distances are 2.944
A. This is further indication that there is some delocalizatiog-eiectrons, which may account for

the effective movement of fen the lattice[21].

2.3 Pentlandite

As described in referend@6], pentlandite is formed by exsolution from theNieS monosulfide

solid solution (mss). As thess cools, a nickelifeus phase is exsolved, commonly along fractures

in the mss to form O6rimsdéd of fine blada®d par
Previous studies have observed grains of pentlandite and pyrrhotite with preferential orientation in
slowly cooled solid solutions, but rapidlpaed solid solutions have only randomly oriented blebs

of pentlanditg28]. Pentlandite has face centred cubic crystal structure wiBnisymmetry and a
chemcal formula of MSg, where the metal sites are most commonly occupied by iron and nickel
atoms in a ratio close to 1[29]. Pentlandite has been known to contaimal amounts of other
transition metals, especially cobalt, up to approximately [16, and may contain some other
elements such as silver in argentian pentlandite ([FAYE) [30]. The pentlandite structure, shown

in Figure 2.2 consists of approximately clogacked alternating layers of metal and sulfur atoms.
The catiorsites are distributed across 32 tetrahedral sites and 8 octahedral sites. The tetrahedral sites
are each bonded to 4 sulfur anions and arranged in actudter. The tetrahedral cation sites of
neighbouring cube clusters have short interatomic distamegigating some delocalisation of
valence electrons, which may account for the metallic properties observed for penf&ijditde

32 sulfur anions are distributed across Abbrdinate sites, whiotap the faces of the cube clusters,

and eight 4coordinate sites which link the cube clus{&3).
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Figure2.2: Crystal structure of pentlanditeqk. Blue: cation sites, grey: sulfur sites.

It was orignally thought that the thermal expansion of the pentlandite unit cell was irreversible. It
was postulated that the migration of Fe from the octahedtetr@hedral sites results in an almost
random distribution of metal atoms in the octahedra[38F A subsequent study which investigated

a natural pentlandite sample which was heéated subsequently cooled showed that the unit cell
decreased in size during cooling, but did not return to the original cell dime{&i¢risis postulated

that the overall increase in unit cell dimension is due to the randomized distributioranél Fé

atoms in the octahedral sit&5]. A comparison of the unit cell dimensions of synthetic and aktur
samples showed that over long annealing times, the unit cell parameters of synthetic samples decrease
to values similar to those found in natural samples, suggesting the reorderingtomBerdo the

octahedral site@6, 37] and highlighting the high mobility of metal atoms within the lattice.

The size of the pentlandite unit cell causes difficulty in calculating the electronic structuré af suc
material, which is further complicated by the uncertainthéordering of cations in the lattice. There

have been a number of studies attempting to calculate electronic structures of structures similar to
pentlandite[38-43], however each of #se studies is limited by @éhabsence of high quality
experimental data with which to compare the calculations. An understanding of the electronic
structure is critical for accurate interpretation of photoelectron spectra, as is seen for other transition
metal chalcogenide§’ hecomgdex structures have significant effects on the line shapes and features
observed in the core level spectra, and an understanding of these structures affects the interpretation
of the corelevel spectra.

10
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2.4 Electronic structure, bonding, and transitions in materials.

The strength and orientation of bonds in the crystal lattice play a critical role in determining the
electronic structure of a material, as it dictates the type of molecular orbitals which are formed
between neighbourgh atoms. The molecular orbls, or band structure which forms, and the
occupancy of valence electrons is what gives these materials their electronic properties. As an
example, consider a ferrous ion fHein the ground state; it has six valence electionge 3

orbitals:
&A  pi ¢i ¢n ol on oQri Eq. @)

There are fival orbitals;Q andQ are onaxis, that is, in the direction of the x, y and z axes,
andQ HQ andQ areoff-axis, meaning their direction is between the axes. In a free ion,dhese

orbitals are degenerate and have the same energy, but when the ion is bonligahtb saich as
sulfur in iron sulfides, the®orbitals become nedegenerate due to their nmg with the valence
orbitals of the ligand. As shown Figure2.3, whenthe cation (green) is in octahedral coordination,
the ligands (grey) are eaxis, while in tetrahedral coordination, the ligands are between the axes.
This results in an energy splitting of tlieelectrons, with the orbitals oriented towards the ligands at
a higher energy; that is, closer to the Fermi level. For a cation in octahedral coordinatiorexise on
orbitals referred to as theg states, are a highenergy, while for a tetrahedrally coordinated cation,

the offaxis orbitals, referred to as thg states, are a higher energy.

€g
d,2 dxz_yz
Octahedral - '
\\\ tZQ
Energy dyy ez dy,
%)
. g
- dxy dxz dyz
Tetrahedral
~. eg
dzz dxz_yz
Energy

Figure2.3: crystal field splitting of d ditals in tetrahedral and octahedral coordination. In the example in
the text, the green atomiien, and the grey atoms are sulfur.
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Electrons fill the orbitals from lowest to highest energy. However, for a ferrous ion witth six
electrons there are twanssibilities, based on the crystal field splitting; that is, the energy difference
between thé>g andey states, and the spin pairing energy, which is the energy difference between the
spin up (majority spin) and spin down (minority spin) electronshdfdrystal field splitting is less

than the spin pairing energy, the electrons will occupy thbdmienergy levels before pairing in
opposite spin states. The result i's the atom
electrons is maximised his is more common for a ferrous ion in tetrahedral coordination, rather than
octahedral cooidation, as the crystal field splitting energy is smaller and is therefore more likely to

be smaller than the pairing energy. Tetrahedral high spihweuldc on s i st of a fs
Aimajority spino electron i n eabiasoccupibdbyasecondwi t |
Aspin downodo or fAminority spino electron. | f
splitting, the electrons Wipair in opposite spin states in the same orbital before the higher energy
orbitals are occupte . This is known as a Al ow spinodo cor
electrons is minimised. The shape of the cation core level photoelectron pealctisdalfe the

number of unpaired electrons in the valence band, due to the coupling betweerathegammpaired

core electron and the unpaired valence electrons which results in a splitting of the maingation 2

photoelectron peak, known as multiplet gwig.

Multiplet splitting of the transition metal core leved lthes results in an asymmettine shape which

consists of a series of multiplet states. Attempts have been made to calculate the shape of these
multiplet features for the first row transih metals in different valence statgsl, 45] and to
empirically fit the asymmetric line shapf6-48]. However, the multiplet structure is dependent on

the ligand andhe local coordination which is sensitive to any changes to bonding. Therefore, any
line shape defined for one molecule does not take into account structural vafratiotisat model

and is consequently not applicable to materials beyond those fromm tlvbiine shapes were defined.

A more rigorous method of analysing spectra involves distinguishing the surface states from the bulk
line shapes and justifying the obsedvline shapes with analyses of the electronic structure of the

material.

2.5 Photoelecton spectroscopy of transition metal sulfides

X-ray photoelectron spectroscopy (XPS) is an important tool for understanding the electronic
structure of transition metahalcogenides. For the first row transition metal sulfides, there is a strong
interacton between the@core level and theddvalence band, thus photoelectron spectroscopy of the
2p core level is highly sensitive to changes which occur within these seactbonsequently, XPS

has been a key tool for understanding the surface changes aduoh due to fractur@49-52],

12
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oxidation[53-59], and the interaction with flotation reageif@®-65]. To be an effective tool fo
studying mineral surfaces, oxidation and reactions with other molecules, requires a strong basis in the
accurate interpration of unaltered cofkevel spectra. This is most successfully achieved on pristine

fracture surfaces, as these surfaces havieds¢ opportunity for alteration prior to analysis.

2.5.1 Identification of surface states

As a neatsurface analysis techniguéPS has a strong history in identifying surface states resulting
from the fracture surfaces of minerals. The species which exstomi ner al 6 s sur f ac
the top one or two monolayers of the sample, and while they do contribute to the plratoelec
spectra, their signal is often minimal in conventional XPS, and can be difficult to distinguish from
the bulk components. A sghrotron radiation photon source provides an advantage in this space, as
the photon energy of the-days can be tuned to emtce the surface sensitivity of the techniffi.

This method involves altering the energy of the incident photons, which consequently alters the
kinetic energy of the photoelectrons. The surface sensitivity of the technique is governed by the
inelastic mean frepath of the photoelectrons, which is idefl as the average distance an electron
will travel between inelastic collision§7]. Photelectrons with a lower kinetic energylihgenerally

have a smaller inelastic mean free path (IMFP), with the smallest IMFP at kinetic energies around
100 eV. At kinetic energies below this, the IMFP rises shdfh69].

Using this method of altering the incident photon energy, the surface states can be distinguished from
the bulk in the core level spectra. Binding energy shifts in core level spectra are used to identify
changes to the electronic structurelué surface states in comparison to the bulk. Bulk and surface
atoms in 1}V and [FIV semiconductors are generally found to have different binding energies of
their core levels. For example, the (110) surface of GaAs (with zinc blende structure) dfuftvs a

in binding energy with respect to the bulk binding energy core levels for both Ga and As states. This
is observed as a positive shift in binding energy for the Ga (cation) sites, and a negative shift in
binding energy for the As (anion) sites. Thading energy shift is due to a ground state charge
transfer in the bonds at the surface, resulting in an increase in electron density around the ligands as

a result of the loss of a bonding partfi#d].

Similar binding energy shifts are observed for transition metal sulfide surfaces. The sulfur spectrum
of vacuum fractured pyrite surfaces has been shown to include a contribution from a surface
monosulfide species, and antibution from the surface disulfide atofnl, 72] The iron sites of
pyrite are shown to includerarow bulk contribution from lowspin Fé and surface contributions

from Fé' species which have undergone changes to local coordination, resulting in multiplet spilitting
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of the main peak, in addition to a contribution froni*Fevhich results from autoxidation of the
surfaceq49, 7274). Using the described method of identifying surface components in the spectra,
this auteoxidation process was found to be common among a number of other minerals, and also
necessy to stabilise the surfaces of loellengite (Fgfend marcasite (Fe§74]. Fracture surfaces

of millerite (NiS)[75], bornite (CyFeS) [51], chalcopyrite (CuFe$[50], and troilite[76] have also

been studied, identifying both relaxations and reconstructions on fratttfeses, in addition to
analysing the bulk contributions to the spectrum. Surface species on pyrrhotite fracture surfaces were
also investigategi76], but the interpretation of these spectra was obstructed by the asymmetric line
shape of the bulk peak and the overlapping energiesrfaiceusates. Attempts have been made to
also identify the components in the pentlandite sulfur core level spefatium8] yet nore of these

are synchrotron XPS (SXPS) studid$ie accurate interpretation of these dpadas also been
difficult due to overlapping energies of distinct states, broad asymmetric line shapes, and the
difficulty in producing unaltered and reproduciblefages, as pentlandite has no natural cleavage

and a propensity to fracture along{aeadised grain$79].

2.5.2 Interpret ation of bulk XPS line shapes

Both pyrrhotite and pentlandite sulfup 2ore level speca have been seen to have high binding
energy asymmetric line shaplg$-78, 80] and this has been justified due to their small band gaps
and presumed metatetal bonding in the crystal latticgsl, 32] Such high binding energy bulk line
shapes have previouslydreobserved for other materiaBtrin [81] observed a high binding energy

tail in the Xray photoemission spectrum of sodium metal and concluded that the daie to
fexcitation of the conduction electrons by th
effect commonly seen fanetals which results in a skedline shape for the core level spectra, with
broad high binding energy tails. Thieesv line shape is comprised of a series of states arising from
the readjustment of the metallic conduction electrons, due to the creatienoofre hol¢82]. It has

been argued for both pyrrhotite and pentlandite that the asymmetric bulk line shapédseattsthe
interatomic distances between neighbouring cations which are smaller than the threshold proposed
for metallic bondind25]. However, monoclinic pyrrhotite hascalculated band gap of 0.8 ¢83],
indicating it is not a true conductor. Conversely, fentlandite electronic structure is not well
understood, despite the numerous calculations attempting to reswvestriucture[38-41].
Calcul ations have indicated t hagapinhebandsauctdreé t e 6
at the Fermi levgld0]. Furthermore, many first row transition metal chalcogenides have been found

to be chargdransfer compounds. They are characterised by the hgangktal chargdransfer

energy, which is the engy difference between t8&"and 3i"*'L (charge transfer) state and is less

than thed-d Coulomb repulsion energy4]. Periodic trends are observed for the charge transfer
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energy and thé-d Coulomb energy, related the electronegativity of the cation and the ligands.
Generally, as the cation atomic number increases, the charge transfer energy decreases, due to the
increase in electronegativity and subsequent lowering in energy of thecattutals. Concurrently

thed-d Coulomb repulsion energy increases due to the decrease in radial extentafrthita[84,

85]. However, the physical properties of materials such as their metallic or insulating nature and the
sizeof their band gagpreobserved to not be smooth functions of these varigBigsand thus the
electronic band structusef the transition metal sulfides require dietd investigation to understand

the origin of features in the photoemission spectra.

2.5.3 X-ray absorption gpectroscopy and resonant valence band studies

X-ray absorption spectroscopy can give additional insight into the valence band structure of a
material. For first row transition metal sulfides, the structure around theal&sorption line is
particularly sengive to changes to electronic structure, which can be induced by change in bonding
partner, or local symmetf$6]. Analysis of the @ absorption, or L edge, is sometimes referred to as
Near EdgeX-ray Absorption Fine Structure (NEXAFS) and is particularly sensitive for first row
transition metal sulfides as the transisdrom the 2 core levéto the unoccupied states in the 3

band are particularly strong. ConsequentlyNEXAFS has been showa be particularly useful for
mineralogical and geochemical resedi&T.

NEXAFS has been essaitfor determining the oxidation state of copper in various minerals.
Determining the oxidation state aftions in complex mineral systems is not trivial, and the
sensitivity of L edge NEXAFS spectroscopy to the oxidation state of copper in particsilbeda
instrumental for this purpose. In particular, for covellite (CuS), which has been claimed to be
primarily Cu', but shown by NEXAFS to be primarily £i88, 89] The copper in chalcopyrite was

also shown to be monovalej@9], despite claim®f divalent copper in the attered chalcopyrite
structure[90].The assignment of Gy Todd, Sherman and Purton [99%s inaccurate due to the
misunderstanding that €would not produce a L edgésorption spectrum, due to the fudl Band,

but theabsorption features occur due to theecharacter of the Cusdband. This highlights the
necessity for a clear understanding of the fundamental processes to ensure accurate interpretation of

spectra.

A patrticularly powerful method of investigating the@konic structure of a material is by resonant
photoemission spectroscopy. The valence band photoemission spectra are collected with photon
energies corresponding to features in the sofay absorptionspectra. This method highlights

features in the vahce band which correspond to orbitals from elements in the material, and may
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highlight localised 8 states, arising from the strong interaction between phend 2l electrons in
materials with significat electron correlatiof@1]. Fujisawa, Suga, Mizokawa, Fujimori and Sato

[92] used resonant valence lbaphotoemission spectroscopy to investigate the electronic band
structure of chalcopyrite (CuFgSand vwere able to show that chalcopyrite has a ligaognetal

charge transfer between the [543 Fe 3 states, ath that the broad tails in both the Fe anzp®ore

level photoelectron spectra are caused by the charge transfer finf@2faResonant photoemissio

has also been used to study pytytee minerals; namely Fefoyrite), CoS and NiS, observing the

trends as the catiorddand is progressively filled with the increase in atomic number of the cation
[93]. As the number of electrons in the cation valence band increases, the width of the peak in the
valence band spectrum attributed tbsBates increases, with the addition of a small shoulder near the
Fermi energy, attributed the ey band, which is empty in FeSbut progressively filled in Ce%nd

NiS2. Resonant enhancement was observed in thaasaleand for each of these materials, indicating
that electron correlation plays an important role in the electronic structaeelof Notably for Nig

this resonant valence band photoemission study showed that the higher binding energy satellite
featurewas due to @’ final state, and the main band of the spectrum is therefore attributable to the

charge transfed®L final stateand that Nigis therefore a chargteansfer type insulatd®3].

2.6 Oxidation of sulfide surfaces

With a clear interpretation of spectra for pristine surface, and a strong funidaometerstanding of

the origin of the observed feature;rXy spectroscopies can be a powerful tool for observing fine
changs to the mineral surfaces due to oxidation. Even without the strong foundation of the fracture
surfaces, photoelectron spectroscap particular has been used to study the oxidation of surfaces
upon initial exposure to oxyggh9, 94, 95] or air[49], or the evolution of the surface species due to
the extended exposure of the mineral to atmosphere, humidity or \Badies5, 56, 75, 988],
exposure to flotation fated condition$58, 62, 65, 99, 100pr acidic condions common to leaching

[96, 97, 101103]. Only a few of these mentioned studies investigate the surface species specifically
[49, 59, 94] while most observe the changedhe pectra of samples under the different conditions
[63,55,56,96,102] The | atter technique is a valid met
surfa@, but small details have not been easily detegbartly due to highly variable sample
preparation methods combined with the potential variability of natural samples and the limited

resolution available in older studies.

Pyrrhotite oxidation studies hawshown that after oxidation in air, the pyrri®tsurface forms an
overlayer of Feoxyhydroxide species, which has a sulfich underlayer, the stoichiometry of which

gradually changes back to£ein the bulk[24, 97] However, the studies which shows canpare
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the spectra of oxidised pyrrhotite samples with the spectra of more pristine samples, rather than fitting
the components of high resolution spectra. Pentlandite oxidised surfaces have been even more
difficult to investigate, as it was shown @arly studies that pentlandite surfaces naturally fracture
along preoxidised surfaces such as in cracks or grain boundaries in the 4@®ipl&s a result,
subsequent studies used abrading techniques to create reproducible pentlandite surfaces, which has
masked the interpretation of the high resolution spectra and made the assignment of surface states
difficult [77, 78] A more rigorous method of analysis is to firstly have a-steitlied fracture surface

and weltdefined bulk features, then compayithe well characterised bulk feature with the oxidised

spectra to identify the surfaspecies which result from the oxidising conditions.

2.7 Overcoming limitations of techniques

The next step to take in critically analysing transition metal sulfide sgrfade develop am situ

analysis method. Characterising fracture surfaces is imppda is analysing oxidised surfaces,
however the techniques discussed up to this point are limited by the analysis environment. This
limitation is especially importarfor the oxidised samples, as the sample must be removed from its
oxidising environmenand placed in ultrhigh vacuum (UHV) to carry out the analysis, and the
changes which occur between exposing the surfaces to oxidising conditions and analysing them in
vacuum are ambiguous. Scanning transmissiwayXmicroscopy (STXM) is an emerging eique

which is able to illuminate this aspect, as the technique allows for analysis of hydrated samples. The
use of soft Xrays has rendered this technique favouraii@fganic, polymer and biological samples

due to the water window; that is, the alilfor soft X-rays to penetrate water, and due to the low
radiation dose delivered by the design of the instrurfi€iat]. While STXM has been shown to be
highly useful for the analysis of soft maftérhas also been used to mapoéhtaining minerals in
multiphase mixture§l05], metal species in biofilmg06-109], and mapping ratios of ferrous and

ferric iron in silicate samplg4.10].

The main advantage of agplg this technique to sulfide samples is that samples can be anialysed
stuwi t hout having to change the samplebds envir
or pressure. This removes the assuomgtmade in the studies previously discustet,the changes

to the samples as a result of analysing them in UHV are minimal. Recent developments in this
techniqgue have seen novel designs of sample holders for studies of samples in specialised
environmats. An example was shown of an in situ analg$an irorbased catalyst using a specially
designed sample holder including a nanoreactor with gas inlets and electronical confiettipns
STXM has been used to study the electrochemical reduction'ofoQleposit metallic copper on a

Au electrode using a specially designed wet cell with printed electf@d2$ This sample holder

17



Chapter22Li t erature review: Looking beyond the ear

design has recently been further developed to enable similar investigations, but with continuous flow
of electrolytes[113, 114] The combination of chemical sensitivity, appropriateness for soft matter
and transition mels, and the adaptability of the sample holder makes STXM a great candidate for

sulfide mineral analysis.

2.8 Summary and objectives

This literature review has highlighted the need for careful characterisation of surface species and
detailedunderstanding of the electronic structures of the transition metal sulfides pyrrhotite and
pentlandite. Xray photoelectrorspectroscopy has been identified as a highly useful technique for
investigating these aspects of transition metal chalcogenidesrigival contribution to knowledge
provided in this thesis is the investigation of the surface structure of pristine vdraciored
pyrrhotite and pentlandite using tunable synchrotron radiation sources, and a detailed investigation
into the electronistructures of these materials, thereby justifying the observed bulk line shapes. With
carefully characterised pristine swrés, the oxidised surfaces of these minerals are then investigated
to identify the oxidation processes which occur on the surfdgssrbotite and pentlandite, and their
corresponding features in the photoelectron spectra. This is a significant caribspecially with

the increasing interest in pentlandite and related structures, as an accurate interpretation of spectra of
thes surfaces oxidised in air and in solution will help interpret the photoelectron spectra observed in
literature more focusseon the application of these surfaces as catalysts. Finally, this literature review
highlights that common photoemission spectrguie the sample to be in UHV, which poses a
significant limitation, especially for oxidised samples, which must be remfoeedtheir oxidising
environments prior to analysis. An emerging microscopy technique has been highlighted as a
possibility for ovecoming this limitation. Hence, this thesis includes the first known application of
STXM for analysis of transition metal $gle minerals, to highlight its suitability for sulfide systems.
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3 MATERIALS AND METHODS

3.1 Minerals
A combination of natural and synthetic mineral samples has beeffongkd research carried out in
this thesis. All the single phase pentlandite samples were synthetic samples produced using high

purity elements as starting materials.

3.1.1 Pentlandite synthesis

Pristine samples of natural pentlandite are difficult to obtince they often contain other mineral
phases, namely pyrrhotite and violarite, and occasionally other phases such as millerite, pyrite and
chalcopyrite, closely intergrown. Sample$ pure pentlandite used in this thesis have been
synthesised using arvacuated silica tube method, previously describeiay Zhou, Brugger,
Ngot hai , O6 Nei | | Quan@tieseohelemeantdl ird» ((1immgdiameter wire, 99.99+%,
Aldrich), elemental nickel (0.5 mm diameter®i 99.99+%, Aldrich), and sulfur (flakes, 99.99+%,
Aldrich) wereweighedand placed inside silica tubing, which were sealed under a vacuum dftat lea
102 Torr. The stoichiometry of the final pentlandite samples was controlled approximately by
selectingappropriate starting quantities of elemental materials. Samples were heated steadily to a
temperature of 45%, over 7 hours, and kept at that tenapere for 3 hours before being heated at

the same rate to the maximum temperature of 1150°C. Sampleseicta this temperature for 10
hours, at which point the blast furnace was turned off and samples were allowed to gradually cool to
room temperatur@vernight. This gradual heating process prevents the sealed silica tubes from
exploding due to rapid vapaation of sulfur and allows for the sulfur to react with the iron and
nickel. The resulting samples are composed of pure pentlandite, with a @irofayillerite on the
outside edge of the bullgt, 2]. This thn millerite layer is removed using 1200 griign-carbide

sandpaper before analysing the samplebs cryst

3.1.2 Mineral characterisation
Each mineral sample was characterised usinmgyXdiffraction to show the crystal struatyrand

electron microprobe analysis to determiine average stoichiometry across the sample.

3.1.2.1 X-ray diffraction
The crystal structures of the minerals used in this thesis were determinecpyliXfraction (XRD)
using a Huber Guinier Image Plat G67@a¢ Diffractometer with Cé&KUradiation &6 = 892.Ay 8

Representative portions of each sample were finely ground in acetone and transferred to a silicon
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crystal sample holder, and a di f f-RG.cTheipeaksinp at t
each diffraction pattern were compared with mahelatabase files to confirm the crystal structure of

the mineral, and the presence of any impurity phases. For the synthetic pentlandite samples, both ends
of each bullet were analysed to examine homoggnaitd the samples selected for the work all

shoved good homogeneity across the whole sample.

3.1.2.2 Electron microprobe analysis

The stoichiometry of each sample was determined using quantitative electron microprobe analysis.
A Cameca SXFive electron micropronas used, operated at 20 kV, with a specimereati of 20

nA. A few small pieces of each sample were selefttad regions throughout the pell@bd set in a
nortconductive resin, which was polished witBtauers TegraPol Automatic Polishing Systemmaisi

a 9 um cloth, followed by a 3 um cloth, anddlly with 0.04 um colloidal silica, rinsing between

each stepOnce the samples were polished to a fine shine, they were coated with a fine carbon layer
to prevent charging during analysis. During micrograhalysis, the distribution through the samples

of different atomic species could be qualitatively observed by imaging using backscattered electron
mode, which highlights differences in atomic mass with image contrast. At least 10 data points were
collecied for each phase in each sample to provide gtaistics. Synthetic pentlandite samples that
showed norhomogeneous distribution of iron and nickel atoms were rejected for this study.

3.1.3 Surface preparation
The specific surface preparation techniques teghch experiment are noted in the methods@e

of each chapter. An overview and description of each method is presented below.

3.1.3.1 Pristine surfaces

Two methods of creating clean mineral surfaces for analysis were used in the proceeding chapters
fracture in high vacuum, and fracture in nitrogen glove bag. For both these methods, prior to fracture,
notches were made on the side of the minerals to create weak points along which the minerals would
fracture. This served two purposes; firstly, to conthe resulting shape of the mineral, and secondly

to encourage the mineral to fracture through grains, rather than along grain boundaries, to expose a
pristine surface, rather than a ymedised surface.

The pristine mineral surfaces which were anadystthe Australian Synchrotron by XPS and
NEXAFS were prepared by fracturing in high vacuum directly prior to analysis. Samples were
prepared by shaping into approximately 5 x 5 x 10 mm dimensions and mounting in a specially
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designed, electrically condiiieg sample holder such that the long edge was protruding from the
sample holder. The sample was then transferred into the preparation chamber of the endstation and
evacuated to a pressure of at least T0rr. While under vacuum, a pair of opposing kriifade

cleavers were used to apply a gradually increasing force to the edge of the sample until the sample
fractured, revealing a pristine, unoxidized surface. The sample was then moved to the analysis
chamber and the cleanliness of the sample assessedmiPS broad survey scan, monitoring the

carbon and oxygen signals to determine if the fractured sample was pristine.

The pentlandite samples presentedantion7.3were analysed at the Canadian Light Source, where

no fracture camber was available on the endstation. Alternatively, the samples were fractured in an
inert nitrogen atmosphere to achieve the most pristine surface possible. To achieve this, pentlandite
samples which had already been notched were inserted into a glgwehich was temporarily fixed

to the entrance of the introduction chamber of the endstation andontisuouslyflushed with
nitrogen. The pentlandite samples were cleaved using-tneldddeel endcut wire cutters. Each
sample was mounted on a molybdensample holder using carbon tape, with the pristine surface
facing upwards. The samples were then transferred to the introduction chamber, and the door to the
introduction chamber was sealaad beginning to evacuate before the glove bag was removed.

3.1.3.2 Dosed samples (controlled oxidation)

One of the pristine pentlandite sampiiesn the Canadian Light Soureeas dosed with a controlled
amount of HO vapour and is presented @hapter8. This was achieved in a preparation chamber
which was maintained at a vacuum of at least 2<I@rr. Demineralised water was held in a glass

tube which was mounted on awed inlet to the preparation chamber. The tube was surrounded by a
liquid nitrogen filled vessel to freeze the water. The vaivihe preparation chamber was opened to
allow the vapour from the subliming water to enter the chamber where the pentlangile svas

held. The pressure in the chamber was closely monitored until the desired exposure was reached, at
which point the vale to the subliming water was shut off and the vacuum allowed to recover. The

pentlandite sample was then moved to the anatysimber for measurements to be made.

3.1.3.3 Polished samples

The polished samples, and the samples exposed to acidic solution shotapierss and8 were

polished using an incremental manual polishing procedure. Samples were separated from the ore
where necessary by breaking off sections with Hagld endcut wire cutters. Carevastaken to

avoid sections of obvious impurities sometimes present in natural samples, such as quartz. Samples
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were shaped approximately using coarse grit (either 80 or 180 grthrwsiliconcarbide sandpaper.

The analysis face was then polished usiogeasing grit sandpaper (400, 600, 800, then 1200 grit),
working the sample in figureight patterns to ensure even polishing of the surface and to remove
scratches and pitting. The samples were then cleaned using ultrapure (MilliQ) water in aniciltrason
bath to remove residual silicon carbide, while preventing unnecessary crumbling of softer samples.
To achieve a fine polish with a mirror shine, the samples were then polished using 1 um diamond
paste on a TriDent synthetic woven polishing cloth, waykhe sample in a figureight patternTo

remove the residual diamond paste, the samples were then cleaned once more in ultrapure water in

an ultrasonic bath.

3.2 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a chemically seasgectroscopic technique which
measures the energy of electrons which are ejected from the surface of a sample as a result of the
interaction between incident photons-(&ys) and the sample matter. In a simple model, the energy

of the photon is known'@), the kinetic energyO ) of the ejected electron is measured, and the
binding energy of that electrdi® ) is calculated b¥qg. @) [3].

Q O O %o Eq. B)

In Eq. @), %ois the work function, or the minimum energy required to remove an electron from the
sample. In practice, the work function includes work function of the sample, and the work function

of the spectrometer, and is constant across all measurements taken on the same instrument

The binding energy of an ejected electron is characteristic of the atom and the subshell from which it
originates and depends on the electrostatic attraction bettheeelectron and the nucleus of the
atom. Electrons in deeper subshells (closer to the nucleus) will have a binding energy greater than the
valence electrons, due to the increased electrostaactain. An example of this can be seen in the
survey spetrum for a slightly oxidised pentlandite sample, showhigure3.1.
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Figure3.1: Example of survey spectrum for oxddidpentlandite, including peak assignments, obtaisitil
h 3 1487 eV.

3.2.1 The photoelectron excitation process

A diagram of the photoelectron excitation process is showigure3.2. If the energy of the incident
photons is sufficient; that is, if it exceeds g of the work functioand thebinding energy of the

core electron, then the core electron will be ejectech fthe material as a photoelecti@p) with a

kinetic energy determined by the difference between the energy of the incident photon and the binding
energy of the elemdns, given byEq. B). The photoelectron process leaves the atom in an excited
state with a core hole, which results in a relaxation process to fill the core hole and leave the atom in
its lowest energy state. One of the availaklexations processes the Auger decay procesdso

shown inFigure 3.2. In this process, an electron from a higher shell fills the core hole. Due to the
conservation of energy requiremgsbme energy must be released, t#nig may be done so by
providing the energy to another electron which is emitted into the continuum. This electron is known
as an Auger electrofea’). In the example given iRigure3.2, the core hole is in the K (n = 1) shell,

an ekctron fills the core hole from the [n = 2, | = 0) shell and the Auger electron originates from

the Lo3(n =2, 1 = 1) sub shell. The Auger electromhisn referred to as the KLL Auger electron, and

its kinetic energy is determined by the differenetween the K and lLenergy levels, minus the
energy of the 3 level.
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Figure3.2: Schematic ophotoelectror{ey) and Auger decagea’) processef].

The binding energy of photoelectron pealied the kinetic energy of Auger electron peaks are
characteristic of the atoms and the energy levels from which they originate. ThereforeaXiB&fig

tool for identifying the chemical species in a sample. High resolution spectroscopy of core levels
provides more detailed information about the bonding environments of the atoms in the sample, as
small binding energy shifts in the peaks of a fé\wcan be observed. The fine changes to core level
binding energy are caused by changes to the Coulomb @bteviiich is affected by the electron
density around the atom. Changes to electron density around arargoaused by the change in
number of bods or type of bonding partners, and can be affected by other factors such as bond length
and strength[5]. Therefore, lgh resolution core level spectroscopy can give detailed bonding
information about the sample.

There are additional features which can be obsemephotoelectron spectra which arise from
processes which have not yet been described herein. Extrinsgspes are caused by the interaction
of the ejected photoelectron with the sample as it passes through $arthee andtauses the
secondary elaémns to be liberated. This results in the loss of kinetic energy of the original
photoelectron and presermsthe photoelectron spectrum as a continuous backgi{éuig Intrinsic
processes occur simultaneously with the ejectiomefariginalphotoelectron andhclude features
such as multiplet splitting and charge transfer satellites.

Multiplet splitting arises when there are unpaired electrons in the valence band. The unpaired core
electron that remains due to photoionizatiompies with the unpaired valence electron(s) thus
creating multiple possible final states. These multipld Btates result in asymmetry of the core level

photoelectron peak and can be a significant part of the spectrum. Multiplet peaks are particularly
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prominent in many of the transition metal core level photoelectron 8aky. The shape and
intensity of tle multiplet structure depends highly on the band structure of the material and therefore

accurate and meaningful fitting of the multiplet structure is diffigof.

When a core hole is created the system will create the losvesygy configuration available.
Screening satellites are evidence of this outcome being achieved by a valence electron moving closer
to the core hole and screening the coulomb potential otthathole. Charge transfer satellites, such

as those seen fdirst row transition metal fluoride compounglkl] are screening satellites which
occurdue to the creation of the core hole and are named as suaeltlsnvalence electron is being
transferred either from the metal to the ligand, or the ligand to the metal. These satellite peaks are
observed at a higher binding energy than the core leadd @ied are generally seen with increasing

intensity with incrasing atomic numbgi.2].

3.2.2 Surface sensitivity

XPS is conglered to be a near surface sensitive technique, rather than a bulk analysis technique, due
to the relatively short mean free path of electrons through a solid. However, the mean free path of
electrons varies with their kinetic energy, and therefore thefsa ce sensi ti vity ¢
changing the energy of the initial photons, and therefore varying the kinetic energy of the
photoelectrons. The sampling depth of an experiment is defings aderea-is the inelastic mean

free path of the photoelectrons. An approximation of the surface sensitivity can be calculated as
described byoénch [13].

Y p Q Eq. @)

EqQ. @) calculates the proportion of the signal which originates from the first surface monolayer of a
crystal, wiere'Q is the distance between {hkl} late planes parallel to the surface, &b the
escape depth of the photoelectrons. The escape depth has been cdltdjaisthg the inelastic

mean free path (IMFP) data published in literatiirg]. Table 3.1 shows the surface sensitiy
including the inelastic mean free path of photoelectrons, and the proportion of the signal originating
from the first surface layer. Tlaweragevalue ofQ  for pyrrhotite was calculated to be 2.2 A, based

on cell parameter values & p @B, ® @& B, andd ¢ & B [16], with a band gap of 0 eV

and a density of 4.6 g/chiL7]. For pentlandite, the value 6 was calculatedo be 1.8 A, based

on a cell parameter value éf p B B [18], with a bandyap of 0 eV and a density of 4.8 gfcm

[19].
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Table3.1: Estimatedoroportion and percentage of the signal which originates from the first mono¥yer (
of pyrrhotite and pentlandite surfaces, respectively, calculated for each photoelectron spectrum

Pyrrhotite
i h(eV) IMFP (A) 4y % Surface signal
Fe 2 846 5.66 0.322 32.2
1487 16.49 0.125 12.5
SP 260 5.12 0.349 34.9
846 15.11 0.13% 13.5
1487 24.77 0.0850 8.5
Valence Band 700 15.27 0.134 13.4
730 15.74 0.130 13.0
Pentlandite
i h(eV) IMFP (A) 4y % Surface signal
Fe 2 846 5.79 0.267 26.7%
1110 10.42 0.159 15.9%
1400 15.14 0.112 11.2%
2000 24.13 0.072 7.2%
Ni 2p 1110 7.84 0.205 20.5%
1400 12.74 0.132 13.2%
2000 21.95 0.079 7.9%
S 260 5.22 0.292 29.2%
400 7.50 0.213 21.3%
600 10.93 0.152 15.2%
846 14.98 0.113 11.3%
1110 18.98 0.090 9.0%
1400 23.26 0.074 7.4%
1475 24.34 0.0071 7.1%
Valence Band 260 7.84 0.205 20.5%
400 10.25 0.161 16.1%
600 13.55 0.124 12.4%
846 17.40 0.098 9.8%
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3.2.3 Data collection

The XPS datgresented in this thesisene obtained at either the Australian Synchrotron or the
Canadian Light Source, utilising the bright anshable photons generated by these synchrotron
facilities as a source of incident photons.

The Australian Synchrotron softray beamline is equipped with an elliptically polarised undulator,

with a 1200 line/mm monochromator grating and 20 um monochwoneatt slit. This achieves an
optimal energy range of 902000 eV, with a resolution of better than 0.01 eV at photongerser

below 800 eV and a resolution of about 0.2 eV at higher energies around 1100 eV. The endstation is
equipped with a SPECS Pho#h&50 hemispherical analyser and the samples were placetitat 90

the detectof20]. Survey scans were collected with a pass energy of 50 eV, resulting in a resolution
of a little less than 1 eV. Fe and Np 8pectra, and O and & $pectra were each collected with a

pass energy of 10 eV, providing @nergy resolution of 0.2 eV, while the fspectra were collected

with a pass energy of 5 eV, giving an energy resolution of\0 [R1].

The spectra presented sections/.3 and8.1were collected at the Canadian Light Source Variable

Line Spacing Plane Gratildonochromator (VLSPGM) (111D-2) beamline with the Photoemission
endstation fitted with a Sciental00 electron analyser. The beamline is equipped with a planar
undulator source which provides photons ofi5Z50 eV energy22]. The pass energy was setl

eV for each spectrum, and the entrance and exit slits were adjusted for each sample at each energy tc
maximise the signal while not overloading the detector. The spot size of the beamline is up to 500 x
500 um, with an energy resolution of approximat@l9l eV, and a spectral resolution of less than

0.2 eV[23].

3.2.4 Data processing

All photoelectron spectra were analysed with CasaXPS soff@dfeThe specifiddinding energy
calibration used for spectra is noted in the methods section of each chapter and is either referenced to
the Au 4 peak at 84.00 eY25], or to adventitious carbon at 284.8 Y. High resolution core level

spectra were normalised to the bulk signal, and valence band spectra were normalised to constant flux

at a binding energy below the onset of the spectrum.

Spectra were fitted by first fitting the leading edge of eacktspa with a symmetric peak shape,
and then adding subsequent peaks at higher binding energies with similar peak widths, using the least
number of peaks necessary, unless otherwise justified, until each spectrum is well fit. A Voight

function was chosen fahe peak shape with a ratio of Gaussian and Lorentzian line shape of 50:50.
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GL(50) is considered a reasonable choice for the synchrotron data, since the Gaussian broadening
due to the analyser is expected to be around 0.1 eV, and the Lorentzian bigpddethe lifetime

of a core hole is expected to also be approximately O[1¥V

The sulfur P spectra were fitted with two peaks for each feaattributable to thef, and the 12
components of each feature. Th®/2peak is fitted to the spectrum as it is the peak with the lowest
binding energy, while thepz,> peak is set to have the sapeak width and half the area of thes2

peak, ad fixed at a binding energy 1.19 eV higher. Each subsequent doublet feature is expected to
have a similar peak width to the bulk peak, with the exception of sutfurspecies, and the
polysulfide peak, with can be attributed to varying length polysulfat&ins, and thus represent a
range of sulfur binding energi¢26].

3.3 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) iscamplementarytechnique to XPS, since while XPS
provides information about the core level electrons in a sample, XAS provides information about the
unoccupiedralence levels. Xay absorption spectra represent the absorption of photons by a sample
as the photon energgyvaried across an absorptietge ands therefore able to measure the excitation

of core electrons to unoccupied bound and continuum statestr&@re collected with a variable
energy photon source. The energy of the photon source is varied fromtbelbave an absorption

edge, and a measurement is made of the absorption function. Below the absorption edge, the incident
photons do not have Sigient energy to excite the electron from its core shell. Just below the main
absorption edge there is ofteome fine structure which is attributed to core electrons excited to
previously unoccupied bound (valence) states, and the absorption endrgseofeatures is equal to

the difference between the initial (core) and final (bound states). When the phetgy equals that

of the binding energy of the core level electron there is a dramatic increase in the absorption intensity,
as the core electras excited to the continuum. This region may show some structure due transitions
to higher level bound statefhe analysis of the region from just below to just above the absorption
edge is known as-Xay Absorption Near Edge Spectroscopy (XANES), oretomes especially for
absorption edges in the softrdy region, it is known as Near Edgeray Absorption Fie Structure
(NEXAFS) spectroscopy. Since the fine structure of the absorption edge reflects the transition to
bound valence states, this technigaehighly sensitive to bonding environment and electronic

structure.
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3.3.1 Data collection and processing

The dran current is the simplest method for detection of a NEXAFS spectrum. As electrons are
excited from the ground state, they are replaced by theriee#cconnection to the sample. A
measurement of the current from the sample is directly proportional &bsloeption spectruf27].

The surface sensitivity of total electron yield (TEY) detactis slightly larger than that for XPS of

a similar core level[28, 29] NEXAFS spetra in this thesis were collected at the Australian
Synchrotron soft Xay beamline, which measures the incident photon fluxdigldamesh. The flux

was accounted for in the measured spectra by dividing the measured signal by the incident photon
signal. Where possible, the spectra from internal Fe and Ni metal standards were measured
simultaneously with the experimental spectracatibrate the photon energy of the beamline. The
main line of the Fe metal standard was calibrated to 706 8@&\31]and the main line of the Ni

metal standard was calibrated to 852.782]. A linear background from below the absorption edge
was subtracted from each spectrum.

3.4 Resonant valence band photoemission spectroscopy

The spectra prestad in sections4.3 and 7.2 combine both photoemission andry absorption
techniques anthe technique iseferred to in this thesis as resonant valence band spectroscopy. The
technique involves measuring the photoemissjattra of the valence band of the respective sample
using selected photon energies of the transitionshénXray absorption L edge spectra. This
technique allows for the identification of certain photoemission channels by their resonant
enhancement aelect photon energies. The technique employed in this thesis uses energies from
below and above thep2absaption threshold which promoteg Zore level electrons into thed3
states, while simultaneously measuring tde/&ence photoelectrons.

To undergandthis techniqueit is helpful to consider it in two stages, although these stages happen
simultaneously The first stage is the absorption process, which promotes a core electron to the
conduction band. The second step is the Auger decay processcimashigher core electron decays

into the deep core hole as another electron is ejected as an Augenelactt a shallow core hole
remains. Since the final state of this ta&tep process is the same as for the valence band
photoemission process, itpsssible for these two channels to intefati. This interaction can either
cause resonance or antiresonance behaviour for sufficiently localidetherefore coherent final
states, and is referred to as Fano reson®@k If the intermediate states are delocalized and
therefore nbcoherent, the intensity of the spectra will simply be a supdimosif the photoemission

and Auger decay channgBt].
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3.4.1 Data collection and analysis

Spectra for the resonant valence band studies were collected from pristine mineral surfaces at the
Australian Synchrotno soft X-ray beamline. Xay absorption spectra were obtained over the L

edges of iron and nickel. Eneegiof interest were identified in these spectra at peaks and inflections,
and these photon energies were used, in addition to photon energiesbélalove the L edges, to

obtain the valence band spectra. The beamline photon energy was calibratedypg@mecting the
internally collected absorption spectra of Fe metal to 706.836\Y31] and Ni metal tdB852.7 eV

[35]. Careful calibration of the electron analyser was achievaddnrdingthe Au 4 photoelectron
spectrum at some of the photon energies used throughout the experiments. The calibration of the
binding energy of the Auf4. peak at 84.00 e\25] at each photon energy was used to create a
calibration curve by which each of the valence band spectra were calibrated. These calilyregson cu

are fiown in the respective results chapters. The valence band spectra were normalised to constant
flux at an energy 5 eV below the onset of the valence band photoemission spectrum.

3.5 Photoemission Electron Microscopy

Photoemission electron microscoffPEEM) is a technique which combines photoelectron
spectroscopy with small scale imaging to produce images of the surface which show both topography
and spatial distribution of chemical states. Tépectromicroscopyechnique utilises soft xay
absorptim spectrao distinguish chemical state&s the photons interact with the sample, electrons

are emitted and are accelerated through a series of electrostatic lenses, to focus onto a fluorescent
screen. The image produced on the screen is captured by al&@€&dorto produce an image, in

which the intensity of each pixel is dependent of the intensity of the emitted electrons. A schematic
of a PEEM endstation is shownhigure3.3.
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Figure3.3: Schematic diagram of the photoemission electron microscopy (PEEM). Gigireduced with
permission from [http://efd.nsrrc.org.tw/EFD.php?num=342

The beamline used to collect the PEEM images in this thessasble taneasure Xray absorption
spectra in electron yield mode by measuring the drain current from a sample over a range of photon
energies which span an el ementds absorption e

endstation are shown inistthesis.

3.5.1 Data collection and processing

PEEM images and corresponding NEXAFS spectra were collected at the BLO5B2 beamline at the
National Synchrotron Radiation Research Centre (NSRRC) in Hsinchu, TE&jaThe beamline

is equipped withan ellipticdly polarised undulator and a spherigahting monochromator, which
results in a photon flux of 2 10'? photons/s at 800 eV in a 0.4 mn®.2 mm spot size. The images

are obtained by focussing the electrons emitted from the surface of tleeiam#troudn an
electrostatic lens column and onto an aluminium coated YAG (yttrium aluminium garnet) fluorescent
screen, which is mounted on a CCD detector, which collects images in total electron yield (TEY)
mode. All PEEM images shown in this thesivda field ¢ view of 450um, with a resolution of

1000 pixels/image. NEXAFS spectra are obtained in total electron yield mode, using the drain current
from the sample. Spectra are collected with a step size of 0.1 eV and a dwell time of 3 seconds to
achieve an accepble signal to noise ratio. Angignal of the photon flux is collected simultaneously

by a gold mesh. Samples were mounted to conducting sample holders using conductive carbon tape.
The beamline endstation was operated at a vacuum ofTa@. The pixel intensity of images
collected at absorption edges contain both absorption information and topographical effects caused
by the geometry between the sample and the incident photon energy resulting in a larger photon flux

at sharp surface faaes, and shadowing effect387]. The topographical effects are counteracted by
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the formda in Eq. 6), whereOis the pixel intensity of the image taken at the peak energy(Cdad
the background image taken below the absorption energy. This pgavitigh contrast normalised
image with an intensity range df to 1, with minimal topographical effec8pectra were processed

as described previously in sectigrB.1

© %0 Eq. 6)

3.6 Scanning transmission Xray microscopy

Sanning transmission -Xay microscopy (STXM) is a relatively new microspectroscopy technique

that is capable of analysing samples in environmehger dthan the ultrligh vacuum environments
required for XPS, NEXAFS and PEEM. A STXM beamline uses a zate to focus synchrotron
radiation onto a small point on the sample. Images are generated by raster scanning the sample plate

while the transmissioof photons through the sample is measured by the detector.

Order sorting

/

Det ect

|

Sampl e g

/

Fresnel zon
Figure3.4: Schematic of key optical components of a STXiistation.

To generate spectra from a point or an image, the incident photon energy is varied over an absorption
edge. The detected transmission functiénig¢ converted to an absorptifunction, or optical density

(OD) using the Beekambert law, Bown inEq. (6), where'Ois the incident photon flux, arid (s

the absorption functiort § multiplied by the density of the materi@&(

e Eq.(6)
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There are multiple modes of operation for a STXM instrument; imaging at a fixed photon energy by
rastering the sample window across a narrowly focussed; lmedlecting spectra at a defined point

or line acros the sampleand collecting a stacked image. The stacked image is a series of rastered
images collected over a chosen absorption edge. This creates a 3 dimensional image, where an
absorption spectrum mde derived from each pixel in the ima§3. XM measues the transmission

of photons through the sample, showrEi. (7). Thetransmission signal is then converted te th

|l inear absorption scal e, k n o wa(incadent phiatop intensitg) | de
signal, ad taking the natural logarithm, as shownkq. @). For single images, unless thgis$
otherwise defined, it is taken as the maximum transmission signal in the unprocessed image, or better,
the averaged pixel value over a regadrthe image which is determined to be a hole in the sample,

as this is assume be the intensity of photon transmission through the window. The benefit of
presenting images in optical density is that the scale is linear, rather than exponentiarefoceth

small changes in intensity due to thickness or changes in the absageibicient are linear and

more easily visible.

(e Eq. ()

. .0
/' $ C(S@ Q Eq. ®)

Spectracollected as line scans measure the transmission of photons across épteftoa energy

range over a line across the sample. As with images, line scans are also converted to optical density,
however thed signal may either be froms@éect i on of the | ine which |
maximum transmission occurs due to theaaize of sample, or can be collected separately from a
blank window, which accounts for attenuation due to the thickness of the window, and any
contamination fron the beamline which may contribute to the sample. ¥bighal used for stacks

can be colle&d in the same way as for the line scans; either from a separate blank window, or from

a Aholeodo in the sampl e.

Due to the design of the beamline optics andstraple plate, STXM can be used for samples which
are difficult to analyse using the techniqpesviously described. The small spot size delivers a much
lower radiation dose than a technique such as PEEM, while maintaining a good signal to noise ratio
[38]. This makes the technique appropriate for samples such as polymers or biological samples which
may otherwise suffer significant beam damEg#§. The development of sample holders extends the

possibilties of sample environments to include wet cll, and more recently the boundaries of
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this tedhnique have been pushed further to include electrochemical arfdlys#2] and with flow
through chemistr{43, 44]

3.6.1 Data collection

The data presented @hapterd was collected at the Canadian Light Source STXM beamline 10ID1,
or at the Swiss Light Source PolLux beamline. The Gb& X-ray microscopy beamline has an
Apple 1l Elliptically Polarizing Undulatolight source which provides polaed photons in a range

of 13071 2700 eV.The spectral resolving power of the endstation for normal operationds £/
3000. The spatial resolution is 30 nithe endstation is able to operate at atmospheric pressure, or
under a vacuum of down to 2@ orr. Experiments were conducted with the chamber backfilled with
helium at a pressure of approximately 130 Torr, &isitmeis transparent in the softpday region45].

The PolLux beamline at the Swiss Light Source uses polarizagsfrom a bending magnet source,
which provides photons in an energy range5ifi21600 eV. The beamline is fitted with a spherical
grating monochromator, with gpectal resolution of EfE > 3000. The spatial resolution is at least

40 nm.The vacuum of the beamline is separated from the endstation by a 100 nm tNigk Si
membrane, which is located just upstream of the Fresnel Zone Plate, allowing the meastioements

bemade at atmospheric pressure, or in a vacuum of down®@drd[46].

Since STXM is a relatively new technique, and the expansion of this technique to sulfide minerals is

a key aspect of this thesis, the analysis of the results will be discussed in @hapter
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4 PRISTINE FRACTURE SURFACES OF MONOCLINIC PYRRHOTITE

Pyrrhotite is an abundant terrestrial iron sulfide mineral which is commonly associated with valuable
metal sulfide minerals such as pentlandite and is a carrier for platinum group metals. Pyrrhotite is one
of themost commonly found sulfide minerals, ahdrefore is important for the mining and minerals
processing industries. During mineral processing, pyrrhotite reacts and dissolves to produce acidic
solutions that may contribute significantly to acid mine drgenand affect the recovery of valuable
mineral phases. Pyrrhotite has also been a mineral of interest regardimngtjoreeactions. There is

a suggestion that the catalytic potential of
of the building blocks of living organismfgl]. A mineral 6s reactions ar
structure and electronic structure; theref these aspects are important areaseséarch for

understanding the surface reactions.

Some studies have investigated the surface structure of pyrrhotite using XPS, but the spectra are
difficult to interpret. The difficulty arises from the overlapgibinding energies of multiple bulk and
suface states in both the Fe and Sphotoelectron spectra. The spectra are further convoluted by
final state effects such as multiplet states and energy loss features which contribute to the spectra,

which may banisinterpreted as additional stafgs4].

While some previous studies have investigated the surface structure of troilite (FeS) and monoclinic
pyrrhotite and hexagonal pyrrhotites, none have been able tocgweqicaly identify the species

present on fracture surfacg3, 4]. Other studies have investigated the electronic structure of
pyrrhotite; investigating the bonding between Fe and S §&a&jsand identifyingweak-- bondi ng
between Fe atoms adjacent in thaxes[9]. No studies have yet addressed the relationship between

the electronic structure of pyrrhotite and the effect of electron correlation on the photoelectron spectra

and its effect on the interpretation of the presence of surface states.

The original contribtion to knowledge presented in this chapter is the identification of the surface
species present on fracture surfaces of monoclinic pyrrhotite using varying analysis depths to isolate
the surface and bulk contributions teray photoelectron spectra. Thischnique allows for the
identification of the bulk pyrrhotite sulfide line shape. Detailed analyses of the valence states and the
effect of electron correlation in transition metal sulfides are considered and inform a discussion about

the peak line shapge photoelectron spectra.
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4.1 Methods

The sample analysed in this chapter is a section of monoclinic pyrrhotite originating from the Naica
Mine in Chihuahua, Mexico. The sample was analysed usinayXliffraction to confirm the 4C
crystal structure, and atal acid digest followed by inductively coupled plasimaass spectrometry

to determine the stoichiometry to bes ks.00

The core level and valence banda§ photoelectron spectra, and theay absorption spectra were
collected at the Australian 8ghrotron soft xray beamline (14ID)10]. The binding energsof the
photoelectron spectra were calibrated using the #Apipeak ¢ a gold standard and calibrating the
peak 84.00 eY11]. The pyrriotite sample was fractured in the preparation chamber of the endstation
under a vacuum of at least3Torr, as described isection3.1.3 A survey spectrum for thisample

was coll ected with hFiguedll™hd&eareand/oxygendr carlson spdtiesw n
evident in the survey spectrum around 530 eV or 285 eV rigplgc The peaks in the survey
spectrum can all be attributed to iron and sulfur specieshametio of the Fe Band S p features

is consistent with the stoichiometry of the sample as measured by microprobe analysis.

Intensity

X A

| ! I ! | ! | ! I ! I ! | ! | ! | ! | !
1000 900 800 700 600 500 400 300 200 100 0
Binding Energy (eV)

Figure4.1: Survey spectrum for pristine vacuum fractuneehoclinicpyrrhotitewhich shows no evidence
ofcar bon or oxygen contamination at the st

Fe and S R photoelectron spectra were normalised to the bulk peaks to allow direct comparison
between spectra. Each sulfys €pectrum has a Shirley background app[ie2]. Where the S 2
spectrum has been fitted, each feature is fitted withdpinorbit split peaks for thed, and 12
peaks as described section3.2.4 Valence band spectra have been normalised to constant photon

flux at a point dew eV below the onset of the spectrum to compare relatigesittes of the features.
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4.2 Analysis of aulfur states

Sulfuro>phot oel ectron spectra were obtained with
in Figure4.2. The 23,2 peak for bulk monosulfide is at 161.2 eV consistent with the bulk five
coordinate peak fitted to previously reportednaoclinic pyrrhotitd3]. While these spectra have been
collected with the same experimental conditions and acquisition parameters as the pentlandite spectra
presented itChapter6 and recently published in Apptl Surface Sciendé3], the line widths of the

main peak shown in the three spectraFigure 4.2 are considerably broader and vary between
approxmat ely 0.75 to 0.9 eV. The h3 = 260 eV spec
mainpeakic ompari son to the h3 = 846 eV maedtzr um,
peaks is not as great as in the bulk sensitive spectrum. A siipdarvation is made in the comparison

of the S P spectra for chalcopyritd.4] and bornitg15]; the latter of which is seen to have a broader

line width due to the surface features present. Therefore, the increase in the line whdtman

peak in the spectra presentedrigure4.2 is expected to be due teetincrease in spectral contribution

from surface features. All three spectra show ammasetric line shape that extends in the high
binding energy region to approximately 167 eV. These tails have previously been attributed to a
DoniachSunijic line shapedr conductors due to pyr[BHol6liteds
However, the true shape of the pyrrhotite bulk monosulfide tail is difficult to determine due to the
uncertainty in bulk features that shdue fitted, and the overlap of the bulk features with surface

disulfide and polysulfide features.
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Figure4.2: Vacuum fractured monoclinicyprhotite S»p hot oel ectron spectra col |l
846 eV, and 1487 eV.
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4.2.1 Identifying the sulfur states on pyrrhotite fracture surfaces

A method of finding the binding energy of surface features is to calculate a difference spectrum from
spectra of varyingurface sensitivities. Each spectruf@d ) can be considered to be a convolution

of bulk 6 O) and surface state®(O ) and therefore may be expressed in the simplified form shown

in Eq. ©). In this equation, andf arecoefficients of the bulk and surface states and are dependent

on the incident photon energy.

‘00 | 60 T O Eq. ©)

Therefore the 846 eV and 260 eV spectra can be showig.b§0) andEg. (11).

0O | 60 f YO Eq. (10)

o | 60 1 YO Eq. (L2)
Since each spectrum is normalised to the bulk sulfide peakexpected that e | , and that
I I . The difference spectrum, calculateddxy. (12) and shavn in Figure4.3, is expected to

represent the shape of the surface components of ¢éotram.

YO 0 O Eq. 12
6 r Y| o6 1 Y
YO f Y f ) Eq. (13

The 846 eV and 260 eV spectra were selected for this calculation, since the 1487 eV spectrum has a
lower resolution and a greater line width, and therefore any difference spectrum calculatéaeusing

1487 eV spectrum would have less detail. Furthermdoream be seen ifrigure 4.2 that the
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background in the 1487 eV spectrum is significantly higher than for the 846 eV and 260 eV spectra,

therefore using the 1487 eV speen will result in distortion of the difference spectrum.

0.30 T I 1 I 1 I T I T I 1 I T I 1 I T I T I 1 I T

0.25 - Difference: i
260 eV - 846 eV

0.20

0.15

0.10

0.05 S

Normalised Intensity

0.00

-0.05 -

I
170 169 168 167 166 165 164 163 162 161 160 159 158
Binding Energy (eV)

Figure4.3: Difference spectrum calculated by subtractingp846 eV spectrum from 260 eV spectrum. The
difference spectrum shows evidence of threeblet features labelled A, B and C.

The difference spectrum iRigure 4.3 shows three clear peaks. The features on the high binding
energy side show some asymmetry, indicating that this may be due to a broad doublet. The negative
intensity of the background on the low binding energy side is due to the normalisation of the two
specta and not a significant feature of this difference spectrum. Since each feature has a doublet at a
binding energy 1.19 eV higher, and due to the opasfassome of these peaks, it is simplest to begin
identifying doublets on the low binding energy sidee Tinst clear peak is around 160.8 eV and is

due to the @s> component of peak A as labelledRigure4.3. The 212 componat of this peak is
therefore expected a62.0 eV and is marked with a vertical dashed line. The second peak in the
spectrum is broader than the first, and is centred around 161.8 eV, rather than at 162.0 eV as is
expected for the®#,2 components of peak. Furthermore, the second peak has atgraatensity

than the first peak, contrary to what is expected for fhe @oublet. Therefore, it is expected that

there is a @2 peak of a second component contributing to the spectrum in this regiorstitnated

that the binding energy of thismponent is around 161.7 eV, thus deducing the 2omponent is
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at 162.9 eV, as indicated Figure4.3. The third component, which is estimated to be broader than
the first two based othe width of the high binding energy shoulder, is at a higher binding energy
around 163 eV, labelled as peak Grigure4.3.

Since the differencgpectrum is expected to represent the shape of the surface stat&og)j,

this spectrum may be subtracted from one of the original spectra to obtain the shagsuti peak.

This has been done by subtracting the differe
the shape shown iRigure4.4. This shape is expected to represent the shape of the bulk monoclinic
pyrrhotite sulfurspectrum, with no surface component. It is noted that the shape closely resembles
the sulfur P spectrunof the structurally similar millerite (Nig)L7] more so than the DoniacBunjic

line shape[16]. Unfortunately, the bulk line shape shown here gives no clear indication of the
presence of mtiple bulk components, as has been found for pentlafiti@de 18] and has been
suggested for pyrrhotitf8]. The origin of this asymmetric line shape is discussed in heta!

further in this clapter.
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Figure4.4: Bulk peak shape obtained by subtracting the difference spedtigorg4.3) from the 846 eV
spectrum.
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4.2.2 Fitting pyrrhotite S 2 p photoelectron spectra

The pyrrhoite S 2 spectra fromFigure 4.2 have been fittedvith the three surface components

identified inFigure4.3, in addition to the bulk p&sshape identified iffigure4.4. It is clearfrom the

spectrum irFigure4.4 that anasymmetric line shape is required, however only a few asymmetric line

shapes have been develop#d], with a theoretical explanation given only for the Dahi&unjic

line shapd16, 20] Two methods have been used to fit the bulk sulfide line shape. The fosise

the hybrid DoniackSunjic/Gaussiathorentzianlinesa pe A H( 0. 0 320]. Thi®ipeGhage5 0 ) 0

was
The

extra doublets were required for the bulk sensdi

found

ne

fi

shape

t o

t th

wa s

e h Xpected o hB/& theandst lsulx eootrtibutionm,

then applied

Sspectr um,

to
but

t he
doubl

bul k

et s

846 eV and260 eV spectra at the energies identifiedrigure4.3. The fitted spectra are shown in

Figure4.5, with the quantification of these specstaown inTable4.1.
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Figure4.5: Sulfur 2o spectraor vacuum fractured monoclinic pyrrhotie,o | | ect ed wi t

846 eV, and (c) 1487 eV, dafitted with asymmigic bulk peaks in addition to symmetric surface peaks as

(b)

— T T T T T T

T

identified inFigure4.3.
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Table4.1: Peak ontributions tosulfur 2o spectreof pristine pyrrhotitefitted with asymmetric blk peaks.

Species
Binding Energy (FWHM) % contribution to fit
Photon Energy: 260 846 1487

Peak A 160.9(0.75)19.7 | 160.8(0.77)5.1 0.0

Bulk monosulfide 161.2(0.88)58.6 | 161.2(0.73)78.3 | 161.2(0.99)100
Peak B 161.8(0.85)8.1 1618 (0.79)4.3 0.0

Peak C 1631(1.3)13.6 | 163.1(1.3)12.3 0.0
Estimated % from surface monolay 34.9 13.5 8.5

The binding energy of the surface Ppguekdbabisi tt e
consistent between both spectnd consistent with the differencgestrum inFigure 4.3. The
residuals from the fitted spectra, shown on each graph below each fitted spectrum, are minimal and
show no extra components. However, thelbrasidual and consistéfit are not necessarily evidence

of the validity of the fit, and the quantification of sulfur species in

Table4.1 is therefoe not necessarily reliable, specifically in the high binding energy region where
disuffide and polysulfide species are expected to overlap with the tail of the bulk sulfide peak.
Furthermore, the fitted contribution from peak C, assuming it is a suréatebution, does not

follow that which is expected based on the estimated contribfrbom the surface layer, and no
surface contribution i s Additiohabydhavingfittedithe taihngtha= 1 4
hybrid DoniachSunjic line shapes certainly not evidence of the metallic nature of pyrrhotite, since

fitting XPS lineshapes cannot be used as a diagnostic tool for the nature of the sample.

The second method for fitting the bulk sulfide line shape is one similar to that usedirigrthie
asymmetric tails of pentlandite sulfur spegfrd]. This method uses an empiricathgrived series of
symmetric peaks to model the asymmetric tail. This tail shape has been modelled to fit the bulk line
shape that was identified Figure4.4. The details of the series of symmetric peaks are shown in
Table4.2, where the parameters are set relativlése of the bulk @&. peak. The fit of these peaks

to the bulk line shape are shownFigure4.6. The S P spectra were then fitted with this bulk line
shape in addition to the thregrface components identified igure4.3, which were required in all

three spectra, with differing intensities which varied with surface sensitivity. The fitted spectra are

shown inFigure4.6b-d.
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Table4.2: Peak parameters for symmetric peaks fitting the high binding energy tailk pyrrhotite
relative to the bulk 2 peak.

Area | FWHM Position
Peak1 | x0.13 x1.2 + 0.63
Peak 2 | x0.28 x 2.2 +1.66
Peak 3 | x0.28 x 5.8 +3.2

1A0—‘I‘I‘I‘III‘III‘IIIIIII‘ —T T T T T T T T T T T T T T T T T T T T T
(a) Bulk spectrum 1.0 (b) 1487 eV 4 1
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Figure4.6: (a) Bulk peak shape obtained by subtracting the difference speétigumned.3) from the 846 eV
spectrum, and sulfur 2p photoelectron sgecbllected with a photon energy of (b) 1487 eV, (c) 846 eV, and
(d) 260 eV, each fitted with additional peaks to account for ijie thinding energy tail and surface
components where necessary.

By fitting with the additional peaks to account for thehhignding energy tail it is possible to obtain

a fit for each spectrum with a small residual which is within the noise of eachuspettowever,

unlike the fitted spectra iRigure4.5 which only required surface species fittedhe more surface
sensitive spectra, every spectrunfigure46r equi res some surface comp

1487 eV spectrum. The binding energy and contribution of each sulfur species fitted to the spectra in
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Figure4.6 are shown inTable4.3. For comparison, tcontribution of these species to the spectra

fitted with the hybrid asymmetric peak shape (method 1) are also shdwblav.3.

Table4.3: Peak contributions to theyrrhotitesuli r 2p spectra fitted with em
contribution from asymmetric fito data

Table4.1 for comparison.

Binding Energy (FWHM) % contribution from
Species % contribution asymmetric fit
260 846 1487 260 846 | 1487
1609 (0.68) | 160.8(0.80) | 160.7(0.80)
Peak A 19.7 5.1 -
168 5.9 0.8
. 161.2(0.84) | 161.2(0.69) | 161.2(0.93)
Bulk monosulfide 58.6 | 78.3 | 100
659 80.2 91.3
161.8(0.90) | 161.7(0.95) | 161.7(0.95)
Peak B 8.1 4.3 -
6.6 6.9 44
163.2(1.2) | 163.2(1.3) | 163.2(1.3)
Peak C 136 | 12.3 -
10.7 7.0 3.5
Estimated % from
34.9 135 8.5
surface monolayer

4.2.3 Assignment of S P peaks

A peak which is associated with a monomeric surface species has been previously identified in
synchrotron studiesf vacuum fractured pyrrhotite surfacgs 4] However, surface dimers or
polymers could not be identified due to the overlap in binding energy of the relatively broad bulk
monosulfide peak witkhe binding energyegion in which polymerised sulfur species are expected.

In this work, spectra obtained with varying surface sensitivities have been used to identify and extract
the surface and bulk components of each spectrum. Synchrotron radiats&fulfor this pysose

[21] and is employed in this thesis, where the incident photon energy is selected to maximise the
surface sensvity of the spetra. Difference spectra between surface and bulk sensitive spectra
definitively show the binding energies of surface components. By this method, it is shown here in
Figure4.3 that three components contribute to the surface sersiti h3 = 260 eV spec
the hs = 846 eV spectrum; one of which is at
bulk peak at 161.2 eV), and the otheotwhich have higher binding energies (at 161.8 eV and 163.1
eV respectively). Sice the survey spectrum kigure4.1 shows no evidence of oxygen or carbon
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species onhte surface of this sample, the surface components observed inglsp&fum must be

formed due to surface stabilisation and not due toimeraof the surface with external oxidants.

Peak A in the difference spectrum has a lower binding energyhdutk monosulfide peak and is
estimated at 160.8 eV. The binding energy difference of 0.4 eV between this peak and the bulk sulfide
peak is gnilar to uncoordinated surface monosulfide species such as those observed in some other
minerals[14, 22, 23] An undercoordinated sulfur species is likely to occur at a surface when a
materialsuch as pyrrhotiteréctures along a cleavage plane that reveals galam face, exposing

both cation and anion species in approximately equal abundance. To form the lowest energy surface,
the newly exposed face subsequently relaxes, where electrongthaireviously shad in covalent

bonds between neighbouring atoms relax into states closer to the more electronegative atom. In the
case of pyrrhotite, the sulfur anion experiences the greatest electronegativity. Therefore, when the
undercoordinated siace monosulfide fons due to rupture of the £ bond, the sulfur anion will

display a surface core level shift to a lower binding energy. This occurs due to the increased electron
density around the sulfur atom, in comparison to the bulk anion. Therpéaik A is assignet an
undercoordinated sulfur species, likely formed on apmlar surface that undergoes relaxation rather

than reconstructions.

Peak B is fitted to each spectrum with a binding energy of 161.8 eV, which is 0.6 eV higher than the
bulk monosulfide peakThe increase in binding energy relative to the bulk peak indicates that there
is a lower electron density around the emitted atom in comparison to the bulk sulfide. Since peak B
is a surface feature, the binding energy shift is mistylidue to a recomrsiction of the pyrrhotite
fracture surface and specifically due to sulfur polymerisation. As mentiorsedtion2.5.1 surface
reconstructionio form surface disulfide and polysulfide species has been observed for poleesurfa

of other minerals such as millerite (Nif8], chalcopyritg14], and bornitd15]. Although a binding
energy less than 162.0 eV iergerally considered to be low for bulk polymerised sulfur spé2#s

the binding energy of 161.8 eV is equal to that obskfee the surface disulfide on the fracture
surface of chalcopyritel4] andsimilar to the surface disulfide observed on the galena (PbS) fracture
surface[25]. Therefore, peak B fitted to the pyrrheti® 2 spectrum at 161.8 eV is assigned to a

surface disulfide species.

Peak C appears to be broader than peak A and B, observable in the broadnegs ettrmegbnent
on the high binding energy side of the difference spectrum. Due to the overle@ofibomponent
of peak B with the @> component of peak C, the binding energy of this peak is difficult to determine
solely from the difference spectrum.i$ipeak has been fitted to each of the spectra around 163.1 eV,
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indicating that it is due to pymerised sulfur specig24]. The width ofthis peak is somewhat larger

than the other surface components, indicating a variety of oligomer lengths. While polysulfide species
are common on oxidised sulédsurfaces, they are less common on vacuum fractured surfaces and
generally form short chainsush as the sulfur trimers formed on marcasite surff@®s26] The
formation of the sulfur trimers on marcasite surfaces occurs by the unstable susfa@aes, which

are formed by rupture of bulk disulfide s, reacting with the surface disulfide species to form
sulfur trimers[26]. In the case of pyrite, these surfgm#ymers are not formed and instead the S
species stabsie through autoedox reaction with Fé to form $ and Fé* species on the surfaces

[23, 26] The mechanism for the formation of the surface polysulfide species on pyrrhotite cannot be
the same as for marcasisece pyrrhotite has no bulk disulfide species. Bulikchotite has only Fe

S bonds present in the structure (with evidence of some welak Bending9]), therefore 8 species

are expected to initially form on fracture surfaces due to the rupture ®fdeads.

A scanning tunnelling microscopy (STM) study of the (001) fracture surface of monoclinic pyrrhotite
[27] may offer some clues to the assignment of surface sulfur oligomers. Firstly, the study used
scanning tunelling spectroscopy to show that the (001) fracture surface is sulfur terminated, and
supporting calcukdons indicated that the sulfur terminated surface is the most energetically
favourable. With an excess of sulfur atoms at the surface, it is reasomapect some surface
reconstruction of sulfur species occurs. Secondly, clusters of three sulfgrt@drformed on surface
terraces. This occurred as a result of the relaxation of the upper surface layer, and the Fe layer below,
both relaxing outwardsom the bulk, thereby levelling out the sulfur atoms that were previously not
level in the eaxis of tie bulk structure. Finally, STM showed evidence-& Bonds forming between

the triangular clusters of sulfur atof2y]. These observations may explain the contributions to peak

A and more specifically peak B, Wever they offer little explanation to the fornwat of the longer

chain polysulfide species at peak C. Pyrrhotite is known to have uneven fracture with no cleavage,
and is therefore expected to reveal multiple fracture planes, with the possibility pbbastand non

polar faces. Therefore, the STMigy of the (001) fracture surface cannot be expected to offer a full
description of the uncontrolled fracture surface presented in this work. For a more complete
understanding of the spectra and the mechaniformation of the longer chain polysulfidesgges,

more studies such as those using STM, combined with spectroscopy of a known surface are required.

4.2.4 Pyrrhotite bulk sulfide peak shape
Both of the two previous XPS studies of vacuum fractured pytehatirfaces fitted multiple
components to the Kuimonosulfide peak, attributing them tecbordinate and-8oordinate sulfur

respectively[3, 4]. The two components were argued to be required to account forlaltigere
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broadness of the bulk peak and its asymmetry on the high binding energy side. A broad peak has been
observed for other sulfides, namelyrbite, which has a broader bulk sulfide peak in comparison to
similar minerals such as chalcopyrjfet, 15] The increased width of the bornite sulfyrgeak in
comparison with other sulfide minerals was justified by the multitude of structurally discrete sulfur
sites present in the bornite crystal structure and effect of the variation in electron density causing
slight binding energy shifts, resultingsaveral inseparable XPS signfl$]. Consequently, the high
binding energysignal in the bornite spectrum was attributed to a surface polymer arising from the
reconstruction of the sulfuich fracture surface. In the previous studies of pyrrhotite sulfur spectra,
the increased width of the peaks was attributed to the presenudtigfie sulfur sites in the bulk
structure, and slight variation in binding energy between thes¢3itd$is assignment was justified

by comparing the relative intensities of the peaks and their similarity to that expected fonplee sa

that was being analysed. However, using relative heights of peaks is not a robust justification,
especially when so few samples are being compared. Indeed, such an argument was used for the
pentlandite sulfur spectrum, arguing that the peak at 161 was due to a-¢oordinate pentlandite
sulfur[18], which was later shown to be dueatsecondary oxidation produf&8]. Furthermore, it

has been shown that aféilence in the number of bonding partners does not necessarily cause a
binding energy shift, and that other factors such as bond length and ultimately electronegativity must
be consideref?9]. In the case of pyrrhotite, it has not been clear if the high binding energy tail to the
bulk peak is due to a-6oordinate bulk sulfide, or if it is due to enefiggs processes of the bulk
peak, and that the similarity in fitted peak heights with the prevalence of the two bulk sulfide
environments is simply fortuitous. The work Bkinner, Nesbitt and Pratt [#]jhich compared the

sulfur spectra for troilite (FeS) and monoclinic pyrrhotite78ge provided the most compigig
evidence for the assignment of differdmnding energies for-goordinate and -8oordinate bulk
sulfide. However, even with two bulk components, there is still a high binding energy contribution
which has not been accounted fdesbitt, Schaufuss, Scaini, Bancroft and Szargaprfgjosed that

the contribution, which was observed in the region between 1685.5 eV, may be due to either

an inadequate Doniacbunjic cantribution, or an energy loss feature such as has been observed for
pyrite. A similar feature of the pentlandite spectrum has been obdé&®/et8] and inChapter7 is
attributed to thé&s 3 A Fe 3l ligandto-metal chargdransfer final state. Aimilar feature may be

present for pyrrhotite.

Figure4.7 shows the sulfur 43 edge absorption spectrum which may offer some clues to the origin
of the high binding engy tail on the bulk sulfide peak. The absorption spectrum has been energy
correded such that the predge peak labelleglaligns with the energy reported for the sulfur L edge
absorption spectrum for another pyrrhotite sanfipg. The shape of the spectrum gelligragrees
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with pyrrhotite L edge spectrum previously publisi@d30], however the relative intensities of the

peaks vary between the spectra in literature and that presented here. The onset of the abserption edg
just below 162 eV is attriied to the transition of $2lectrons to Si3states and has a crystal field
splitting estimated to be 1.3 eV, in agreement with estimations made in litd&tuldese S R

states are generally agreed to be mixed with the unoccupied érysdatfield band[8, 30]. The

shoulder at 166 eV is assigned to the transition qf 8&ttrons to S<like states, and the structure

at higher energies is due to the transition to emptg §a&es split intdrg andey bandg8, 30]. The

simi |l arity of the splitti nRguredf7 ant theecrystabeldsplitting s | a |l
predicted for the Feddvalence band5] indicates that the unoccupied Fes3ates may be hybridised

with sulfur 3 and3s states, and that the pyrrhotite conduction band is comprisedsariep states

strongly hypridised with sulfur 8, 3p and 3l states.

Intensity (TEY)

156 158 160 162 164 166 168 170 172 174 176 178 180 182 184
Photon Energy (eV)

Figure4.7: Sulfur Lo s NEXAFS spectrum for vacuum fractured noelinic pyrrhotite showing a spiorbit
splitting of 1.3 eV.

A ligand-to-metal chargaransfer(LMCT) state has previously been identified for the sulfide mineral
chalcopyritgd31]. The S A Fe 3l charge-transfer state which occurs due to the creation of the core
hole during the photoemission process, was found to be the cause of the high binding energy tails
observed in the cofevel photoemission spectra for chalcopyrite, similar to that obddorehe
pyrrhotite sulfur spectrum. Therefore, it is possible that the high binding energy tail in pren &2

level spectrum occurs due to a LMCT final state.
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4.3 Analysis of iron states

4.3.1 Fe 2o X-ray photoelectron spectra

Figure 4.8 shows the Fe @ spectrum of the pristine vacuum fracture pyrrhotite sample collected with

hs = 846 eV an ¢psriecdkl8stented at 707.1 &/ arkd dpepeak around 721 eV,
consistent with the Fep2spectrum for pyrrhotite after argon sputterid@] and that of vacuum
fractured pyrrhotitg2]. There is a low, broad, symmetric peak centred arouthd\7,3which is due

to a plasmon satellite from thg@s2 peak[6]. The surface sensitivity e
spectrum is approximately ¥3contribution from the surface monolayer, while the 846 eV spectrum

is calculated to have approximately 32% from the surface monolayer, yet there is no significant
difference in the shape of these two spectra. This indicates that there is negligiblieoxitige' to

Fe'' due to restructure at the surface, and that the electronic structure of the surface Fe states is

approximately the same as those in the bulk.

Fe 2p
846 eV

1487 eV

Normalised Intensity

LN B I L O N I I N B N L S B N N B S Y I S L B B D D N D B N B B B
740 735 730 725 720 715 710 705 700

Binding Energy (eV)

Figure 4.8: Fe 2 photoelectron spectrum for vacuum fractured pyrrhotite shows a brogdHee2k at
707. 7 eV. hs = 846 eV (bl ue, dotted), and

The strong peak at 707.7 eV is consistent with tht-Se@resent in the structure. The broad
asymmetic tail is indicative of multiplet structure resulting from unpaired elestiorighspin iron
[33]. This confirms the assignment of highin F-S as proposed from calculations®gkkopoulos,
Vitoratos and Argyreas [5The broad high binding energy tails seeRigure 4.8 are similar to those
for tetrahedral F&-S in chalcopyritg29] and especially that of higépin Fé-S in sphalerit¢34]. In
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contrast, grite and marcasite F@2pectra both show sharp peaks with very little high binding energy

multiplet structure, indicative of the legpinFé'-S pr esent i n bot h[23426le mi n

The asymmetric tail is also partly due to the convolution dfaRel F&' contributions from the bulk

[2]. F"-S has previously been identified in the pyrrhotite spectra, th#ghmain peak centred at

709.2 eV;a little higher than the EeS peak. Surface sensitive Fp $pectra for both pyrite and
marcasite were used to determine the -@etiox reactions that occur on the fracture surfaces of these
minerals, stabilising the diace S states by oxidation of'F® Fe". The subsequent changes in the

Fe 2 spectra showed an increase of'Fa the surface, with characteristic multiplet structure, in
addition to increased higgpin Fé at the surface due to change in coordamg23]. No such changes

are seen in the pyrrhotite spectra, where no significant differences are observed in the shape between
the 1487 eV and 846 eV spectra, indicating that dance of E'' species is the sana the surface

as in in the bulk. Therefore, no significant oxidation df eFe" at the surface is expected, and the

reconstruction of the sulfur species at the surface does not involve the surface iron species.

As seen in the SR2corelevel speatum, there may also be final state effects contributing to the
asymmetric tail in the FepXspectrum. The following section investigates the electronic structure of
this pyrrhotite sample using Fet NEXAFS, and resomd photoemission spectroscopy of the
valence band, collected with photon energies from over th@dge to highlight the valence states

with Fe character.

The Fe 2;3edge absorption spectrum for vacuum fractured pyrrhotite is shokgure4.9. The Lz

peak is a asymmetric peak, broadened on the high energy side and with a small unresolved shoulder
on the low energy side of the peak. The shape of the spectruns agtkepreviously reported
pyrrhotite Fe L edge spectfd, 8, 29, 35] The main k peak, labelled B irFigure 4.9 has an
absorption energy of 706.8 eV and is predominantly due to the transitiom ele@rons to the
minority spineyb orbitals of octahedral highpin F&-S[7, 8, 35] The preedge shoulder, which is at
approximately 705.1 eV; 1.7 eV lower than the main absorption peak, has previously been observed
[7, 29]. The crystal field splitting of the Eed orbitals of pyrrhotite has previously been calculated

to be split by 1.8 e\[5], therefore the predge feature at A has been attributed to partly fillgul

orbitals of highspin Fd-S. Since F&-S is also expected natively in the pyrrhotite structure, the broad
shoulder at Gs assigned to theb orbitals of highspin Fé-S, and therefore some contribution at the
main peak B is expected to be due tattlfeorbitals of highspin Fé'-S. There are weak contributions

to the broad shoulder around D which are assigned tooaudiitiny orbitals involing the Fe 4and 4

stated7, 8].
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Figure4.9: Fe L, s NEXAFS spectrum for vacuum fractured pyrrhotite showing thedak at 706.8 eV with
pre-edge peak at 705.1 eV.

Calculations of the valence band of ad*fien in octahedral coordination with sulfur determined that
the majorityspin Fe 8 orbitals are 80% Fe in character, and that the mingpip Fe 8 orbitals
have even less sulfur ata@ter[36]. However, these calculations do not account for the distorted
octahedra reported for pyrrhotite, or tlegular iron deficiencies in the lattice, whiate expected to
affect the valence states. In contradiction to these calculations, the S L edgei@bspgxttrum
presented irrigure4.7, specifically the similarity in predge cystal field splitting for the S and Fe

L edge spectra, indicates that there is signititgbridization between the $ 3tates and the Fal3

valence band states.

4.3.2 Fe states in the pyrrhotite valence band

Figure4.10shows the vi@nce band spectrum for platite collected with a photon energy below the
mai n absorption peak at hs = 695.5 eV. Key f
highlighted inFigure4.10 by blue dotted lines. Assignments fibre valence band peaks have been
made based on ground state calculations for pyrrhotite in litef&juréhe pyrrhotite valence band
spectrum has a strong broad peak around 4 eV with a shoulder around 6 eV. Both features are
attributed to S Bstated6, 9]. There is also a strong localised peak ardisheV which is attributed

to S 3 states. The fine structure in the upper valence band is attributed to thdike fates. In
particular, there is a sharp peak near the Fenmigy at 0.25 eV, which is attributed to the partly

59



Chapter4: Pristine fracture surfaces of monoclinic pyrrhotite

filled minority-spintogh states, while thiegUstates are seen as a small shoulder at around 2.5 eV, as
shown inFigure4.10[3, 6]. These features are separdigd local minimum. Previous literature has
preented a pyrrhotite valence band spectrum which identifies a small peak at 1.0 eV within this local
minimum, which is attributed to the fegU state[3]. This feature may be present in thecipem in

Figure4.10, however may be obscured by the low signal to noise ratio.

Intensity

20I18 16 14I1I2I10 8 6 4 2 0
Binding Energy (eV)

Figure4.10: Pyrrhotite offresonancé h 3 = 6vAlé&ncedhand spéctrum, showing Eestates in the
upper valence band, and f@nhd 3 statesn the lower valence band. Key features are indicated by blue
dotted lines at 0.25, 2.5, 3.8 and 6.0 eV.

4.3.3 Resonant valence band spectra over the F@ absorption threshold

Figure4.11 shows the resonant valence band spectra cetlenter the Fe 4z absorption edge, with

the absorption spectrum shown on the right. The photon energies used to collect each valence band
spectrumare shown by dotted lines on the alpgtion spectrum and labelled on each valence band
spectrum. Each valee band spectrum is normalised to constant flux and plotted on the same scale,
vertically offset for clarity. The spectrum at the tog~ajure4.11is the offresonance valence band
spectrum which was shown Figure 4.10, coll ected with hnsetefthB95. 5
absorption spectrum. The valence band spectrum collected withthedpgee absor pti on ¢
=705.1 eV has increased in intensity across the whole spectrum in comparison tadserahce

valence band spectrum. This is most notablaénlower valence band around 3 eV. The valence

band spectrum coll ected at the peak absorptio
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in intensity in the lower valence band region, with the peatkisfspectrum just below 5 eV. The
increa® in intensity is so great that to plot this spectrum on the same scale asrésonéince
spectrum causes the | atter spectrum to appear
eV spectrum is &n to move through the subsequent valeramalspectrum with a photon energy
dependence, and an intensity profile which follows the shape of the absorption spectrum, indicating
that it is likely the Auger decay signal. The strength of this deexcitatiamehat its maximum is
estimated to be arod 45 times greater than the intensity of the photoemission signal. In the valence
band spectra collected with photon energies over tlabsorption edge, there is another increase in

the lower valence band espadly, which once again moves through sujusent spectra with a photon
energy dependence. This second Adier signal is significantly less intense than that observed over

the Lz absorption edge.
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Figure4.11: Pyrrhotitevalence bandpectra collected with photon energies across thg Rbésbrption
spectrum. A strong increase in seen in the lower valence band region at the absorption peak photon energy.

The nature of the Augdrke feature is investigated Figure4.12, where the offesonance valence

band spectrum has been subtracted from each subsequent valence band spectrum, and the resu
plotted in the kinetic energy scale. If there is no coherenddleerefore no interaction between the
photoenission and Auger deexcitation channels, then each valence band spectrum is expected to be

a superposition of these two signals. In that case, by subtracting tfesaffance photoemission
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signal from each s@equent spectrum, only the Auger signal woelchain, in the absence of true

resonance.

It can be seen in the spectraFigure4.12 that the photoemission signal is not completely removed
and can still be obsergien the spectravhich are not completely overshadowed by the deexcitation
channel . Key examples of this can be seen in
eV, 722.2 eV, and 726.5 eV spectra, where the deexcitation channel has moweshdyfaway

from the regular photoemission signal, but this photoemission signal is still visible in these spectra
which have had the ofiesonance spectrum subtracted. This shows that at photon energies above the
absorption peak, the photoemission sigeaenhanced aoss the whole spectrum, indicating that
there are valence states across the upper and lower valence band which originate fudikeFe 3

states.

The difference spectra iRigure4.12 which originate from spectra collected withgbbn energies

above the absorption maximum show an Auger feature with a peak around 702 eV, and a second
feature in the higher photon energy speetith a peak around 715 eV. The main feature at 702 eV

is consistent in each of the difference spectra,exce f or t he spectrum col |
the Ls absorption preedge. In contrast, this spectrum has a different shape, with a secordqeak

700 eV in the kinetic energy scale. This shows that at energies below the absorption peak, the
deexcitéion channel is not at a constant kinetic energy, but transitions to the constant kinetic energy

regime at the absorption threshold.
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Figure4.12. Resonant valence band spectra each with theestfnancegse ct r um ( h 3 695. 5
to show the constant LMM Auger feature moving through the spectra. Thei 705315 eV spectra have

been vertally offset for clarity.

The resonant valence band spectra showfiganre4.13 include the offresonance spectrum scaled

up by 1& such that its features are visiplend the valence band spectra collected with photon
energies at the3dpreedge and g absorption peak respectively. As previously described, the off
resonance valence basplectrum collected with a photon energy at the absorption edge has a peak at
4.7 &/ due to the Auger deexcitation channel which is much stronger than the photoemission channel.
There is also a shoulder to this peak at 3.0 eV, marked by a dotted figeiie4.13. The features

at4.7 eV and 3.0 eV are also seen in the spectrum collected with-eger@hoton energy, however

the relative intensities of these features differ between the two spectra.

The
channel, as seenkiigure4.12. This may indicate eithefe 3l derived state near this binding eneygy

I ncr eas eleV spedrdmeat 4172V cGanngt Bebattributed to the Auger deexcitation

or an interatomic resonant enhancement of thel Stes, as first seen Wgay, Arenholz, Mun,
Garagyde Abajo, Fadley, Denecke, Hussain and Van Hove f8fevious resonant photoemission
study of the pyrrhotitealence band had identified a satellite feature near 5 eV which was resonant
over the P absorption edg¢6]. This was only a weak resonance, iadiieg a weakly localised state,

and it was not detected at all in the later studiNegbitt, Schaufuss, Bancroft and Szargamf®ch

also detected a resonant feature at 0.25 eV and attributed itigbthibitals contributing to the weak
FeFe -~ liaga This study also showed that the feature at 2.5 eV has strontcRaracter and
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is owing to the majority spingUo r bi t al s. This feature could be
= 705.1 eV ad 706.8 eV spectra around that binding energp,ca i but i ng to t he
705.1 eV spectrum, atdt he shoul der in the hs = 706.8 eV

The current study is the first to detect a feature in the lower valence band around this energy that
resonant at photon energiesrresponding to Fe core electron absorption. The lower valence band
has been shown to generally have strong Sharacter, especially the feature at 4.5[8\9], and
ground statealculations have shown that at higher binding energies arouddey there are Fed3

T S J bonding statef36]. However, such calculations dotraccount for final state effects, which

can be significantly &cted by electron correlations.

The satellite feature previously observedSiymada, Mizokawa, Mamiya, Saitoh, Fujimori, Ono,
Kakizaki, Ishii, Shirai and Kamimura [6}as attributed to a mixture of andd’L? final states. This
feature was likely not observed in the study Mgsbitt, Schaufuss, Baraft and Szargan [Hut is
observed strongly in this study since the Ealhsorption cross section is significantly larger than the
absorption cross section for core levg &@ectrons, usd in previous studiefs, 9] Since the
absorption cross section is much larger any resonant effects would be more visible. ThedtireV

is also obscured by the density of ssBates and not easily detectable in-nesonant photoemission
studies.
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Figure4.13: Resonant val ence ba&6(9.5eavibiack}), TOa.1 ey (rddhd@06.8 e d wii
eV (blue). The binding energy of highlighted fe:
spectrum has been scabetD. The features at 4.7 eV and 20 binding energy have been highlighted.

The degction of a localised state in the lower valence band, in addition tg/ilstate at 2.5 eV and

the togb state contributing to the Hee -~ b o n d i n g [9)aghow§ tha? &ectn/correlation

plays a role in the electronic structure of$eepyrrhotite. Tke presence of weakly localised states
indicates hat DoniachSunjic line shapes are not appropriate for fitting core level photoelectron
spectra such as those presented previously in this chapter. The high binding energy tail observed for
pyrrhotite S P photoelectron spectrum can therefore be attribtdedfinal state effect arising from

el ectron correlation in the valence band, suc

valence band.

4.4 Conclusions

This chapter has presented cteeel and valence band photoemission spectra fiséine vacuum
fractured monoclinic pyrrhotite sample. The aim of this study was to investigate in detail the surface
species present on pristine fractured pyrrhotite surfaces, and also investigatecthef efiectron
correlation on the spectral inpeetation for pyrrhotite. The coflevel X-ray photoelectron spectra
were collected with varied photon energies, thus varying the sampling depth. This method allowed
for the surface states to be distinguisfredh the bulk states present in each dexel spectrum. By

this method it was shown for the first time that both disulfide and polysulfide species occur natively
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in addition to a previously identified undercoordinated surface monosulfide speciesererdif
spectrum calculated by subtracting a mautk sensitive spectrum from a surface sensitive spectrum
identified a surface monosulfide at 160.8 eV, while surface disulfide and polysulfide species were
identified at 161.8 eV and 163.1 eV respectivaBoncurrently, the Fe species displayed no
obsenable change to oxidation state or electronic structure at the surface in comparison to the bulk,
indicating that the upper surface layer is dominated by sulfur species, and that the relaxation and
reconstruabn of this layer largely involves the sulfurespes alone.

The line shape of the Fg 2pectrum showed asymmetry on the high binding energy side which is
attributed to the convolution of peaks due td Bed some P& species, and the multiplet struos
expected due to higbpin Fe species in thHrulk pyrrhotite structure. As in previous literature, this
chapter also identified an asymmetric line shape in the syfuth2 origin of which is less clear.
Previous literature has fitted two componemtghte bulk sulfide line shape to account forhobt
coordinate and-6oordinate sulfur in the bulk structure. However, this does not account for the high
binding energy tail which extends out to 166 eV, which was identified in this chapter using the
difference spectrum. Therefore, an alternative appreaas made in this chapter, where a series of
empirically derived symmetrical peaks was used to fit the asymmetric shape of the bulk sulfide line
shape. This line shape was used to successfully fit the e&B8e® spectra collected for this sample,

in addition to the surface components previously identified. Although this method was able to
accurately fit the bulk component of the @spectrum, it provides no explanation for the origin of

the line shape.

The comparison of Fe and S4absorption edgspectra identified the possibility of a 8 Fe 3
ligandto-metal chargdransfer final state, highlighted by the similarity in crystal field splitting

energy observed in both spectra.

Resonant valenceabd photoemission spectroscopy showed that thegelocalised Felerived

valence states in the lower valence band, which was previously understood to be occupied by a large
density of S P states. The Fderived state observed at 4.7 eV in the lower \cdrand is in addition

to other localised state®served in previous literature at 0.25 eV and 2.5 eV, attributed to the partially
occupiedey orbital and thdzgb orbital contributing to the FEe "-" bonding, respectively. The 4.7

eV valence state shows that there is significant mixing between tBedrel S P states, attributed

to a ligandto-metal chargdransfer final state. These valence states show teetr@h correlation

plays an important role in the electronic structure of pyrrhotite and contributes to the photoemission

final states.
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This is an important result because it highlights the necessity to consider final state effects in the
interpretationof core level and valence band spectra. Specifically, in the case of pyrrhotite sulfur
spectra, the final state effects are seen to dmn#isignificantlyto the bulk sulfide line shape.
Because the final state contribution to the bulk sulfide line stwgraps with the binding energy of
disulfide and polysulfide species, these naturally occurring surface species have previously been
undetected. These final state effects are also important to consider when interpreting valence band
spectra as the phot@mergy being used must be considered to avoid or account for any resonance

effects that may occur due to thecitationof core electrons

Finally, this chapter additionally highlights the need for caution when fitting spectra to identify
surface speciediere, two fits were proposed for the @ spectra; the first which uses a Doniach
Sunijic hybrid line shape for the bulk sulfide peaks] the second which used symmetric line shapes
for the bulk peaks, and a series of empirically derived symmetric peaksount for the high binding
energy tail caused by final state effects. While both fits included all three surface components in the
more surface sensitive spectra, the quantification arising from these fits differed significantly. It is
expected thathe quantification from the second fit, which used the series of symmetric peaks to
model the bulk line shape, is more accurate, sincpd¢h& shape is designed to fit the bulk shape.
Alternatively, using pralesigned line shapes such as the Dorgahjic hybrid line shape used in

this chapter, is unnecessarily constricting and may only accurately fit the bulk line shape fortuitously,
rather than by design. The variation between the two fits highlights the limitation in quantifying

species from fitted phioelectron spectra when the bulk line shape is not well defined.
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5 OXIDISED SURFACES OF MONOCLINIC PYRRHOTITE

Pyrrhotite surfaces are an area of interest in minerakstdde to the natural abundance of pyrrhotite,

its close association with other economically relevant minerals, catalytic activity, and the role it may
have played in prbiotic chemistry. Furthermore, since pyrrhotite is naturally reactive, understanding
the way its surfaces react upon exposure to various oxidants is equally as important. The previous
chapter investigated the surface and electronic structure of a monocliniatgrsample which had

been fractured in high vacuum and analysed beforesexedo air or other external oxidants. This
chapter shifts the focus to altered pyrrhotite surfaces, to understand the physical and chemical origin
of features observed in-Xay photoelectron and Xay absorption (NEXAFS) spectra. The aim of this

is to simultaneously improve the interpretation of complex spectra, thus providing more robust
analytic tools for sulfide minerals, while developing the current understanding of hovetgrrh

surfaces react under such conditions.

The initial exposure of pyrrhaé surfaces to water results in adsorption of hydroxyl ions to the iron
vacancies in the lattice, coinciding with an increase in disulfide spgdie¥vhen pyrrhotite is
oxidised in water orinover the time period of a few days, an amorphous sulfur rich upper surface
layer forms with a thickness of less than 2 nm and does not further oxidise significantly after a few
days[2]. The sulfusrich layer forms by migration of Fe species from the lalkhe surface to be
oxidised to form a Fe oxide and hydroxide surf@eThe sulfusrich layer has a ratio of Fe:S close

to 1:2, and this ratio gradually changes composition to pyrrhotite in thg3julKRD studies have

shown that this layer is mostly amorph¢2k

After exposure to acidic conditions the sulfiosh upper surface layer is shown by XRD studies to
form a crystalline structure which more closely resembles the NaCl structutéeéhdiAs structure

to which pyrrhotite is typically compareg@]. The structue has been shown to have polymerised
sulfur and lowspin Fe)ll), in contradiction to the higdpin Fd found in bulk pyrrhotite. It is expected

that the transition to lovspin isdue to the reduction in F& bond length and a change in coordination

[4].

The original contribution to knowledge within this gher is to develop a deeper understanding and
interpretation of data througbrossexamination of prevailing reported ideas with new higher
resolution results presented here. The aim is to reconsider evidence presented in previous studies with
the new intepretation of pyrrhotite core level spectra and electronic structure preéseQtieapte.

This will help in identifying species in photoelectron spectra, which are difficult to resolve due to the
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overlap in binding energiesf @eaks associated with different species, which alsrlay with
complex final state effects that feature in spectral peaks. By identifying species present in synchrotron
data, these species can be justified and included in the analysis of spectetobithitonventional

lab methods, thus enhancing theenprretation of all future conventional photoelectron studies of

sulfide minerals.

5.1 Methods

The monoclinic sample investigated in this chapter is from the same source as the pyrrhotite sample
investigded in the previous chapter. Both the polisipgdrhotite and pyrrhotite reacted in pH

H>SQOs were shaped and polisheding the method described in secti®f.3 After polishing, one

sample waghen exposed tpH 1 HSQs soluion for 1 hour at ambient temperature and will be
referred to as pyrrhotite in pH 1,85Qs. The samples were carefully dried with {irée laboratory

tissue, ensuring the analysis surface was not disturbed, before being inserted irtouireckeamber

of the synchrotron endstation.

Synchrotron XPSXPS)spectravere collected at the Australian Synchrotron softa}{ beamline

[5]. Specta collected for the polished sample includes a survey spectrum and suiépe@trum
collected with hs3 = 1487 eV and 260 eV. The
HoSGy, in additiontoanFe@s pect r um c o F1487ceV.dltkeer g besal e of
1487 eV spectrum was calibrated to thegpéak in the survey spectrum at 284.8[6 The h 3
260 eV spectra were calibrated by aligning th:
in the hsa = 1487 eV spectrum of the same samp

Spectra were fitted using CasaXPS softwidie After fitting a background to each spectrum, a
GL(50) line shape was used for each peak, and a series of symmetric peaks used to model the tail of

the bulk sulfide component, as was deviseGhaper 4.

The NEXAFS spectra and gesponding images presented in this chapter were collected at the PEEM
beamline (BLO5B2) at the NSRFRas described isection3.5[5]. The Fe L edge absorption spectrum

was calbrated by comparison to a spectrum from the same mineral prepared in the same way,
collected at the Australian Synchrotron séfray beamlineThe main peak of the oxygen K edge
spectrun was set to 0 eV to report relative energies of other features. HER HFnages shown in

this chapter were also collected at the BLO5B2 beamline with a 450 um field of view. Images were

taken below each absorption edge as a background image showinglpriomography of the
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sample surface. These background images weie toseemove this topography from the images
collected at the absorption edge, such that only the distribution of chemical states remains. The images

presented have had the backgroundgesaremoveds described ikq. ) in section3.5.1

5.2 Monoclinic pyrrhotite

The species present at the nsarface of the sample were quantified using the survey spectra
coll ected wi t howrhiaFigare51.4r8n7 sulkiry carbos fah oxygen species are
observed on both the polished pyrrhotitel pyrrhotite in pH 1 HSQy, and the quantification of these
species is shown iMable5.1. Both sampleshow a little more than 40% contribution from carbon
species. This is expected to arise from a combination of polishinghamutdsence of adventitious
carbon The polished sample shows 30 at % contribution from oxygen species, and a slightly greater
ratio of iron to sulfur species. The samplepytrhotite in pH 1 HSQs has a ratio of sulfur to iron
similar to what is expectefilom the bulk pyrrhotite stoichiometry of 8. This sample also has
comparatively less oxygen contribution to the survey spegtiwith only 11.8 at % oxygen

contribution, compared to 30 at % for the polished sample.

—— Polished
— pH1, H,S0O,

Intensity

T T T T T T T T T T T T T T T T T T T
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Binding Energy (eV)

Figure5.1: Survey spectra of polishedonoclinic pyrrhotiteandmonoclinicpyrrhotiteexposed tpH 1
H.SOy for 1 hour each obtainedi t h h3 = 1487 eV.

Table5.1: Atomic % elements for the samples of polished pyrrhotitepgndhotite in pH 1 HSQ; for 1

hour.
Species Polished pyrrhotite Pyrrhotite, pH 1 H2SO4
Fed 16.9 % 21.6 %
SP 110 % 241 %
Cls 42.0 % 42.5 %
O1ls 30.1 % 11.8%
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The sulfurpspectra coll ected with h3s = 260 eV and
pyrrhotite in pH 1 HSOy are shown irFigure5.2. Also included inFigure5.2 are the S @ spectra

from the vacuum fractured monoclinic sampleGifapter4 for comparison. The spectra collected

wi th h3 = 14 8ishedgpwrhdtite angyrrhiotitean pp d HSQ: show a decr&se in the
minimum between the two main peaks around 162 eV, indicating an increase in disulfide and
polysulfide species in thpyrrhotite in pH 1 HSQOs sample. Also seen is the emergence of sulfate
species at 168 eV. The spectra from both oxidised samptes | ect ed wi t h h3 =
remarkable difference in comparison to the vacuum fractured spectrum. While the vacuum fractured
pyrthoti te hsa = 260 eV spect r papecthumghe polished pyrriotder s h
sample shows an apjgat increase in disulfide and polysulfide species at the surface, resulting in a
flat-top spectral shape with the highest peak justvbdl63 eV, and clear evidence of both sulfite
(SO, 166.5eV)andsulfate (5 168 eV) speci e srumofpyrdotitisn pH= 2 6 0
1 H>SOyw shows distinct peaks at a low binding energy near the energy of the bulk peak, which appear
to have a higher resolution than the polished
The peak of the spectrum fpyrrhotite in pH 1 HSQy is at163 eV, indicating a strong presence of
polysulfide species, and with clear evidence of sulfate species in the high binding energy region.

NI S S S S S S S S S S B S S B S S S S S —r T T T T T [ T T T T T T T T T T T

1.0 - (a) - 10} (b) hv=260eV 1
>08F Fra_ctured, 846 eV { >08 7 Fraptured |
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| —— pH1HyS0y, 1487 eV S | —pH1H-SO

E 0.6 P 2544 % 061l p 294 |
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Figure5.2: S 2 photoelectron sgctra for polished pyrrhotite amyrrhotite in pH 1 HSO, collected with (a)
hsa = 1487 eV, and p(stedtrafnom the fraltilbed pyerhotite santple€bbSterhave
been included for comparison.

5.2.1 Polished moroclinic pyrrhotite surfaces
There was no high resolution Fp pectrum collected for the polished sample, however from the
survey spectrum there are some significant obsemnathat can be made. The main pg>deak is

centred around 711 eV, indicagirthe presence of #eOOH specieg8]. There is a low binding
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energy shoulder present around 707.5a&Wibutable to bulk pyrrhotite F8 species. Since no high

resolution spectrum vgacollected, no observations can be made regarding dridgbw-spin iron.

The h3 = fghé&ifumbdad bedn fiked with six components. The first doublet represents
the bulk monosulfide, and contribution 85% to the spectkigu(e5.3a). A second doublet at 161.8

eV, which contributes 8.5% to the sulfur spectrum, is required twatéor the decreased minimum
between the bulk sulfurpg, and .2 peaks anchas been attributed to disulfide. A suHaxy
component is alscequired to account for the slight increase in intensity in thel 1168 eV region,

and although this couldebfitted with a single doublet species, in this case has been fitted with a
sulfite component at 166.7 eV and a sulfate at 168 BV o0 mai nt ain consi sten:
= 260 eVspectrum. Similarly, the sulfur componentsHigure 5.3 attributed to polysulfide and
elemental sulfur are small enduthat the need to include them in the fitisnoc | ear f r om
1487 eV spectrum alone.

The hsa = 260 eV spectrum is more difficult t
background at binding energies greater than the main peak. Sépamte methods are used here to
model this bekground; using a Shirley backgrourfeigure5.3b), a Tougaard backgroun8igure

5.3c), and a linear backgroun&i@ure5.3d). Of these three background fitting methods, only the
Shirley and Tougaard backgrounds have a theoretical description. ifley 8ackground considers

the inelastically scattered photoelectrons contributing to higher binding energies in the sf#ctrum
While the Tougaard background considered the inelastisadijtered electrons which lose kinetic
energy, but also the elastically scattered photoelectrons which have an increased path length and

therefore increase the number of inelastic scatteringteMdl].
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Figure5.3: Fitted S P spectra of polished monoclinic pyrrhotitelcadk ct ed wit h (a) hs = 1
= 260 eV fitted wih a Shirley backgroun@], (c) fitted with a Tougard backgrounglL0], and (d) fitted with
a linear background.

The Shitey model is the most commonly used for background subdrewathen fitting photoelectron
spectra. This is shown for the current datdigure 5.3b. However, in thisristance the Shirley
background cannot be accurately applied to model the secondary electron background present in the
spectum in Figure 5.3b. This is evidenced by thevexfitting of the background to the spectrum,
specifically in the binding energy region between 166 eV and 167 eV, where the fitted background
clearly strikes through the spectral peakich is an unreasonable result and will lead to incorrect

analysis wien attempting to deconvolute the peaks of the various contributing species.

The Tougaard background has a far morel@pth consideration for both elastic and inelastic
scattering of potoelectrons during their transport to the surface, in comparisohet&hirley
background[10]. Tougaard proposes an algorithnr fmodelling the background created by
inelastically scattered electrgnghich is appropriate for most samplfkl]. While not used
extensively, this method for background fitting has been shown to give awourate quantitative

results than the Shirley meth@®, 13] and has been used to determine the thickness, distribution,
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and mechanism of film growth on surfaddd-17]. The key difference between the Shirley and
Tougaard background methods is that while the Shirley background is considered reasonable for
homogeneous samples, the Tougaard method can be used forssaitipl@on-homogeneous

distribution of sgcies thragh the sample.

A linear background subtraction has also been testdeigare 5.3d for comparison, since the
Tougaard background typically requires a muiyér region below and above the spectrum to obtain
an accurate result. hile the linear background has no theoretical description, the background directly
above and below the SpZhotoelectron spectrum appears to be linear, and therefore a linear

backgraind fitted underneath the measured spectrum may be reasonable.

T h e B§6B eV=spectrum has been fitted with peaks for both the Tougaard and linear background
methods, and the contribution from each species is showabie5.2. | n each case, t
spectrum has been fitted with disulfide apdlysulfide components in addition to the bulk
monosulfide as is requirdd fit the intensity of the spectrum in thegion 162" 165 eV. Both sulfite

and sulfate components are also required to fit the structure in the high binding energy region and
hawe been fitted at 166.7 eV and 168.2 eV respectively. An extra component is required around 164
eV in bothFigure5.3c and d, which is in the binding energy region often attributed to elemental sulfur
[18]. The assignment of this peak to elemental sulfur is not straightforward, since elemental sulfur is
volatile in vacuum and is thefore not expected in photoelectron spectra unless the samples are
cooled. There are a number of possible explanations for this peak. Firstly, inaccuracies in the
background correction will propagate into errors in the fitted spectra. While it is pabsibline
Tougaard method underestimates the background in the regidn1B&#beV, thus necessitating the

use of an elemental sulfur feature, the linear background, which is higher in this region, also requires
an elemental sulfur feature. It is therefomnere likely that this peak is not simply an artefact of the

background correction, but can be attributed to a sulfur component of the sample.

There are two possible sulfur assignments for the peak fitted at 164 eV. Previous literature has
postulated thathe amorphous sulfur rich layer contains long polysulfide chains with bond lengths
similar to that of elemental sulfy4]. It is possible that the 16B 165 eV region should be entirely
attributed to iron polysulfide species with a range of oligomer chain lengths, and consequently a range
of sulfur 20 binding energies. This explanation is not considered likely, since an attemptad@s m

to fit the spectrum with a broader polysulfide component and no extra component for elemental sulfur.
No good fit could be attained using this method. The alternative, and more likely explanation is that

the peak around 164 eV is attributable to elemlesulfur (S°), which has not volatized in the
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vacuum. This may be due to the uppermost oxide layer, which is mostly devoid of sulfur, which has
been found to form after aoxidation of pyrrhotite surfaced9]. If the upper surface layer is
extensive enough, it may be physically trapping the elemental spdoies which i@ formed during
oxidation of the surface. The strong secondar
2p spectrum is likely also caused by the chemically and structurally distinct surface overlayer. An
alternative explanation fahe entrapmentf elemental sulfur species is the assumed amorphous
structure of the sulfur rich layer, as was observed for air oxidised pyrrhotite samples analysed using
X-ray diffraction[2]. As the sulfur rich underlayer develops during polishing, ibssiple thattie
elemental sulfur produced is trapped in pockets formed in the amorphous sulfur rich phase. A similar
conclusion has previously been offered for the observation of elemental sulfur 4higitraacuum
conditions on bioleached mineral suda; where thelemental sulfur was proposed to be trapped

within other surface compounds as the surface phase devéhijyed

The h3a = 1dn8hasbeaiffise@décwirth the same peaks used
adjusting the heights as necessary. The results from fitting these spectra, and the atomic %
contribution to the overall surface clable2ul at e
While the bulk monosulfide component accounts for almost 10 at % for the overall sample, each of
the other sulfur components accauftdr less than 1% of the total atomgontribution. This data
supports the observatismeported in literature of an overlayer of an iron deficient sulfide consisting

of disulfide species and long chain polysulfide species, which gradually returns to the bulk pyrrhotite
structure at depth.

Table5.2: Fitted components of the polished monoclinicgSs@ectrum, including the binding energy (BE),
peak width (FWHM), % contributiorepresents the contribution of that species to each speatithm
Tougaard backgroungtmova(T), and linear backgrawd removal(L), and overall atomic % contribution

calculated from the hs3 = 1487 eV spe
% ocontribution At %
Species Binding Energy 260 eV 260 eV | 1487eV | (1487 eV)
(FWHM) | (Tougaard)| (Linear)
Bulk monosulfide (3) 161.2 (0.90) 38.4 43.4 83.2 9.15
Disulfide (S?) 1618 (0.90) 13.3 15.8 9.0 0.99
Polysulfide ($2) 162.9(1.3) 30.6 22.6 5.0 0.55
Elemental Sulfur 163.9(1.1) 4.2 6.7 0.9 0.10
Sulfite (SQ%) 166.7(1.2) 6.2 4.2 0.6 0.07
Sulfate (SG?) 168.2(1.2) 7.3 7.3 1.3 0.14
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Previous studies of air oxidised pyrrhotites have reported the uppermost layers to consist of a thin
layer of saturated carbon, carbonate and sulfate species, whicieoaerFeoxide/oxyhydroxide
layer[2, 3, 21] Angleresolved XPS has shown that the oxygen species do not diffuse appreciably
into the iron deficient sulfide layer and are primarily found in the upper layer of iron oxyhydroxide
(FeOOH) species.

The results presented here do natlude highresolution spectra of carbon or oxygen species,
therefore no comment can be made alloeithemical state of oxygen and carbon species. Neither is
there direct evidence of the distribution of measured species within and across the sampler, Howeve
the shape of the inelastic background observed inthels22 = 260 eV speartrum
overlayer of species other than the sulfide species which constitute a significant proportion of the

sulfur signal.

The Fe P peak in the survey spectrumFigure5.1is observed at a binding energy higher than that
for vacuum fractured pyrrhotite; at 711 eV, consistent wittogydroxide speciefl9]. This is
consistent with the reports in previous literature of theodydroxide overlayer. The results
presented here point towardetpyrrhotite surface and nesurfece layers being similar to those of
other air oxidised pyrrhotite samplgs 3, 21] There, the origin of the feature in t8e) spectrum
around 164 eV is proposed to be duel@mental sulfur in the sulfur rich near surface layer, which
is formed when the Fe ions diffuse to the surface to oxidise toxygydroxide species. The
elemental sulfur is detected in the photoetmtispectra, despite its volatility in vacuum and latk
sample cooling, due to being physically trapped by theoXyydroxide overlayer which is

sufficiently extensive.

5.2.2 Surface of monoclinic pyrrhotite in pH 1 H2SOq

The Fe P spectrum fompyrrhotite inpH 1 HSQOy is compared to the FgpZpectrum for vaaum

fractured pyrrhotite ifrigure5.4. The resolution of the spectrum for this sample appears to be better
than that for the fractured sample, despite the samples being collected on the same beamline with the
same instrumental g&tgs. It is expected that this is due to the nature of the surface of the samples.
The surface of the vacuum fractured pyrrhotite sample is not expected to be perfectly flat since
pyrrhotite has no cleavage, while the surface of the pyrrhotite sampld i SOy had been
polished to a high shine before reacting with acidic solution and was still visibly smooth after reaction.
The Fe Pz2 peak for this sample is also narrower than that for the vacuum fractured sample, which

is considerably broad due toet multiplet structure owintp the highspin F&-S in bulk pyrrhotite
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and a convolution of FeS and F¥-S found natively in bulk pyrrhotite. The width of the F®/2

peak on the low binding energy side is at least partly owing to tieeF€ b agnwihich is less
prominent in more iron deficient pyrrhotites, and most prominent in troilite (228)The Fe Bz

peak of this sample is similarly centred at 707.7 eV, but has a sharp leading edge. There is also less
intensity on the high binding energy side but with a shoulder emerging around 710 eV. Previous
studies have shown that the Fe:S ratithe sulfur rich layer of pyrrhotite samples which have been
similarly reacted in acid becomes close to 1:2 at the near s{Bfadée decrease in iron in this layer
would likely result inless Fée"-~ b o n d i n g decreaseinghe low binding energy feature
and give the Fe® peak a sharper leading edge. Méssbauer studies have shown that the iron in the
sulfur rich layer of pyrrhotite reacted in HCI solution is primarily {spin Fé-S, with a shorter Fe

S bondength than found in bulk pyrrhotite, as shown by S K edge absorption g@éctfa similar
transformatiorof the near surfackyers of the pyrrhotite sample analysed here has taken place, the
transition from highto low-spin F&-S would explain the decrease in intensity in dkerall width

of the main peak. The emergence of the shoulder around 710 gNbistable to the presence of-Fe

oxide/oxyhydroxide speci¢23].
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Figureb5.4: Fe 2 spectra fopyrrhotiteexposed tH 1 SOy for 1 hour(black) and vacuurfractured
(blue) monoclinic pyrrhotitérom Chapte#.

The h3 = dspge8tium lea¥ a sBnila? shape to the bullpSgectra of the vacuum fractured
and polished pyrrhotite samples, but with a decrease in the minimum between/tlen@ 212

components. There is also additional intensitythe 1637 165 eV region, indiding a greater
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presence of disulfide and polysulfide species than in the vacuum fractured and polished pyrrhotite
sample. In comparison to the polished sample, the samplgrbiotite in pH 1H.SOw hasa similar
percentage fosulfur-oxy species contributg to the S @ spectrum (1.9% in the polished sample
compared to 2.4% for pyrrhotite in&Qs). However, the atomic % contribution to the overall sample
from the sulfuroxy species is significantly greater in the acid reastadple (0.2% in the polished
sample compared to 0.6% for pyrrhotite ipSdy).

As in the polished sample, the sulfur features that are additional to the bulk monosulfide in the sample
of pyrrhotite inH.SQsaren ot ¢l ear fr om t h dond)and the fitted Bed@ks feOMi S p ¢
the hs = 260 eV spectrum are applied to the |

necessary.
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Figure5.5: Fitted S P spectra of monoclinipyrrhotiteexposedopH 1 SOy for1 hourc ol | ect ed wi |
= (a) 1487 eV and (b) 260 eV.

The h3sa = 260 Figukb.5b phevesta cudaus double peak feature in theilb2 eV

region whid is either not present or not resolved in tHigpSpectra for either the vacuum fractured

or the polished pyrrhotite samples. The energies of the two peaks are similar to the bulk monosulfide
and the disulfide species fitted to the vacuum fracturedrsspiectrum and have been fitted as such

in the sgctrum inFigure5.5b. An extra peak on the low binding energy side of this spectrum has
been fitted to account for tlsall inflection in this region and contributes to 6% of the total fit. The
binding energy of this peak is castent with the undercoordinated surface monosulfide species fitted

to the vacuum fractured h3 = 260eakntcessitatesaur s
narrower line width for the bulk monosulfide and disulfide peaks, which is required toteettrea

double peak feature in the 161162 eV region of the spectrum. The binding energies of the bulk

monosulfide and disulfide peaks are astent with those fitted to the spectra of the vacuum fractured
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and polished pyrrhotite samples, and accoun8#86 and 12% of the total spectral fit respectively.

The main peak of the h3s = 260 eV spectfitedn i s
at 163.0 eV and constitutes 42% of -oxylspeciehis = 2
required at 168.6 eV and is attributed to sulfate £9Qpecies.

Unlike in the polished pyrrhotite sample, no extra peaks were required tafisthe= 26 0 eV sp
such as those attributed to elemental sulfur. It may initially seem that this may teetdeehoice

of Shirley background i n the 8% howeve € inceedseds p e ¢
background due to secondary etens is not as obvious in this spectrum as it was for the polished
sample. Therefore, the Shirley background whesen as it best fitted the background of the
spectrum, is consistent with other spectra presented in this work, and with spectra shownous pre
literature. The difference in the heights of the backgrounds between the two samples is expected to
be dueto the increase in total path length of electrons and therefore the loss of kinetic energy due to

a chemically distinct overlayer.

Since a Shiley background was sufficient for the samplg@wirhotite in pH 1 HSQs, which did not

have such a significantontribution to the background compared to the polished sample, the
background indicates that there is not a significant overlayer for thislsaas there was observed

for the polished sample. This coincides with the lack of elemental sulfur obsethiedi spectrum

for the sample of pyrrhotite ind3Q4. Since this sample was polished in the same way as the polished
sample, elemental sulfican be expected to have been produced and trapped in the same way.
However, during the reaction with sulfudcid, the sample has changed such that the elemental sulfur
is either consumed, leached into solution, or is able to escape into atmosphetbeovacuum

chamber of the enstation.

As previouslyshown inTable 5.1, the totalcontribution to the sample from the sulfate species is
observed to be significantly higher in the sample reacted in sulfuric acid than in the polished sample.
It is possible that significant contribution to the sulfate species arises from the sulfudisalction.

In contrast, this pyrrhotite sample has a significantly lower contribution from oxygen species than in
the polished sample, despite the relative increase in satfuspecies. This indicates that it is the Fe
oxyhydroxide overlayer which iselng removed due to the reaction with acidic solution. The removal

of the oxyhydroxide overlayer coincides with the reduction in the inelastic background in the low
photon energy 3p spectrum, indicating that the background in the low photon energyg&2trum

for the polished sample is due to the presence of a significantly extensixgtalroxide overlayer.
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Table5.3: Fitted compnents of the Sf2spectra of monoclinipyrrhotite in pH 1 HSQ;, for 1 hou. The
binding energy (BE), peak width (FWHM), % contr.i

spectra, and overall atomic % contribution to the sample calculated feomths = 1487 eV sp.
Species Binding Energy % ocontribution At %
(FWHM) | 260 eV | 1487eV | (1487 eV)

Surface monosulfide 160.7(0.73) 6.0 9.1 2.2

Bulk monosulfide 1618 (0.89) 33.7 68.8 17

Disulfide 162.9(0.82 12.1 7.9 1.9
Polysulfide 163.9(1.3) 42.0 11.8 2.8
Sulfate 168.2(1.1) 6.2 2.4 0.6

5.2.3 NEXAFS spectra and PEEM image®f pyrrhotite immersed in pH 1 H2SOs for 1 hour

The Fe 23 edge NEXAFS spectrum for pyrrhotite in pH 33 is shown inFigure5.6a with the
spectrum for vacuum fractured monoclinic pyrrhotite. The spectrum for pyrrhotitSidsldhows a
slight shift of the main absorption peak to a higher absorption energy and andriorgaensity
around 710 eV in comparison to the vacuum fractured pyrrhotite. This increase at 710 eV is attributed
to an increase in especieq24], which is partly due tdéhe creation of Fexyhydroxide species
evident in the Fe 2photoelectron spectrum. The grdge shoulder at 705 eV is less clear in the
oxidised sample, indicating decrease in the transition ¢f &ectrons to the FeSt,¢b state. This is
consistentvith a transition of higtspin Fé-S to lowspin Fd-S, as the F&g band becomes more
filled, resulting in a less intense peak relating to this transition. Siwildoe slight shift in the
position of the main tabsorption peak may be due to therg®in proportion of highto low-spin
Fe'-S. The shift in peak position may also represent a change in relative intensitY tof e

species to favour the tat.
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Figure5.6: (a) Fe L,zedge NEXAFS spectra fmacuum fractured pyrrhoti@ndpyrrhotite in pH 1 HSQ,,
(b) Oxygen K edge NEXAFS for pyrofite in pH 1H.SQ..

The oxygen Kedge spectrum has a main peak at D, and a small peak at an energy approximately 5
eV lower. Both of these peaks have additional structure, with-adge shoulder to the main peak at

C, approximately 6.5 eV below the maieak. The structure around pealamd up to 15 eV above

has been assigned to transitions fromp3tates hybridised with unoccupied metab#éd 4 states

[25]. The energy difference between peaks A and B is approximately 1 eV, which is consistent with
the calculations of the pyrrhotite iron valence sti26fand consistent with the results in the previous
chapter. Therefore, peaks A and B are attribtaettie O D orbitals which are mied with the Fe @

tog andey orbitals respectively. The relative height of the main peak and the peak around B reflects
the number of unoccupied metal States available for electrons to transition to the final state, an

the spectrum shows that the trigios of electrons into the conduction band is more likely, as the Fe
3d-like states are mostly filled. This spectrum shows that the oxygen species arly stssogiated

with the covalent F®© bonding reported for thepper surface layer of oxidised plyatite. However,

the little difference between the Fe L edge spectra of the vacuum fractured sample, and pyrrhotite in
pH 1 SOy indicates that the F© species contribute only a small proportion of the Fe species in

thesample. This is consistent withetlthin FeO overlayer proposed in literature.

ThePEEMimages presented Figure5.7 are taken at the Fe L peglge shoulder, theslabsorption

peak, and the main O K edge absorption peak ragpigcteach with the same 4%0n field of view.

Each of these imagésmshad the tpography removed using a background image taken below each
absorption edge. The feature seen running diagonally across the field of view is likely from a scratch
remaining fom the polishing procedure. The surface also has a speckled appearance, wisgch alig

with regions of strong absorption at the O K edge. Itis not clear from the images if the speckled effect
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is from pitting of the surface, or if it is from island growftoaygen species. These images show that
the oxygen species aggregate in smallaegjiacross the sample rather than in an even surface layer.
This speckled appearance shows that thexytydroxide species exist predominantly in patches.
This is consistenwith the hypothesis that after reaction with acidic solution, thexyaydroxide

layer is not sufficiently extensive to trap elemental sulfur in the sulfur rich underlayer. The Fe
absorption image ifrigure5.7b shows stronger abrption in regions here there is less oxygen,

indicating that the Fe L edge NEXAFS spectrum is predominantly from pyrrhotespecies.

Figure5.7: Images of monoclinic pyrrhotite surface aftenaur in pH 1 HSQ;, collected(a) below the iron
absorption edge, (b) at the iron absorption edge (background removed) and (c) at the oxygen absorption edge
(background removed). Field of view = 460,

5.3 Conclusion

This chapter has presented photoelectron spectra for polished pyrrhotite and pyrrhotltdadter

in pH 1 BSOQy, with NEXAFS spectra and PEEM images over the iron L and oxygen K absorption
edges for the sample in sulfuric acid. Survegcs@ were usetb quantify the contributions to each
sampl eds surface from individual el ement s, S
samples, and oxygen in the polished sample, whilgfe®i2 level spectra showed the Fe species in

the polisked sample to btargely be due to iron oxyhydroxide species, and the sample reacted in
acidic solution to be largely iron sulfide species. A detailed analysis of the quifare?2level spectra,

using both surface sensitive and more bulk sensitive phatergies, reveatl the sulfur species
present on the surface of the sample, including an elemental sulfur component in the polished sample,

but not the sample in sulfuric acid.

Overall, the results showed that the surface of the polished sample resemfdeds of othr air
oxidised pyrrhotite samples presented in literature. Specifically, the survey spectrum showed a large
proportion of carbon and oxygen species at the surface, with an increased proportion of iron in

comparison to the expected bulk.iglnesult is cosistent with the air oxidised pyrrhotite samples
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presented in previous studies Byckleyand Woods [21]Jones, LeCount, Smart and White &2id

Mycroft, Nesbitt and Pratt [3Jon which a layer of iron oxyhydxide species @velops as the iron

ions diffuse through the bulk towards the surface to react with oxygen. Thepéakin the survey
spectrum was at a binding energy consistent with Fe oxyhydroxide species, and very little evidence
of pyrrhotite FeS gecies remainedndicating that the iron oxyhydroxide layer was significantly
thick and extensive. The $3pectrum of the polished pyrrhotite sample had a contribution from
elemental sulfur, which is initially surprising since elemental sulfur is tiipicat expectedn a

sample in ultrehigh vacuum at ambient temperature. It is likely that this species is physically trapped
by a combination of the amorphous sulfur rich underlayer which has formed due to oxidation of the
surface during polishing, andphiysical barriethat is possibly provided by an extensive layer of Fe
oxyhydroxides. The low photon energy § spectrum showed a strong inelastic background in the
low photon energy spectrum, which is evidence of a significant overlayer of elemengatygtd
specieswhich does not contribute significantly to the peaks in the spectrum. Rather, this overlayer
contributes to the background by increasing the path length and therefore the inelastic collisions of
the photoelectrons. It is suggested that dlierlayer conibuting to the background in the $ 2
spectrum is largely the iron oxyhydroxide overlayer, and that this layer is also passibibuting

to the entrapment of elemental sulfur within the near surface region of the sample.

After reactirg with acidic stution, the surface of the sample had significantly lower contribution
from oxygen species, and the ratio of iron to sulfur was similgrat@xpected from bulk pyrrhotite.

This showed that the iron oxyhydroxide overlayer which was adayepolishing he sample is

largely removed upon reaction with acidic solution. The frepg&ctrum supported this observation,

as the shape of thesk peak was similar to that of bulk pyrrhotite, with only a small contribution
from Fe oxyhydroxide spees. Concurrentlythe S p spectrum showed contributions from disulfide

and polysulfide species, but no contribution from elemental sulfur. The low photon enemy S 2
spectrum also showed significantly less inelastic background than was seen for thesl [saliaple.
Thisshowed that the overlayer which was present on the polished sample was not as extensive on the
sample in sulfuric acid. The sulfur rich underlayer was still present, evidenced by the strong
contribution to the low photon energy gspectrum from polysulfde species, yet no elemental sulfur

was detected. This reinforces the proposition that it is the iron oxyhydroxide overlayer, and not the
sulfur rich near surface layer which is trapping the elemental sulfur in the polished sample. The
NEXAFS spectra andBEEM images supported this theory, as iron oxyhydroxide species were
observed on the surface of pyrrhotite in acidic solution but were not extensive across the sample.

Rather, they existed in patches, and did not contribute significarthe tbe L edge sztrum. This
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showed that while some oxyhydroxide species exist on the surface, they are not extensive, and have

been removed in the reaction in acidic solution such that #&rear surface layer is exposed.

A significant outcome of tisichapter is thability to accurately fit the S@2spectra, and the detail of

the sample surface that could be gained from the analysis of these spectra. The significant inelastic
background in the low photon energy $ &ectrum for the polished sampléfilighted the
importance of considering the most appropriate background to use for a spectrum, and what that might
physically mean for a sample. Although there has been significant work in this field, the information
that is contained in the backgroundasample is often not considered, despite the effect it may have

on the fit of a core level spectrum, and the additional information that may be gained about the surface
of the sample. The method used for fitting thepSs@ectra is also a significant come of this
chapter. The higher binding energy sulfur species are often difficult to accurately fit in conventional
photoelectron spectra due to the overlap of species and the undefined shape of the bulk sulfide tail.
By using the bulk pyrrhotite line sha which was found empirically i€hapter4, these higher
binding energy species such as disulfide, polysulfide and elementalspgicies could be fitted with
greater accuracy. Furthermore, the comparison of the low pho&rgyersurface sensitive spectra

with the spectra collected with conventional photon energy provided more confidence in fitting
minority species which could hotherwise be justified in conventional photoelectron spectra. These
results will inform future malysis of similar samples, thereby enhancing the advantage of

conventional photoelectron spectroscopy.
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Chapter6: Pristine fracture surfaces of pentlandite

6 PRISTINE FRACTURE SURFACES OF PENTLANDITE

6.1 Introduction

The interpretation of photoelectron spectra for pentlandite ders & point of discussion in published
literature since the first observation of pentlandite photoelesjpectra byrichardson and Vaughan

[1]. Subsequent studies reported sulfur spectra similar to eaclbotlsserted differing assignments

of states to the features in the spectra. Common to all modern observations of the pentlandite sulfur
spectrum is @ominant peak at 162.2 eV binding energy, assigned to the bulk sulfide, and a smaller
peak on the low biding energy side around 161.4 eV. It is the assignment of this second peak that is
contentious among experts in the fi2d 3] assigning this feature to an oxidissulfide feature, such

as that observed in the transformation from pentlandite to vioJ&}it®ther literature has suggested

that the two slfur features can be attributed tecéordinate and -¢oordinate bulk sulfide
respectively[4, 5]. Although it has been shown that there is no generalice&uip between
coordination and binding energy, there may be a difference in binding energy betweearitiés 4
coordinate sulfur sites in pentlandite based on bond length, or more accuratgipnelgativity[6].

Since the publications of these mentioned studies there has been considerable improvements in the
spectral resolution available, especialiyh the use of synchrotron radiation XEXPS) which ths

chapter utilises to address this contention in the literature.

The pentlandite structure has been described in detail in s@cBiohhe uncertainty in distribution

of Fe and Ni cations in the pentlandite lattice compl#te interpretationf photoelectron spectra

and it is difficult to predict the electronic structure of the material. The expectitimetalmetal
bonding between adjacent tetrahedral cations has given rise to discussion of the metallic nature of
pentlandite and the subsequent fitting of pentlanditepSf@ectra with asymmetric Donia@unijic

tails[4]. The asymmetric nature of the tails arises from the readjustment of valence band electrons in
the final state as a resutf the creation of a core hol@]. However, more recently sulfide
semiconductors similar to pentlandite have displayed ispeete energy loss features in theindS 2
spectra8-11]. As seen in previous chapters, any inaccuracy in the selection of the tail shape will
likely overshadow the contribution from possible surface statesdinigi energies higher than the

bulk peak, this creating more uncertainty in the interpretation op Sg&ctra.

Choosing the appropriate line shape to use for fitting spec&rpesplexing issue surrounding the
pentlandite photoelectron spectra andasisolated to this mineral, but is an is$oetransition metal
compounds in generfl2, 13] The previously mentioned pentlandite studies have identified broad
tails on the high binding energy side of the sldfpeaks. Analogous features have previously been

88



Chapter6: Pristine fracture surfaces of pentlandite

observed for other similar sulfides for example such as chalcofgtitand bornitg9]. Due to the
resolution available for previous pentlandite studies, the overlap between diffefielat staltes and

the relatively high binding energy of the bulk sulfide, up to this point it has been unclear if the broad
high binding eerrgy tails are due to products of surface reconstruction such as disulfide and
polysulfide species, or if the tails aaéulk sulfide feature. By identifying the surface features in the

sulfur spectrum, this chapter also aims to address the origin ¢iighi®inding energy tail.

6.1.1 Methods

Both samples presented in this chapter were cut from the same synthetic pemtianedae Analysis
revealed a stoichiometry of EfNiseSg.1 throughout the mineral. Each sample was notched then
fractured under highacuum, and the exposed surface analysed without exposure to atmosphere. This
process is described in detail in the noekh section. The samples were fractured and analysed at

separate times and are referred to in this ch

For comparison between samples each spectrum was normalised to the bulk peak and the intensity
scale is therefore bitrary. The spectra taken with each photon energy were energy corrected using
the valence band spectra which are present@hapter7. Each of the sulfur@2spectra have been

fitted with a Shirley background 4] before fitting individual components.

6.2 Photoelectronspectraof t he APNn10 fractured surf
The survey spectrum for Pnl is showifrigure6.1 below, with approximate quantification from the
spectrum shown ifiable6.1. The quantification has used relative sensititaictors (RSF) based on

a photon energy of 1487 eV. The quantification is expected to be reasonable at this photon energy
since the photoionization cross section of each of the subshells used for thigcgtiantincreases

at a similar8% ad\e tfa ohHiblhzs =4 AN eV
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Figure6.1: Survey spectrum for vacuum fractured Pnl sangblewing no apparent contribution from
carbon or oxygen specidg = 1400 eV.

Due to the overlap with the Ni LMM Auger at 540 eV (binding energy) the oxyggedk at 530

eV is difficult to quantify. There is a small peak around 285 eV due to a smalhamiocarbon on

the sample, however the peak is barely notieeablove the noise in the 1400 eV spectrum. The
approximate quantification of atomic species based on the 1400 eV spectrum is shabie @1l.

The Fe and Ni 8 peaks were used to quantify the cations, due to the significant roackg
overlapping with the 8 states, and the Auger components overlapping with theté&es.The
guantification results showahthere is very little carbon and oxygen species present on the surface,

indicating that the sample is relatively pristine.

Table6.1: Approximate quantification from the 3 1460 eV survey spectrum for Pn

Peak | At% contribution
Fe 3 27.7
Ni 3s 31.2
S 37.7
O 1s 1.6
C1s 1.7

6.2.1 Pnl Fe & Ni 20 SXPS
Both Fe » spectra preséed inFigure6.2(a) show a peak centred at 707.3 eV for divalent iron sulfide
in pentlandite2-4] with a tail that extends to approximately 714 eV. The peak binding energy is

90



Chapter6: Pristine fracture surfaces of pentlandite

similar to high-spin divalent iron F&S that is octahedrally coordinated to sulfur in pentlandite and
pyrrhotite[16] and trivdent tetrahedrally coordinated iron'F& in chalcopyrite (CuFe$[3]. The

broad shape of the peak can be explained by multiplet splitting of the spectral line and shpports
designation of high spin divalent ir¢h7]. While the 1400 eV spectrum has approximately 10% of
the signal from the surface, the 1110 eV and 846 eV spectra are expdted tpproximately 15%

and 26% contribution from the surface, respectively. The 1110 eV areVagléectra show increased
intensity at 710 eV, indicating oxidation of the iron sites at the supi&cd 8, 19] This corresponds

to the estimated 1% oxygen and 1.5% carbon species observed in the surveynsgdwra is an
increase in intensity at 708 eV in the 1110 eV and 846 eV spectra which is attributed to divalent iron
oxide specief20]. Sine t he sampl e was fractured 1 n vacuur
oxidise along grain boundaries, it is expected that the oxidation observed at the iron sitesead co

to the grain boundaries and is not extensive across the surface.

rJj]i1l7rrrrrrorr o T Ty rr 77 oo T e e T
(a) Fe2p (b) Ni2p
2 g
2 Z
] 2
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Figure 6.2: (a) Fe ® XPS spectraf pristine pentlanditeollectedw i t h 846 eV, H10 eV, and 1400 eV,
(b) Ni 2p XPS spectra collectadi t h 11M®eV,mand 1400 eV.

The 1110 eV and 1400 eV Np2pectra, sown inFigure 6.2b, both show a strong peak centred at a
binding energyf 852.8 eV, which is consistent with divalent-8I{1, 2, 4] The tail of the Ni p
spectrum has more structurerththe Fe2p spectrum, with two broad peaks observable around 856

eV and 860 eV. The higher binding energy peak has a separation from the main peak of 6 eV which
is similar to the satellite seen in thp ectrum for nickel metal. This has been attributethe

3d%¢<’ final state, while the main peak is attributed to 4 final statg21]. The two high binding

energy peaks observedHigure 6.2(b) show no observable differenceshape or relative intensity
between the 1400 eV spaatn and the 1110 eV spectrum, indicating that these peaks are bulk
features. This indicates that here is no alteration of the nickel sites at the surface due to either

oxidation or surface electronic stture changes relative to the bulk. The absenceidisex! nickel
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products confirms that the iron in the pentlandite lattice oxidises preferentially over the nickel, as has

previously been suggestgd 2].

6.2.2 Pnl Sulfur 2p spectra

Figure 6.3 displays a series of Spphotoemission spectra collected framsitu vacuum fractured
pentlandite with incidnt photon energies of 260, 400, 600, 846, and 1400 eV. As sholablie

6.2, an incident photon energy of 260 eV yieldsp$Botoelectrons with a kinetic energy of 100 eV,

from a depth of 5.A. Approximately30% of those photdectrons arise frorthe surface monolayer

[22, 23] Compmrably, an incidenphoton energy of 1400 eV yields $ @hotoelectrons with kinetic

energy of 1240 eV, which results in the photoelectrons arising from a depth of 23.3 A, with less than
10% of these electrons originating in the surface monolayer. Therdfa variation irsurface
sensitivity of the spectra presented may be used to isolate the species due to surface and bulk

contributions.

Shown inFigure6.3, each spectrum exhibits theeloublets and a high binding energy tadgttextends

out to 168 eV. Each Spz» peak has been labelled A, B and C from low to high binding energy
(Figure6.3(a) to (e)). Each peak was fitted with symmetric doublets, providing a good fit at low
binding energies up to arnd 162.5 eV, but a poor fit at higher energies due to the significant high

binding energy tail.

The Zz2p e a k 06A6 i s | oc aftléldl e\ddnd has theismallastrcontritaitioe of g y
15% to the 260 eV spectrum, and decreases consistently &a1800 eV spectrum due to the change

in IMFP of the photoelectroj23]. The decrease in intensity indicates this feature is a stuiferdeed
feature. Table 1 shows that peak A accounts for a little more than half ofptheted surface signal

in each of the spectra.

Peak B is located at 161.7 eV and is clearly visible it epectrum. The intensity of this feature
exhibits some dependence on photon energy. It contributes to 40.4% of the total fit in the 260 eV
spectrumanddecreases to 26% in the 1400 eV spectrum. Unlike peak A, peak B does not trend to
0% contribution in tB most bulk sensitive spectrum. Therefore, peak B is likely a combination of

both surface and bulk features.

The primary feature in each spectrunteigelledpeak Cand has 232 binding energy of 162.2 eV,
consistent with that of bulk pentlandite moualfisle previously described in literatuf2-4].
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Table6.2: Contribution of eacltomponent to the fitted & spectra and estimated contribution from the first
mondayer for each spectrum

Binding Energy (FWHM) % contribution to

Species fit

PhotonEnergy=| 260 400 600 846 1400
161.1 | 161.1 | 161.1 | 161.1 | 161.1
0 A-&urface 3coordinate (0.42) | (0.43) | (0.43) | (0.48) | (0.53)
15.0 | 116 8.2 8.2 5.0
1616 | 161.7 | 161.7 | 161.7 | 161.7
0 B-B8ulk & surface 4coordinate (0.52) | (0.53) | (0.52) | (0.53) | (0.53)
40.4 39.3 37.5 32.9 26.0
162.2 | 162.2 | 162.2 | 162.2 | 162.2

0 C-@ulk 5-coordinate (0.50) | (0.44% | (0.43) | (0.43) | (0.51)
44.6 9.1 54.3 58.9 69.0

Inelastic mean frepath of photelectrons ) 5.2 7.5 10.9 15.0 23.3

Estimated % from surface monolayer 29.2 21.3 15.2 11.3 7.4
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Figure6.3: S 2 synchrotron Xray photoelectron spectra collected fromsitufractured pentlandite
(FessaNiseSs)o bt ai n e d(a)r60te\h (b)4B0 eV, (c) 600 eV, (d) 846 eV, and (e) 1400 eV, eteh fit
with three symmetric doublets.

To determine the nature tife high binding energy tail, residual spectra were generated by subtracting
the fitted spectra showin Figure6.3. The residual spectra shownkigure6.4 have a doublelike

feature at 162.6 and 163.8 eV and a broad high binding energy tail that extends out to 168 eV with
no obvious sucture beyond 164 eV. The binding energy of the dodidefeature is consistent with
possible disulfide or polysulfidepecies, arising from either surface reconstruction as a result of
vacuumfracture, or oxidatior24]. However, there is very little dependence on photon energy and
hence surfag sensitivity on the intensity profile of the residual spectra, therefore the majority of the
signal in these residual speds expected to be due to bulk effects rather than surémmstruction
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Figure6.4: Residual signal from thenl S P spectra taken at each incident photon energy, after subtraction
of the fitted spetra with three symmetric spiorbit-split doublets

6.2.3 Pnl valence band

Valence band spectra-(8 eV) were collected with 260, 40800, 846, and 1110 eV incident photon
energies. Each spectrum showirigure6.5(a) shows three distinct features; the upper valence band
shows the strongest peak around 1.1 eV binding energy, which is dominated by stestdwhile

the lower valence band shows significant intensitthearegion between 48 eV, dominated by S

3p states, and a small peak at1136 eV due to S Sstates, as have been shown previously by
calculationd25]. It has also been shown by calculations that the energy difference betweersthe S 3
states and the metal valence orbitals prevents significant mixing between these states, and that most
of the banding occurs between the metalahd 2, and the SBorbitds [26].
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The oveall intensity of each valence band spectrdetreases with increasing photon energy,
especially in the broad region at 8 eV, which has mostly S haracter, and the main peak at 1.1

eV, which is due to they orbitals of the octahedral catio[#/]. In comparison, the intensity of the

peak at 13 16 eV attributable to the pressce of S 8states shows little change assceach of the
spectra. The intensity of each spectrum is largely influenced by the change in photoionization cross
section of the atomic subshells, calculatedvieyn andLindau [15]and shown irFigure6.5(b). As

the photon energy is increased, the decrease in photoionization cross section for Fedamtitdi8

is greater than that for the S, and to a lesser exig the S P subshells. Theris also expected to be

a contribution from the change in surface sensitivity of each valence band spectrum. The 260 eV
spectrum is estimated to have approximately 20% contribution from the first surface monolayer,
while the 84 eV spectrum has just ledshan 10% surface contribution. In contrast, the
photoionization cross sections for any of the atomic subshells shokigure 6.5(b) differs by a

factor of 10 between the 260 eV and 846 eV spectra and is therefore expectedhadmrerthe
difference in valence band spectra that occurs due to surface sensitivity.

The inset taFigure 6.5(a) shows the upper valence band region for the 260 to 846 eV spectra that
have been normalised to the main peak at ¥.1Aeslight variation can be observed between these
spectra at 0.8 0.5 eV, where the largest difference in intensity is seen betinee00 eV and 846

eV spectra. The contribution at 0.5 eV is due to electrons in tetrahedraltmetaitals hybridisd

with sulfur S ® orbitals[28], which is enhanced by the relatively increased photoionization cross

section at 86 eV in comparison to the lower photon energies.
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Figure6.5: (a) X-ray valence band spectraiofsitu fractured Pnl collected at photon varied photon
energies. (b) photoionization cross sections ofcseteatomicsubshellsfrom [15]
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6.2.4 Assignment of sulfur peaks

The fracture surfaces séveral transition metal sulfidbave been investigateding SXP3&nd show
evidence of surface monomer species and polysigpdeies aa result of relaxation and restructure

of the fracture surfacg8-10, 2932]. Non-polar fracture surfaces, consisting of both metal and sulfur
terminations, typically result in undepordinated sulfumonomer species on the surfasended to

a single cation, with a lower binding energy than the bulk sulfide species due to the increased electron
distribution around the sulfur atof@1, 22] In contrast, polar surfaces are expected to undergo
surface reconstruction, whialsults in the formation of surface sulfur dimer and polymer species,
which shift to higher binding energi§22].

There are 13 possiblastinct fracture surfaces fronhé low Miller Index planes [100], [110], and
[111] for the pentlandite structuf83]. Three of the four possible fracture surfaces parallel to the
[100] plane are polar surfaces of either metal or sulfur chayadtde the third surface is avenly
distributed norpolar surface. Parallel to the [110] plane, there are two distinepolan fracture
surfaces, one of which exhibits cations and feegping sulfur, the other exhibits cations with both
facecappingand linking sulfur sites at thsurface. Finally, each of the seven possible fracture
surfaces in the [111] plane are polar surfaces which exhibit botkcéggeng and linking sulfur
environments within the first monolayer. It is expected that wittvenfracture, a combination of
polar and norpolar surfaces will be exposed, and both feapping and linking sulfur environments

will be present at the surface.

6.2.5 Surface monosulfide species

Each S P spectrum shows three distinct peétkatare most proming in the 260 eV photon energy
spectrum. The lowest binding energy2 peak is at 161.1 eV and is assigned to an voderdinated

surface monomer. An undeoordinated anionic surface monomer is expected to have an increased
electron density compared tbe bulk anions due to the loe$ bonding partner, and therefore a
decrease in binding energy is observed relative to the bulk anionic species. The binding energy
difference observed for other surface monosulfide species is as small as 0.xkaldopyrite [8]

and hexagonal pyrrhotif@9], and up to 0.7 eV in pyrif@4]. A binding energy difference @.6 eV
between peak A and peakiBthese results is therefore considered reasonable for-tevetehifted

surface monosulfide species of the bulk component of peak B. While previous studies of pentlandite
surfaces have shown clear evidence of only $wdur environments, none havieosvn surfaces as
pristine as those presented here. A study of the incipient oxidation of pyrite surfaces shows that the
undercoordinated surface monosulfide spe@esthe most reactive upon exposure to air, and after

only one minute in atmosphenhe sirface monosulfide species have almost completely oxidised to
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form sulfate specie$32]. Similarly, for pentlandite, in less pristine conditions, this surface

monosulfidespecies could be quickly oxiddeluring sample preparation and therefore not detected.

6.2.6 Surface and bulk contributions to peak B

The intensity of peak B at 161.7 eV shows a clear surface dependency as it changes relative to the
bulk peak with the changa incident photon energy. Howayé¢he contribution from this feature, in
addition to that from peak A, is significantly greater than the calculated signal from the first surface
monolayer Table6.2). Furthermore, while the signfabm peak A decreases to almost 0% in the most

bulk sensitive spectrum, in the same spectrum, the signal from peak B accounts for one third of the
intensity ofthe total signal. The peak fitted to this feature is also observed to be slightly broader than
the other two features, hinting that there is more than one contribution to this feature. This indicates
that while peak B has some dependence on surface gipsitiere must also be some contribution

from the bulk.

The binding energy of peak B is &% lower than the bulk monosulfide peak C at 162.2 eV. Since
the binding energy is lower, this indicates an increase in electron density around the surfasge spec
indicative of a second surface monosulfide species. Therefore, the surface componaktBige
assigned to underoordinated faceapping sulfur, which is coordinated with 5 cations in the bulk,
but only 4 cations at the surfadgonsequentlythe surface feature at 161.1 eV is due to under

coordinated sulfur atoms that have only 3 bondiagners at the fracture surface.

It follows that the bulk contribution to peak B must be due to a distinction of two sulfur environments
in the bulk pentlanditestructure; namely faeeapping (5coordinatg¢ sulfur and linking (4
coordinate) sulfur. The ear presence of these two surface monomers is indicative of-pofam
surface, such as the example (110) fracture plane showigune6.6. The structure ifFigure 6.6

shows bulk faceapping sulfur (drk blue) and bulk linking sulfufpurple), in addition to 4
coordinate (magenta) andc8ordinate (orange) surface monomers. This surface is similar to that
investigated by density functional theory calculations of a pentlandite fracture surface, volareld sh

that upon fracture, the uppeost layer relaxes to form three surface layers and consequently, both
bulk sulfur environments form undeoordinated surface specig8]. The results presented here
highlight these two surface states, however i

combination of possible ngoolar surfaces is exposed, produdomgh surface monomers.
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Figure6.6: (a) Pentlandite crystal structure terminated at the (110) fracture plahe3 (B58 eVS 2
spectrunfitted with three monosulfide components, and an asymmetricaililkescribed in sectiof.2.7.

Previous studies have observed two distinct peaks in the pentlandite pufoec@rum. While the

peak at 162.2 eV (peak C) is attributed to the bulk pentlandite sulfide, the assignmerieafuiee
reported in other work at 161.4 eV has been disputed. Legrand, Bancroft and Nesbitt proposed that
the peak at 161.4 eV was due toagbrdinate bulk monosulfide, while the peak at 162.2 eV is due to
5-coordinate monosulfidgl]. However, the height of the peak at 161.4 eV has been seen {@yvary

3, 5], and in particular, Goh et al. showed that this feature increased relative to the bulk peak with
increasing exposure to air, therefore concluding that it is due to a vidikeitexidation producf3].

Goh et al. also proposed that if thedobrdinate bulk sulfide species had ading energy separate to

the 5coordinatespecies, it is likely to be at a binding energy around 161.8 eV, however the resolution
that is required to resolve a pealkhin 0.5 eV of the bulk peakas not available at the tinj8]. It

must also be noted that the binding energy for a sulfur atom is not determined exclusively by the
number of coordinating atoms, as has bessws for NiS structures with sulfur inéordinate and
6-coordinate environments respectiviy. Rather, the bindingnergy of a species is determined by

the electron density surrounding the atom, which is also influenced by bond length. It is fortuitous
that the 4coordinate bulk sulfur and-doordinate surface monomer species of pentlandite have

similar binding energyalues.

6.27 Pentl andi t eds gsenergftair hi gh bindin

The residuals spectra Figure6.4, indicateghatthe origin of the high binding energy talfrom a
bulk energy loss process. Previous studies have claimed pentlandite has a metallic natutigedue t
short interatomic distances between tetrahedral metal f&nSimilar asymmetric tail shapes have
been demonstrated for millerite and pyrrief#9], both of which show similar metallicif36, 37}
Other transition metalchalcogenidesncluding pyrite, chalcopyrite, marcasite, arsenopyrite and

loellengite, display similar high binding energy taj0]. The asymmetric tail shapef the
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chalcopyrite spectrunhas been fountb bedue to an energy loss process which arises from the ligand
to metal charge transfétMCT) S 3 A Fe 3 states, and has beerntdd with a single broad peak
approximately 3 eV higher in binding energy ththe bulk peak8, 11]. The comparison of the
valence band spectra shownTiable 6.5 indicates that for pentlandite there may indeed be some

hybridisation of the metdbq states with the Sp orbitals for the tetrahedral cations in particular.

The high BE tail inthe pentlanditeS 2 spectum has previously been fit with a combination of
asymmetric line shapes for the bulk peaks, and extra features to account for a contribution from
polymerised sulfur specid8, 4]. The use of additional doublets for polymerised sulfur is reasonable

in other studies where significant surface oxidation is expected to occur due to abrading prior to
analysis. In congist, this study is expectdd have minimal contribution from oxidised surface
products since the sample was fractured and maintained undehighirand therefore had little
chance to oxidise in the short time before analysis. The uncertainty in thledjad for bulk species
makes the analysis of species in the high binding energy region difficult, therefore a calculated
approach to analysing the tail region has been implemented.

An empirical approach has been employed to fit the high binding endigyintaach of the sulfur

spectra. Since the tail is attributed to bulk processes, a series of symmetric peaks were added on the
high binding energy side of the bulk peak and the parameters of these peaks fixed to the bulk peak.

The parameters for the tgikaks were initially founéor the 1400 eV spectrum since this spectrum

has the least surface sensitivity and therefore the least opportunity for errors arising from the overlap

of the surface components with the bulk peak. These peaks were appliedaqusutt spectra and

the peds for the surface and bulk features were altered as little as required to achieve the best possible
fit. The parameters used for the tail peak, which are showahie6.3, are reported relative to the

parameters of the bulk peak C.

Table6.3: Parameters used for the three peaks used to fit the tail region. Values are relative to the bulk peak
at 162.2 eV.

Area | FWHM | Postion

Tail 1 x0.3 | x1.6 +0.5eV
Tail 2 x0.5 [x2.8 +1.6eV
Tail 3 x0.3 [ x5.0 +3.0eV

Figure6.7 shows an example of the 1400 eV spectrum fitted with the three peaks in the tail region.

The fit in Figure6.7 shows the asymmetric shape of the buttobrdinate peak that is obtained when
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using the three peaks to fit the tail region as describgdre6.8 displays the residual signal from
each spectrum after filhg the tail region. The intensity of each of the residual spectra is within the
range ott 0.04, indicating a reasonably good fit in each spectrum. The region beyond 1libdves/ s

a reasonable fit for each spectrum, resulting in a minimal residual, wattiagion in intensity within

+ 0.02. The peaks slightly owt the tail region in the 260 eV spectrum, which is due to an
inaccuracy in the background selection due taadbenergy loss peak feature around 180 eV, which
is most significant in the lowinetic energy spectrum. The peaks slightly uddehe tail region in

the 846 eV spectrum, and although an explanation for this is less clear, it is likely due to imegcurac

in the fit of the three features.
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Figure6.7: Sulfur 20 spectrum of pentlandite obtained with 1400 eV incident photon enertggviath
three distinct features aride asymmetric tail shapgescribed ifrable6.3.
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Figure6.8: Stack plot ofS 2 residual signal aftesubtracting théhree tail peakand fitted monosulfide
species from eacspectrum.

Other than the 1400 e¥ase each residual spectrum kigure 6.8 has some intensity between 162
and 164eV illustrating the mismatch between the fitted peaks and the original data speth&m
260 eV residual has a doublet shape with an energy separation consistent witldeu8l@t. The
binding energy of this feate is consistent with @ossiblesurface disulfide featur§24]. The
goodness of each fit is measured by thescpiared @) value shown on each residual spectrum in
Figure6.8, and shows & value of less than 0.2 for the 1400 e\d @46 eV residuals, and less than

0.05for the other residual spectra.

To ascertain the surface species resulting freconstrugbn of the fracture surface, difference
spectra have been calculated by subtracting the normalised 1400 eV and 846 eVrepetis260

eV spectrumrespectivelyshown inFigure6.9. It is expected that the surface species are represented
in these difference spectra assjiive peaks. Both spectra show a clear @4k11 eV and a second
peak above 161.5 eV, correspamglio the Pz2 peaks A and B frorfigure6.3 that represent surface
3-coordinate sulfur and surface and bulkabrdinate sulfur respectivelyhe third peak at 162.7 eV

in Figure6.9 is dtributed to the P> component of peak B. Thei> component of peak A is just

102



Chapter6: Pristine fracture surfaces of pentlandite

visible in the 2601400 eV spectrum in the minimum near 162 Bdth difference spectra show a
positive background in the region between 164 eV and 170 eV, which does ng¢ deveen the

two difference spectra. The origin of this rRoero background is the slightly larger background that

can be observed in the 260 eV spectrum in comparison to the other spectra, which is due to a broad

satellite structure at 20 eV above thain pak, which is stronger for the 260 eV spectrum.
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Figure6.9: Difference betweeh 3 269 eV spectrum antd 3 1460 eV spectrum artd 3 846 eV spectrum
respectively. All spectra are normalised to the bubkkpe

Since neither of the difference spectra show evidence of surface features additional to those already
discussed, it can beoocluded that no additional components such as for disulfide or polysulfide
species are required to fit the sulfur spectra. Conselyuéhe structure seen in the residual spectra

in Figure6.8is due to small inaccuracies in thited peaks, rather than additional sulfur components.

The percergge contribution for each component showmable6.4 includes the empiricallgerived
asymmetric tail in theBoordinate bulk contribution. It is acknowledgéattthe asymmetric tail is

not necessarily attributed only to thecdordinate peak, and likely has a contribution from the 4
coordinate bulk spees also. Therefore, the precise distribution of the reported contribution from bulk
and surface states is Uear, however the data shownTiable6.4 has been includetd demonstrate

that with the broad tails fitted, the quantification of the surface and bulk states is reasonable.
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Table6.4: Quantification of the @rcentage contribution of each feature to thewith the5-coordinate bulk
peak fitted withtheempirically-derived asymmetric taildescribed inrable6.3.

o % contribu tion to fit
SpeciegBinding Energy)

PE (eV)=| 260 |400 |600 |846 | 1400

0 A-Gurface 3coordinate (161.1eV) | 11.7 | 87 | 6.4 | 5.2 4.0
0 B-Bulk & surface 4-coordinate (161.7eV) | 33.1| 30.1| 26.1 | 23.7| 194
6 C-@ulk 5-coordinate (162.2eV) | 55.2 | 61.2 | 675| 71.0 | 76.6
Estimated % from stacemonolayer 29.2 | 213 | 152 | 113 | 74

6.3 Consi stency of vacuum fracture met hoc
The spectra in the following section are obtained from a sample with a stoichiometsyNifs68s 1.

The survey spectrum shown kigure6.10was t aken with hs3 = 1600 e
presence of carbon and oxygen species. The peaks which are indidaigur@6.10 were used to
approximately quantify the species in the sample. The approximately quantifisaloywn iriTable

6.5.
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Figure6.10: Suvey spectruno f vacuum fract ur edl6@ORW, hdicatmgomeasmalle d wii
contribution from carbon and oxygen species

The appoximate quantification shown ihable 6.5 reports a ratio of Fe:Ni:S that transcribes to a
stoichiometry of F@sNisoSy7 in comparison to the stoichiometry of s=Mis6Se1 found by
microprobe analysis. The results shown in taisle should be reasonable since the satiothe

photoionization cross sectsh or t he at omi ¢ subshells used in
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1600 eV and h3 = 1SF gallesshdyld be singlar. & heoaticeof Re:Nievhidh is
measured by XPS survey analysis is almost identical to that measured by micromlyises,an
however less sulfur signal is observed by XPS than is expected. The estimated contribution from
oxygen anatarbon species is reported to be just less than 14% and a little more than 15% respectively.
Comparing the quantification of the Pn2 spectraith the Pnl spectrum shows that Pm&s
significantly more carbon and oxygen species. This may loedaration that Pn2 has oxidised more

than Pnl, or may simply represent residual hydrocarbons, either deposited on the surface during

fracture, or alreagexisting along pre&xposed grain boundaries.
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Figure6.11: Photoionization cross section of atomic subsh#b$ used for approximate quantification of
the XPS survegpectrum.

Table6.5: Approximateatomic % contribution of species fittreh 3 1680 eV survey spectrum.

Peak | At% contribution
Fe d 18.7
Ni 3p 20.3
S 31.9
O 1s 13.8
Cls 15.3
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6.3.1 Pn2Fe & Ni 2p spectra

The Feand Nigs pectra for Pn2 were collected with hce
changes in the spectra due to change in surface sagpsdamvi are shown iRigure6.12. The Fe Ba2

peak is located at 707.0 eV, similar to that of Pnl presented in the previous section. There is a tail on
the high binding energy side that extends out to approximately 715 eV withofsmoes structure

as a shouldearound 708 eV, which has previously been attributed to divalent iron oxide 42€¢ies

and abroad peak around 710 eV, the binding energy of which is consistent with trivalent iron oxides
and oxyhydroxide§l6, 38] TheFeps pect r um ®@eVihhs altager back§réund and a S

LMM Auger peak observable around 702 eV binding energy. However, disregarding the difference

in background, there is no change to the spectral shape between the three spectra taken with different
photon energies. Themfe, the structure observed in the high binding energy tail at 708 eV and 710

eV is attributed to multiplet structure of the divalent§-epecies. The conclusion can be made that

this Fe P spectrum is less oxidised than that presérfor the previous saple, based on the
consistent spectral shape between the spectra collected with different sampling depths. The multiplet
structure is also more obvious in the spectrum for this sample than for the previous sample. It is
therefore reamable to propose thétte bulk Fe P peak has distinct multiplet structure in the tail,

which was inhibited in the previous sample by the additional components due to oxidised iron species.

The Ni spectrum shown iRigure6.12(b) has a sharp®,2 peak at 853.0 eV which is consistent with

the Ni spectrum presented for the previous sample. There are two clear broad peaks on the high
binding energy side of the Npz2 peak centred around 856 eV and 860 eV respectively. Thp Ni 2
spectrum does not show any change in spectral shape as a function of photon energy, indicating that
there is no oxidation of the Ni sites as for the Fe sites, within the detection limitss €brssistent

with the Ni 2 spectrum presented for the previcasnple.
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Figure6.12 (a) Fe p photoelectron spectra obtained witls 858 eV (red), 1050 eV (blue) and 1530 eV
(black), and (b) Ni @ photoelectron spectra obtained witts 1080 eV (red), 1400 eV (blue), and 1600 eV
(black).

Fe and Ni k3 NEXAFS spectra were also obtained for this sample, and are shdviguire6.13.

The energy scale of these two spectra has been corrected to match the Fe and Ni NEXAFS spectra
shown inChapter7 for a similar vacuum fractureceptlandite sample. The Fe kdge has a sharp

peak at ©6.8 eV with an asymmetric shoulder on the high photon energy side. It appears as though
there may be some structure in the high energy shoulder around 711 and 713 eV. There may also be
some inflection on the low photon energgespf the kz peak, similato that previously observed for

a natural pentlandite samg&9]. The shape of the Fe L edge spectrum is generally similar to that of

the pyrrhotite spectrum, although the shoulder erhigh energy of thedpe appears to be stronger

in the pentlandite spectrum than in the pyrrhotite spectrum. The Nspectrum shown ifrigure

6.13(b) has a sharps peak with no obvious shoulders, followed by a low, broad feature on the high
photon eergy side. This is similar to the NiIspectrum presented fak andb-NiS, although the

broad feature is stronger in the pentlandite specf@lm
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Figure6.13: (a) Fe 23 NEXAFS spectrum, (b) Ni 3 NEXAFS spectrunof Pn2.

6.3.2 Sulfur 2p spectra

Sulfur 2 phot oel ectron spectra were collected wusir
spectrum has been fittedith three doublet components, with the binding energy of {e 2
components at 161.1, 161.7 and 162.2 eV respectively. These binding easrggsivalent to the

three components fitted in the $ 8pectrum of the sample in the previous section. The third
component, which is attributed to bulicbordinate monosulfide has been fitted with the asymmetric

tail shape that was devised for the poe¢ sample and detailed Trable 6.3. The fitted spectra are

shown inFigure6.14 and the quantification from these fitted spectra is shoviabie6.6.
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Figure6.14: Fitted sulfur  spectra collecttwithh 3 (aF260 eV, (b) 400 eV, (c) 600 eV, (d) 850 eV, and

(e) 1050 eV

Table6.6: Contribution from each of the features to fiited spectra shown ikigure6.14. The tail
components are included in the bulk&ordinate contribution.

SpecieqBinding Energy)

% contribution to fit

PE (eV)=| 260 | 400 | 600 | 850 | 1050
Surface 3coordinate (1611eV) | 13.0 | 8.4 7.3 6.3 5.6
Surface & bulk 4-coordinate (1617eV) | 32.7 | 315 | 27.3 | 23.3 | 23.9
Bulk 5-coordinate (162.2eV) | 54.3 | 60.1 | 654 | 704 | 70.5
Estimated % from first surface monolayer | 29.2 | 21.3 | 15.2 | 11.3 9.5

6.3.3 Additional surface components

The three monosulfide speciased to fit the spectra iRigure 6.14 fit the higher photon energy

spectr a

particular in the binding energy region between 16165 eV.The residual after fitting the three

components is shown for each spectrurkigure6.15.
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eV spectrum and decreases with éasing surface sensitivity, where it is within the noise bfe h 3
=850 and 1050 eV spectra. The shape of the residual, where observable, shows that there is at leas
one more S2component present in these spectra, witpsa feak at around 162.6 e¥ttributable

to disulfide specief24]. Just visible in the residual of t
feature around 165 eV, which is expediethe the P12 peak of a second feature which is attrilalea

to polysulfide species.

Normalised Intensity

170 169 168 167 166 165 164 163 162 161 160 159
Binding Energy (eV)

Figure6.15: Residual signal from subtracting fitted components from the sp@ctra irFigure6.14.

The disulfide and polysulfide species observeline r esi dual spectra have
260 and 400 eV spectra, and the 600 eV spectrum has been fitted with a disulfide component. In the
hsa = 850 and 1050 eV s p éeedtsulfar comporentsis syfficeedtly smallo m
to bewithin the spectral noise and therefore these components have not been fitted for these two
photon energies. The spectra fitted with the polymerised sulfur components are skhayunaf.16

while the quantification of these spesis shown iTable6.7.
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Figure6.16: Pn2 S p spectra fitted with polymerised surfapemponentén addition to the observed surface
and bulk components

Table6.7: Contribution from each of #hfeatures to thitted spectra shown ikigure6.16. The tail
components are included in the bulc@ordinate contribution.

_ o Binding Energy % contribution to fit
SpecieqBinding Energy)

(FWHM) | 260 | 400 | 600 | 850 | 1050
Surface 3coordinate 161.1 eV(0.50) | 12.3 | 8.0 7.1 6.3 5.6
Surface & bulk 4-coordinate | 161.7 eV(0.52) | 30.8 | 29.2 | 26.9 | 23.3 | 23.9
Bulk 5-coordinate 162.2 eV(0.44) | 51.1 | 58.0 | 64.0 | 704 | 70.5
Disulfide 162.6 eV(0.50) | 3.5 3.2 2.0 0.0 0.0
Polysulfide 1632eV (0.77) | 2.3 1.6 0.0 0.0 0.0

This polymerisation of sulfur species may either be caused by the reaction of the surface with the
carbon and oxygen species observable in the swgpegtrum, or it mape due to the exposure of
polar surfaces that subsequently reconstruct without the influence of external oxidants. The

contribution from the carbon and oxygen species estimated in the survey spectrum together equals
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almost the entire gnhal from the sulfuspectrum, while the polymerised sulfur species contribute

only a very minor amount to the overall sulfur species. Additionally,-@bspecies such as Stdf

or sulfate species are observable in the spectifagure 6.14. Therefoe, if the polymerised sulfur
species are attributable to the carbon and oxygen species, it is an incomplete explanation of the carbon
and oxygen, and it is more likely thaetcarbon and oxygen species form an adventitious layer over
some of t dudacespssiply adodggyrain boundaries. Furthermore, it appears from the Fe
and Ni D spectra that the adventitious species have reacted very little with the catioragingditat

the adventitious species are isolated in cracks and grain boundaites,than spread extensively

across the surface of the analysis area.

The second possibility is that the adventitious species observed on this sample interact weiti little
the pentlandite structure, and that the reconstruction of sulfur spediesdhaerved occurs without

the aid of external oxidants. As seen for the pyrrhotite surfaCkapte® and numerous other sulfide
minerals (for exampl¢8-10, 31, 32, 4Q] such a reonstruction occurs when cleaving the sample
exposes a fraate plane with a polar surface, which reconstructs to form the most stable surface
structure. It is possible that the exposed surface that was analy$&d flmrtuitously consisted of

only nonpolar surfaces, while the exposed surface 02 Bonsists oboth polar and nopolar

surfaces.

6.3.4 Pn2 valence band

Figure6.17 shows the valence band spectra for Pn2 collected with the same photon energies used for
the sulfur spect for this sample. These spectra are similar to the valence band spectra shown for
Pn1,as they show distinct changes to the intensity due to the change in photoionization cross section
of the subshells. The insetfigure6.17 shows the upper valencemmad of t he h3 = 260G
eV spectra that have been normalised to the main peak in the upper valence band. This shows that
relative to the upper valence band, the broad band above 4 eV binding energy decreases with
increasingphoton energy. Since thiis a relatively small change in intensity, and due to the
normalisation method for these spectra, the change in intensity of the broad feature around 5 eV may
be attributed to surface species. This is consistent with the cadaslathich indicate thahis region

is dominated by S8states, and the observation from the sulfoirésults of polymerised sulfur
species on the surface. In contrast to the valence band spectra from Pnl, these spectra show nc
difference in the shape tife upper valence banspecifically around 0.5 eV where small deviations

were observed for Pnl. This indicates that those small changes in spectral shape obser?ed in the
valence bandpectra inFigure 6.5(a) are likely due tothe slight oxidation of iron sites that was

observed from the FepZpectrum for Pnl, and hence why it is not observed for the valence band
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spectra of the Pn2 sample. Importantly, this indicates that the states contributing to the valence band
around 0.5eV are Fedominated statesyhich vary in intensityfor a sample thahas some slight
oxidation of the Fe sites.

~ 260 eV
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Figure6.17: X-ray valence band spectra of in situ fractured Pentlanditge2ned withh 3= 260, 400, 600,
1050 and 1400 eV. Inset: Valence band spectra nisgdao the upper valence band peak.

The comparison of these two pentlandite samples is a valuable assessment to make since the sample
are identical in their synthesis apteparaion anddiffer only in their inadvertent surface oxidation.

This allows a insight into the validity of the vacuum fracture method for pentlandite, despite this
met hod previously being dismissed duexidised pen:H
grains[2]. It is unclear from these results if the reconstruction of the sulfur species on the surface of
Pn2 is dueo the reconstruction of polar fracture surfaces, or if it is causeatbynal oxidants. This
comparison has shown that while some oxidised surfaces may exist around fracture planes, the extent
of the surface alteration due to this is minimal, and oblseovable with high resolution techniques

and analysis. The presentatiginpristine, or neapristine pentlandite spectra made in this chapter is

of great benefit to help understand the features observed in spectra of altered pentlandite surfaces.
This will aid in identifying alteration products and consequently understatidengnalysed surfaces

in future studies.

113



Chapter6: Pristine fracture surfaces of pentlandite

The comparison of fitted SoZpectra from these two pentlandite samples also gives an indication of
the error associated with fitting higlsolution spectra. It is difficult to isolate the error in the fit from

the variation in samples, but considering the similarity of the two pentlandite samples shown in this
chapter, an estimation can still be made. While Pn1 was shown to have no dontfibut disulfide

and polysulfide species, Pn2 had a small contributionthe surface from polymerised sulfur,
amounting to a combined total of less than 6% of the fitted species in the most surface sensitive
spectrum. There was no observable contrilbutiothe two most bulk sensitive spectra for PBy.
comparingthePnlsh = 846 eV fitted spectrum with the P
the discrepancy between the fits is up to 1% of the total fitted species. An error of approximately 1

2% in the fitted components throughout this thesis is therefore egdgedie a reasonable estimate.

6.4 Conclusions

This chapter presents photoelectron spectra from two vacuum fractured synthetic pentlandite samples.
Prior to this work, there has been reports of pristine pentlandite surfaces, as most studies have
preparedhe pentlandite samples by abrasion resulting in surface oxidation. The original contribution
to knowledge presented in this chapter is the analysis of the pristine, quriséiae sanples using
synchrotron radiation of varied photon energies. This mettazdidentified the bulk and surface
contributions to Fe, Ni and S2hotoelectron spectra. The first sample showed evidence of slight
oxidation of the Fe sites, but no changes t@NS species due to oxidation. Two surface species
were identified in te S P spectrum, which were attributed to&hd 4coordinate undercoordinated
surface monosulfide species. This showed that the fracture surface experienced relaxation rather than
reconstruction to form a stable surface. This conclusion altered the psaunalerstanding about the
assignment of S@states for pentlandite. In contrast, the second pentlandite sample showed no
evidence of oxidation of the Fe or Ni sites, but showed agilef reconstruction of the sulfur species

at the surface. This india that the pentlandite surface may have multiple fracture planes that cause

the surface to stabilise either through relaxation or by reconstruction.

By identifying the bulk and suate contributions to the SpXpectrum, a fitting method was
developed d fit the broad asymmetric tail observed on the high binding energy side of the bulk
monosulfide species. A series of empirical symmetric peaks have been proposed to fit the bulk
contibution, which was used for the second sample to identify the disalfidgoolysulfide species

in the surface sensitive spectra. This fitting method is significant for future studies that wish to use
photoelectron spectroscopy to characterise pentlasulifaces. Although fitting the asymmetric tail

does not provide any ewedce of the origin of the tail, valence band spectra show that the cation and

anion valence states are potentially significantly mixing. The Fe L edge absorption spectrum also
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shows apre-edge feature similar to that seen for pyrrhotite and other sulfiderafs. This shows
that the broad tails in the $ 2pectrum arise from ligand to metal charge transfer final states. A
deeper analysis of the pentlandite valence band spectrunuisecetp give a deeper insight into this

process, which is addressedlie next chapter.
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7 ELECTRONIC STRUCTURE OF PRISTINE PENTLANDITE SURFACES

7.1 Introduction

There is increasing interest in using pentlandite and similar structures as a catalyst for the hydrogen
evolution reactiorj1-5]. With this gaining interest comes a requirement to understand the catalytic
activity of this mineral. The previous chapter largely described the surface structure of vacuum
fractured pentlandite, and while this is important, it only aids in partway understanding the reactions
that occur at the surface. The aim of this chapter is to investigeaélectronic structure of pentlandite

and how it may affect the reactions that occur at the surface of this complex mineral. To date there
have been a number of calculations presented in the literature for density of states of pentlandite and
similar gructureg6-10]. However, until the results presented in the previous chapter, some of which
have been ently published11], there have been no other reported experimental observations of
the valence band of pentlandite. Therefore,dhginal contribution to knowledge that is presented

in this chapter is an experimental investigation of the valence band density of stateftaoflfien

This is achieved through two separate techniques. The first technique is resonant photoemission
spectroscopy, which aims to identify the states in the experimental valence band that can be attributed
to Fe and Ni states respectively. The secaatirtique investigates the valence band of a series of
pentlandite samples with varied stoichiometry; anaty#ie variation in intensity of states as a result

of changing photoionization crosgction andnaking a comparison between samples with varied
stoichiometries. By these methods itis shown inthischéptere gi ons of pentl andi
thatare dominated by Ni, Fe and S valence states respectively, and provides greater insight into the

electronic structure of pentlandite.

7.2 Resonantvalence bandstudy of pentlandite electronic structure

Resonant photoemission spectroscopy has been used fostandéeng the electronic structure of
various other samples. By combining atspecific Xray absorption spectroscopy with
photoelectron spectrosgy in the valence band region, the atomic character of valence band states
may be investigated. This is aestgth of the technique, especially for complex structures such as

pentlandite, which potentially have broad bands and overlapping states, amasacuently difficult

to explicate.
While the term Oresonanced i s pectosapy, thisteahregsec r i b
does not al ways reveal o6true resonance6 in the

for valence sti@s with specific qualities. Many publications (suchedsrence$12-16]) use the term

6resonanced to refer to the enhancement of t h
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the normal Auger decay signal as the photon energy is varied over the absorption edge. Quite often
this effect is simply a superpasih oft he t wo channels and does not
The stricter definition is that which refers to the interaction between the photoemission channel and
the deexcitation (Auger decay) which follow thera§ absorption process. The interantiari®s

from the two channels having the same initial and final states, and requires the two channels to be
coheren{17]. The effect is an increase (resonance) or decreasedaatiance) in the spectrum that

is additional to the superposition of the individual channels. True resonance is often characterised by
a decrease just below, and a sigaifit ncrease above the absorption threshold photon energy. This
intensity profile is referred to as a Fapmfile [18]. I n the following data t
band spectr aethepocessofecalecting theddats, ather than the outcome. However,
when discussing the change in features in th

stricter definition.

7.2.1 Methods

The sample analysed in this section was cut from time saineal used in the previous chapter and
has the same stoichiometry ofsEis6Ss.1. The spectra shown in this section were collected at the
Australian Synchrotron Soft-say beamlind19]. The photon energy of the beamline was calibrated
by observing the absorpti@pectra of internal Fe and Ni metal standards, calibrating the main peaks
to 706.8 eV[20] and 852.7 e\[21] respectively.The binding energy scales of the valence band
spectra were calibrated using a series of A dpectracalibrated to 84.0@V [22], which were
collected with photon energies similar to those of the valence band spectra. A linear relationship
between the photon energnd the necessary binding energy correction was created, by which the
binding energy scales of the valence band spewtire corrected. This linear relationship is shown

in Figure7.1, while the energy calibration required for kaku 4f7;> spectrum is shown ifiable7.1.

Each valence band spectrum was normalisecbtwstantflux at a few eV below the onset of the
valence band in the binding energy scale in each spectrum.
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Figure7.1: Binding energy calibration from Au+# reference spectra.

Table7.1: Au 4f7;, reference for energy calibration.

Photon energy |[Measured energy [Correction
700.0 eV 87.04 eV -3.04 eV
717.0 eV 87.16 eV -3.16 eV
857.1 eV 88.09 eV -4.09 eV
864.8 eV 88.11 eV -4.11eV

Slope 0.006587

Intercept -1.56432

The survey spectrum for this sample is showRigure7.2 while the quantification of specié®m

this survey spectrum is shownTiable7.2. The At% contributia to the survey spectrum shows an
approximately equal ratio of iron to nickel, and a ratio of sulfur to metal (Fe+Ni) only slightly less
thanthatexpected fromhte sampl ebs stoichiometry. There 1 ¢
species in the survegpectrum, which equates to 3.8% oxygen and 13.6% carbon detected at the
surface. While this is greater than the estimated carbon and oxygen species in Rs$,tias those

detected in Pn2 of the previous chapter.
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Figure7.22 Survey spectrum of vacuum fractured |

Table7.2: Atomic % cornribution from specieso survey spectrum shown figure7.2.

Species | At% contribution
Fe d 20.4
Ni 3p 20.1
S 42.1
O 1s 3.8
Cls 13.6

The Fe P and Ni 2 spectra from this pentlandite sample are showrigure7.3 with the spectra

from the two vacuum fractured pentlandite samples from the previous chapter. Ths@Eetéum

in Figure7.3ai has a peak at 707.1 eV consistent with i Peak of the previous two pentldite

in the two previous pentlandite samples. There is an asymmetric tail on the high binding eleergy si
of this peak which extends out to 715 eV. The shdgkeotail is similar to that observed for Pn1,
and there is no obvious structure as can be seen in th@/F@iRin Pn2. The broadness of the peak

in Figure7.3a,i and tle lack of structure in the high binding energy tail indicates that the Fe species

are slightly oxidised, more so than both Pn1 and Pn2 samples.

The Ni 2 spectrum shown irigure7.3bi has a peak at 853.0 eV with some low intgnsiructure
on the high binding energy side. The spectrum is consistent wittptheak of pentlandite NiS
shown for Pnl and Pn2 samples. The similarity in the peak energy, shdgst;ueture of the high

binding energy tail indicates there is littieno oxidation of the Ni sites at the surface.
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Figure7.3: (a) Fe 2 and(b) Ni 2p spectra from three vacuum fractured pentlandite sarsp@s the iron
sites on the pentlandite surface are partly ogitlis

ASQPspectrum was coll ected for this sample wit
method devised ilChapter6, with three doublets attributed to surfaceddrdinate monosulfide,
overlapping surface and bulkcbordimate sulfide, and bulk -6oordinate monosulfide species,
respetively. The empirically derived asymmetric tail has been included in the boatorslinate
component in the fitted spectrum showifrigure7.4. The % contribution froneach of these features

to the overall fitted S 2spectrum shown ifTable7.3 is similar to that of the high photon energy
spectra for Pnl and Pn2 showrQhapter6. Although there is no clear evidenoethis spectrum of
disulfide and polysulfide species, the contribution from the surface features in this spectrum is
expected to & approximately 7% of the total sulfur signal. When polymerised sulfur species were
observed for Pn2 i€hapter6 they could oty be observed in the most surface #@resspectra, and
there was no evidence of them in the hs = 105
of disulfide and polysulfide species on the surface of this sanspleeee observed for Pn2, they
would not be observable in the spectrsinown inFigure7.4. Yet, this spectrum does show that the

sulfide species have not been altered significantly.
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Figure7.4: S 2 spectrunfor vacuum fractured pentlandisggdowingn o evi dence of pol yme.]
1475 eV.

Table7.3: Quantification of % contribution of each feature to the fie®b spectrum.

% contribution
SpecieqBinding Energy) Binding Energy (FWHM) to fit
hs = 1
Surface 3coordinate 161.1 eV(0.65) 6.2
Surface & bulk 4-coordinate 161.7 eV(0.59) 16.4
Bulk 5-coordinate 162.2 eV(0.67) 77.4

7.2.2 Observation of Fe, Niand S L edge NEXAFS spectra

The Fe l2;3 X-ray absorption spectrum for this pentlandiéenple is shown ifigure7.5. The main

Lz absorption peak is at 706.8 eV, whishegual to that of the metal Fe standards and consistent with
the Ls absorption peak for Pn2 in the previous chapter and the only other pentlanditedge
NEXAFS spectrum previously presented in literaf@®. Since the Fe@binding energy is at 707.1

eV, the absorption peak at 706.8 e\Figure7.5 can be attributed to transitis from the p orbital

to unoccupied boundaes. Unlike the Fe L edge spectrum for Pn2 and that presented in literature
[23], the spectrum ifrigure7.5. has a distinct high energy shoatcaround 708 eV. Previous Fe L
edge spectroscopy has obsshthe mairpeak of F& ata similar energyn hematite (FgOs) [20,

24] and in FeOOH25]. The presence of thisrehg shoulder in the spectrumkngure7.5 where it
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is not seen in the Pn2 absorption spectru@hapter6 can be explained by the oxidation of Fe states
expected at the surface of this sample, where no such oxidation was observed for the Pn2 sample.
The oxidaion of Fe sites is seen to broaden theg>deak in the photoelectron spectrum. However,
this only has a small effect in the photoelectron spectrum due to the overldpnaidlEplet features

with the Fé' signal. Contrastingly, the presence of'Fpecies has a much clearer effect on the X
ray absorption spectrum due to the distance between absorption energie’s dodFe' species,
possible changes in symmetry at thedised sites, and the increased opportunities for absorption to
unoccupied ites for F& species. There is a smalflection that can be seen on the leading edge of
the main absorption peak around 705 eV. This feature is not as obvious asd¢dgegpeak in the
Pn2 sample in the previous chapter or the spectrum presetitedature[23]. It is possible that the
strong contribution to the spectrum by'Fepecies is somewhat overshadowing theguige feature,

rather than entirely supressing this state.
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Figure7.5: Fe L3 absorption spectrum for vacuum fractured pentlansti@vs evidence of both Fand
Fe'' components.

The Ni Ls absorption energy is observed at 853.0 eV, shoviaigare7.6 and is conistent with the
previously reported Ni L edge spectrum for Pn2, that presented previously in lit¢2&8juend that

of Ni"-S in millerite (NiS)[26]. The energy of the main absorption peak is the same as the binding
energy for the @ photoelectron peak (853.0 eV), indicating that this absorpgak may be due to
transitions to the continuum, and would therefore result in the appearance of the Auger decay channel
in the valence band spectrum collected at that photon energy. sTdlesarption peak is a sharp
asymmetric peak with slight broadegion the high energy side. A broad low intensity feature is
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observed around 859 eV, similar to the feature observed in the millerite absorption sp26irum

The Ni L edge spectra have been investigated generally for nickel dihalides \INUF, NiBr» and

Nil2) and NiO[27]. This study showed that for the compounds with greater electronegativity there
was a small sharp peak on the high energy side of thes Niaximum, which was attributed to
multiplet states. By deeasing the electronegativity of the ligand, the multiplet structure decreased,
causing the decrease in the multiplet contribution to the spectra, and simultaneously increased the
satellite structure, seen as a low intensity broad peak at some distamtfesfroain absorption peak.

The pentlandite Ni L edge spectrum showrigure 7.6 has no distinct high energy contribution
such as those associated with the multigieicsure, but shows a clear broad peak approximately 6
eV abovethe main absorption peak. This energy separation is similar to that seen for the satellite
peaks observed in the more covalent nickel dihalides, and especially that of NiO. If the trend in
covalency observed byan der Laan, Zaanen, Sawatzky, Kaak and Esteva [21$ expected to
continue for group IV nickel compounds (NiO, NiS etc), then NiS is expected to be more covalent
with less multiplet structure and a stronger satellite siracin the absorption spectrum. The
observation of the Ni L eg spectrum, in comparison with the previously published NiO spectra

supports this theory.
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Figure7.6: Ni L, zabsorption spectrum for vacuum fractured pentlarsfitevs a broad contribution due to
multiplet structure arising from N§ covalency.

The S L2,3absorption spectrum for pentlandite is showFkigure7.7 and is the first known reported
L edge spectrum for pentlandite. The absorption spectrum consists of some lowyirfiaesit

structure in around 163 eV. This structure is split into a doublet, indicating thatatusefes due to
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the transition of S &3 and 21 electrons to 8or 3d states respectively. The energy of this spin

orbit splitting is estimated to be 1e¥, which is similar to the spiarbit splitting of 1.3 eV for the
pyrrhotite S 23 edge absorpdn spectrum inChapter4. This indicates there may be a strong
covalency between the sulfur ligand and metal states. It is dliiccocompare this spiorbit spliting

energy to the energy difference between the Fe absorption peak and-éugerenergy since the
pre-edge feature is so small. However, the-gadge peak of the Pn2 Ferdy absorption spectrum

shown inChapter6 is estimated to be approximately 1.2 b¥low the main absorption peala

contrast, no predge peak has been observed for the pentlandite Ni L edge absorption spectrum. This
indicates that there is ayiind to metal charge traesfstate between the sulfur and iron atoms. Other
features observable in the spectrunfrigure?.7 include broad shoulders 6 eV and 8 eV higher than
the onset of the absorption s p e t¢herbroa,,strongpsak e c t
approximately 14 eV above the onset of the sp
the features in the pentlandite spectrum are strikingly similar to the pyrrhotite spectrum shown
previously inChapter and to that of chalcopyrite, which also leasotably similar S 3 absorption
spectruni28]. Therefore, the peaks labelledrigure?.7 are attributed to transitions of § @lectrons
toempty S8 and 1 i ke states at O0bd and 6cd respecti

transitions to empty Sd®tates.
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Figure7.7: S Ly zabsorption spectrum for vacuum fractured pentlandite.
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7.2.3 Description of valence bandor pentlandite

The photoelectron spectrum taken in the valence band region for pentlandite is skogumeid.8,
collectedwi t h h3 = 695.6 eV; bel owofthévalenéedanddpectoump t i
has three distinct featureBhe upper valence band has a strong peak at 1.1 eV with a shoulder around
0.3 eV. This region is expected to be dominated by octaheetal Rl stateq8], particularly from

theey orbitals[29]. The lower valence band has a peak at 4.4 eV with a shoulder around 6.3 eV. This
broad peak is separated from the upper valence band by a local minimum around 3 eV, and from
calculations is expected to be largely due tqSilde statefrom 4-coordinate and-goordinate bulk
sulfur[8], with some contributions from tetrahedrdls3ates[29]. There is another peak further from

the Fermi energy at around 14 eMich is attributed largely to Ss3tateq8]. It hasbeen shown by
previous calculations that the energy difference between testat8s and the metahlence states

is great enough to prevent significant mixingtween these orbitalg]. The variation in intensity

seen in the valence basgectra for Pnl and Pn2@haptet6 in comparison with the photoionization

cross sections of atomic orbitals supports the general assignment of chstate3 and sfur 3p

states to the upper valence band and the lower valbammebetween B 8 eV respectively.
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Figure78: Pentl andite valence band photoelectr
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7.2.4 Resonant valence band spectra at the Fg 2bsorption threshold

The Fe L edge absorptionesgirum for pentlandite is shown on the right sid&igtire7.9, with the
resonant photoemission spectra shown on the left. The photon energies used to collect the
photbemission spectra are indicated by dotted lines connecting to the absorption spectrum. The
spectrum at the top &ligure7.9is the sara spectrum shown iRigure7.8a nd was col | ect
= 695.6 eV before the onset of the absorption spectrum. The next photoemission spectrum was
collected with h3a = 7 @lichthe pesddge absbrptienipeak is esttmated e n
to be. This spectrum appears to haviat top between 1 6 eV. The next spectrum was collected
with hsa = 706.8 eV and shows a broad peak at
seen to rave through the following spectra at what appears to be constant kinetic energgn with
intensity profile which generally follows the intensity of the absorption spectrum. Therefore, these

features are expected to be due to the normal Auger decay channel.
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Figure7.9: Photoelectron speetrcollected with photon energies across thegrab&orption spectrurshow
an increase in intensity of the lower valence band at photon energies at and abeabtoedtion peak.

The fine structure of the h3 =atedifGFureZ.10ewhichand 7
shows these two spectra with the-m#onance valence band spectrum. The spectrum taken with the
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pre-edge peak energy shows sortrecure in the region betweeri b eV, with a local maximum at

2.8 eV where tl local minimum is in the offesonance spectrum. In addition to the Adlger
feature at 4.4 eV in the hs3 = 706.8 eVensrgyect r
side at 2.8 eV, and a shoulder at 1.1 eV and 0.2 eV, as indicatediéy ldwts inFigure7.10. The

latter two binding energies are consistent with structure observed in the upper valence band of the
off-resonance spectruand are thereferexpected to arise from the photoemission signal.

44 281.10.2
T

hv = 706.8 eV

Normalised Intensity

hv = 705.2 eV

hv = 695.6 eV
e T L B B B B

20 18 16 14 12 10 8 6 4 2 0 -2

Binding Energy (eV)

Figure7.10: Phot oel ectron spectr a-resonande)e703.2ecd (pesigeyand h 3 =
706.8 eV (peak energy). The Hing energies of specific features are labelled above the graph in eV.

To determine if the enhancement in the photoemission spectrum is due to resonance or simply the
superposition of an Auger signal on the photoemission spectrum, thesoffance photog@ssion

spectrum has been subtracted from each subsequent spectrum, and the resulting spectra presented i
Figure7.11. These spectra are plotted in the kimenergy scale to highlight the constant kinetic
energyfeature that moves through the photoemission spectrum. If the enhancement in each resonant
valence band spectrum is only a superposition of the constant binding energy photoemission signal
and the onstant kinetic energy Auger decay spectrum, then onlulger signal should be observed

in the spectra ifrigure?7.11. Indeed, there are no featurdserved in the spectra igure7.11 that

are not constant kinetic energy f@es. There is a strong peak at 702 eV (kinetic energy) visible for
eachspectrum, and a second, smaller feature with a peak just above 715 eV visible for the spectra

collected with photon energies near theabsorption edge. This shows that there ismerference
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between the photoemission and deexcitation channels antbtieene true resonance resulting in a
Fancprofile. The photoemission and deexcitation channels areoloarent and do not interfere with
one another, resulting in the enhancememt®ispectra which arises from a superposition of the two
channels. Theoss of coherence of these two channels arises from the d¢ramgter between the Fe
3dand S P stateq430].

As far asis observable, thstates in the upper valence band, which are expected to be strongly
octahedral metal character, appear unaffected by the change in photon energies ower the L
absorption edge. Hower, the constant kinetic energy deexcitation peak appears stronglg in th
photoemission spectrum at 4.4 eV. This region of the valence band spectrum is due to a strong density
of sulfur states, especially from thecdordinate sulfur atoms which link tleebe clusters through

the tetrahedral metal atorf&. This shows that the initial and final states of the Fe Auger signal and
the photoemission signal atshenergy are the same. Due to the density of metal tetrahgdtates
calculated to be at that enelf@?], the state at 4.4 eV in thvalence band imost likelyattributed to

the chargdransfer between the tetrahedral zgband and the-4 o or di nat e oOd i nki
valence bandbut may also have some contribution fromirgteratomic resonant enhancement of the

S J stateq31].
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Figure7.11: Resonant valence basgectra each withtheeffe s onance spectrum ( ha =
to show the constant kinetic energy Auger feature moving through the spectra. Thie 7% 2eV spectra
have been verticalloffset for clarity.
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7.2.5 Resonant valence band spectra at thdi 2p absorption threshold

The valence band photoemission spectra taken with photon energies ranging over the Ni absorption

edge are shown ifigure 7.12. The first spetrum at the top ofFigure 7.12 is an offresonance
h 3theoff-r@&dnanceOspeetndm showth | s

spectrum coll ected with

previously inFigure 7.10. The spectrum

appears to be subdued.

The

c BleV kelow thedabsarptibnhedge 3 =
shows arenhancement of the photoemission spectrum around 7 eV, while the upper aedce

spectrum

col

ected

peak at 8 eV with a shoulderoand 5 eV. This asymmetric shape is seen to move through the

subsequent valence band spectra at what appears todmstant kinetic energy and an intensity

which follows the intensity of the absorption spectrum.
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8590.7 eV

25 20 15 10 5 0
Binding Energy (eV)

845

865

(A3) AB1au3 uojoyd

Figure7.12 Photoelectron spectra collected with photon energies across tpeabg@ption spectra show
a strong increase in intensity for photon energies at and abovedbsdrption edge.

The fine structure of the valence band spectieecied below and at the Nizlabsorption edge is

shown in more detail ifrigure 7.13. The photoemission spectrum collected directly below the Ni

absorption edge has a diminished upper valence band (at 1.1 eV) in comparis@fftoeb@nance

valence band spectrum, with amcreasein the lower valence band at 4.5 eV and 6.6 eV. In
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comparison, the 1.1 eV feature in the spectrum taken at the absorption edge has approximately the
same intensity as is seen in the-@$onance photagssion signal. This diminished feature below

the absqgrtion edge may be an indication of either a resonance eremothance Fanrprofile [18].

6.6 4.5 1.
LI B T

hv = 853.0 eV

Normalised Intensity

hv = 851.8 eV.

hv = 845.9 eV
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Figure7.13: Phot oel ectr on s 8450 ¢V (affresonande)e851.8eceXd (pesigeyand h 3 =
853.0 eV (peak energy). The binding energies of specific features are labelled above the graph in eV.

Figure7.14 shows the photoeission spectra collected with photon energies over the absorption edge
with the offresonance spectrum subtracted. In contrast to the similar spectra shown for the Fe
absorption edge, the spectraHigure?7.14 appear to have soneentributions other than the constant
kinetic energy Auger feature. Each spectrum has a strong peak in the constant kinetic energy feature
at 845.5 eV with a shoulder around 848 eVwi t h t he exception of the
spectrum originatnf r om t he h3 = 851.8 eV spectrum has a
is at 844.5 eV with a shoulder 0.5 eV below the shoulder of the constant kinetic energy feathire whi

is consistent with the LMM Auger electrons. This shows that the deexcitation feature is photon energy
dependent below theszlabsorption peak, but constant kinetic energy above. This indicates some
interference between the deexcitation channel and tb@mission states in the region 4 eV.
Further indication of Il nterference can be sece
around 850.6 eV in the kinetic energy scale. This negative peak represents the diminished upper
valence band peakigt above 1 eV. A typical Farwofile consists of a dip in intensity below the

absorption edge, followed by a resonant enhancement at and above the absorptifii8ledge

131



Chapter7: Electronic structure of pristine pentlandite surfaces

However, it is possible for thénannels to interfere and cause a negative resonance, which may be
characterised by a decrease in the intensity just below the absorption threshold with very little
enhancement at or above the threshibp8 32] The coherence of this photoemission state with the
deexcitation channel that follow the Niddge absorption indicates that the peak at 1.1 eV has strong

nickel character.
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Figure7.14: Resonant valence basgectra collected with photon energies over the Ni absorption edge each

with the offresonace spectrum (h3 = 845.9 eV) subtracted
feature moving through the spectra.

7.2.6 Conclusionsfrom resonant valence band photoemission spectroscopy

The resonant valence band spectra for pentlandite have been invddtigat¢he Fe and Ni L edge
absorption spectra. This has led to the identification of the regions of the valence band photoemission
spectrum that can be attributed to states with strong Fe or Ni character respectively. Firstlysthe S L
absorption speatm was presented for the first timetheliterature and showed a spombit splitting
consistent with the separation of the Fe L edge peak aretigeeenergy. This showed evidence of a
possibleligand to metal charggansfer state between the sulfuddfe metal atoms.

The resonant valence band spectra over the Fe L edge absorption threshold showed no clear

indications of true resonance and the enhancements of the valence band were due to an incoherent
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superposition of the photoemission and deexcitatltannels. This wasipported byhe spectra with

the photoemission signal removed, where only the constant kinetic energy Auger feature remained.
The energy of the Auger enhancement indicated that the Fe valence states overlap with the S 3
valence stateat 4.4 eV in the valence band spectrum. This signal is attributed to the ligand to metal
charge transfer state between the tetrahedita) Bates and the SI3tates of the-4oordinate linking

sulfur sites. No strict resonance was observed for daitife, indicating that the photoemission and
deexcitation signals have a loss of coherence due to the delocalisation of this state.

The nickel resonant valence band spectra showed a decrease in the 1.1 eV photoemission feature jus
below the absorptiorhteshold, with no clear increase of this feature at or above the threshold. This

is an indication of coherence between the 1.1 eV photoemission feature and the deexcitation channel,
even if itis not a typical Fan@esonancecharacterised by the strongiease in intensity above the
threshold. The true nature of this state requires further investigation to elucidate, but showed that this
feature at 1.1 eV in the valence band has a strong nickel character. Evidence of coherence between
the photoemission @ndeexcitation channels was observed in the lower valence band region,
specifically between 4 7 eV. This was characterised by an enhancement of the photoemission
spectrum that was not consistent with the superposition of an Auger feature. The enhaoictraent
valence band was observed to be photon energy dependent below the absorption threshold, and
transitioned to a constant kinetic energy feature above {laddorption threshold. The resonance
observed for the resonant photoemission spectra forlnickeates that the nickel valence states are

at least weakly localised, whereas the iron states are less localised.

7.3 Effect of stoichiometry on the valence band of pentlandite

7.3.1 Introduction

The effect of changing the ratio of iron and nickel, and oth&oreasuch as cobalt or silver in the
pentlandite lattice has been an area of interest in several studies primarily surrounding the issue of
the preference for Fe or Ni cations in the octaflesites in the pentlandite latti¢83-35]. Some
studies suggest that iron preferentially occupies the octahedral sites of natural pef@&3JijeA

more recent study which specifically investigated the cation ordering in frdsdmaealed synthetic
pentlandite samples found a disordered distribution of cations in both types of da@8iple
Additionally, microprobe studies of natural pentlandites found thateilagive ratios of iron, nickel

and cobalt cations provides an effectokelectron concentration per unit formula of close to 65,
which correspondso the ideal (C¢)'®* such as is found in the only stable monometallic pentlandite
[6]. A recent DFT claulation of pentlandite cation distribution found that the most stable distribution
is onein which the céions are heterogeneously dispersed in the bulk, rather than clustered with like
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atoms, but gives no indication about leragnge orderingl0]. Calculations of the pentlandite valence
band have found that the stable stoichiometries result frefaegimi level lying within a pseuetpap

in the density of statg8]. Therefore, it is possible and not unreasonable to expect that on the micro
scale there wuld be a variation in local cation distribution and therefore density of states. However,
the spot size over which these samples were analysedpmas500x 500 um, and therefore any

variation in local cation distribution is expected to have a miniffiatteon the spectra.

A previous study byrujimori, Mamiya, Mizokawa, Miyadai, Sekiguchi, Tdlaeshi, Mori and Suga

[39] has investigated the trends in the valence band spectra fortypet&eS, CoS and NiS as a

result of the additionf an extra electron to each unit d&9]. In this study it was observed that FeS

had the sharpest peak in the upper valence band due to thgafintl emptyey band. With theddition

of an electron they band in Cogand another in NiSthe peak in the upper valence band shows a
broadening due to the exchange splitting and spin polarization @ftthed. Additionally, a shoulder
develops on the Fermi energy side of thempaak with increase in cation atomic number, which is
most obvous in the Nig spectrum, as a result of the successive filling ofetheand[39]. While

these minerals have sidiocantly different structures and density of states to pentignaisimilar

trend may be observable in pentlandite samples with differing stoichiometries and different densities

of valenced electrons.

7.3.2 Methods

The spectra in the following sections weneasured from a series of synthetic pentlandite samples
with varying ratios of Fe, Ni and S, to investigate the effect on the valence band photoemission
spectrum by changi ng Ppigure7.15ashods theestolsometry ofithe hi o m
samples used in this section, and the stoichiometry of the vacuum fractured sample used in the
previous section. The exact stoichiometries of the samples are listathla/.5 with an overview

of the observationsiade from the survey Fe/Np&nd S P spectra. These samples were analysed at

the Canadian Light Source using the methibekscribedn section3.2.3 The samples were fractured

in a nitrogenfilled glove bag immediately priootanalysis. Photoelectron spectra in the valence band
region of these samples were collected using low photon energies. The photon energies were varied
between spectra to attempo isolate metal and sulfurlike states based on the change in
photoionizaton cross sections of different states. The photoionization cross sections of selected

atomic valence orbitalsreshown inFigure7.16, calculated from referen¢40].
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Legend:
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Figure7.15: Ternary plot showing the stoichiometry of pentlandite samed in this chapters a
proportion of sulfur, iron and nickel.
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Atomic subshell photoionization cross section
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Figure7.16: Photoionization cross section of valence level atomic subgie]ls

7.3.3 Comparison of survey and core level photoelectron spectra

The surveyspectra from the fousyntheticpentlandite samples used in this section are shown in
Figure7.17, col | ect ed .whemain féatiresof easpdrtrum \hclude a strong peak

near 160 eV from the S2a broad asymmetric peak around 90(kMetic energy = 150 e\jue to

sulfur Auger electrons, two small peaks atn@d 55 eV due to the Ni and Fer@spectively, and the
valence band below 10 eV. Each spectrum also shows a low, broad peak around 25 eV which is
attributed to the O2 indicatingthat each of the samples has some oxygen contamination. The survey
spectum for Fes2Nis4Sg3 also has alsrp peak just above 100 eV which is not seen in the other
survey spectra. This is attributed to Bighotoelectrons. The Si is evidence of contamination from
SiO, (glass) fibres used in the synthesis of these samplesSillh species are expected to ibert

and not interact with the pentlandite structure, however it causes some intensity in the higher binding
energies of the valence band spectra. Indeed, it can be seen frbm e 4Ss 3 survey spectrum

that the S3s peak in the valence band speatr (expected around 15 eV) and the <p2ak around

25 eV are not distinct and overlap. This overlap is observed onkyeioNis 4Sg 3 and is therefore
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expected to be due to the Si@lence electrons which have theiegtest intensity at energies above
10 eV[41]. The contribution to the valence band from the>Si&@ence electrons should be minimal
below 10 eV. Since no $hotoelectron peak is observedtire survey spectrum for the other three

samples, the Oskignal must originate from oxidation of part of the sample.

Normalised Intensity

200 180 160 140 120 100 80 60 40 20 O
Binding Energy (eV)

Figure7.17: Survey spectra for the four pentlandisemples(i) Fe; 2Nis.Ses, (i) Fes eNis3Ss.1, (iii)
FesaNizoSe 3, (V) FeroNisoSs1. Si contamination is only observedinFor each spectrum,

Fe and Ni p spectra were collected for each sample and are sholigune7.18a. To allow for a
directcompari son between the h3 = 240 and 150 eV
been normalised to the Fe Beak and had a Shirley background subtracted. The Bpe&tra for
FexoNis.4Ss.3 and Fes Nis 3Sg.1 show the main peak centred at 54 eV with asymmetry on the high
binding energy side of this peak. The asymmetry is caused partly by multiplet structure such as is
seen in the @ spectrum, however a large cobtrtion to the asymmetry is the overlaptioé 312

peak with the strongerp3. peak.The transition metalsgBpeaks are not well studied for sulfide
minerals other than pyrite, but a comparison can be made with transition metal oxides, as the oxides

arelikely to form under the right conditionsurthermore, comparison of thp Beaks with those of
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the transition metal oxides may give some indication of the valency of the cations in the current
samplesThe binding energy of thep3. peak is a little higer than that of unoxidized pyrite, which

is just below 53 e\42], but is consistent wit Fé' in hematite (Fg0s), observed at 53.7 e(3].

The higher binding energy in comparisorpigite may be due to a broadening of the spectrum due
to multiple Fé states and multiplet structure that would broaden the spectrum on the high binding
energy side. The binding energy is significantly lower fhéhobserved in magnetite (F&x) at 556

eV [43, 44]and is therefore not likely to be due to oxidised' Bgecies. Furthermore, there is no
obvious change in spectral shape between the
the surfacestructure does not deviate significantly from the bulk structure in these two samples. In
contrast, the FeBspedra for Fes gNiz ¢Se.3 and Fes oNis 6Se.1 have a different shape with the main
peak at a higher binding energy near 55 eV and a shouldeedaw binding energy side. This is
more consistent with thep3spectrum for F& observed in F€s [43, 44] and likely represents
oxidation ofthe iron sites. Additionally, the shape of this peak differs notaldyt we en h3 = 1
240 eV for bothFes gNis oSe 3 and Fes oNis9Sg.1, with an increase in the peak at 55 eV for the more
surface sensitive spectrum. This shows that the Fe states are somewhat oxkesedi#Ss 3 and
Fes.oNia.eSe.1.

The Ni P spedra have a peak at 66 eV with a clear shoulder on the high bindirgyesée around

68 eV. This shape is similar to that seen for jdB] a n d -Ni(OH)2 [B6], although the ND

species have much higher Nb Binding energies at 75 eV and 76 eépectively. Like the FeB

spectra foFes 2Nis.4Sg.3andFes eNis 3Ss.1, the Ni 3 spectra show no noticeable difference in spectral
shape between the hs3 = eRtdelntemssityadfthe BliBpeakVelattvpte c t r a
the Fe P peak (to which the spectra are normalised) vary. For each of the four samples, the intensity
oftheNipeak is greater in the ha3a = 240 eV spect
the Fe P peak. This indicates that in each of the four samples the intensity from Fe species is
relatively greater at the surface than in the bulk. Thigatian in intensity is most notable in

Fes eNis3Sgs.1, followed byFeroNisoSs 1. This shows that for all pentlandite samples the Fe species
migrate towards the surface, possibly due to oxidation, but this effect is most noticeable in nickel
rich samplesThe shape oftheNijpeak appears to be consistent
spectra for each of the samples, indicating that there are no noticeable changes between the surface
and bulk Ni species.
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Figure7.18: (a) FeNi 3p spectra with background removedor h3 = 150 eV and 240

Fe and Ni species at the surfafi® Fitted S P spectrashowing sulfur species present at the surfée.
Fes2Nis.4Ss 3, (i) FeseNis3Se.1, (i) FesgNizeSg s, (iv) FeroNiseSe 1.

The S D spectra for all four samples have been fitted using the fitting method deviSedters,
and the fitted spectra are showrFigure7.18b, with the binding energy of thgsk component of
each feature and the quantification of the fitted spectra detaileabie7.4. The widths of the S

peaks are up to 0.2 eV greater than those observed in the previous chapter due to the increased exi

slit width necessary for reasalnle flux at that photon energy. Due to the close binding energy of

adjacent peaks and the overlap between features, having an accurate fitting method is particularly

important to be able to fit and quantify the features in thessrape

The S P spectum for each sample has been fitted withpadeak around 161.1 eV, a second peak

around 161.6 eV and a main peak at 162.2 eV. These three features are consistent with the surface 3

139



Chapter7: Electronic structure of pristine pentlandite surfaces

coordinate monosulfide, surface and bulkcobrdnate monosulfide, and ulk 5-coordinate
monosulfide species respectively, which were observed for vacuum fractured pentlandite in the
previous chapter, and these peaks have therefore been assigned to these features asTadibgled in
7.4. Additional peaks have been fitted to @ 2Nis.4Se.3 Spectrum at 162.8 eV and at 163.5 eV and
attributed to disulfide and polysulfide components, respectively. The total contributian galtir
spectrum from polymerised sulfur species (lida + polysulfide) is 4% for this sample, which is
significantly less than that observed for the vacuum fractured sample Pn2 shown in the previous
chapter (which was appr\Wspactmam)t Tihé pyopddtivh of, 3band3 he h
coordinaé species fitted to the $ Bpectrum foFes 2Ni4.4Sg 3 is similar to that fitted for Pn2 in the
previous chapter, although there is proportionally megnd 5coorinate sulfur and lessc®rdinate

monosulfide fitted td~es.2Nis.4Sg.3in comparison tolte vacuum fractured Pn2.

FeseNis3Sg.1 also has disulfide and polysulfide components fitted to thp §p&ctrum at 162.5 eV

and 163.7 eV respectively. Although no other species were fitted, a idsgection of the

Fes eNis.3Se.1 spectrum inFigure7.18b shows that there might be a small inflection in the spectrum
around 166 eV, which would indicate the preserfcsutfur-oxy species such as sulfite (S0 If

such species are present on this sample, the quantity is so stnedeihresulting intensity is below

the limits of detection and within the noise of the spectrum. A total amount of 7.1% polymerised
sulfur is fitted to theFeseNis3Ss1 S 2 spectrum, which is approximately 3% more than for
Fes2Nis4Sg3. The propoibn of 3, 4 and 5coordinate sulfur species is similar between the two
samples, however the increase in polymerised sulfur speckes éNis3Sg.1 is accompanied by a

slight decrease in the bulkc®ordinate sulfur species.

The FexgNiz9Se3 S 2 spectrum has been fitted with a disulfide component at 162.7 eV but no
polysulfide component. Almost 1% of the total sulfur fitted is due to a doublet at 166.8 eV which is
consistent with sulfuoxy species and has been attributed to sulfite;35€peciesThe proportion

of 3-, 4 and 5coordinate sulfur is substantially different fe gNiz.oSs3 than inFessNis4Se3 or
FeseNis3Sg.1. While the % contribution from the-&ordinate bulk monosulfide is similar for

Fex oNis.4Ss 3 andFes eNis 3Ss .1, the ontribution from the 4£oordinate monosulfide is somewhat less,

and the contribution from the@&ordinate surface monosulfide species is substantially greater than
that seen forFes2NissSe3 and Fes gNis 3Se.1. Considering this with thebserved oxidatin of Fe
species, this may indicate an oxidation pathway in which the iron species oxidise at the surface,
causing an increase incdordinate undecoordinate surface monosulfide species in addition to

sulfur-oxy species.
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FesoNis9Sg. has a disulfide buno polysulfide component fitted to the § $pectrum, and similar to
FesgNiz0Sg 3, has clear evidence of sulfaky species. Although there is no polysulfide component
fitted, the binding energy of the fitted disulfide species is hacdshigh to povide a good fit to the
spectrum. The high binding energy indicates that this doublet may account for disulfide species and
longer polysulfide chains, although since this feature only contributes 2.6% to the total fit, the error
in this pe& may be relatiely high. The sulfuioxy species in this sample are more well resolved and
components were fitted for two species at 166.9 eV and 168.5 eV. These components have been
attributed to sulfite and sulfate (30 species respectively, and toget they contribte 3.1% of the

total S 2 fit.

Table7.4: Binding energy and % contributida fitted S  spectrum for each sample.

Pn2 Fes.2Nis.4Se3 Fes.eNis.3Ss.1 FessNizoSes Fes.oNis.0Ss.1
Species
BE BE BE BE
% % % % %
(FWHM) (FWHM) (FWHM) (FWHM)
Surface 3 161.0 161.0 161.1 161.1
. 12.4 10.8 10.0 17.4 19.0
coordinate (0.64) (0.63) (0.62) (0.68)
Surface &
161.6 161.6 161.6 161.6
bulk 4- 314 33.5 33.2 28.7 32.3
. (0.68) (0.69) (0.64) (0.71)
coordinate
Bulk 5- 162.2 162.1 162.1 162.2
. 48.1 51.7 49.7 51.9 42.9
coordinate (0.67) (0.65) (0.71) (0.66)
162.8 162.5 162.7 162.8
Disulfide 6.2 1.8 4.3 1.2 2.6
(0.712) (0.82) (0.85) (2.0)
_ 163.5 163.7 163.7
Polysulfide | 1.9 2.2 2.8 0.0 (NA) 0.0
1.2) (1.2) (0.85)
_ 166.8 166.9
Sulfite 0.0 (NA) 00 (NA) 0.0 0.8 2.3
(0.93) (2.0)
168.5
Sulfate 0.0 (NA) 0.0 (NA) 0.0 (NA) 0.0 (L.1) 0.9

An overview of the estimated concentration of species observed in the survey spectra and the
observation of impurities and oxidised species is detail@@lne 7.5. Theatomic % concentration

of species shows 6580% oxygen contribution in each of the samples. This appears to be a large
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contribution; however, the sampling depth of the survey spectrum is in the rang® 1§ andthe

oxygen species are expected to beaentrated at the surface of the sample. The sampling depth is
also important to consider regarding the ratio of nickel and iron species. In most of the samples there
is more iron than nickel observed in each susmesctrum, with the exception B&; oNi4.0Ss 1, which

has more than twice as much contribution from nickel species than from iron. Even in the iron rich
sample, the ratio of iron to nickel observed in the survey spectrum is greater than is expected from
the measured stoichiometry. This showst tin the stoichiometric sample, the iron rich sample and

in the most nickel rich sampl&& eNis 3Ss.1), the iron species have accumulated near the surface of
each sample. This may account for the observed atierafiiron species in these three samspla
contrast,Fes oNis.0Se.1 shows a greater contribution from nickel than from iron species; the ratio of
which is even greater than is expected from the measured stoichiometry, and there may be evidence

in the hgh resolution Ni B spectrum for changds the Ni species at the surface.

Table7.5: Overview ofobservations of survey and core level spectrpénmtiandite samples.

At% conc. Oxidised
Stoichiometry SiO2 _ SOy
SP |[Ni3p |Fep |O2s Fe | Ni
FesoNis4Ss 3 124 |24 7.5 777 |Y N N N
Fes eNis3Ss 1 16.0 | 4.9 6.2 729 |N N N N*
FergNizoSs.3 9.6 2.4 8.8 79.2 |N Y N Y
Fes.oNis.oSs.1 21.0 |8.8 3.8 66.4 | N Y Y** 1Y

*The S 2 spectrum foFes 6Nis 3Sg.1 shows asmall inflection between 166167 eV binding energy,

which may indicate sulfite species. However, the intensity of this feature is so small thabttEan
accurately fitted, therefore it is not reported in this table or in the quantificdtsuifor features.

** As discussed in the text above, there may be some alteration of the Ni sites in this sample, but the

change in spectral shape is small and may be due to the background removal.

Considering the observed oxidation and surface alteraticdhefour samples, the analysis of the
valence band spectra for these samples will follow the proposed narrative: A comparison of the
valence band spectra f6es 2Nis4.4Ss.3 andFes.eNis 3Se.1 will highlight if there is any contribution to

the valenceband phtoemission spectrum due to the presence ob Sgecies. Furthermore, the
variation in stoichiometry between these two samples may reveal localised regions of the valence
band with significant Fe or Ni contributions. Comparing the valence banttapercre: éNis.3Ss 1

andFes gNiz 9.3 will show the effect on the valence band due to the oxidation of surface Fe states

and the emergence of sulfite species. Finally, a comparigem éMis ¢Ss 3 andFes oNi.¢Ss. will show
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the effect on thealence band a@dditional oxidation resulting in the presemdesulfate species in
addition to sulfite species, and the possible oxidation of Ni species in addition to oxidised Fe species
at the surface.

7.3.4 Comparison of Fes.2Ni4.4Se.3 and Fes.eNis.3Se.1

The photoelecbn spectrum of the valence band regiorFarNis 4 3is shown inFigure7.19a also

with the low energy valence band spectrum of Pnl from the pewloapter (dotted line). Each of

these spectra have been normalised to confite, therefore the overall intensity of each spectrum

is determined by the photoionization cross section of the subshells that contribute to the spectrum.
The photoionizatiorross section of the Fe, Ni and S atomic valence subshells decrease &ra simi
rate from h3 = 150 HEgurenrld Ac2oddihglyethe,ovemlbintesithal thhen i n
valence band spectra shownFigure7.19% decrease with increasing photon energy. As previously
discussed, the upper valence band consists of a pesk at 1.1 eV, with a shoulder on the Fermi
energy side around 0.5 eV which contributes to significant intensity near the Fermi energy. The upper
valence band is generally attributed largely to medat8es, and the resonant valence band section
showedthat the peak at 1.1 eV has strong Ni character. There is a slight shoulder feature observable
on the high energy side of the main peak arou
visibleint he h3 = 240 eV s p e tuteisgumentlyTrclear. 3he loger valengef  t |
band consists of a broad feature which peaks around 5 eV and extends to 10 eV, which is largely
attributed to S Bvalence state8], however the resonant valence band section showed evidence of
both nickel and iron states in this region. There is a local minimum at 3 eV separating the upper
valence band, however the relatively large intensity at this local minimdizates that there is
significant overlap between the me3dland S P statesThereis also a small feature aroundil46

eV due to S 8stateq7, 8], but as previously observed in the survey spectr&dpiis «Ss 3, this

feature is somewhat overshadowed by thes@hdtoelectrons which form a broad peak around 25

eV. These O 2photoelectrons are contributing largely to the background observed in the valence

band spectrum seen kigure7.1%.
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Figure7.19: Photoemission spectra in the valence band region féie{a)is «Ss s normalised to constant
flux and (b) normalised to the main peak, andH@)Nis sS.1 normalised to conant flux and (d) normalised
to the main peak.

The spectra shown iRigure 7.19% are the same as those showrfFigure 7.19a but have been
normalised to thenain peak at 1.1 eV such that the spectra catirbetly compared. No change in
the upper

spectrum in the lower valence band at energies above 2 eV. There assiMmeexplanations for

shape is observable in val ence banc
this difference in intesity. The first explanation, based on the photoionization cross sections shown
in Figure7.16, is that the regiombove 2 eV can be attributed to oxygen species, since the cross
section for atomic O2states is relatively highehtan t he Fe, Ni and S
hs = 240 eV. The secamd ex

polysulfide species causes an increase in the photoionization cross section of sulfur states at lower

val e

in comparison to

photon enggies, thus causing an increase in intensity in this region of the valence band due to

polymerised sulfur species.

The latter hypothesisao be tested by comparing the valence band spectra of the two vacuum
fractured samples of the previous chapter, amlig of which has polymerised sulfur at the surface.
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This comparison is made Figure7.20. Figure7.20a shows a series of valence band spectra for a
vacuum fractured pentlandite which has no surface poigetesulfur Pnl fromChapter6), while
Figure7.20b shows similar valence band spectnadoacuum fractured pentlandite sample with up

to 8% of the sul fur si gnalmersedsuife (Pa2fra@hapte®)V c on
Each of these ggtra have been normalised to the main peak at 1.1 eV, and the intensity of each

region is therefore being compared to the main peak.

The valence band spectrakigure7.20a, for the sample with no polymerised sulfur, show greater
intensity in the region betweeri ¥ eV for the higher photon energies. This is due to the decrease in
Fe and Ni 8 photoionization cross section relative to thep®itals. In contrast, the valence band
spectra inFigure7.20b, for the sample which did show polymerised sulfuvehacreased intensity

in the 37 6 eV region for the lower photon energy spectra, indicating that the polymerised sulf
species have a relatively higher photoionization cross section at lower photon energies than
monosulfide species. Considering the mgbof the S B states with Fe and Ni states in this region, it

is reasonable that the photoionization cross sectialisaffide and polysulfide states would follow
the S ® atomic cross section more closely than the monosulfide species. Thereforeydhsdadc
intensity in theFes2Nis4sSssh 3 = 150 e Figuseg. &, atrdeasmn therregioni36 eV,

can be attributed to disulfide and polysulfide specielseastrface of the sample.

Normalised Intensity (maximum)
Normalised Intensity (maximum)

1109 8 7 6 5 4 321 04 1119 8 7 65 4 3 2 1 0 -1
Binding Energy (eV) Binding Energy (eV)

Figure7.20: Photoeletron spectra of the valence band region of (a) Pnl and (b) Pn2, normalised to the main
peak at 1.1 eVThe change in the relative intensities of the lower valence band between the two samples is
attributed to polymerised sulfur.
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The features in the valeadand spectrum féfes éNis 3Sg.1 shown inFigure7.19c are similar to those

of Fes2Nis.4Se.3, however there appears to be some additional structure betwelh &V, which is

not observable ifres 2Nis.4Sg.3. The intensity rat of the upper and lower valence bagedions also
appears to be greater in thes éNis 3Sg.1 sSample compared fée: 2Nis 4Sg 3. This is likely to be due to

the SiQ contamination inFes2Nis.4Se.3 which is expected to contribute to the backgro{id,
thereby increasing thapparent intensity of the lower valence band. The fine structure which is
observed at 5 10 eV forFeseNis3Se.1 may also be overshadowed by minor contributions to the

valence band in this region from Si@alence tates.

The valence band spectra taken wh0teWiargshow forn en
Fes2Nis4Sg3 and FeseNis 3Se.1 in Figure 7.21a andFigure 7.21b respectively. The valence band
spectra forFes 2Nis.4Se.3 shov some weak structure in the upper valence band, whereas most of the
intensity of the spectrum is located between #1 eV. The intensity of the spectrum is seen to
increase with an increasehsn=phbotew. olibwksithgygén
shape of the Fe, Ni and S valence orbital cross sections, shown in the Figetéd.16. There is a
minimum in the photoionization cross section forfsstates at 30 eV photon energy, lewer the

valence band spectra igure7.21a are all seen to increase with increasing photon energy in the S

3p region. This shows that the states which are expected to be stroryhk® &e hybridised with

Fe and Ni states engh o eliminate this feature in the cross section. The intensity of each spectrum

in the region above 11 eV varies unpredictably with photon energy, however this is expected to be

due to the background caused by the;®i@tamination.

The valence bamspectum forFe; eNis sSs.1 also shows an increase in the intensity of the upper valence
band with increasing photon energy, which is
Three of the fouFe; eNis 3Ss.1 Spectra curiously intersect at a gaanownd 4 eV binding energy, where

the intensity at lower energies (the upper valence band) increase with an increase in photon energy,
but at higher binding energies the reverse is true. In the lower valence band at energies about 5 eV,
the intensity okach pectrum is similar, but decreases slightly with increase in photon energy. There
are two possible explanations for this behaviour in the valence band. The first is that the increase in
relative cross section at lower photon energies may be indicdtihe cross section of §p states

for polymerised sulfur. The second explanation is that the slightly higher relative cross section for Fe
3d states (relative to NidBstates) may be represented in the cross over pokigure7.21b. This
assertion supports the conclusion from the resonant valence band section which showed that the upper
valence band has strong Ni 8haracter, and indicates that the lower valence banonrégs more

Fe 3I- and S ®-like character from aroundl eV and beyond.
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Figure7.21: Photoemission spectra in the valence band region féie{a)is.«Ss 3 and (b)Fes éNis 3Ss.1
coll ected with ha3 Theba8kgrounddirbthEe: Mi0.Se 3 valenak bahd spextka.is
attributed to Si contamination.

1.1.1 Comparison of FeseNis.3Ss.1 and Fes sNiz.oSs.3 and Fes.oNis.9Ss.1

Figure722s hows t he valence band spectr aFegdiisksect ed
FesaNizoSs.3 and FesoNissSe.1. The key differences between these samples that were pigvious
highlighted are firstly the stoichiometries of these samplessNiz Se.3 has a greater proportion of
Fe to Ni in the bulk stoichiometr¥.es eNis.3Se.1 andFes.oNis.0Ss.1 have a greater proportion of nickel
to iron in the bulk stoichiometry, anBeseNissSe1 has a greater proportion of nickel than
FesoNis.0Ss.1. The second difference between these samples iFahais 351 shows no oxidabn

of the Fe states at the surface, wkigNiz sSe.3 andFes oNis9Ss.1 do. The final notable difference is

in the sulfur species observed for these samples. Tipes@e2trum foiFes eNis.3Sg.1 was fitted with
disulfide and polysulfide species in aitlmh to the monosulfide species observed for vacuum
fractured pentlanditélhe S D spectra folFes.gNisz.0Se.3 andFes.oNis.sSe.1 showed sulfite species and
also sulfate species Fes.oNis.9Se.1. Fex eNiz 9Se 3andFes oNis sSe.1 were also fitted with greater ratio
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of 3- and 4coordinate species to the bulkcdordinate monodiide species, in comparison to the

Fes2Ni4.4Se 3, FeseNis.3Ss.1 and vacuum fractured samples.

The valence band spectra for the three samples shawigure7.22 have the same general shape as

has been seen for all previous pentlandite valence band spectra presented. There are however twc
notable differences observable in these spectra. The first is the appearance of a shoulder at 2 eV in
the FesgNiz oS3 h 3 58 eVispectrum, which was also observed inRBeNissSezsh3 = 150 e
spectrum, but not in any other spectra presented in this chapter or for the vacuum fractured pentlandite
samples in the previous chapter. The second key difference ibahgecin elative intensity of the

upper and lower valence band regions between the samples.
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Figure7.22 Pentlandite photoemission spectra in the valence band region ke {N)s sSs.1 normalised to
constantlux and (b) normalised to the main peak,Ke)sNiz Ss.3 normalised to constant flux and (d)
normalised to the main peak, and &) oNis.sSs.1 normalised to constant flux and (f) normalised to the main
peak.
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7.3.4.1 Shoulder at 2 eV

IntheFesgNizgSesh3 = 150 eV spectrum there is a shoul
upper valence band peak at around 2 eV. Upon close inspection, this shoulder is likely contributing
to the broadening of the upp epectimaHowener ieislbsa nd
definitive in this spectrum. Additionally, by close inspection offfbgiNis 9Sg.1 Spectrum in the same

region, this same feature may also be visible FeroNisoSe.1 Since bothFesgNizoSgz and
FesoNis9Ss.1 showed evidencefoxidised iron species, the feature at 2 eV in the valence band
spectrum is attributed to oxidised iron state
because the photoionization cross section for oxygen valence orbitals (sttogur@y.16) is higher

at 150 eV than 240 eV in comparison to Fe, Ni and S valence orbitals. Considering the peak at 1.1
eV has a strong Nike character, as shown previoustythis chapter, it is reasonable that the feature

at 2 eV isless prominent ifres odNis.9Ss.1, Since the contribution from Fe states will generally be less

than forFes gNiz ¢Sg.3 due to the stoichiometry.

7.3.4.2 Relative intensity of upper and lower valencertzbregions

A difference in relative intensity of the upper doder valence band regions is seen for the two
spectra collected for each sample, and the strength of this effect is seen to differ between the three
samples shown iRigure7.22. The spectra ifrigure7.22(b, d & f) are normalised to the peak at 1.1

eV and best show the relative intensity between the upper and lower valence band regions for the
spectra for all three samples. The | ower vale
spectrum forll three samples, although the effect is greateBeigNiz g3 The effect appears to

be similar in bothre; éNis 3Ss 1 andFes oNi4.9Ss 1, although the latter has a relatively more intense lower
valence band thafe; eNis sSs.1 in both spectra.

SinceFes; Nis sSs.1 has the least ratio of Fe to Ni in the bulk stoichiometry, followeBdayNis 0Sg 1,

this effect can be attributed to the differing stoichiometries of these samples. The trend observed is
that the samples with the greater ratio of B®eha greater intensity in the lower valence band,
especially i n t heFenNiSssitivds postelated that theciricreasenn the lower
valence band region was either due to polymerised sulfur, or due to states of mdrehkeaster
SinceFes gNiz 0Ss.3 andFes oNis.0Ss 1 were observed to have comparatively little polymerised sulfur
species, the intensity of the lower valence band region is attributed to a higher proportion of Fe states
due to the stoichiometry of the samples. Aosecpossibility is that the increase in relative intensity

of the lower valence band is related to the increased ratiaofi34coordinate species in comparison

to the 5coordinate species fdte; gNiz.0Ss.3 and Fes.dNis.0Se 1, and that thesspecies hee a greater

contribution to the lower valence band. This is possible, since the results from the resonant
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photoemission spectroscopy indicated a mixing of dFst&tes with 4oordinate sulfur @ states in
the lower valence band region. The sgth of these mixed FedBand 4coordinate sulfur states would
be increased both by the increase-todrdinate species and the increase in the ratio of Fe to Ni in

the samplebs stoichiometry.

Valence band spectra of the;eNis Ss1, FeraNizoSs3 and FesoNisoSsic ol | ect ed wi t h h
40 and 50 eV are shownkiigure7.23a, b, and c respectively. The general shape of the valence band
spectra betweeRe; Nis:Ss1 and FeygNiz oS3 Is the same, with a relatively low intensitypper

valence band peaking just above 1 eV, followed by the higher intensity lower valence band extending
from 37 12 eV, with a peak around 5.5 eV. The noticeable difference betive&r; ¢Nis:Ss1 and

Fex.eNiz 9Sg.3valence band spectrakiigure7.23is the relative heights of the upper and lower valence

band regions. The lower valence band has relatively higher intensity FetBdiz Ss 3 spectra,

which is consistent with previouslyade assertions that the lower valebeed has strong Fed3
character. There also appears to be a O6cr os:c
FesgNizoSg 3 spectra, such as was observed and previously discussed fiee $R&e :Ss.1 spectra

Below this crossover point, the lewphoton energy spectra have lower intensity, while above this
point, the lower photon energy spectra have a higher intensity than the higher photon energy spectra.
The existence of this crossover point has been at#ubto the change in the valencedapectrum

from states of strong Nidcharacter in the upper valence band, to states of strongerdrai@cter

in the lower valence band. This point is less clear ifFtheNiz ¢S 3 spectra, which can be attribdte

to the oxidation of Fe states whialas observed in the core level spectra.

The shapeof the valence band spectra fa oNis sSe.1 are strikingly different to that of the previous
samples. The lower valence band between the Fermi energy and W imsibdued in comparison

to the preious samples. The lower valence band still has a peak just above 5 eV, but this peak is
significantly broader than that seen for previous samples. In addition, there is a strong shoulder at 10
eV that 5 prominent in 8 of the Fe4oNis o1 spectraand s houl der at 3 eV |
spectrum in particular. There is an emergence of sulfate species at the suFaeBliakSs.1, which

other pentlandites have not shown. Due to the striking difference in thre@ddand shape, the peak

at 10 eV isattributed to the sulfate species, which have most likely bonded to Fe sites. This is
consistent with previously published experimental valence band spectra of iron sulfate species, where
a significant density of stategs observed in the regiori 35 eV, with the greatest intensity 40

eV [48]. Since the density of states for sulfate species are expected to contribute to the entire lower
valence band region, the shoulder at 3 eV is also attributed to sulfate species. It is reasonable that
these features are mostobsetvl e i n t h e trims as ther&i® a lecdt maxipencin the
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photoionization cross section of § &tomic subshells, while the @p2nd Fe 8 cross sections are

still high (inset tarigure7.16). Therefore, the combinatiori these cross sections would likely peak
around 50 eV and it is conceivable that the density of iron sulfate states would be most observable in

the hs = 50 eV spectrum.
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Figure7.23. Photoemission spectm the valence band region of g eNis 3Ss.1, (b) FessNizSs.3and (€)
FeaNiszcSsicol | ected with hs = 30, 35, 40, a0 eV s
valence band spectrum, which is largely attributed to sulfate spanigshe-e; ¢Nis 3Ss.1 andFes gNiz 6Ss.3

valence band spectra.

7.4 Conclusion

The results presented in this section are the first known experimental investigation of the electronic
strudure of pentlandite. The valence band spectrum of Pnl {Ctiapter6 has been recently
published1l], and there have been a few cal c[ttl0lat i on
However, this chapter has been the first investigation to attempt to verify such cabsukatid
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thoroughly investigate the features in the valence band spectrum. Resonant photoemission
spectoscopy was used to isolate the states contributing to the valence band spectrum that originated
from Fe or Ni atoms, and to provide insight into the reatfrthose states. This was subsequently
verified by valence band photoemission spectroscopy usimg eatident photon energy for a series

of synthetic pentlandite samples with varied stoichiometries.

The upper valence band in the photoemission spacivas shown to be largely of Ni character.
Resonant photoemission spectroscopy showed soherence between the upper valence band states
and the Ni Augelike deexcitation which follows the -Xay absorption process. The photoelectron
spectra in the valee band region for the samples of varied stoichiometry also showed the upper
valence bandothave strong nickel character, as this feature was seen to be more intense in samples
with a greater ratio of Ni to Fe in their measured stoichiometry. The uplssrceaband was also
observed to have a shoulder around 2 eV for samples which showedcevaderxidation of the Fe

states at the surface. The feature at 2 eV was therefore attributed to oxidised Fe species.

The lower valence band has been calculatdthte strong contributions from $ 3tateq8]. The
observation of Xray absorption spectra revealed a ligand to metal cheagsfer state between the

S andFe atoms. Resonant photoemission spectroscopy subsequently showeditdefieed states

to overlap with S B states in the lower valence band at 4.4 eV. This photoemission feature was seen
to be incoherent with Auger decay channel due to the chaamggfer between Fe and S valence states.

Ni 3d derived states were also observed in the loxaégnce band, but are sufficiently localized for

there to be coherence between the photoemission and deexcitation (Auger) channels, evident by their
resonance behawr. These Ni states therefore cannot be attributed to a ligand to metal-charge

transfer.

The photoelectron study of pentlandites with varied stoichiometries showed that the contributions to
the lower valence band have more Fe character than the ghpece band. Polymerised sulfur such
as disulfide and polysulfide species were also obdetwecontribute to the lower valence band,

especially in the regioni36 eV.

While there were both Fe and Ni states observed in the lower valence band for ddissdingp
photoelectron study of pentlandites with varied stoichiometries showed thawéreviamence band

had stronger Fe character. The surface of one sample had oxidised sufficiently for sulfate species to
be observed in the $3pectrum. These sulaspecies contributed significantly to the low photon
energy valence band spectra, espgciat 3 eV and 10 eV. This is an original contribution to
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knowl edge in this field, as calculations of p
with clarity the band structure or the atomic origin of features in the valence band. Thegti@se
of these valence band spectra and the conclusions regarding the origin of some features will inform

and assist future cal caustriwtire.ons of pentl andite

These findings have implications for the interpretation of-t&vel photoedctron spectra and for the
reactions t hat t ake pl ace on pentl anditeos
photoelectron spectra has argued that arellspectra should be fitted with Donia8hnijic tails to
account for the metallic natucé pentlandite. This is assumed due to the short bond length between
neighbouring tetrahedral cations. The previous chapter offered a counter argument; thatdthe broa
high binding energy tail of the $$3pectrum was due to a ligand to metal chdrgesfer state in the
valence band, causing a number of final states that affect théewet@hotoelectron spectrum. The
evidence presented by resonant photoemissiarirggeopy has shown that the chatgasfer state

exists between the Fe and S atoms; specifically likely to be the tetrahedral Fe bordedrtbrtate

0l i nking6 sul fur -tramgfeo final statel wthichiisscontrilfufing to thd lmaady hegh
binding energy tail in the SpZhotaelectron spectrum. Additionally, the Ni states were seen to be
weakly localised such that they show some true resonance in the resonant photoemission spectra. This
is reflected in the pentlandite Np3pectra which sbw more discrete multiplet structurather than
DoniachSunjic tails expected from a many electron final state.

The implications of these valence band studies also extend to the reactions that occur on the surface
of pentlandite. Since some of the sarsptd varied stoichiometry showed eude of some
oxidation, an insight into the initial stages of oxidation could be found. By observindevete
spectra, iron is seen to oxidise more readily than nickel. The effect of this is seen in the valence band
spectrum as an increase in the Eestite at 2 eV. The nature of this state cannot be told without a
clearer understanding of the species bonded to iron, although basedmpcorel8vel spectra, they

are likely Fd' species. Since the Fe sulfate spgeippear in the lower valence banddfically at

3 eV and 10 eV, the feature at 2 eV is likely to bé&' B&ide or oxyhydroxide. Further studies

specifically regarding the oxidation of pentlandite are required to further understand these reactions.
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8 PENTLANDITE SURFACES EXPOSED TO ENVIRONMENTAL CONDITIONS

The previous two chapters of this thesis were concerned with fracture surfaces of pentlandite, and the
electronic structure of relatively pristireentlandite respectively. As discussed in these preceding
chapters, characterising the surface structure and electronic structure of pentlandite is crucial in its
application as a catalyst, or its manipulation in minerals processing procedures. However,
practica sense, the relatively pristine samples that were presented in the previous two chapter are
unlikely to be frequently encountered. The examples of pentlandite samples or pentlandits surface
which are more likely to be encountered will bestaavhich aresomewhat altered or oxidised to

some extent. Therefore, this chapter turns its focus to pentlandite surfaces which are altered in ways
which may be encountered in more practical scenarios, to determine the pathway by which these
surfaces oxidie, and howhe samples will typically be altered. Experimental studies of oxidised
pentlandite samples are limited and somewhat dated, and therefore generally lack the resolution of
modern experimen{4-5]. The aim of this capter is therefore to present experimental documentation

of oxidised surfaces using modern synchrotron photoelectron spectroscopy to reveal the surfaces
expected under vanus conditions. Following the characterisation of pristine, or near pristine surface

of the previous chapters, this chapter characterises the surface and bulk electronic structure of a
pentlandite sample which has undergone controlled oxidation by wapeur, followed by an
analysis of the surface of polished pentlandite surfacesfirmalty, surfaces of pentlandite which

have been exposed to sulfuric acid solution after polishing.

8.1 Controlled oxidation of a stoichiometric pentlandite surfaca 420 Langnuir

H20 vapour
Pristine and neapristine surfaces of pentlandite are of greatragefor understanding their catalytic
activity, physical properties, and the reactions that may occur on their surfaces. However, such
systems are notoriously difficult siudy. As seen in the previous two chapters of this thesis, pristine
surfaces whiclare unoxidized and free of other mineral phases are difficult to produce, and therefore
difficult to study experimentally. This is perhaps the motivation for the theafretaculations
regarding the pentlandite electronic structure. There has beenousrdansity functional theory
(DFT) calculations regarding various pentlandite structures recently, which investigate various
aspects of pent | an6],iandeléctsonipstructafé].dMany peptlaraipe studies e s
are hghly interested in the potential for the use of pentlandite as a catalyst in the production of
hydrogen8-10. Mor e recently, calcul ations have ende
surface with varias ligands such as>Q11, 12] and water and xanthaf&3]. Unfortunately, there

are currently no published studies of the initial stages of oxidation of aapém¢ surface. While
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there are a few theetical calculations currently published, it is crucial to compare such results with
experimental evidence. This section uses the stoichiometric sampledation7.3in a controlled
dosing experiment, to study the initial céan of the samples surface with water vapour.

8.1.1 Methods

The pentlandite sample used in this sectiorthis samesynthetic pentlandite sample with a
stoichiometry of Fe2Nis4Se3. As described isections3.1.3and7.3.2 this sample was cleaved in a
nitrogen filled glove bad that was attached to the introduction chamber of the synchrotron endstation
at the Canadian Light Source. After fracture, the sample was moved into the introduction chamber
which was promptly evacuatdo a high vacuum. The sample was analysed; the results of which are
shown insection7.3. The sample was then transferred to the preparation chamber which was
mairtained at a vacuum of at leask 1.0 Torr. Demineralised water was held in a glass test tube
which was attached to the preparation chamber by a valved inlet. The demineralised water was frozen
using liquid N and the air remaining in the test tube ewaed prior to the controlled dosing. &h
sample was dosed with.8 vapour by gradually opening the valved inlet containing the frozen
demineralised water, while the pressure in the preparation chamber was maintainetD&tTbrr

for 420 seconds (7 mites), before the inlet valve was cldsend the vacuum in the preparation
chamber allowed to recover. This pressyrime corresponds to 420 Langmuir exposure gDH
vapour to the pentlandite surface. The sample was then transferred back into the cmatyber

and the following spectra showin this section were collected.

The binding energy scale of the spectra were calibrated for each photon energy such that the top of
the valence band aligns with 0 eV in the binding energy scale. The Reddr&level spectra were
normalised to the F8p peak for comparison, while each valence band spectrum was normalised to
the photon flux. A Shirley backgrouhti4] was applied to the Sozpectrum before fitting, and also
subtracted from both Fe/Np3pectra for ease of comparison between the spectra. Thespkch

are presented in this sectianich are not collected from the dosed sample, have each been shown

previously insection7.3, therefore a detailed descriptiof these spectra is omittedre

Similar to the results adection7.3, this section observed photoelectron spectra in the valence band
region for the dosed sample. Different photon energies are used to probe the various states
contributing to the valence band, and the results are analysed considering the photoionasgion cr

sections of atomic orbitals calculatedYgh and Lindau [15]shown inFigure8.1.
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Atomic subshell photoionization cross section
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Figure8.1: Photoionization cross sections of valence level atomic sub§bg]ls

8.1.2 Survey spectrum for pentlandite dosedvith H20 vapour

The survey spectrum fatosed pentlandites shown inFigure 8.2 with the survey spectrum from
Fex oNis 4Sg 3repeated fronsection7.3. The key features of the sugygpectrum include a strong peak
around 160 eV due to S2a broad asymmetric peak around 90 eV due to sulfur LMM Auger
electrons, and the valence band between @@V which has contributions from S, 3p, Fe and Ni

3d, and O . The peaks around 70 edhd 55 eV are attributed tdi and Fe P respectively; the
shaps of which hare changed fromfreshto the dosed pentlanditsample. Both samples have a
narrow peak just above 100 eV attributed to Si electrons fromc®i@amination, although this peak

is relatively less intense in tlowsed pentlanditsample. The other key difference betweenftash
anddosed pentlanditsamples is the strength of the contribution to the spectrum around 25 eV. In the
fresh pentlandé sample, a small broad peak is alveel and was attributed to G #om SiQ
contaminatiorf16]. In thedosed pentlanditeample, the contributions from theZs electrons due to
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SiO; contaminatiorareexpected to be less, as the Si peak at 100 eV is also less, so the increase in
the O Zpeak at 25 eVan be attributed to adsorption or reaction eDrbn the pentlandite surface

as a result of the controlled dosing.

Intensity

\\JJ | Dosed

Fresh L
! | ! | ! | ! | ! | ! | ! | ! | ! | ! |

200 180 160 140 120 100 80 60 40 20 0

Binding Energy (eV)

Figure8.2: Survey spectrum for synthetic stoichiometric pentlandite after fractureagaeit filled glove
bag (fresh) and after 420 Langmuir controlled dosingwi@ Hv apour (dosed) . hs3

8.1.3 Fe and Nicore-level spectra

The Fe and Ni @ spectra fordosed pentlanditare shown irFigure8.3b with the same spectra for

Fes 2Nis.4Sg 3 repeated fronsection7.3 included inFigure8.3a for comparisonLike most sulfides,

the transitionrmetal 3 peaks for pentlandite are not well studied and reliable reference spectra for
transition metal B peaks for sulfides is generally unavailable. Thecspepresented here are
therefore more broadly compared to the oxides, which have some refd@ribesmetal p peaks,

and may give an indication of the valency of the metal slies.Fe ppeak f or bot h ha3
and 240 eV spectra is at 55.5 eVttwa clear shoulder on the low binding energy side around 53.5
eV. The binding energy of the peigkconsistent with the Fe®inding energy of F&-O in magnetite

(Fes0a4) [17, 18]and similar to the high binding energy shoulder observed in the samplessitton

7.3that showed some Fe oxidation. The binding energy of the shoulder at 53.5 eV is consistent with
Fd'-O in hematite (FeOs) observed at 53.7 e 7] and is a little higher than EeS in unoxidized

pyrite at 53 eV[19]. Therefore, the dominant peakserved at 55.5 eV in tldosed pentlandite
sample is attributed to Hespecies wile the shoulder on the low binding energy side is attribut3ed

to F€' species, such as is expected in the bulk pentlandite structure. The shape oftbpdetrGm

chawmes significantly between the hs3 = =2280®VeV s
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spectrum, with the low binding energy shoulder more prominent in the bulk sensitive spectrum, while
the peak attributed to oxidised'fFis relatively strongemithe more surface sensitive spectrum. These
results show that at the surface of tosed pentlanditsample, the iron species are oxidised from

Fé' to Fé' species.

The Ni 3 peak is a broad peak centred around 67.5 eV. There is no clear struther&liro peak

in the h33 = 150 eV spectr um,ppdams to beitwo cdmpanents of =
similar intensity contributing to the peak at 67 eV and 68 eV respectively. The binding energy of the
Ni 3p features observed fodosed pentlanditas slightly higher than the peak observed for
Fes2Nis4Sgzat 66 eV, with a shoulder at 68 eV, showrFigure8.3a. The shift to a higher binding
energy and increase in peak width may indicate some alteration of the Ni sise@iesult of dosing
withH:O vapour, however the difference between t

which may indicate that this alteration extends to more than just a monolayer at the surface.

The relative intensities of the Fe and3gipeaks is seento changgb&#e en t he h3 = 15
eV spectra, showing thatthe Fepealesr el at i vely more intense in tt
has a greater proportion of the signal from the surface monolayer. This indicates thatpbeids s

are more prominent ahé surface than in the bulk. This is consistent with previous literature
observing the surfaces of pentlandite oxidised in a wide range of conditions, all of which observe
preferential oxidation of Fe sites over Ni si{@s4, 12] A similar observation was made for the
samples presented section7.3, and has previously been reported for roasted pentlandite, where the
coreof the sample was observed to be a nickel rich sulfide, sureounylan outer layer of Fe and O
specieg12]. It is proposed that this effect igrdiutable to the migratioof Fe species to the surface

due to oxidation, similar to that seen for pyrrhdig@e20], however this migratiorsinot observed for

the Ni species in the sample.
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Figure8.3: FeNi3ps pectra with background removed for h3 =

(a) fresh pentlandite (ReNi4.sSs.3) (reproducedrom Chapter7) and (b)dosed pentlanditeshowing a
significant difference in both Fe and Ni structure at the surface in comparison to the bulk species.

8.1.4 S 2 core-levelspectrum

The S » spectrum fodosed pentlanditess shownn Figure8.4 and has been fitted with three doublets

at 161.2 eV, 161.7 eV and 162.2 eV. These binding energies are consistent with the peaks fitted to
the S P spectra of previous pentlandite samples shawChaptersé and 7, and the peaks are
attributed to surface -8oordinatespecies, surface and bulkcdordinate species, and bulk 5
coordinate monosulfide species respectivgl§]. In addition to the monosulfide species, two
doublets were reqred at 167.1 eV and 169.7 eV to fit the additional structure in the spectrum. These
peaks are attributed sulfite (30:%) and sulfate (S€¥) species respectively. The result is a good fit
across the spectrum, except for the region around 164 eV. Teer@amber of possible explanations

for the poor fit around 164 eV. Firstly, this region is the bindinggnat which elemental sulfur is
sometimes observg@2], however in high vacuum the elemental sulfur should be volatile and is
therefore not easily detecteThe second explanation is that the Shirley background could be an
inaccurate simulation of the true background signal contributing to the spednd that the
background could be distorted from this modelled shape due to the inelastic scatterisg event
occurring during the transport of photoelectrons from their excitation point to the surface. This
phenomenon is discussed in literati2®], and its effect on some of the results presented in this thesis
has been considered @hapters. Since theif shown inFigure 8.4 is reasonablect = 0.043), no

further background analysis was perfedhrfor this spectrum.

162



Chapter8: Pentlandite surfaces exposed to environmental conditions

—71 '+ 1 1 1 " 1 T T T v T T T Tt 1T
Data

Surface 3-coordinate

Bulk & surface 4-coordinate
Bulk 5-coordinate
Sulfite

Sulfate

Envelope

------ "fresh" pentlandite

Normalised Intensity

172 171 170 169 168 167 166 165 164 163 162 161 160 159
Binding Energy (eV)

Figure8.4: S 2 photoelectron spectrum for pentlandite dosed with 420 Langmuig@fH/ a po ur . hs3 -
eV. i Fr e s hréferpte thdtel Nis i56: satme prior to dosing, peated fronChapter7.

Also shown inFigure 8.4 is the spectrum fofresh Fe2Nis4Ss3 reproduced fronChapter7 for
comparison. By comparing theiseo spectra it can be seen that the general shape of thigp8dra

for the two samples is remarkably similar. However, although the differences between the spectra are
small, their effects are noticeable. Firstly, thedimg energy of the bulk peak seen to shift to a

higher binding energy in the dosed sample. This binding energy shift is not represented in the binding
energies of the fitted features, as the binding energy shift is less than 0.1 eV and therefotlewithin
uncertainty of the bindingnergy of the fitted features. Yet, the binding energy shift between the
spectra is observable when directly comparing the spectrakigure8.4. A shift in the binihg

energy of the bulk peak clolibe due to the emergence of disulfide or polysulfide species on the high
binding energy side, however the contribution from these species is small enough to be estimated

within the peak fitted for the bulk component.

The ®cond observed difference isaththe background in the high binding energy region of the
spectrum for the fresh sample is stronger than the background for the dosed sample. The strength and
shape of the background in the gspectrum for pyrrhotite waosidered irChapters, and it was

concluded that the background was evidence of an overlayer of oxidised species. However, in the
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fresh pentlandite sample, relatiydittle oxidised species could be expected to form, and therefore
the background is unlikely arise due to an oxidised overlayer. It is important to understand that the
background itself is not sufficient evidence for a chemically distinct overlayemdtead is a result

of increased scattering length and an increase of inelastic scaggents for the photoelectrons
escaping the sample. This candageisedy more scenarios than just an overlayer of distinct species.
For example, the difference Ioackgrounds in the two spectra could be evidence of different surface
roughness, and althougihis the same sample before and after dosing, the area of analysis is small
(approximately 500um?), and it is likely that distinctly different areas with different surface
roughness were analysed before and after dosing. Nevertheless, it is possible thee shape of

the background differs frortihat whichis modelled by the Shirley background &ch sample, and
such errors can propagate into the fitted peaks.

The third observation is that small disulfide and polysulfide components were requitied faesh
pentlandite sample, to produce a good fit, whereaddsed pentlandifao disulfide orpolysulfide
components were used. The possible errors in the modelling of the background may contribute to this
effect, as small changes to the shapettierbackgroundrelikely to affect the intensity of peaks

fitted in the higher binding energy reg®such as in the polysulfide region. For example, if the
contribution from the background in this binding energy region is overestimated, then lesgigelysul
components are required to achieve an acceptable fit to the spectrum. In the case of tlaengsed s

no polysulfide is required, yet there is evidence to suggest a small polysulfide component may be
contributing to the spectrum. The residual afigmfy the peaks is shown below the spectrum in
Figure 8.4, and shows small deviations from a perfect fit, particularly in the binding energy region
where a polysulfide component could be contributing. The polysulfide componenbwgited in

this case, because thesidual did not have the splitting and intensity ratio expected forp S 2
component, and to create a good fit which included a polysulfide component resulted in the
contribution from the polysulfide component beimgignificantly small. It is concludefiiom this

that any components which are contributing to the spectrum in the region arouhd@%&V are

so small that their intensity is less than the intensity variation from the background.

The quantification o$ulfur species fitted to the $ 8pedrum is shown imable8.1. Also shown for
comparison is the quantification of sulfur species for this sample before it was dosed-@ith H
vapour. The comparison showsat while the 3oordinde and 5coordinate species have similar
values of % contribution to each spectrum, theodrdinate contribution is considerably less in the
spectrum for thedosed pentlanditsample than for théresh sample. In addition, as preuisly
discussed, no diffide or polysulfide components were fitted to the dgsewtlanditesample, as was

164



Chapter8: Pentlandite surfaces exposed to environmental conditions

fitted for thefreshsample, but the dosed sample required contributions at higher binding energies
attributed to sulfite and sulfate species. Thgsecies contribution % and 2.4% of the total sulfur
components respectively. These values are similar to the contribution from polymerised sulfur in the

freshsample.

Table8.1: Quantification of sulfur species fitted to § eectrum inFigure8.4, including the quantification

of sulfur species foFe;:NissSssbef ore dosing. 0%0 represents t
Species Binding Energy (FWHM) % Fresh pentlandite
(from Table7.4) %
Surface 3coordinate 161.2(0.66) 13.4 10.8
Surface & bulk 4coordinate 161.7(0.65) 26.1 33.5
Bulk 5-coordidnate 162.2(0.67) 55.3 51.7
Disulfide (NA) 0.0 1.8
Polysulfide (NA) 0.0 2.2
Sulfite 167.1(1.0) 2.8 0.0
Sulfate 168.7(1.0) 2.4 0.0

To show more clearly the differences between ftesh and dosedpentlanditeS 2 spectra, a
difference spectrum was calculated by subtracting the dosgdsBe2trum from that of thiresh

Fes 2Nis.4Sg.3 sample. Both spectra were natised to the bulk peak at 162.2 eV, and therefore the
resulting features in the difference spectrumven in Figure 8.5 represent the change in features
relative to the bulk peak.

The difference spectrum shows negative peak$@91eV and 161.5 eV, which correspond to the
peaks attributed to-8oordinate and-¢oordinate sulfur species, indicating a relative decrease in these
species in the dosed sample. The positive peak at 882c&n be attributed to the shift to a higher
binding energy of the main peak in the spectrum for the dosed sample, and may be due to the
development of polymerised sulfur species, especially disulfide species which would be expected
around that binding reergy [22]. However, there is no clear doablattributable to disulfide or
polysulfide speds, separate from the binding energy shifted bulk peak, confirming that these species
are sufficiently small to be absorbed within the error of the fitted bulk peak. Furthermore, the height
of the peak at 184 eV in the difference spectrum is 0.1 (norsedi intensity), which is

approximately 10% of the total signal, and therefore relatively small.
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Figure8.5: Difference spectrum calculated by subtractimg $ 2 spectrum of the fresh pentlandite sample
from the S p spectrum collected for the dosed sample. The negative peaks indicate a decrease in 4
coordinate monosulfide species, while the positive peaks show an increase isuBpecies.

8.1.5 Valence band photoelectron spectra

The valence bandspectao | | ect ed with h3 = 150 eantlaaditeth 240
comparison with those fdresh Fe2Nis.4Se3 and FesoNis.oSs.1, shown inFigure 8.6. The valence

band spectréor Fer.dNis ¢Se.1 from section7.3are included for comparison becauseRReNis oSs 1
pentlanditeshowed the greatest oxidation of all the sample presented in the previous chapter. The
shape of the dosqebntlanditen 3 8 eVvdlence band spectrum is similartethh 3 = 150 e
240 eV spectra of the other two samples shown here. The valence band spectrum is characterised by
a strong peak in the upper valence band, and a less intense, broad peak in the lower valence band
separated by a local minimum. In compansto previously discussed pentlandite valence band
spectra, thelosed pentlandite 3 = 240 eV spectrum has a few mi
the upper valence band is slightly shifted to a higheribgnenergy. While this peak in pentlandite
samples shown in previous chapters has been consistently observed at 1.1 eldsedipentlandite

sample the binding energy of this peak is at 1.3 eV. Secondly, the local minimum separating the upper
and lowervalence band regions is not as low andimit$ as is seen in previously presented valence
band spectra. Additionally, upon closer inspection there is an emerging feature at 3 eV which is not
observable in the valence band spectra for other samples. Mil@wver valence band has slightly

more ntensity thanthat observed for other samples, there is no apparent structure seen at higher
binding energies.

166



Chapter8: Pentlandite surfaces exposed to environmental conditions

(a) Fresh Fe, Ni, S

44783
——hv=240eV
——hv=150eV
A P ottt gl e i

<
-]
= L L L L L L L L A L AL B
*g 18 16 14 12 10 8 6 4 2 0
@ (b) Dosed Fe, Ni, S, .
S
> ——hv=240eV
@ | ——hv=150eV
[4b}
E"‘-—m—-
o
(b
0
g —r+~f71 ' ¢~ g1~~~ 1. ~r+~ 1 ¢+~ [ o+ 1 >+ 1 1 1 T
s 18 16 14 12 10 8 6 4 2 0
< {C) Fe4.DNi4.BSB.1

——hv =240 eV

——hv =150 eV

0 18 16 14 12 10 8 6 4 2 0

Binding Energy (eV)

Figure8.6: Photoelectron spectra in the valencadeegion for (aJe:JNis 4Ss 3 fracturedin a nitrogen glove

bag, (b) the same sample after 420 Langmu® kapour dosing, and (8)e:.sNizsSs.3. TheFe Nis4Ss3 and

FegNizsSsssampl es were discussed in the previous chapt
eV (blue) and 15@V (red).

The h3 = 150 eV v al dosedgentaaditeample ghews signiticant dewationt h e
in shape from those of other sde® In this spectrum, the peak in the upper valence band (also at
1.3 eV) is almost overshadowed by a peak at 2.6 eV which has not been observed in previous samples.
This is followed bythe lower valence band peak, which appears at the same binding aseegn

in previous samples, but a much greater intensity. It is expected that the increase in intensity of this

lower valence band peak is greatly contributed to by the emergencenefthmeak at 2.6 eV. Since
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this peak at 2.6 eV is significantly stigpand was not observed in any valence band spectra presented

in Chapter7, this must be attribable to a species that was not present in other samples.

The Fe and Ni B spectra inFigure8.3 offersomei nsi ght i nto the species
150 eV valace band at 2.6 eV. While there was no clear evidence of oxidation of the Ni sites in the
pentlandite samples shown previouslZimapter7, there is clear evidencéchanges to the electronic
structure of Ni species at the surface ofdbsed pentlanditeample, shown ikigure8.3. Therefore,

the peak at 2.6 eV in the h3s = 150 eV valenc
species. This feature is similar to the shoulder observed at 2 eV in the upper valence band spectrum
for some of the more oxidised samples fretion7.3 Thi s f eature was onl )\
= 150 eV spectrum and was ditrted to oxidised Fe specigs.similar explanation can be offered
forthefeatue at 2.6 eV in the h3g = 150Basedoncadulatonse b e
for atomic valence orbitalfl5], the relative photonization cross section of Op2electrons is
expected to be relatively higher than Fe, Ni,
h3 = 2 4nee, thevieaturkl & 2.6 eV, which is overlapping with the previously determined Fe

oxide pealat 2 eV, can be attributed ta-Nxide species.

The assignment of the peak at 2.6 eV teokide species is consistent with reports in literature of
oxidised nickel metal. Literature has shown the photoelectron peak near the Fermi level for nickel
metalto shift to higher binding eneigs of around 2 eV with an oxygen exposure of more than 30 L
[24]. In the data presented here, Wadence band photoelectron pdak Ni-oxide species after 420

L H20 dosing appears at 2.6 eV.

Low phot onO emQvalenge bagnd spectra are showsrigure8.7 for dosed pentlandite
freshFes 2Nis.4Ss3, andFes oNis.9Ss 1; the latter two of which hee been reproduced frosection7.3

for comparison. The general shape of the low photon energy valence band spectra deviates
significantly from the hs = 150 eV and 240 eV
is ggnificantly diminished and the broad peak around 5 eV is relatively enhanced. The shape of the
spectra for thelosed pentlanditeample more closely resembthe Fes oNis 9Se 1 Spectra, rather than

the spectrdior Fes oNis 4Sg 3, since thedosed pentlante sample shows strong shoulder at 10 eV and

3 eV, espedb@eVbpectrumnisectiord.3thissstructure was attributed to sulfite and
sulfate speciesvhich were observed only in the.0Nis.6Se.1 sample. Since tise species are also
observed in the SpXspectrum for the dosed sample, this reinforces the proposition that the structure

at 10 eV and 3 eV binding energy is owing to the sulfite and sfeeies.
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There is a lack of distinct differences between the photon energy valence band spectra for
FesoNis9Ss.1 and dosegbentlanditesample, despite the dosed sample showing evidence of oxidation
of the Ni sties, which was not distinctly observedderdNis.¢Ss.1. The implication of this observation

is thatthe sulfite and sulfate species can be largely attributed-snllfite and le-sulfate species, and

that the nickel species are oxidised by formation of NiO or Ni¢g@pigcies.

(a) Fe, Ni, S
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Figure8.7: Photoelectronspct ra i n the valence bab0e&Vfordayi on col
Stoichiometric pentlanditéFe; sNis 4Sg 3) fractured in a nitrogen glove bag, (b) the same sample after 420
Langmuir HO vapour dosing, and (€)s.0Nis.0Ss.1. TheFesaNis4Ssz andFes gNissSe.1 Samples were
discussed isection7.3and are included here for comparison.
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8.1.6 Discussion

The results presented in this section show that a stoichiometric pentlandite surface which has been
exposed to 20 L HO vapaur has significant changes to the surface physical and electronic structure.
While the survey spectrum shows that the contribution due to oxygen has increased as a result of
dosing, the Fe and Np3and S p spectra show that the reactiortloé water vapur with the surface

has made changes to each of the surface sites. The mspacdra show that the Fe sites are oxidised
preferentially over the Ni sites, as has been seen in previous pentlandite samples in this thesis, and
numerous timepublished irliterature. The valencebandspeatr{ h3 = 150 eV) shows
at 3 eV, which is attributed to a combination of oxidised Fe and Ni species. A shoulder in the valence
band spectra of some other pentlandites has been obsesaxdion7.3at 2.6eV, andis attributed

to oxidised Fe species. With the increase in oxidised Fe species, evident in phepeetBum, and

the emergence of oxidised Niexies, this shoulder on the upper valence band spectrum developed

into a clearly defined peak at 3 eV in the ehgentlanditesample.

The S D spectrum showed the emergence of sulfitesf$@nd sulfate (S8 species, which occurs

with the decreasén surface 3coordinate and -¢oordinate monosulfide species. No significant
changes were detected which wergilattable to polymerised sulfur species, showing that the
oxidation of sulfur sites occurs largely at the surface monosulfide sites, ancesxitise species to
sulfite and sul fate sp®cihé¢saenndbaed spectravshpwhiistt on e
shoulders on the lower valence band around 3 eV and 10 eV, which are attributed to sulfite and sulfate
species. The comparisori the valence band spectra between the dpssdlanditesample and
pentlandite sampgéepresented irsection7.3 indicates that the sulfite and sulfate species asdylik
attributed mainly to the Fe sites, and that the oxidised Ni sites are most likely NiO or Ni(OH) species.

The presence of NiO or Ni(OH) species, and sulfite and sulfate spéies that the water molecule

is dissociating at the surface to react wviite pentlandite surface species. Some of thedddinate

and 4coordinate sulfur species are reacting and forming sulfite and sulfate species These are then
seen to bind mainly tohe Fe sites, which is unsurprising, as the Fe species are seen to oxidise
preferentially over Ni, which literature indicates is due to both the energetic preference for Fe to
oxidise over N{11, 13] and the migréon of Fe species to the surfdd@]. After 420 L dosing with

H>O vapour, the Ni sites are also seen to oxidise somewhat, although the results presented here
indicate that the sulfite and sulfate sgscare not binding significantly with the Ni, and it is therefore

possible that the Ni species are largely NiO or Ni(&8hecies.
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8.2 Polished pentlandite surfaces

This sample was cut from the same synthetic pentlandite as the samples presehsglart and

has a stoichiometry of EeNiseSeo measured by microprobe analysis as describegation3.1.2

The sample was prepared in the same way as the polished pyrrhotite sasgaomn5.2.1 The

sample was first shaped and polishethuwcreasing grit silicon carbide sandpaper and cleaned in an
ultrasonic bath with ultr@ure water between each polishing step. The sample was then polished on
a polishing pat with Jum, then % pmdiamond pa#t to achieve a fine polished surface. After
polishing, the sample was cleaned in the ultrasonic bath once more to remove any residual polishing
material. The sample was then inserted into the vacuum chamber of the endstation at the Australian

Synchrotron vere the following spectra were collec{@é].

The binding energy scale of the h3 ert0e¥.8he eV
strong leading edge ofthe2ph 3 = 260 eV spectrum was calibrat
S2hs = 1487 eV spectrum, assuming that the sp
as in the 1487 eV spectrum, but with difhg intensities. The SpXpectra were namalised to the

bulk peak to allow for comparison between the two samples.

8.2.1 Surveyspectrum for polished pentlandite

The survey spectrum for the polished pentlandite sample is shdviguire8.8 (solid, blue line) and
shows peaksreing from Fe, Ni, S, C and O species, with the gfiaation of these species shown

in Table8.2. The survey spectrum shows almost 40% contribution from carbon species, and just over
30% from oxygen species. The carbspecies @& expected to arise from a combination of
adventitious carboand introduced species from the polishing materials. The ratio of metal (Fe+Ni)
to sulfur recorded inrable 8.2 shows less sulfur than is expected from the bulk ré&tother
observations can also be madenirthe binding energies of the Fe and Igiggaks in the survey
spectrum. The Nif2peak appears as a sharp peak at 853 eV, consistent withseated for vacuum
fractured pentlandite surfaces@mapter6. There is also a shoulder on the high binding energy side
of the Ni 2 peak around 855 eV, which is likely due to either NiO spg@i&}s or Ni(OH). species

[4]. The Fe P peak appears around 711 eV, which is significantly highetitg energy than that

for F€'-S in pentlandite, observed at 707 eMJhapter6. FeOOH species are observed at binding
energies around 711 €¥7], indicating tfat the iron species are significantly oxidised at the surface

of the polished pentlandite sample

171



Chapter8: Pentlandite surfaces exposed to environmental conditions

Polished
- --pH1H,S0, 1 hour

...‘_p,..“-‘.‘-r‘\h gy ]

o Tl
J"‘J— 1 .'
/I

Intensity

1
[
LT

i
in . J

St I _" v
‘‘‘‘‘‘‘ "\__,.---.-_.r—h-i"--" = ---“,\"""ﬂq--r..--..f

! | ! | ! | ! | ! | ! | ! | ! ] ! | ! ]
1100 1000 900 800 700 600 500 400 300 200 100 0
Binding Energy (eV)
Figure88: Survey spectrum for synthetic pentl ar

Table8.2: Quantification of species observed in the survey spectrum faottehed synthetic pentlandite
surface shown ifrigure8.8.

Species | At%
Fe P 9.1
Ni 3p 8.5
Sd 11.8
O1s 30.8
Cls 39.8

8.2.2 S J photoelectron spectrum for polished pentlandite

Figure8.9a shows the 3p photoelectron spectrum for the polished pentlandite sample collected with
hs = 1487 eV. A peak has been fitted at 161.
literature [3, 5]. Due to the similar bindg energy with violarite peaks in literatte 2], this peak

hasteh ati vely been given the | abel i Alike oxidationi t e O,
product, rather than the mineral phase. Additional features were fitted at 163.6 eV, due to polysulfide

species, and at 166.8 eV, due to sulfite species.
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Figure8.9: S % photoelectron spectra collectedifio pol i shed pentl andite sampl
and (b) 260 eV.

TheSPspectrum coll ect ed wigurdd.9blard has a dghificandydiffents s h o
spectra shape to the bulk sensitive spectrum. Firstly, a linear background has been used in this
spectrum to account for the relatively large secondary elelstrckground and fitted to the region

below and abovthe S D spectrum. As discussed@haptel5, the intensity of the background is due

to the increase in inelastic scattering events of the escaped photoelectrons, which is a result of the
presence of r elementally distinct oviyer on the surface. This is considered evidence of an
overlayer which likely consists of the oxyhydroxide species observed in the survey spectrum. The
prominent peak in this surface sensitive spectrum is the vielkeétgeakfitted at 161.5 eV. Also

present is a significant contribution from polysulfide species at 163.5 eV, and sulfite and sulfate
species fitted at 167.1 eV and 168.6 eV respectively. This spectrum also required an additional
doublet fitted at a binding energy 164.0 eV, which contbutes to less than 5% of the fit, as seen in
Table8.3. This feature is in the binding energy region which can be attributed to elemental sulfu
[22], and its presence on the sample igeeted to be due to its entrapment within the 1seaiace

layer, as was seen for thelished sample ilChapters.
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Table8.3: Binding energy, peak width, and % contribut
260 eV S P spectra shown iRigure8.9. Binding energy and peak width (FWHM) are reported in units of

eVv.
hs =e¥487 hsa = 260 eV
Species BE (FWHM) % Species BE (FWHM) %
AVi ol al161.4(0.97) 442 A Vi ol al161.5(0.79) 32.0
Bulk 162.2(0.83) 49.8 | Bulk 162.2(0.88) 37.3
pentlandite pentlandite
Polysulfide | 163.6(1.3) 13.5 | Polysulfide | 163.5(14) 10.5
Sulfite 166.8(1.4) 2.5 Elemental 164.0(1.5) 4.5
sulfur
Sulfite 167.1(0.95 8.7
Sulfate 168.6(1.2) 7.0

There are notable similarities between the polispgahotite and polished pentlandite samples.
Firstly, the quantification of species from the @ndite survey spectrum reflect those for the
polished pyrrhotite sample. The values for carbon and oxygen (39.8% and 30.8% respectively) are
similar to thoseseen in the polished pyrrhotite sample (42.0% and 30.1% respectively). The S 2
spectra also sha similarities, with the rise of polysulfide species, and specifically the entrapment of
elemental sulfur, which is likely due to amorphous sulfur structutieeimear surface layers. These
similarities between the two samples indicates that the oxidataducts and structure of the surface

of these two oxidised minerals are similar.

8.3 Surfaces of pentlanditeexposed tgoH 1 H>.SOs for 1 hour

The following samfg was cut from the same pentlandite sample used for the polished pentlandite
results. This sane was polished using the method previously described. After polishing the sample
and cleaning to remove residual polishing materials, the sample was placéaaker with pH 1
H>SQy solution for 1 hour at ambient temperature. After the sample was rdnfimre the acidic
solution, it was carefully dried with a lufitee laboratory tissue, ensuring the analysis surface was not
contaminated, and mounted to a s&mpolder, which was then inserted into tAestralian

Synchrotron soft Xay beamlineendstatio [25].

The NEXAFS spectra iRigure8.13and images ifrigure8.14 were collectect the PEEM beamline
(BLO5B2) at the NSRRC as described in secB8dn[25]. The Fe and Ni L edge spectreere both

calibrated by comparison to spectra from the same mineral prepared using the same methods, and
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measuredtahe Australian Synchrotron softray beamlineThe PEEM images were collected with

a 450 um field of view. Images were taken with photoergies below the Fe and Ni absorption
peaks, showing primarily topography of the sample surface. These imagesse@r® remove the
topography from the images collected with photon energies at key features in the NEXAFS spectra,
such that only the dishution of chemical states remains in the resulting images. This background
removal was done using the method diégd in sectior8.5.1usingEq. 6). The resulting images are
shown inFigure8.14.

8.3.1 Survey spectrum for pentlandite in pH 1 BSOs

The survey spectrum for pentlandite in pHzBBx is shown inFigure8.10, with the survey spectrum

for the polished sample included for comparison. The survestrsipe from the sample reacted in

acid shows peaks from the same elements as was seen in the polisipdel ddotably, the
contribution from carbon species appears relatively greater, while the contribution from oxygen
species appears relatively less inpghkl pentlandite sample, when compared to the polished sample.
This is reflected in the quantificatiaf elements, shown imable8.4. This shows that overall, the
carbon species remains around 57% for both the polished an#i thes@mples, while the oxygen
species camibutes approximately 30% to the polished sample, and only approximately 15% in the
pH 1 pentlandite sample, indicating that some oxygen species have been removed by the exposure to
sulfuric acid solution. The quéfication in Table 8.4 also shows a decrease in Fe species due to
exposure to sulfuric acid solution, where the overall contribution has decreased, and the ratio of Fe
to Ni species has also decreased reldtvbe polished pelandite sample. Furthermore, the ratio of
metal to sulfur species in the sample of pentlandite exposed to acidic solution is much closer to the
ratio expected from the bulk, whereas in the polished sample, the ratio of metal tavaalhotably

higher than expected from the bulk. This may indicate a removal or Fe species simultaneous with the

removal of oxygen species.
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Figure8.10: Survey spectrum for synthetic pentlandite surfaces,= 1487 e V.

Table8.4: Quantification of species observed in survey spectrum for the surface of synthetic pentlandite in
pH 1 BSQ; shown inFigure8.10. The quantification from thpolished sample is included for comparison.
These values are taken frdrable8.2.

Species | At% | (polished)
Fe D 6.0 9.1
Ni 3p 7.7 8.5
Sd 13.3 11.8
O1s 15.3 30.8
Cils 57.7 57.2

8.3.2 S J photoelectron spectrum for pentlanditeexposed topH 1 H2SO4 for 1 hour

The S D photoelectron spectrum for pentlandite in pHz58; shown inFigure8.11a has a similar

shape to pentlandite cekevel sulfur spectra previously presentecCimapter6. The nain peak is at

162.2 eV and has been fitted with three symmetric peaks devigeldajter6 to model the high

binding energy tail. The low binding energy side ofrtie@n peak has a broad slope. This broad slope

was best fitted with two features at 161.1 eV and 161.6 eV, attributed to sutaceddnate sulfur,

and surface and bulk-@ébordinate sulfur, respectively, as determined previously in this thesis. An
attemptwas made to fit the low binding energy slopeéhna single feature, as was done for the
polished pentlandite sample, however the result was a poor fit, and an unreasonably large peak width
was required to achieve a somewhat reasonable fit. The % coomdtom 3coordinate, 4

coordinate and bulk-Boordinate sulfur are similar to those seen in vacuum fractured pentlandite
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shown in Chapter6, with a slight decreasin the 3 and 4coordinate components. This is
accompanied with the emergence of polysulfide, sulfite arfdtsudpecies. It is not simple in this

case to make the conclusion that the undercoordinated surface monosulfide species are reacting to
form polysulfide, sulfite and sulfate species, since the sample is expected to have taken the form of
the polished petandite sample previously shown. The surface structure of the polished pentlandite
sample showed significant deviation from that of vacuum fradtypentlandite, with a single
component at 161.4 eV replacing the two undercoordinated monosulfide spéeesofivacuum
fractured pentlandite, and to the spectrum showhignre 8.11a. Furthermore, the peaks fitted to

these surface monosulfide species are broader than those fitted to the vacuum fractured pentlandite
samples shown i€hapter6. A more likely pathway is that during exposure to acidic solution, the
surface layers of the polished pentlandite sample are either dissolved somewhat, to reveal a more
pristine pentlandite surfac or they are restruated to reproduce monosulfide species with similar
electron density around the sulfur atom as in Hte@dinate and-¢oordinate surface monosulfide

species seen in the vacuum fractured pentlandite samples.

(a) S 2p, hv=1487 eV (b) S 2p, hv =260 eV
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Figure8.11: S 2o photoelectron spectra collected from the sample of pentlandite in pAQ, Fbr 1 hour,
with hs = (a) 1487 eV, and (b) 260

The surface sensiti ¥FigureBldb has aBdbeen &ttéd wsthptleesurfaca 31 i n
coordinate, surface and bulkcéordinate, and bulk-Boordinatepeaks abinding energies of 161.1

eV, 161.6 eV, and 162.2 eV respectively. The relative intensity of these peaks shows that the 3
coordinate and-¢oordinate peaks have large contributions from surface components, whereas the
bulk 5-coordinate componembntributes only 20% of the total fit to the spectrum, shownTable

8.5. The hs = 260 eV spectrum required peaks t

species, i n agreement with the hs3s = 1487 eV sj
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required taachieve a good fit to the spectrum and was fittddbdtl eV; consistent with the elemental
sulfur fitted to the polished pentlandite surface desesispectrum. Although this feature only
contributes 2% to the total fit, it was not possible to obtain a good fit to the spectrum without this
feature, whichs subsequently attributed to elemental sulfur. The presence of elemental sulfur in the
S 2 spectrum for polished pentlandite, and polished pyrrhotit€vapter5 was attributed to the
elemental sulfur being physically trappley the sulfusrich near surfacéyer. This feature was not

seen in the pyrrhotite sample exposed to acidic solution, as thescifgurface layer forms a more
crystalline structure after exposure to acidic solution aridses its ability to trap theolatile
elemental sulfur spees. The presence of elemental sulfur in this pentlandite sample exposed to acidic

solution indicates that this volatile species is still physically trapped within the surface layers.

Table8.5: Bindingenegy , peak width, and % contribution from
260 eV S p spectra shown ikigure8.11. Bindingenergyand peak width (FWHM) are reported in units of

ev.

hs 87eV4 hs = 260 eV

Species BE (FWHM) % Species BE (FWHM) %
Surface 3 161.1(0.73) | 10.9 Surface 3 161.1(0.72) | 15.1

coordinate coordinate
Surface & bulk | 161.6(0.77) | 24.3 | Surface & bulk | 161.6(086) | 26.2
4-coordinate 4-coordinate

Bulk pentlandite | 162.2(0.75) | 56.6 | Bulk pentlandite | 162.2(0.77) | 20.7
Polysulfide 163.3(1.2) 3.5 Polysulfide 163.2(1.3) 19.7
Sulfite 166.8(1.2) 2.2 | Elemental sulfur | 164.1(1.2) 2.0
Sulfate 168.9(1.6) 2.5 Sulfite 166.8(1.2) | 3.7
Sulfate 168.7(1.2) 12.6

8.3.3 Fe and Ni corelevel spectra

The Fe P spectrum for pentlandite exposed to pH 258k solutionfor 1 houris shown inFigure

8.12with the Fe p spectra for Pnl and Pn2 vacuum fractured samples, repeateGtiapte6. The

main 22 peak for the pentlandite sample in acidic solution is at 707 eV, which is consistent with
the peak in the spectra for Pnl and Pn2. In comparison to the vacuum fractured spectra, there is an
increase in intensity in the spectrum around @Pwhich shavs the development of BeO species

as a result of polishing and subsequent exposure to acidic sqRifjofThe main ps2 also appears

to be less intensedh in the vacuum fractured sample, which is owing to the stronger background in

the spectrum for this sample. This may be due to thedysteeity of tle iron species throughout the
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pentlandite samplf28], as the oxidised Fe species are expected only at the surface or in the near
surface region, whereas the bulk is expected to consist-8f Réthough the shape of the Fp 2
spectrum forpentlandite exposed to acidic solution is similar to those of the vacuum fractured
samples, the peak binding energy is significantly shifted from that of the polished pentlandite sample,
showing that the exposure to acidic solution has albieteffect inremoving the FeOOH species
observed in the survey spectrum of polished pentlandite, revealing a surface which largely consists
of Fe-S species, with a small contribution from'F© species.

LN L L L L L L L L B L L B L AL LR LR L L AL L L B
(@) pentlandite in pH 1 H,SO,, hv = 1487 eV (b) ——pentlandite in pH 1 H,SO,, hv = 1487 eV
—"Pn1", hv = 1400 eV ——"Pn1", hv = 1400 eV
—"Pn2", hv = 1530 eV ——"Pn2, hv = 1400 eV
2 2
‘® ‘@
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g k)
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© ©
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730 72|5 7&0 7‘|1 5 7; 0 7(|)5 700 875 870 865 860 855 850 845
Binding Energy (eV) Binding Energy (eV)

Figure8.12 (a) Fe p spectrum and (b) Nif2spectrum for pentlanditexposed tpH 1 HSQ: for 1 hour,
compared to "Pnl1"and "Pn2" fro@hapter6.

The Ni 232 peak for pentlandite exposed to acidic solution has a peg3ad eV, consistent with

the 232 peaks for the vacuum fractured pentlandite samples, also shdwguine8.12b. The shape

of the 2 spectra for the three samples shown are almost identical, and the spectrum for pentlandite
expcsed to acidic solution differs only in a slight broadening of the main peak, which may indicate
increasing disorder in the sulfur ligands binding to the nicléher than a significant change to the
bonding or oxidation state of the Ni sitésgrand, Bancroft and Nbitt [4] observed the Ni 2
spectrum for pentlandite exposed to pH 9.3 solution after 60 minutes to have a decreased peak at 853
eV, with an increased intertginear 856 eV, owing to Ni(OHkpecies. After 90 minutes in pH 9.3
solution, the peak at 856/ehad increased further, and additional intensity was seen at 857 eV,
attributed to NiS@specied4]. The survey spectrum for polished pentlandite showed a shoulder on
the high binding energy side of the N Beak,around 855 eV, which may indicate the presence of

NiO or Ni(OH). species for a pentlandite sampbolished in air. There is no clear evidence for
oxidised Ni species for the pentlandite sample exposed to acid. Therefore, as was seen for the Fe
species, theoxidised species that were observed for the polished pentlandite sample have been
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removed by eposure to sulfuric acid solution, revealing a surface in which the metal sites resemble
the metal sites of bulk pentlandite. In the case of the Ni sites,ithececlear evidence of oxidation
of the Ni sites, whereas the Fe sites show some oxidationesp@tce again reinforcing the

proposition that the Fe sites oxidise preferentially over the Ni sites.

This idea is once again reinforced by the Fe and Ni AlEEXspectra for pentlandite exposed to acidic
solution, shown ifFigure8.13a and b, respective[25]. The shape of the Fe kspectrum, shown in
Figure8.13a, deviates from thspectrum for Pn2, shown Figure6.13 in Chapter6. Both spectra

show the main peak around 707 eV, howewdike the Pn2 Fe 43 spectrum, the acid exposed Fe L
edge spectrum has a strong shoulder erttain peak, around 708 eV. A similar shoulder was
observed for the Fe L edge spectrum for the pentlandite sample used pentlanditeresonant
valence banih section7.2, for which the shoulder at 708 eV was attributeBdt oxidised species
(Figure7.5). As was seen for this previous pentlandite sample, the L edge NEXAFS spectrum was
much more sensitive to the presence df Bpecies than the photoelectron spectrum due to the
overlap of the P& peak in the photoelectron speatr with the F& multiplet structure. This is also
observed for the current sample exposed to acidic solution, which has minor evidence in the
photoelectron spectrum of oxidised Fe species, but the strong shouldet iadpe spectrum gives

clear evidene of oxidised Fe species in the sample. In contrast, the shape of thg NEKAFS
spectrum shown irFigure 8.13b has no observable difference to the Ni L edge spectra of the

pentlandite sampg$eshown inFigure6.13b or in Figure7.6.

@) (b)

Intensity (TEY)
Intensity (TEY)

—T T T T T T —T T T T T T T T T T T T T T LA AL L L L R L L LR LR LR L L AL L R B LR R L L L
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Figure8.13: (a) Fe lz,3absorption spectrum, (b) Nkk absorption spectrum for pentlandite in pH 1
H2SQOy soluion for 1 hout
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PEEM images of the sample were taken at key energies from the NEXAFS spéttar@B.13

[25], and have had a background image, taken from below the absorption sapeddo reveal the
distribution of chemical species, rather than the surface topography, with bright regions representing
stronger intensity of that species, and éanlegions showing less intensity. The images shown in
Figure8.14a, b and c are collected with photon energies corresponding to the Fe peak, the Fe shoulder,
and the Npeak, respectively. The distribution of'Hpeak at 707 eV) and Eegshoulder at 708 eV)
species is seen to be remarkably similar across the sashplwing that these species largely occupy

the same space. The bright regions in the Ni imageure8.14c occupy the alternate regions to the

Fe species; however, Ni species can be seen across the whole field of view amhie. She
alternating Fe and Ni regions may be due to the orientation of the pentlandite grains, which could
possbly reveal more Fe or more Ni species at the surface. However, this is not considered to be likely,
asXiong, Lu, Li, Cheng, Xu and Li [1Zhowed that pentlandite exposed to molecular oxygen caused
the Fe atoms in pentlandite to migrate to the surface of the mineral to form a thin layefef Fe
leaving a Nirich core. Considering this, it more likely that the alternating patches of Fe and Ni on

the surface of the sample showrfFigure8.14 show regions which are more or less oxidised, where

the bright Fe regions show where more Fe species have migrated to #ue sofiorm oxidised Fe
species, while the bright&li regions show where the sample is less oxidised and retains a more even
stoichiometry. This patchy oxidation may subsequently be a result of the orientation of the crystal
structure in the pentlanditesple, as different crystal orientations have besmsndo affect the
oxidation rate of other sulfide minerd9]. Although these results do not definitely describe why

the oxidation of the surface varies, they do show that the oxidation is not homogeneous, even for a

sample which is polished to a smooth swfac

Figure8.14: PEEM images collected at photon energies corresponding to (a)deak (706.8 eV),
(b) Fe Ls shoulder (708.2 eV) (c) Nidpeak (853.2 eV).
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8.4 Discussion and comparison of oxidised penttalite samples

The three samples shown in thlsapter represent pentlandite samples at various stages of oxidation
and show the products on the surface that result from oxidation under those conditions. The first
sample was cleaved in an inert nitrogen @phere and dosed with 420 L of@Hvapour undr a
controlled environment. Compared to the other two samples in this chapter, and many examples of
pentlandite in literature, this represents a relatively small exposure to water vapour, and negligible
exposue to other external oxidants. Therefore, thised sample gives an indication of the initial
stages of oxidation of a pentlandite surface exposec@ Hhe results showed that the Fe sites
oxidise preferentially over the Ni sites, as previously obsE2«5, 12, 21] However, evidence of
alteration of the Ni sites was also observed as a slight shift in the peak in the more surface sensitive
spectrum, but this peak wassgnificantly lower binding energy thameviously recorded peaks for

NiO species. The sulfur spectrum showed that the surface monosulfide species reacted wi@h the H
vapour to form small amounts of sulfite and sulfate spewibih were seen to bond to the Fe sites.

The reconstruction of theurface due to exposure te® vapour did not result in the formation of

any disulfide or polysulfide species, but instead showed that the reactiog©ofapour with the
fractured surfae converted the surface monosulfide species to sokyspecies, wich attached to

the Fe sites, but not the Ni sites.

The polished sample is the most remarkably different of the three samples provided in this chapter.
The violaritelike component in th sulfur 2 spectrum and development of disulfide and polysulfides

is a strong indication of significant restructuring of the surface, as is the notable shift to higher binding
energies of both the Fe and Ni@re level shifts, showing strong contributsdrom FeOOH species,

and NiO or Ni(OH) species, respectively. Irmmparison, the pentlandite sample exposed to acidic
solution after polishing shows relatively little variance from the fractured pentlandite surfaces shown
in previous chapters. The Fe Bhotoelectron spectrum showed little evidence of oxidation, aside
from a slight increase in intensity at 710 eV, compared to the vacuum fractured samples. The Fe L
edge NEXAFS spectrum was more revealing df Bpecies, with a clear shoulder to the nfaéh

Ls peak, due to Pespecies. In contrast, the Nd photoeletron spectrum showed no clear evidence

of alteration of Ni species from vacuum fractured samples, and this result was mirrored in the Ni L
edge NEXAFS spectrum. The $ gectrum for th@entlandite sample exposed to acidic solution is

the most revealingfats variance from pristine surfaces. While the@Ss@ectrum once again shows
peaks attributable to-8oordinate and -¢oordinate monosulfide species, there are also significant
contributions to the spectrum from polysulfide species, sulfite and sudfaeies, and a small
contribution from elemental sulfur, revealing the changes that have occurred to the surface of

pentlandite during polishing and subsequent exposure to acidic solution
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The changes to the pentlandite surface due to polishing andstisequent exposure to acidic
solution follow a similar pattern to those of pyrrhotite under similar conditions, discusSedter

5. It is well established in literature that Fe sites oxidise preferentially over Ni sttes pentlandite
lattice, and this result is replicated in the data presented in the current chlapteample dosed with

H20 vapour also showed evidence of alteration of the Ni gMésough the survey spectrum of the
polished pentlandite sample hatbsig evidence of significant oxidation of both the Fe and Ni sites,
after exposure to acidic solutiponly oxidation of the Fe sites could be detected. These results
indicate that exposure of the sample to acidic solution effectively removes the okidised Ni
species from the previously air oxidised pentlandite surface to reveal metal specieavgalsh
resemble bulk pentlandite. The exception to this is the small oxidised Fe species which remain and
were detected in the Feddge NEXAFS for pentlaite exposed to acidic solution. This small
contribution from F# species is thereford@ther dueto exposure to acidic solution, or may have
formed in the short time between removing the sample from solution and placing it in vacuum in the
beamline enskation. The formation of oxidised Fe, but not Ni species, is explained by the propensity
for Fe speies to migrate to the surface of the sample and oxidise preferentially over the Ni species.
The removal of oxidised metal species drives the equilibrionwtich the sample responds by

oxidising more Fe species in preference over Ni species.

The oxidaton of metal species at pentlandite surfaces is likely affected by structure of the sulfur
species at the surface. The pentlandite sample dosed withvéparr showed remarkably little
deviation in sulfur species from the more pristine pentlandite samalgsad insection6.3, where

the biggest observed change was the conversion-ajofllinate and -¢oordinate surface
monosulfidespecies to sulfite and sulfate spescik comparison, the $3pectrum for the polished
pentlandite sample showed significant restructuring of the lattice, to create a vikKarite
coordinate monosulfide peak in replacement of the surfaceoflindge and 4coordinate
monosulfide compaents of more pristine pentlandite surfaces. The polished pentlandite sample also
had significant contributions from disulfide and polysulfide species, with some evidence of elemental
sulfur, likely trapped by the extsive polysulfide layer, as was seem the polished pyrrhotite
sample. The pentlandite sample which was exposed to acidic solution showed the restoration of low
binding energy peaks attributable tec@ordinate and 4oordinate surface monosulfide species
indicating a return to a surfacelstture which more closely resembles a pristine pentlandite surface.
However, this surface still showed strong peaks due to a polysulfide layer, in addition to sulfite and

sulfate peaks.
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The polysulfide layer on theeptlandite sample exposed to acidituion may be hindering the
oxidation of metal states which would replace those removed from the surface during the acidic
exposur e. The understanding that pol ysuddcd i de
was reasonably ubiquito{0-32]. However, in more recent years this idea has been challenged, and

it has been suggested that rather thaa prassivation, polysulfide layers cause psepa@ksivation,
obsered as a decrease in dissolution [8%. Thomas, Jones, 8ler and Smart [34dbserved a
change in dissolution rate of pyrrhotite as a result of the composition of the outermost surface species.
The initial dissolution of the outermost FeOOH layer is quick, but as that lasena/ed and the
remaining outermst layer is a metal deficient polysulfide, the dissolution is inhilfiddl As the
oxidised Fe and Ni species, observed on the polished pentlandite sample, are removed by exposure
to acidic solution, the replacement of these species with axidesed metal species is inhied by

the extensive polysulfide layer, which is removed from the surface at a much slower rate. It is
subsequently possible that the Fe species oxidise preferentially over the Ni species due to their
mobility within the latice, as observed bYiong, Lu, Li, Cheng, Xu and Li [12]This explanation

also accounts for why the Ni species in the pentlandite sample dosed-Wittabour shows some
evidence of alteration of Ni sites, despite tHatieely low dose. The S@spectum for this sample
showed no strong evidence of a polysulfide layer, therefore there is no polysulfide layer to inhibit the
oxidation of metal species. Furthermore, since there is less alteration of the surface ofdhe dose
pentlandite surface, there &ssk opportunity for the Fe species to diffuse to the surface, resulting in

some minor changes to the Ni sites.

A key outcome of this study is the observation of the extent of the alteration of pentlandite surfaces
due to plishing and subsequent exposto@cidic solution, in particular. The results in this chapter
have shown that thgolishedsample has the most altered surface in comparison to vacuum fractured
pentlandite, and that the sample exposed to acidic soludi@omparatively similar to priste
pentlandite surfaces, with some key differences, as discussed. Yetpkpeét2um for the polished
pentlandite sample in this chapter was the most similar to pentlangitepe@ra shown in literature

[2, 3, 5]. The violaritelike S 2 peak fitted at 161.4 eV was observedaiark by Goh, Buckley,

Lamb Fan, Jang and Yang [B increase with subsequent oxidation, and is shown here to be a
product of significant oxidation in air due to polishing, but is not observed in the sansglé dith

H>O vapour, or the sample exposed to acidic solution. Thsvs that previous studies which
investigate pentlandite surfaces have likely not fully appreciated the changes which occur to surfaces
as a result of sample preparation. This stems thenearly studies on pentlandite, which use abrasion

to create repragtible surfaces, in the absence of natural fracture or cleavage planes. Without the

sample preparation techniques required to achieve pristine surfaces, and high resolution spectroscopy,
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the features of pristine pentlandite surfaces have not been obserdede features which have been
remarked on in literature have been a subject of discug3ibn35] The results presented in this
chapterand their comparison to the pristine pentlandite surfaces presented elsewher¢hiesis,

are crucially important to show the extent of surface oxidation which occurs when pentlandite

samples are exposed to air and to acidic solution.

8.5 Conclusion

This chapter has presented pentlandite samples oxidised in three different waysedracan inert
nitrogen atmosphere the oxidised using a controlled dose of 420 L (420 secb®tigorr) H.O

vapour, polished in air using up to ¥s um diamond paste, aighpd then exposed to pH L%

solution for 1 hour at ambient temperature. The results from the dosed sample showed that even in
the initial stages of oxidation, the Fe species oxidise mapilly than the Ni sites. Polishing the
pentlandite sample caed the most alteration to the surface, which included a vieléetesulfur

product in addition to an extensive polysulfide layer which accompanied oxidised Ni and especially
Fe species. Exgsure to acidic solution effected the removal of the oxidisethinspecies and the
violarite-like sulfur species, returning the monosulfide species to something more closely resembling

pristine pentlandite, yet the polysulfide species remain.

Although itis well established in literature, this chapter has furthewshthe propensity for Fe
species to oxidise preferentially over Ni species due to their ability to diffuse through the pentlandite
lattice. The possibility of this diffusion being hindered dy extensive polysulfide layer has been
discussed, and is a &k cause of the oxidation of Fe species, but not Ni species, in the sample
exposed to acidic solution, after the FeOOH and Ni¢Giggcies were removed from the polished
sample. The absence pdlysulfide species on the dosed sample is likely linkedealtteration of

Ni sites, as the minimal restructuring of the surface prevents the diffusion of metal ions through the

lattice.

This chapter has characterised the surfaces of pentlandisbgubiin air and subsequently exposed

to acidic solution, and bgloing so in comparison to pristine and near pristine pentlandite surfaces,
has shown the extent of surface alteration experienced by samples prepared in such ways. Although
the polished samplehowed the greatest alteration from pristine and near prsinf@ces, the Sp2
spectrum was the most similar to those seen in previous literature. The understanding provided by the
results in this chapter of the changes which occur to pentlanditeesii§aa significant contribution

to scientific knowledge andilvinform future studies of how sample preparation affects the surfaces

of pentlandite samples and similar materials.
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9 STXM 1 ANEW METHOD OF MINERALS ANALY SIS

This focus of this thesis has been the analysis of photoelectron spectra for the sulfide minerals
pyrrhotite and pentlandite under both pristine and oxidative conditions. As demonstrated in previous
chapters, the implications of accurate and detaiedysis of spectrareprofound for many fields of
research. The most pertinent for the sulfide minerals pentlandite and pyrrhotite are for separation of
minerals phases by froth flotation for minerals processing, the catalytic activity of the surfaces of
thee minerals, and the effect of their leaching on acid mine drainage. For each of these fields of
research, theurfaceof these minerals and their interactions with the environment play a key role in
their reactions. Hence why so much focus has beeendo the surface electronic structure in

previous chapters.

While the application of the knowledge explored in this thesis so far may have profound effects on
other fields of research, the direct application of these minerals is not the ultimatetiorobehind

this work. One of the aims of this thesis is to impress upon the reader the level of detail which can be
obtained from spectra, and that a little more than an initial observation of data may reveal a deeper
understanding of the samples that being analysed. This has been a driving motivation of the
previous chapters; using materials of possible interest to investigate ways to form a deeper

understanding of the materials using existing techniques to their greater potential.

A deeper understaling of materials may be gained from microscopy techniques in addition to
spectroscopy techniques, and even more so, techniques which combine both aspects simultaneously.
For many fields of research, the location and distribution of chemical species astasace is
profoundly important for the activity of that surface and its application in industry or devices. For
example, the distribution of surface species on a catalyst may explain the activity, inhibition, or
stability of that catalydtl]. Similarly, the distribution obxidation species on a mineral particle may

affect the flotability[2]. Other microscopy techniques have been applied to sulfide minerals and
similar systems with success, some ofshh#dso provide chemical information, such as scanning
electron microscopy (SEM) when coupled with energy dispersikayXpectroscopy, Auger electron
spectroscopy (AES), and scanning tunnelling microscopy (STM), to name a feVi3]saed

references therein).

A relatively new advancement in microscopy techniques is Scanning Transmissiap X
Microscopy, which ombines microscopy and spectroscopy with spatial resolution of up to 10 nm

[4]. STXM uses photons in the softrdy regme, which includes the K shell absorption edge of light
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elements such as carbon, nitrogen and oxygen, and the L shell absorption edges of many heavier
elements, including the first row transition metdleerefore, soft Xray techniques are sensitive to
many elements commonly found in biological or mineral samples and are useful for a wide range

research fields.

The low radiation dose (compared to higher energy imaging or spectroscopy techniques) makes
STXM more appropriate for soft matter samples. Addily, the soft Xrays of STXM fall within

t he fAwater windowo, whayshbetweeatheeCrK edgs (arbunch28Cep)aa e n
the O K edge (around 530 eV). These properties make this technique highly favourable for analysis
of a wide range fosamples, such as biological sampl&g§, ard organic matter found in marine
sedimentd6]. The sensitivity of the soft Xay regime to the carbon K edge makes it particularly
powerful for analysis of carbon based materials, such as for mapping soil comg@hentspping
componerg of DNA, RNA and proteins in mammalian cel[8-10], mapping carbohydrates,
polysaccharides and lipids in biofilnp$1], and investigating the struce of rubrene hydrocarbon
semiconductor$12]. Some of these studies have showed that such an analysis has potential for
guantitative or serajuantitative mapping of such specjés9-11, 13, 14]

There have been a few examples of applying STXM to mineral systems. For example, STXM has
been used to study microbial induced calcification, by studying the C, N anddgds, and Ca L

edge of mineral dmosits[15]. Al-containing mineral nanoparticles have been characterised and
mapped in aqueous solutions containing microbes, and the interactions between the microbes and the
Al-containing mineral particles invégated[16]. The semiquantitative aspect of STXM has also

been used to study the¥#e*" ratios of silicates collected from different geological sites to show

the spatial distribution of these ratios on the-subrometer scalgL7]. However, despite the potential

offered by this technique, the chemical s@wity to first row transition metals, and the possibility to
investigate hydrated samples, STXM has not been used extensively for studying mineral systems, and
has not yet éen applied to sulfide minerals.

This technique offers a new opportunity toabse sulfide mineral samples in a more natural
environment. Many of the techniques currently used for spectroscopic or microscopic analysis of
mineral samples, require the galmto be in vacuum, or highly processé&te real benefit of STXM

which sets itapart from other techniques is the ability to analyse samples in more natural
environments, such as in air, or sealed within solution. Unlike other simiftal Xpectroscopy
techniques, the Xays only have to pass through a small distance betweengetkigrbeamline and

passing through to the detector. This allows samples to be analysed at atmospheric pressure, either in
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air or in anevacuated chamber backfilled with heliwwhich is transparent in the softrdy region.

This allows for the effects ofubjecting a sample to vacuum environments to be eliminated, and
hydrated samples to be investiga{@é8d], with a particular interest in biofilmgl4, 1921]. The
challenges of adapting a relatively new technique to a different set of sargnes trivial, and the

few examples in literature of STXM used for mineral samples examine mineral nanopégtécles
16], or sanples which have been thinned using a focussed ion [Egnirherefore, the aim of this
chapter is to explore the viability of using STXM for sulfide minerasearch; to identify the
advantages and challenges of ttashnique in simple sulfide mineral systems, and the effect of
analysing samples in a dry environment vs a hydrated environment is explored. This chapter also
identifies the possibility of idengifng minority species in samples, and contributes to a sksmoi in

the literature about the origin of a pedge peak in the Cuslabsorption spectrum for the copper
sulfide mineral chalcocite (G8). Finally, this chapter will highlight the possibility extending the
research capability to in situ analysisetéctrochemical systems, thereby encouraging the use of this

technique to extend the possibilities for minerals research.

9.1 Methods

The data presented in this chapter was collecteittzrthe Sdt X-ray Spectromicroscopy (SM)
beamline (101B1) at the Caadian Light Source (CLS) in Saskatoon, Canada, or the PolLux beamline
at the Swiss Light Source (SLS) in Villigen, Switzerland. Both beamlines are described in section
3.6.1and the beamline which the analysis of each samplecaaed out is noted for individual
samplesSamples were prepared on 100 nm thick silicon nitride membrane windows from Norcada

(www.norcada.com The electrocemical membranes had printed Au electrodes, designexhby

International consortiurfR2] for use in an early design of a flow through electrochemical cell, and
were manufactured by Norcada.

All analysis of spectra, images and stacks was performad tiee Axis2000 software (analysis of
X-ray Images and Spectri@3]. The photon energy at the CLS beamliiig not require correction,
however this was checked by comparing a Cu L edge spectrum from chalcocite to that previously
published[24]. The photon energy of the SLS beamline required a correction at the Cu L edge of

3.5 eV, which was applied to each spectrum and stack.

Since sample thickness a concern for STXM, the samples presented in this chapte prepared
by grinding the chalcocite to a fine powder using a mortar and pestle, to reduce the particle size, then
mixing with solution before either drop casing the sample onto a sampér haldl allowing it to dry

(dry samples), or sealing the pele and solution between two windows using epoxy adhesive around
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the edges of the window (hydrated samples). The pH of each solution was adjusteeS@ittoH

KOH in ultrapure water before theaund mineral was added. Some solutions include a small
quantity of sodium ethyl xanthate (GBH.OCSNa, referred to in this thesis as NaEX), with a
concentration of up to TOM. This was part of an attempt to observe the interaction of the ethyl
xanthateligand with the chalcocite surface. In general, the xdatbalution was found to be too
dilute to observe a carbon signal, and this detail is therefore not a focus of this chapter. However, it
is noted for each sample, and the effects of the xanthatesarecontemplated in sectidh3.2

9.2 Advantages and challenges of using STXM for minerals

The reasons driving the analysis of mineral samples using STXM@&clubhe t echni quec
sensitivity, spatial resolution, but most importantly, the ability to analyse samples in atoral n
environments such as in solutions relating to flotation, mineral leaching, or oxidative solutions, such

as those analysed @hapters and8.

Since STXM gathers soft-xay NEXAFS spectra, thitechimque is highly sensitive to changes in the
sample. The Cu d.absorption edge is particularly sensitive to copper oxidation state. The L edge
spectrum for divalent copper has a distinctive sharp peak around 931 eV attributed to the excitation
of 2p electrors to the 8 valence band, whereas monovalent copper has a less intense, broader
structure around 936940 eV, due to the excitation op 2lectrons to 4stateq25]. In the ground

stae, divalent copper has mostlyd3character, hence the final state is mogpgd'®, however in
covalent compounds, there is a mixture @¢¥@nd 31*°%L ground states, approximately 60% and 40%
respectively for CuO, which correspondp3d'® and2p3dL final staes[26-28]. The energy fthe

sharp divalent absorption peak is lower than the broad monovalent structure due to the Coulomb
interaction between the filledd3band and the 2 core hole in the final state,hich causes a
localisation of the @ states, thereby reducing the enerfyhis final statg27, 28] For monovalent
copper compounds, the ground state is predominadtRcBaracter, and therefore electrons cannot

be excited to thed®band,hence the structure is due to @mls and2p4s’L final states, which are
significantly mixed with the sulfur ligandp3tateq25, 27, 28]

The spatial resolution offered by this technique is also potentialigréggeousor various fields of

mineral research. Froth flotation in particular relies on the hydrophobicity of individual particles to
separate mineral phases. The distribution of hydrophobic and hydrophilic species across a particle
may have a profouneffect on he overall flotability of a particle, but is a difficult subject to study.

By using techniques which map the spatial distribution of chemical species across the mineral, a

deeper understanding of these effects can be g0eR1L].
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The aim of this section is to showcase the potential for STXM to be used to investigate the chemical
species on a sulfide mineral sample, and how these change across different sample environments.
This section highlights thability of STXM to identify distribution of species across a sample, and
analyse samples in either dry or hydrated environments. A discussion of these advantages and the

challenges associated is included, with proposed methods to counteract these shallenge

9.2.1 Simpleanalysis reveals spatial distribution of species

STXM canacquirethree types of data; spectra, 2 dimensional images, and 3 dimensional stacks,
which incorporate images and spectra, and from which spectra eaqiieedfrom each pixel. The
following sampe is a particle of chalcocite (%) which has been prepared in a pH 4 xanthate
solution and dropped onto a single silicon nitride window and allowed to dry. This sample is used to
show that a simple measurement of a sample with a combindtspectra ad images can provide

a reasonable and quick analysis of a sanifie. data for the following sample was gathered at the
SLS PolLux beamline.

The image irFigure9.1a is a 2D image collected at a phoemergyimmediately belowthe Cu L
absorption edge, shown in transmission mode, where bright regions show high photon transmission,
and darker regions represent areas of thicker sample or greater abstwptitnCu species. The
image is converted to opéitdensity, usindeg. @), and is shown ifrigure9.1b. The blue line in

Figure 9.1b indicates a line from which a line scan was collected. The line scan generates a
transmission sgctrum at each pel, which can be converted to an absorption spectrum using an
appropriate d signal. For this sample, an externasignal was chosen, and is shown in the inset to
Figure9.1c, since the spectrum from the regmutside of the particle showed some structure due to

Cu' species. The averaged spectrum over the particles is shéigune9.1c.
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Figure9.1: (a) Transmission image ohalcocite particle collected at 926.5 eV, just belowGhe;
absorption edge. (b) Optical density image of chalcocite particle. (c} €abkorption spectrum averaged
over the blue line indicated in (bitset spectrum is the externaklgnal used t@onvert the spectrum to OD.

The averaged spectrum shoavbroad peak around 935 eV, with a smaller peak at 932.4 eV, and a
shoulder at 931.2 eV. Since the intelesiof these three spectral features were observed to differ
relative to one another in tispectra averaged over smaller areas in the line segnatl temporarily
assumed to be due to different chemical species. Images collected at these distinct photon energies
can show the distribution of these chemical states, as shdviguire9.2. The images ifrigure9.2a

c are taken at the photon enespf interest indicated in the spectrumARigure9.1c, as shown by

their respective colours.

Figure9.2: Image ofchalcocite particles converted to optical density, collected with a photon energy of (a)
931.3 eV, (b) 932.4 eV, (c) 935.2 eV, and (d) RGB overlay of (a), (b), and (c) respectively. Scale = 1 pm.

Figure9.2 shows that the species represented at 931.3 eV (which is the reg@u fepecieq27,

28, 32, 33] are arranged somewhat in clusters on the sample, whereas the species re@mesented
932.4 eV and 935.2 eV are distributed across the wholleadii® sample, but with differing
intensities. This is most clearly visible in the 1ggeéenblue (RGB) overlay image iRigure9.2d,

where the sample appears a mixtofegreen/blue, representing the imagesFigure 9.2b & ¢
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