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ABSTRACT

CHEMICAL SPECIATION OF IRON AND COBALT DOPANTS
IN AN INDUSTRIAL NICKEL OXIDE SYSTEM
Andrew Sacchetti
University of Guelph, 2019

Advisor:
De-Tong Jiang

The work presented is an X-Ray Absorption Fine Structure (XAFS) investigation into the
speciation of cobalt (Co) and iron (Fe) dopants in Vale-INCO’s industrial doubly doped nickel
oxide (NiO) system. The goal of the XAFS investigation was to reveal the local atomic
structure(s) and species of the dopants. This information is a pre-requisite for investigating
possible effects each respective dopant may have on Vale-INCO’s extraction yield of Nickel (Ni)
from their NiO feed materials. This study utilized powder x-ray diffraction (PXRD), x-ray
absorption near edge structure (XANES) and extended x-ray absorption fine structure (EXAFS)
experimental techniques respectively. It was determined from the XANES and EXAFS
investigations that Co2+ is substitutional for Ni2+ with a locally compression of its octahedron.
While the XANES investigation revealed that the iron dopant present is a mixed valence of Fe2+
and Fe3+.
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Chapter 1
Introduction
1.1 Motivation & History
The project that motivated this thesis work was driven by Vale-INCO’s nickel (Ni)
production. Nickel alloys currently possess a wide variety of uses such as stainless-steel
production used for infrastructure and manufacturing. Whereas, nickel oxide (NiO) is used in the
production of catalysts, in the enamel industry, in the glass and ceramic industries, in
manufacturing of ferrites for the electronics industry and for nickel plating [23, 29]. Nickel and
NiO are essential materials, which is why the production of these materials to a high degree of
purity is of the utmost importance. Vale-INCO is the world’s largest producer of nickel [24].
This nickel mining industry is a driving force in the northern Ontario economy [39]. However,
due to the depletion of nickel ores in Sudbury, Ontario, Canada, Vale-INCO have begun to mine
nickel from new global sites, with a different geological chemistry than Sudbury. Vale-INCO’s
current nickel reduction process was designed and implemented for the mining of nickel ores
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from Sudbury [26]. This reduction process of the nickel ores from mine sites not located within
Sudbury have resulted in unfavourable nickel yields in comparison to that of the yields of nickel
from their Sudbury mining sites [10].

Traditionally, the reduction of metallic Ni from a NiO bulk feed material is done by means of
the Mond process [26]. The Mond process, developed in 1890, is still to this day one of the main
processes by which high purity Ni is extracted from NiO. By happenstance, Mond discovered
that carbon monoxide (CO) at temperatures in the range 40-100°C reacted with the Ni present in
his material. The Ni would then selectively form gaseous Ni(CO)4 which he called nickel
carbonyl. This process he found to be reversible at 200°C with by-products of extremely pure
nickel and CO [25]. For efficiency, the CO can be recycled to repeat this process [26]. In due
time, the commercial benefit of this process was discovered by INCO and tailored for increased
yield and efficiency by performing the reaction at a higher pressure (proprietary pressure value)
[23].

Vale-INCO’s nickel is extracted from their NiO feed material via a proprietary carbonyl
purification process [23, 26] from the general process shown in the chemical equations (1), (2)
and (3) listed below.
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It should be noted that formation of Ni(CO)4 from Ni requires a skillful processing of the ValeINCO NiO feed material [11]. The Vale-INCO NiO feed material is first reduced to nickel with
H2 gas at approximately 450°C. The reaction of the Vale Ni with CO to Ni(CO)4, is carried out
in two types of batch reaction with CO at temperatures ranging from 120 - 150°C [9, 11]. The
final batch reaction of the process produces pure nickel as a product, the goal of this nickel
purification process.

However, Ni is known to form stable alloys with iron (Fe) and cobalt (Co) [2, 9, 11]. In
the context of nickel extraction by CO the formation of alloys has the potential to render large
amounts of metallic Ni unreactive, preventing a favorable extraction yield [2, 9]. The analogous
effect can operate for oxidic feed materials; nickel oxide (NiO) is known to form solid solutions
with MnO, FeO, and CoO [2, 9]. These solid solutions may be either resistant towards reduction
or may form alloys upon reduction [9, 28]. As mentioned above, Vale-INCO’s current nickel
extraction process has resulted in lower extraction rates from certain mine sites in comparison to
their Sudbury mine sites. This decreased yield poses a very serious problem for Vale-INCO’s Ni
mining industry. Investigation by Vale-INCO has indicated that the Vale-INCO NiO feed
material samples, Single Roast (SR) and Double Roast (DR), have not been reduced to NiO as
expected, but to a doubly doped NiO with cobalt (Co) and iron (Fe) species. In order to
understand the possible role that these dopants play in the extraction process one must first
understand the speciation of the dopants in the doubly doped Vale NiO(Fe,Co) system. Thus,
motivating the research presented in this thesis work and the collaboration between Vale-INCO,
the University of Guelph’s Chemistry and Physics Departments and the Canadian Light Source
(CLS).
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1.2 Vale-INCO NiO(Fe,Co) Background
Prior work done by the Denk research group from the University of Guelph’s Chemistry
Department revealed that the Vale NiO feed materials possess a cubic structure, however the
residual “NiO” feed material is not pure NiO but contains a chemically significant amount of
cobalt (Co) and iron (Fe) [11] [Note: from this point on the Vale-INCO NiO possessing dopants
Fe and Co has been short formed in name to Vale NiO(Fe,Co)]. The substitution of Ni by similar
metals (e.g. Mn, Fe, Co) in a NiO lattice can lead to cell expansion, contraction, and distortion
[11]. The combination of two transition metals besides nickel could result in a bulk unit cell that
could be indistinguishable from that of pure NiO by means of detection such as powder x-ray
diffraction (PXRD) [11]. The Denk group revealed that the Vale-INCO NiO is that of a doubly
doped NiO, and that these dopants are a probable cause of the Ni extraction problem. This
information the Denk group obtained allowed for new, tailored questions into the Vale-INCO Ni
extraction yield issue to be posed. It is of utmost importance to determine the speciation of the Fe
and Co dopants present in the Vale NiO(Fe,Co). Determining the locally coordinated species
local geometry about the dopant atomic sites is paramount. Understanding the dopants role in the
Vale NiO(Fe,Co) system motivated the XAFS investigation in this thesis work.
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1.3 Brief Overview of Project
For organizational purposes a brief overview and layout of this thesis project is presented.
The synopsis below describes the subsequent chapters to follow and aims to serve as a summary
guide of the work presented in this thesis.

This thesis work mainly focused on utilizing the rich experimental techniques X-Ray
Absorption Near Edge Spectroscopy (XANES) and Extended X-Ray Absorption Fine Structure
(EXAFS) for their atomic fingerprint and local atomic and electronic structure probe capabilities.
Chapter 2 focuses on the background, theoretical framework, and the obtainable experimental
information from these experimental techniques as well as a background on Finite Difference
Method Near Edge Spectroscopy (FDMNES) ab-initio calculations.

Chapter 3 presents an overview of the experimental methodology used to carry out the
Powder X-Ray Diffraction (PXRD), XANES and EXAFS measurements made. With a focus on
the samples measured, their respective sample preparation and the XANES and EXAFS data
acquisition from the Hard X-Ray Micro-Analysis (HXMA) beamline at the Canadian Light
Source (CLS), located in Saskatoon SK.

Chapter 4 focuses on the data reduction and analysis from the PXRD, XANES and
EXAFS data. This chapter is divided into three sections for each experimental technique utilized
in this thesis work. The XANES and EXAFS sections will first go through the data reduction and
then the qualitative and quantitative analysis carried out, respectively. The EXAFS section will
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also focus on the modelling and non-linear least-squares curve fitting carried out to obtain the
near-neighbor interatomic distances with respect to the absorbing Co atomic site in the CoO
standard reference sample and the doubly doped Vale NiO(Fe,Co) system, respectively.

Chapter 5 presents the PXRD results to showcase the bulk information obtained prior to
investigating the dopants present in the doubly doped Vale NiO(Fe,Co). Upon establishing the
bulk system, this chapter uses qualitative XANES and quantitative EXAFS analysis to answer
fundamental questions regarding the Co dopant in this system. Qualitative XANES analysis was
also utilized to probe the Fe dopant, whereby the results obtained posed new questions. This
section focuses on presenting the local probe of the transition metal dopants present in the
doubly doped Vale NiO(Fe,Co).

Chapter 6 is the concluding chapter which wraps up the project, summarize the work
presented and discuss the results and their implications to the project. This chapter will also
briefly touch upon the next steps for this research and what still needs to be investigated to
answer all the questions necessary for tackling the reduction problem.
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Chapter 2
Theory & Background
The following chapter contains four sections. The first section comprises an overview of
X-Ray Absorption Spectroscopy and its general experimental practices. It also contains a brief
overview of the underlying quantum mechanical theory of the technique. The second section
provides an overview of the capabilities of the XANES technique as well as providing a bit of
background of the phenomena associated to this region. The third section phenomenologically
builds up the EXAFS expression. The fourth section provides an overview and understanding of
FDMNES ab-initio calculations.
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2.1 Introduction to X-Ray Absorption
Spectroscopy
X-Ray Absorption Fine Structure (XAFS) is the main experimental technique utilized in
this thesis. Encapsulated in XAFS are the XANES and EXAFS regions and techniques,
respectively. The XANES and EXAFS experimental techniques are the primary techniques used
in this investigation and both of which are X-Ray Absorption Spectroscopy (XAS) techniques.

Intuitively, XAS experimental techniques deal with the absorption of x-rays by a sample.
X-rays are electromagnetic (EM) radiation with a wavelength in the range of ~ 0.01Å – 100Å.
This thesis work utilized hard x-rays, with a wavelength on the order of ~1.5 Å. In order to
properly utilize the XAFS techniques for their rich information, a monochromatic x-ray source is
essential. This monochromatic x-ray source is produced by a synchrotron light source beamline
facility. The next essential measurement component is a detector to measure the incoming
intensity (Io) or photon flux, of the x-ray source. The Io detector must also be virtually
transparent to the x-ray source itself. This incoming intensity measurement device normally
utilized is a gas ionization chamber. The sample is then situated down-beam from the Io
ionization gas chamber with the sample face either perpendicular or at a 45° angle (depending
upon the measurement mode) to the incoming x-ray beam. The final main measurement
component is the second detector. The type of detector chosen as the second detector depends
upon the measurement mode. XAFS measurements can be obtained by means of x-ray
transmission and x-ray fluorescence. The transmission configuration is when the sample face is
perpendicular to the incoming x-ray beam and a down-beam secondary ionization detector
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measures the intensity of x-rays transmitted through the sample, I1. Transmission measurements
are an application of the exponential attenuation of photons by a sample as shown below.
𝐼0 = 𝐼2 𝑒 456

(2.1.1)

The linear absorption coefficient of the sample is represented as µ with x representing the sample
thickness. Common practice of sample preparation dictates that 𝑥 ≈ 9+:, at the edge energy,
where µo is represented as the atomic resonant absorption, i.e. in general it contains no fine
structures. It is worthwhile to mention that at the resonant absorption energy, the incoming
photon is absorbed, and an electron is ejected into the continuum with no kinetic energy. Note
that this thesis work focused on the K-edge energy and the ejection of core electrons from
transition metal atomic sites. By taking the natural logarithm to isolate for the absorption
coefficient equation (2.1.1) becomes:
?

𝜇 ∝ ln >?: @

(2.1.2)

+

Now, the absorption of x-rays by a certain sample can be measured by means of the incoming
and transmitted x-ray intensities, for x-rays of a certain energy range.

The x-ray fluorescence configuration is when the sample surface faces an area detector
such as a Lytle detector (gas ionization chamber detecting fluorescence x-rays), at an angle of
45° to that of the detector and incoming x-ray beam. A fluorescence measurement mode
configuration measures the secondary x-ray fluorescence excitation processes of the sample due
to the absorption of a photon, shown below.
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Figure 2.1 X-Ray fluorescence production by means of x-ray absorption and the production of a core hole.

With favourable sample preparation (e.g. dilute in concentration or thin film), this x-ray
fluorescence generation process is proportional to the x-ray absorption of the sample, as shown
below:
?A
?:

∝ 𝜇(𝐸)

(2.1.3)

For a block schematic of the experimental setup for transmission and fluorescence XAFS
measurements see Figures 3.2 and 3.3.
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When the incoming photon energy of the x-ray is that of certain resonant energy
corresponding to a specific electronic energy level of an atomic species in the sample’s system
resonant absorption will occur, the x-ray is absorbed and an electron is ejected. The absorption of
x-rays by a sample monotonically decreases until the incoming photon energy is that of a
resonant energy in which resonant absorption occurs and there is a spike in the absorption
measured. This resonant absorption of an x-ray is generally referred to as an absorption edge
corresponding to a certain electronic orbital energy. In this thesis work, absorption of photons
corresponding to core level 1s electrons of the certain atomic species present within the samples
will be measured, and is referred to as the K-edge energy.

This K-edge binding energy is unique to the absorbing atomic potential and depends
upon the elemental speciation of the absorbing atom. These K-edge binding energies are also
well defined and well separated, generally by ~100s eV. For example, the binding energies of the
metallic transition metals iron (Fe), cobalt (Co) and nickel (Ni) are 7112eV, 7709eV and 8333eV
respectively. As mentioned above, the K-edge energy depends upon the speciation of the element
and therefore the K-edge energy will shift on the order of a few eV due to the oxidation state of
the absorbing atom. Shown below in Figure 2.2 is the K-edge absorption spectrum of metallic
cobalt, where the K-edge resonant edge-jump is clearly apparent. At this resonant absorption
energy, a core 1s electron is ejected from its bound state, producing a photoelectron. The
processes leading up to and after the production of the photoelectron will be discussed in the
following sections as they are different regions within an absorption spectrum and are
mathematically expressed quite differently. The two different regions of a XAFS spectrum are
highlighted in Figure 2.2; X-Ray Absorption Near Edge Spectroscopy (XANES) region, ~15eV

11

below absorption edge and ~50eV above the absorption edge. The Extended X-Ray Absorption
Fine Structure (EXAFS) region begins ~50 eV above absorption edge. As mentioned, the
underlying physics in these regions of a spectrum are quite different and will be discussed in the
following sections.

Figure 2.2 XAFS normalized spectrum of metallic cobalt measured in transmission mode (XANES and EXAFS
regions highlighted).

XAFS spectra are a special element specific tool for local atomic probes and are an
extremely useful experimental tool. This section aimed to provide a brief conceptual
understanding of XAFS and its general experimental practice. The following sections will delve
into the details of the two regions of an XAFS spectrum, the XANES and EXAFS regions.

XAFS measurements and absorption spectra, for both XANES and EXAFS, are described
by the quantum mechanical framework stemming from Fermi’s Golden Rule. Fermi’s Golden
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Rule describes the probability of transition per unit time (𝑃C→E ) between an initial |𝑖⟩ and final
state |𝑓⟩, where 𝒟 is the energy density of states and 𝜖̂ ∙ 𝑟⃗ is the dipole operator, as shown below,
Q
𝜇(𝐸) ∝ 𝑃CE = 𝒟|⟨𝑖|𝜖̂ ∙ PP⃗|𝑓⟩|
𝑟
.

(2.1.4)

For the XAFS investigation in this thesis work, the XAFS measurements were performed at the
K-edge energy of the element of interest, therefore the initial state, |𝑖⟩, is the 1s state of the
element of interest.

In order to build up to expressing Fermi’s Golden Rule for the context of K-edge x-ray
absorption one must first begin with the Hamiltonian describing the system. The system being
described is the unperturbed ground state of the 1s electron, the incoming x-ray, and the
interaction between a ground state 1s electron with the incoming x-ray. This system of interest’s
Hamiltonian (H) is as follows,
𝐻 ≈ 𝐻STUVWXY + 𝐻C[W\TXSWC2[ .

(2.1.5)

Where 𝐻STUVWXY is the Hamiltonian that describes the crystal matrix of the sample and the
𝐻C[W\TXSWC2[ is the Hamiltonian that describes the interaction between the crystal and the
incoming x-ray. This interaction between the crystal system and the x-ray can be thought of as a
perturbation to the system over a small period of time, therefore the quantum mechanical
framework for time-dependant perturbation theory applies. By utilizing the resultant complete set
of solutions from the time-dependant Schrödinger equation with a time-dependant perturbation,
(𝐻2 + 𝐻? )𝜓(𝑡) = 𝑖ℏ

`
`W

𝜓(𝑡)

(2.1.6)

and given that,
(+)

ef (W)

𝑃C→E = lim d
W→c

W

Q

d

(2.1.7)
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where ck(t) are the coefficients in an orthonormal expansion of the wavefunction y(t) and where
the sum over all the squares of the coefficients are unity, the squared magnitude of coefficient in
the kth state can be interpreted as the probability of finding the system in said state, therefore
resulting in,
𝑃C→E =

Qg
ℏ

|⟨𝑖|𝐻? ′|𝑓⟩|Q 𝛿(𝜈C→E ∓ 𝜈)

(2.1.8)

Where:
𝐻? ′ ≡ time independent term of the interaction Hamiltonian (𝐻? = 𝐻? ′𝑒 ∓ClW )
𝛿m𝜈C→E ∓ 𝜈n ≡ Dirac delta function dependant of energy levels frequency difference & incoming x-ray frequency

Therefore, the Hamiltonian describing the crystal and the interaction can be thought of as
an unperturbed time-independent Hamiltonian (Ho) with a time-dependant potential term, 𝑉(𝑡).
The time-independent Hamiltonian (Ho) describes an unperturbed system in a given state which
will remain in said state. The dominant term of the time-dependant potential 𝑉(𝑡), describes the
interaction between a spinless particle of charge, e-, and mass (m, in this case being that of the
mass of an electron) with an EM field for a brief period of time, as shown below:
𝐻 ≈ 𝐻STUVWXY + 𝐻C[W = 𝐻2 + 𝑉(𝑡).

(2.1.9)

with,
PPP⃗p

𝐻2 = Qq + 𝑞𝑉

(2.1.10)

\
𝑉(𝑡) ≈ q 𝑝
PPP⃗ ∙ PPP⃗
𝐴

(2.1.11)

Note:
𝑞 ≡ unperturbed system charge
𝑉 ≡ unperturbed potential
𝑝
PPP⃗ = ∑ 𝑝
PPP⃗C ≡ sum of linear momentum operators of the electrons
PPP⃗ ≡ EM vector potential
𝐴

where the vector potential of an EM plane wave with a wave-vector k, frequency w and unit
vector 𝑒̂ is expressed as,
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PPP⃗ ∙ P𝑥P⃗n = 𝑒̂ y: >𝑒 CmzPPP⃗∙6PPP⃗4lWn + 𝑒 4CmzPPP⃗∙6PPP⃗4lWn @.
PPP⃗ = 𝑒̂ 𝐴2 cosm𝑘
𝐴
Q

(2.1.12)

Upon applying to the context of a perturbation by means of an EM radiative field with
potential (2.1.11) and vector potential (2.1.12) to the probability per unit time of transition
between and initial ⟨𝑖| and final |𝑓⟩ electronic state results in,
𝑃C→E =

Qg
ℏ

|⟨𝑖|𝑉(𝑡)|𝑓⟩|Q

g\ -

Q

= Qℏq- S - 𝐴Q2 {|𝑖{𝑒 C𝒌∙𝒙 𝑒̂ ∙ 𝑝
PPP⃗{𝑓•{ 𝒟

(2.1.14)

In order to simplify the above expression, the dipole approximation can be utilized and only the
first term of the expansion of 𝑒 C𝒌∙𝒙 is taken. The dipole approximation assumes that x, which
characterizes the K-shell diameter, is |𝒙| ≪ 𝜆⁄2𝜋. The average shell diameter |𝒙| can be
expressed in terms of the Bohr radius (ao) and the atomic number (Z) such that |𝒙| ≅ 2𝑎2 /𝑍. For
the context of incoming x-ray wavelengths of that corresponding to transition metal K-edge
resonant energies in the keV range the approximation holds. Therefore, applying the dipole
approximation to (2.1.14) yields,
g\ -

𝑃C→E = Qℏq- S - 𝐴Q2 |⟨𝑖|𝑒̂ ∙ PP𝑝P⃗|𝑓⟩|Q 𝒟

(2.1.15)

The probability per unit time for the K-edge XAFS context shown above in (2.1.15) is
proportional to the absorption coefficient as per (2.1.4). In order to measure the number of
transitions occurring as a result of absorption by an incoming x-ray one must multiply 𝑃C→E by
the number of absorbing atoms per unit volume, i.e. the atomic density, 𝜚X . The absorption must
also be scaled by the incident photon flux which is represented as the time-averaged Poynting

15

vector 〈𝑆〉 divided by the photon energy (ℏ𝜔). Combining provides a mathematical definition of
x-ray absorption shown below,
y-: g\ -

𝜇(𝐸) = >Qℏq- S - @

𝒟Ž• •‘𝑖 •𝑒̂

-

∙ PP𝑝P⃗•𝑓 ’•

〈“〉 ”
ℏl

.

(2.1.16)

Working within the Coulomb gauge, in which the condition states [13] that,
∇ ∙ PPP⃗
𝐴 ( P𝑥P⃗, 𝑡) = 0

(2.1.17)

and only considering the real component of the vector potential,
PPP⃗ ∙ P𝑥P⃗ − 𝜔𝑡n
PPP⃗ = 𝑒̂ 𝐴2 cosm𝑘
𝐴

(2.1.18)

where,
PPPP⃗2 = 𝑒̂ ∙ ™
𝐴
Qš

ℏ
: ›lf

.

(2.1.19)

The vector potential in (2.1.18) under the Coulomb Gauge condition yields the following electric
and magnetic fields, respectively;
PPP⃗ ∙ P𝑥P⃗ − 𝜔𝑡n
PPP⃗ = − `yPPP⃗ = 𝐸
PPPP⃗2 sinm𝑘
𝐸
`W

(2.1.20)

PPP⃗ ∙ PPP⃗
PPP⃗ = P∇⃗ × PPP⃗
𝐵
𝐴 = PPPP⃗
𝐵2 sinm𝑘
𝑥 − 𝜔𝑡n.

(2.1.21)

Where,
PPPP⃗2 = 0 PPPP⃗
PPPP⃗2 = lyPPPPP⃗:
𝐵
𝐸
and
𝐸
2
S
S

(2.1.22) & (2.1.23)

The expressions above, (2.1.20), (2.1.21) and (2.1.22) can be subbed into the definition of the
time-averaged expression of the Poynting vector [13], resulting in:
〈𝑆〉 =

0
5:

PPP⃗ ∙ 𝑥
PPPP⃗2 × 𝐵
PPPP⃗2 sinQ m𝑘
〈𝐸
PP⃗ − 𝜔𝑡n〉

(2.1.24)

0
PPPP⃗2 × PPPP⃗
= Q5 m𝐸
𝐵2 n

(2.1.25)

:

=

š: S
Q

𝐸2 Q .

(2.1.26)
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The Poynting vector in terms of the real component of the vector potential from (2.1.12)
along with relation (2.1.23) can both be subbed into equation (2.1.16) to represent the expression
of the absorption coefficient as a function of energy (note that 𝛼 is the fine structure constant) in
the context of K-edge resonant x-ray absorption,
𝜇(𝐸) =

Ÿg- ℏ 𝒟Ž•
|⟨𝑖|𝑒̂
q- ¡

∙ PP𝑝P⃗|𝑓⟩|Q .

(2.1.27)

This section was predominantly sourced from, unless otherwise mentioned, the thorough
and well described work by Koningsberger [18] and Stöhr [42] along with the time-perturbation
theory background provided by Brooks [5, 6], respectively. The following sections, 2.2 and 2.3,
will be a continuation of the XAFS background presented in this section. They will discuss the
quantum mechanical phenomena of XANES and EXAFS stemming from (2.1.27). Section 2.3
will phenomenologically build up, through expression, the origin of observable features and
discuss obtainable results from the EXAFS spectroscopic technique.

2.2 X-Ray Absorption Near Edge Spectroscopy
XANES is a widely used XAS technique and is an application of Fermi’s Golden Rule as
derived in the above section. XANES is the absorption of x-rays about the resonant absorption
edge. The XANES section is typically the region 15 eV below and 50eV above the edge-jump, as
was described in the section above. XANES spectra possess a multitude of rich structural
information. For example, one can compare unknown spectral features such as peak profile, peak
energy, peak shifts and splitting with respect to known standards using the atomic fingerprint
capabilities of XANES.
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The XANES spectral features prior to the edge-jump (otherwise known as the “threshold
region”) can be attributed to electronic and molecular transitions. These transitions are dependent
on the local coordination, by means of speciation and geometry. Allowed transitions are
dependent on selection rules such as the dipole angular momentum selection rule, l’ = ±1. When
an allowed transition occurs there has been an absorption of an x-ray, thus, corresponding to
unique spikes in absorption as described by (2.1.27) at characteristic x-ray energies of the
absorbing atomic site present in the respective system.

For example, the pre-edge region corresponding to the 1s ® 3d electronic transition of
iron complexes has been shown to be sensitive to the geometry surrounding the iron absorption
site and the iron oxidation state of the absorbing complex [38, 45]. These spectral feature
sensitivities allow for local information regarding the absorbing iron complex to be illuminated.
Depending on the local coordination geometry there are allowed and forbidden electronic and
crystal ligand field transitions. For example, the 1s ® 3d electronic transition for
centrosymmetric octahedrally coordinated iron is a dipole forbidden transition but is an allowed
electric quadrupole transition. The absorption pre-edge feature intensities can be deconvoluted
and analyzed to probe the excited electronic configurations. XANES can also provide
information pertaining to the distortion of the local atomic structure otherwise known as JahnTeller effect. Jahn-Teller distortion is when there is a geometrical distortion of the local structure
such that a more favourable lower energy state may be achieved. This distortion may allow
forbidden transitions to occur which can be seen as increased absorption resulting in a pre-edge
feature. The information obtainable from these pre-edge features is extremely rich, it allows for
an atomic fingerprint by qualitative comparison. It can provide information regarding Jahn-Teller
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local structure distortion and information regarding ground and excited electronic and crystal
ligand field states.

The XANES region following the edge jump is primarily characterized by multiple
scattering of the ejected photoelectron in the continuum. The multiple scattering of the
photoelectron with the atomic near-neighbors is the principal foundation of XANES. The
conclusions from the XANES multiple scattering are as follows, the XANES features from the
ejection of the photoelectron into the continuum are predominantly due to the distribution of
neighboring atoms by means of geometry and speciation. That is to say that the geometrical
distribution; bond angles and relative atomic positions are extremely significant and result in
unique absorption features contributing to the atomic fingerprint capabilities of this experimental
technique. Although the distribution of valence electrons in the absorbing atomic potential plays
a role as well, it is more of a minor role in comparison to the local atomic distribution of near
neighbors. These multiple scattering resonances result in sharper and stronger features in the
absorption spectrum. The spectral features occurring after the edge jump have been shown to be
determined by the local geometry surrounding the absorbing atom and its many-body effects to
the multiple scattering of the excited photoelectron. Many-body relaxation effects are caused by
the rearrangement of passive (i.e. nominally unexcited electrons) present in the absorbing atom
and surrounding crystal environment due to the core-hole relaxation of the absorbing atom and
electron-electron correlation between the initial and final states. It can be generally assumed that
the wave function of the ejected photoelectron is determined by the absorbing atom’s relaxed
core-hole potential and the N-1 relaxed electrons. This region is also subject to shake-up effects
which are caused by the excitation of two core electrons creating two core-holes which can cause
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a valence electron to be excited to an unoccupied orbital during the core-hole relaxation process.
These shake-up effects or shake-up satellites as they are commonly referred to occur beside the
main K-edge peak (at higher binding energies than the K-edge, i.e. to the right of the main peak).
There are also shake-down effects present in this region which occur following a core-hole
excitation when a localized unoccupied electronic state is pulled below the unoccupied valence
band and filled by an electron from a local atom during the core-hole relaxation process of the
absorbing atom. Shake-down effects, commonly known as shake-down satellites, occur at
binding energies closer to the K-edge than that of shake-up effects). These multiple scattering
effects create absorption features that are unique to the absorbing atom and its local atomic
structure thus providing a local probe which can be used for qualitative spectral comparison to
investigate unknown spectra.

XANES, as described, is an extremely rich experimental technique which can provide an
atomic fingerprint and a local atomic structural probe in terms of geometry and the presence of
local geometrical distortion. One can compare unknown XANES spectrums to that of a known
atomic complex spectrum, as only like systems will have the same XANES spectrums. This
qualitative information obtainable from XANES will be used in this thesis work for the
capabilities mentioned. This section has hopefully provided background information about
XANES which will be helpful for the subsequent sections presented in this work. This section
was predominantly sourced from, unless otherwise mentioned, the thorough and well described
work by Stöhr [42] and Bianconi [3], respectively.
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2.3 Extended X-Ray Absorption Fine Structure
EXAFS is another widely used XAS technique and is also an application of Fermi’s
Golden Rule as derived in section 2.1. As relevant from its name, EXAFS is the utilization of the
extended region of absorption of x-ray spectrum to determine the fine structure about the
absorbing atom. This section will begin and build upon from equation (2.1.27) for the context
and mathematical framework of the EXAFS region, highlighting how quantitative fine structure
information can be obtained. It should be noted that this section will use the K-edge energy, such
that the ejected and propagating photoelectron is that of a core 1s electron.

When an incoming x-ray (ℏ𝜔) with energy greater than the K-edge energy (Eo) and in the
EXAFS energy region is absorbed by the atomic site of interest, it ejects a bound core level
electron from the absorbing atom into an unbound electron state with kinetic energy,
𝐸zC[ = 𝐸2 − ℏ𝜔.

(2.2.1)

The following EXAFS phenomena can be formally quantum mechanically treated using Green’s
Function methods [36]. But it can also be, for simplicity, explained by the sequential process of
assuming that the ejected, outgoing photoelectron then propagates as a spherical wave scattering
with near-neighbors as shown below (one neighbor shell depicted).
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jth shell neighbor

R

Scattered Photoelectron

Outgoing Photoelectron

Figure 2.3 Block schematic of EXAFS scattering phenomena between absorbing atom and jth shell neighbor
separated by interatomic distance, R.

The ejected photoelectron propagates with wave-vector, k;
𝑘=™

Qq(ℏl4¢: )

(2.2.2)

ℏ-

and scatters off of neighbouring atoms as depicted in Figure 2.3 where the ejected photoelectron
scatters off a jth neighboring atomic shell. Upon scattering by near-neighbours the scattered
photoelectron propagates back toward the absorbing atom. The outgoing and scattered
photoelectron waves will interfere with one another and will either constructively or
destructively interfere. This interference results in an enhancement or inhibition of absorption.
This means the scattered wave can be in or out of phase with the outgoing photoelectron wave,
therefore enhancing the absorption or hindering it. This scattering phenomenon resulting in the
interference of the outgoing and scattered photoelectron are the oscillatory absorption features of
the EXAFS region (see Fig 2.2). The EXAFS can be expressed in terms of the x-ray absorption
of the system and the bare atomic potential both as a function of energy as,
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𝜒(𝐸) =

5(¢) 4 5: (¢)
5: (¢)

.

(2.2.4)

To be able to utilize EXAFS to obtain information regarding structural parameters, equation
(2.2.1) is used to convert between the energy of the photoelectron to its wave-vector in k-space,
therefore resulting in,
𝜒(𝑘) =

5(z) 4 5: (z)
5: (z)

.

(2.2.5)

It should be noted that expressing the EXAFS expression terms of the wave-vector from an
absorption spectrum is outlined in data analysis section (Chapter 4, Section 4.3) of this work.
This section will focus on a phenomenological building of the mathematical expression of 𝜒(𝑘)
as opposed to a rigorous derivation beginning from the dipole matrix Hamiltonian in (2.2.3) and
(2.2.4).

Now referring back to Figure 2.3, the ejected photoelectron scatters off of the filled
electronic orbitals of the jth neighboring shell, and this backscattered wave interferes with the
outgoing photoelectron. Each respective wave is spherical but given the context of the situation
in which it is only the interference about the displacement between each atomic potential that
affect absorption (see Fig.2.3). That is to say that the initial core state is highly localized at the
centre of the absorbing atomic potential and the interference components that scatter back to the
atomic potential core will impact the probability of absorption and affect the final state of the
photoelectron. Therefore, both the outgoing and backscattered photoelectron waves can be
assumed to both be sine waves oscillating between the center of the atomic absorber and the jth
shell neighbors, respectively. As continually mentioned, the outgoing photoelectron and
backscattered sine waves will interfere, and the resultant sine wave can be expressed as one sine
wave. This resultant sine wave is dependent upon the wave-vector (k), radial distance (Rj)
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combining for a phase factor of 2𝑘𝑅¤ , and a phase shift 𝜓¤ (𝑘), from the interference. Summing
over all jth near-neighbor shells and accounting for the 1⁄𝑘𝑅Q wave decay term results in an
EXAFS proportionality expression of,
¦

𝜒(𝑘) ∝ ∑¤ z¨§- sin©2𝑘𝑅¤ + 𝜓¤ (𝑘)ª.

(2.2.6)

§

The EXAFS expression is a sum a sine waves of photoelectrons with increasing wave-vector
(meaning decreasing wavelength) scattering off of near-neighbor’s, distances Rj from the central
absorption atom. The phase shift associated with each sine wave is dependent on the scattering
events at the absorbing atomic site and the scattering atomic site. There is a phase shift
associated with the backscattered photoelectron wave 𝜃¤ (𝑘) and the phase shift caused by the
absorption atomic potential 𝜙S (𝑘). Combing for an expression of the phase shift of the resultant
sine wave yields,
𝜓¤ (𝑘) ∝ 2𝜙S (𝑘) + 𝜃¤ (𝑘)

(2.2.7)

It should be noted that the factor of two associated with the phase shift of the absorbing atomic
site is due to the fact that the outgoing wave and backscattered both interact with the absorbing
atomic potential.

The scattering amplitude of each sine wave is dependent upon the magnitude of the
structure form factor at an angle of π, {𝑓¤ (𝑘, 𝜋){. The structure form factor is taken at an angle of
π because the outgoing and backscattered wave travel at an angle of π to one another.
𝑓(𝑘, 𝜋) = |𝑓(𝑘, 𝜋)|𝑒 C-(z)

(2.2.8)

0

= QCz ∑Y(2𝑙 + 1)(𝑒 QC¯° (z) − 1)(−1)Y

(2.2.9)
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Where l is the angular momentum quantum number in which the electron is excited from its 1s
bound state with l = 0, to the excited state, l = ±1. 𝜃(𝑘) is the phase shift of the backscattering
from the jth neighbor and 𝜙Y (𝑘)is the central atom phase shift. The amplitude will also be
affected by many electron excitations within the absorbing atomic site such as many-body
effects. Since this theory follows the one-electron excitation approximation, this phenomenon is
taken into account by an amplitude reduction factor 𝑆2Q . Another consideration to be taken into
account is the variation in the atomic origin position due to thermal smearing caused by lattice
vibrations. It is to be noted that the time scale with which the scattering process takes place on is
considerably shorter than that of the time scale that the atomic motion occurs on. That is to say
that the EXAFS scattering process is a snapshot of the local atomic structure. This variation of
the origin position of the absorbing atom and surrounding neighbors can be taken into account by
- -

a Debye-Waller like factor of the form, 𝑒 4Q±§ z . Finally, it is extremely important to point out
that the scattering process of the outgoing and backscattered photoelectrons that affect the
absorption occurs when both photoelectron waves have the same energy. This only occurs when
the photoelectrons scatter elastically. However, the photoelectron can also scatter inelastically
off of phonons for example. In addition, one must also consider the lifetime of the photoelectron
and the core-hole that this process occurs on. In order to, albeit crudely, take into account the
lifetime effect a dampening term dependant on the radial distance and wavelength is utilized,
𝑒 4Q¨§ ⁄²(z) . Combing the phenomenological results yields the EXAFS expression,
¦ “:-

- -

𝜒(𝑘) = ∑¤ z¨§ - {𝑓¤ (𝑘, 𝜋){sin©2𝑘𝑅¤ + 𝜓¤ (𝑘)ª𝑒 4Q±§ z 𝑒 4Q¨§ ⁄²(z)
§

(2.2.10)

The EXAFS expression (2.2.10) is a local structure probe that utilizes the effect of the
interference of the outgoing and backscattered photoelectron waves to x-ray absorption. By
applying a Fourier Transform on 𝜒(𝑘) going from k–space to R–space, structural information
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such as coordination numbers, near-neighbor distances, Debye-Waller factors and phase shift
functions can be extracted. EXAFS is a pillar of the thesis work and the theory expressed in this
section should serve as the background and reference for the subsequent work presented. This
section was predominantly sourced from, unless otherwise mentioned, the thorough and well
described work by Jiang [15], Lee et al [21] and Teo [43], respectively.

2.3 Finite Difference Method Near Edge
Spectroscopy Theoretical (FDMNES)
Calculations
As discussed in Section 2.1, the XANES region is generally taken to be region (10–15)eV
below the edge jump and the 50eV above the edge-jump. Contrary to the EXAFS region the
single scattering approximation is not valid for the XANES region. There are many processes
such a many-body effects, multiple scattering effects, and polarization effects that contribute
significantly to the final state of the electron. However, in this region the absorption is very
sensitive to the local electronic and atomic structures, therefore allowing for a local probe of the
system about the absorbing atomic site. A theoretical method of calculating XANES spectra of
the respective local atomic site of interest can be done by means of FDMNES ab-initio
calculations.

The finite difference method (FDM) is a generalized numerical method used to solve
differential equations. In the context of XANES, the finite difference method is used to solve the
Schrödinger equation by discretizing the second order derivatives over a set of points that make
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up the volume where the calculation is made. In the discretized FDM of solving the Schrödinger
equation the unknowns become the wave function values at each respective point,
𝜓C = 𝜓(𝑟C )

(2.3.1)

with the potential at each point represented as,
𝑉C = 𝑉(𝑟C ).

(2.3.2)

Discretizing the wavefunctions and potentials at each point in 1D is shown below,

Figure 2.4 1D discretized points about an origin point with associated wavefunctions with |b-| = |b+|.

if one aims to investigate the one-dimensional Laplacian of a line of discretized points about an
origin point one must begin to express the wavefunction at each point. To do so, a Taylor
expansion about each point is utilized and allows one to express the wavefunction as,
𝜓(𝑟 ± 𝑏 ± ) = 𝜓(𝑟) ± 𝑏 ± 𝜓 µ (𝑟) +

(¶ ± )Q

𝜓 µµ (𝑟) + 𝒪(𝑏 ± )( .

(2.3.4)

Summing the expressions in equations (2.3.4) yields,
0

Q

𝜓(𝑟 + 𝑏 ¸ ) + 𝜓(𝑟 + 𝑏 4 ) = 2𝜓(𝑟) + (𝑏 ¸ − 𝑏 4 )𝜓 µ (𝑟) + Q m𝑏 ¸ + 𝑏 4 Q n𝜓 µµ (𝑟) + 𝒪(𝑏 ± )( . (2.3.5)
Applying to equation (2.3.5) above that |b-| = |b+| º b simplifies equation (2.3.4) to,
𝜓(𝑟 + 𝑏 ¸ ) + 𝜓(𝑟 + 𝑏 4 ) = 2𝜓(𝑟) + 𝑏 Q 𝜓′′(𝑟) ± 𝒪(𝑏 ± )( .
By rearranging for 𝜓′′(𝑟) and explicitly expressing 𝜓 µµ (𝑟) =

(2.3.6)
` - ¹(T)
`T -

therefore results in

the discretized one-dimensional Laplacian where 𝜓 µµ (𝑟) is expressed in terms of neighbouring
discrete points’ wavefunctions as shown below,
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` - ¹(T)
`T -

0

= ¶- [𝜓(𝑟 + 𝑏 ¸ ) + 𝜓(𝑟 + 𝑏 4 ) − 2𝜓(𝑟)].

(2.3.7)

Recall that the 1D discretized Schrödinger equation is,
>−∇C Q + 𝑉(𝑟C )@ 𝜓(𝑟C ) = ℰ(𝑟C )𝜓(𝑟C ).

(2.3.8)

Evaluating the 1D discretized Schrödinger equation yields,
−∇C Q 𝜓(𝑟C ) + 𝑉(𝑟C )𝜓(𝑟C ) = ℰ(𝑟C )𝜓(𝑟C )
−

` - ¹(T)
`T -

(2.3.9)

+ 𝑉(𝑟C )𝜓(𝑟C ) = ℰ(𝑟C )𝜓(𝑟C )

(2.3.10)

and subbing in equation (2.3.7) results in the one-dimensional Laplacian,
0

− ¶- [𝜓(𝑟 + 𝑏 ¸ ) + 𝜓(𝑟 + 𝑏 4 ) − 2𝜓(𝑟)] + 𝑉(𝑟C )𝜓(𝑟C ) = ℰ(𝑟C )𝜓(𝑟C ).

(2.3.11)

The one-dimensional Laplacian is now made up of a set of linear equations, considering
that the boundary conditions are known, one can iteratively solve for each wavefunction at each
respective discrete point. Expanding from the one-dimensional Laplacian above to the
generalized 3-dimensional discretized Laplacian results in,
− ∑¤¿6,U,À

¹mT¸¶ ½ n¸¹(T¸¶ ¾ )
¶§ -

0

0

+ 2𝜓¤ Á¶ - + ¶
Â

Ã

0

-

+ ¶ -Å + 𝑉C 𝜓C = ℰC 𝜓C .
Ä

(2.3.12)

Similarly, to the 1D case, the 3D discretized Laplacian allows for each discrete point’s
wavefunction value to be known by creating a set of linear equations in which each
wavefunction is dependent on its nearest neighbours. This 3D discretized Laplacian in equation
(2.3.12) can be solved for iteratively by computation, assuming that the boundary conditions are
known. The boundary conditions of this calculation as they pertain to the system are shown
below in Figure 2.5.
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Figure 2.5 FDMNES boundary zone regions for calculation [17].

The three zones of the FDMNES calculation are as follows;

Zone 1: This zone contains the atomic cores. In this region the potential is that of a
spherical Coulomb potential and the wavefunctions are approximated to that of their standard
radial wavefunctions about an atomic core.

Zone 2: This zone is the region in between atomic sites. It is this region that the standard
FDM calculation is utilized to solve the Schrödinger equation of the inter-atomic wavefunctions
of the discretized points in this region. It is important to note that in this region there are two
boundary continuities that must be met, that of the boundary between the atomic site potential
regions (Zone 1) and the region that determines the cluster boundary size (Zone 3).
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Zone 3: This zone is the region in which the wavefunctions are assumed to be free
because the potential is constant and the wavefunctions can be described in terms of the spherical
harmonics.

It should be noted that this section was predominantly sourced from the thorough and
well described work Y. Joly [17] and for further inquiries and/or clarification one is directed to
said work.
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Chapter 3
Experimentation
This chapter will focus on introducing the doubly doped Vale NiO(Fe,Co) samples and
reference samples utilized in this in this investigation. The preparation of the samples measured
for the variety of experimental techniques will be discussed. The experimental methodology of
measurements from the PXRD, XANES and EXAFS experimental techniques utilized in this
investigation will also be presented in this chapter. This chapter focuses on the measurements
obtained whereas chapter 4 will present the analysis methodology of the experimental data
obtained. Chapter 5 will present the data and results obtained from the measurements made.
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3.1 Vale-INCO NiO Dopant Concentration
Confirmation
For proprietary reasons, the Vale NiO(Fe,Co) feed materials (SR & DR) were provided
without background information of their prior preparation. Previous work done by Dr. Michael
Denk and his research group determined the bulk Vale NiO(Fe,Co) samples were indeed that of
an NiO system [11], and via a private communication, that the SR and DR Vale NiO feed
materials contained up to ~3% of the iron and cobalt dopants [10]. An independent standard
Scanning Electron Microscopy (SEM) Energy Dispersive X-ray Spectroscopy (EDS)
measurement revealed that the SR and DR Vale NiO(Fe,Co) feed materials contain trace amount
of the dopant’s iron and cobalt, ~0.5% Fe and ~1.8% Co, respectively.

3.2 PXRD Standard Measurement
A question of this investigation was to probe possible structural and/or speciation
changes between the SR and DR Vale NiO(Fe,Co) bulk structure due to the ‘roasting’ procedure.
To answer this question a standard powder x-ray diffraction (PXRD) measurement was
performed using an in-house diffractometer at the University of Wyoming. The samples were
prepared following the same procedure as the XAFS samples. The prepared ground sample
powder was then smeared onto a glass sheet sample holder. The samples were measured in
Bragg-Brentano geometry (goniometer in plane). Cu–Ka x-ray radiation was utilized to obtain the
PXRD data in a continuous scanning mode. It should be noted that both Cu–Ka1 and Cu–Ka2
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incoming x-rays are present causing splitting of the powder peaks to a higher angle as a result of
the inability to filter out the Cu- ka2 x-rays.

3.3 Sample Preparation
All samples measured in the XAFS investigation presented in this thesis work were prepared
for fluorescence or transmission mode, respectively. The XAFS measurements of the respective
samples were carried out at the Canadian Light Source (CLS) on the Hard X-Ray MicroAnalysis (HXMA) beamline. The samples were prepared by first being ground to a fine powder
using a ceramic pestle and mortar. The ground feed materials were then sifted through brass
sieves to limit contact between samples and ferrous metals. The sample powder was sieved to a
particle size equal to or less than 53 microns in diameter. Once ground and sieved to desired
particle size, feed material samples were diluted with boron nitride (BN). Samples were diluted
and prepared such that the sample concentration and sample pellet size required for ~2
absorption lengths in the respective XAFS measurement mode (fluorescence or transmission)
was obtained.

To achieve homogeneous samples, the ground feed material and BN mixture was mixed
using a ball mill in plastic sample holders and with plastic grinding balls to avoid possible
metallic contamination. Once ground, sieved, diluted and mixed the sample powders were then
pressed into pellets. The sample pellets were then secured on their plastic sample holders with
Kapton tape as shown below in Figure 3.1.
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Figure 3.1 Pressed sample pellet (grey) secured with Kapton tape (orange) on plastic sample holder (white, outlined
in black).

3.4 XAFS HXMA Measurements
The XAFS investigation was performed at CLS on the HXMA beamline. The beamline
optics configuration in this experimental setup (for both fluorescence and transmission mode)
consisted of Si (111) monochromator crystals for beam frequency selection and Rh coated
collimating and (post-monochromator) toroidal focusing mirrors. HXMA’s beamline ring mode
was filled to 250mA [16]. The sample was mounted in the sample chamber attached to the Lytle
detector. The sample mounting orientation can be selected as either facing the Lytle detector at
45° for fluorescence measurement mode or at 90° for transmission measurement mode with the
Lytle detector covered. The standard metal foil reference sample was always measured in
conjunction with each sample scan simultaneously as shown below in Figures 3.2 & 3.3.
Measurements made in fluorescence mode were made using the Lytle detector filled with Argon
gas. Measurements made in transmission mode were done with ionization chambers filled with
N2 gas.

34

Figure 3.2 HXMA Beamline (Post-optics) Fluorescence Mode Experimental Setup

Figure 3.3 HXMA Beamline (Post-optics) Transmission Mode Experimental Setup

Prior to obtaining the XAFS spectra, an energy calibration was carried out using standard
reference Fe, Co and Ni metallic foils. The first inflection point was assigned as the K-edge
energy, with energies of 7708.75 eV (Co), 7112.00 eV (Fe), and 8333.00 eV (Ni) respectively.
Upon energy calibration completion the monochromator was detuned to 50% at 50 eV above the
respective K-edge of interest in order to suppress higher beam harmonic content. The beam
cutting slits (commonly known as JJ slits) were then opened to a window of 1mm horizontally by
3mm vertically. The incoming x-ray beam was then scanned horizontally and vertically to
determine optimal beam position. Once optimal beam position was determined the dark current
background subtraction was performed. It should be noted that the energy resolution of the
Si(111) monochromator in this photon energy range is approximately, ∆𝐸”𝐸 ~104Ÿ [16].
Therefore, energy resolution of the Si(111) monochromator at this photon energy range is
approximately 0.7–0.8 eV.
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The Vale samples and reference samples measured in this XAFS investigation are listed
in the table below.
Table 1. XAFS samples measured at CLS’s HXMA Beamline facility
Sample

Absorbing
Atom

Measurement
Mode

Local Atomic Structure

SR Vale NiO(Fe,Co)

Fe

Fluorescence

Unknown

DR Vale NiO(Fe,Co)

Fe

Fluorescence

Unknown

SR Vale NiO(Fe,Co)

Co

Fluorescence

Unknown

DR Vale NiO(Fe,Co)

Co

Fluorescence

Unknown

Fe(II)(C5HF6O2)2 (C4H8O)2

Fe(II)

Fluorescence

[33]
Fe(III)2O3

Fe(III)

Transmission

Note: Fe(III) (gold) trigonally
coordinated by oxygen (red) [4]
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Co(II)O

Co(II)

Transmission

Note: Co(II) (blue) octahedrally
coordinated by oxygen atoms (red) [32]
Co(III)-hexamine chloride

Co(III)

Transmission

SR Vale NiO(Fe,Co)

Ni(II)

Transmission

DR Vale NiO(Fe,Co)

Ni(II)

Transmission

Note: Co(III) (blue) octahedrally
coordinated by NH3 molecules (silver),
chlorine (green) not of importance to this
consideration of local structure [19]
Rocksalt octahedron (see CoO local
structure above)
Rocksalt octahedron (see Co in CoO
local structure above)

It should be noted that the above listed measurements made in fluorescence mode were
made using the Lytle detector. In general, approximately 3-5 scans were taken for each sample
measured. Standard reference samples were chosen to cover a variety of possible oxidation states
of the dopants present in both the SR and DR Vale NiO(Fe,Co) samples.
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Chapter 4
Data Reduction & Analysis
The following chapter is comprised of three sections all focused on articulating the analysis
methodology carried out on the data sets from each respective experimental technique utilized in
this investigation. The first section will cover the basic analysis carried out on the unrefined
PXRD data from the in-house diffractometer. The second section will cover the XANES analysis
and finally the third section will cover the EXAFS analysis.
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4.1 Powder X-Ray Diffraction
The main goal of the PXRD analysis on the unrefined data was to determine the bulk
structure’s lattice constant of both the SR and DR doubly doped Vale NiO(Fe,Co). Upon
obtaining the respective unrefined powder patterns, the Miller indices’ peak position needed to
be determined. Determining the 2𝜃 peak position for each respective set of Miller indices in the
powder pattern allowed for the calculation for each of the respective lattice constants. To
determine the peak position of each Miller indices’ peak, a multi-peak Gaussian fit was used to
determine the 2𝜃 peak position from the Cu–Ka1 and Cu–Ka2 x-ray radiation present in each
Miller indices peak. The fitting range of each multi-peak Gaussian fit was performed over each
individual Miller indices peak range, including the tail ends of each peak. It should be noted that
the only peak that was not able to be deconvoluted to represent the Cu-ka1 and Cu-ka2 radiation
was the (111) peak (for both the SR and DR Vale NiO PXRD patterns). Once the Miller indices
peaks were fit, the full-width half max 2𝜃 value was then utilized as the peak position. Once the
peak position was accurately determined each respective sample’s lattice constant was
determined using Bragg diffraction for a cubic system,
²

𝑎 = Q ÈÉÊ - √ℎQ + 𝑘 Q + 𝑙 Q .

(4.1.1)

Upon determining the lattice constant from each peak (9 lattice constant values calculated from
the 5 Miller indices powder peak, K-alpha splitting included), a weighted linear regression was
performed to obtain each respective sample’s lattice constant and associated error (standard
deviation of calculated lattice constants).
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4.2 X-Ray Absorption Near Edge Spectroscopy
XANES is a rich experimental technique that provides electronic and structural
information. XANES spectra are an atomic fingerprint, they are unique to the absorbing atom’s
local environment, geometry and local atomic species. XANES allows for an atomic probe of
very complex or dilute systems, systems otherwise unable to be studied by means of other
techniques. XANES analysis can be qualitive in nature by means of comparing the ‘unknown’
spectrum to measurements of a known reference compound spectrum. This qualitative
comparative method of analysis allows for conclusions such as chemical speciation and
oxidation state of the absorbing atom.

The XANES data processing was performed using the Athena software, version
0.9.25 [34]. The spectra averaging, normalization and background removal of the XANES
spectra was done using the Athena software. The measured spectra of each sample, once
imported to Athena, were then averaged together. Upon averaging, the pre-edge region (energy
region below white line of the K-edge) background removal was done by using a linear function
to fit the pre-edge region and subtracted from the data. Next, the first derivative of the averaged
spectrum was utilized to determine the Eo energy position. The centroid of the second inflection
point following any pre-edge feature(s) inflection point(s), was taken to be the Eo energy. Upon
assigning the Eo energy, the post-edge EXAFS oscillatory features region (~50 eV above K-edge
energy) was fit with a 1st order polynomial removing the background and normalizing the data
by dividing the fitted linear background (i.e. the result is a “leveled” XANES spectrum). Upon
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completing this process, the data has been reduced and can now be qualitatively analyzed by
spectral comparison.

4.3 Extended X-Ray Absorption Fine Structure
The EXAFS data was reduced and analyzed using the WinXAS software version 3.0
[37]. Each respective set of spectra measurements, Vale NiO(Fe,Co) and CoO standard, were
imported as fluorescence spectra following;
?

𝜇 ∝ ?A .

(4.2.1)

:

Upon importing each respective set of spectra, the spectra were then averaged together. A linear
first order polynomial function was used to fit the pre-edge background of the averaged data set.
Upon removing the pre-edge background, a post-edge zeroth order polynomial was used to
normalize the averaged spectrum such that the edge step equals one. The K-edge energy of the
averaged spectrum was defined as outlined in the above section 4.2. By utilizing equation (2.2.1)
which expresses the relationship between wave-vector (k) and incoming photon energy (ℏ𝜈), the
absorption spectra were then converted to k-space to be expressed as 𝜇(𝑘).

One should note the sensitivity of this experimental technique as the beginning of the Ni
edge is apparent towards the end of the graph (Fig. 5.15). The following region k ∈ (1.02, 11.34)
Å40 of 𝜇(𝑘) vs. k for both data sets was fit using a cubic spline fit consisting of 7 spline sections
to determine 𝜇2 . Upon completing the 𝜇2 fit, the data could be expressed by the standard EXAFS
expression for K-edge absorption used in the software,
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(4.2.2)

Each EXAFS data set’s 𝜒(𝑘) was weighted by k3 to amplify the larger k oscillations.

Figure 4.1. k3 weighted 𝜒(𝑘) of Cobalt standard metallic foil

The above EXAFS expression as described by equation (4.2.2), mathematically describes the
modification that the photoelectron undergoes at the origin by means of scattering by Nj
neighbors at some radial distance Rj [21].

To investigate the radial distribution of the local coordination shells a Fourier Transform
(FT) was performed on 𝑘 ( ∙ 𝜒(𝑘) transforming to from k-space to R-space,
𝐹𝑇[𝑘 ( 𝜒(𝑘)] =

zÓ•Â
0
𝑤(𝑘) 𝑘 ( 𝜒(𝑘)𝑒 CQz¨
∫
√Qg zÓÔÕ
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𝑑(2𝑘)

(4.2.2)

where w(k) is the window function. The work presented used a Hanning window function when
applying the Fourier Transform of the form [43],
0

𝑤(𝑘) = Q ×1 − cos Ø2𝜋 >z

z 4 zÓÔÕ
Ó•Â

4 zÓÔÕ

@ÙÚ.

(4.2.3)

The Hanning window was only applied to the beginning and last ~10% of the data set, while
w(k) = 1 was applied for the middle ~80% of the data range of the. By applying the FT to the
𝜒(𝑘) function allows for the radial distribution shells of the local structure to be depicted by
|FT[k3 • c(k)]| vs. R.

Upon obtaining the radial distribution of the local coordination of each data set an
EXAFS model simulation was performed to fit the data set from the crystallographic information
of each sample. Both data sets have a cubic rocksalt crystal structure with 𝛼 = 𝛽 = 𝛾 = 90° and
à m [46]. From the space group and lattice constants of CoO (𝑎e2á = 4.260 Å)
space group Fm3
and NiO (𝑎¦Cá = 4.168 Å) [46] a FEFF input file for the FEFF 7 software was generated for
each crystal system, see Appendices C & D. The FEFF software is an ab-initio multiplescattering (MS) code used to calculate excitation spectra and electronic structure [35]. The code
is based on a real space Green’s function approach including a screened core-hole, inelastic
losses and self-energy shifts, and Debye-Waller factors [35]. The FEFF input file generates a
theoretical list of radial peak positions, and parameters 𝑆2Q , 𝜎 Q , 𝐸2 shift and N (coordination
number) can be varied within the physical constrains of the system to allow for the simulation to
fit the FT[𝑘 ( ∙ 𝜒(𝑘)] real and imaginary components. The magnitude of the real and imaginary
components fits can be taken to aesthetically express the radial distribution shells of the fit. The
simulation and refinement of each respective system allowed for the determination of the nearest
and second nearest neighbour interatomic distances of the Co local structure in the Vale
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NiO(Fe,CO) and the CoO standard reference sample, respectively. These quantitative results
from each system could be compared between the two systems and appropriate conclusions
could be made.

This section provided an overview of the analysis procedure of the EXAFS data analyzed
in this work. This section should be referred back to if necessary, to acknowledge any
subsequent questions pertaining to the analysis of the EXAFS data.
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Chapter 5
Speciation & Local Atomic
Structure Characterization of Fe
and Co Dopants in Vale
NiO(Fe,Co)
The following chapter is comprised of four sections whose collective purpose is to report
the observations, present the results and discuss the findings obtained in this thesis investigation.
The following sections of this chapter are as follows, the first section presents the results of the
PXRD investigation of the Vale NiO(Fe,Co) SR and DR systems. Note that the PXRD
investigation pertains to the bulk of each sample. In the PXRD investigation a Gaussian multipeak fitting of each unrefined Miller indices’ diffraction peak determined the 2𝜃 peak position.
The determination of the 2𝜃 peak position allowed for the SR Vale NiO(Fe,Co) and DR Vale
NiO(Fe,Co) lattice constants to be determined. The second section reports the qualitative results
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from the XANES investigation into the effects of the ‘roasting’ procedure at both the cobalt and
iron atomic species sites. The third section will present the qualitative XANES results and
conclusions obtained with respect to the cobalt dopant species present in the Vale NiO(Fe,Co).
This section will also present both the qualitative and quantitative EXAFS results and
conclusions determined with respect to the cobalt dopant species in the Vale NiO(Fe,Co). This
section illuminates the substitutional nature of cobalt(II) for nickel(II) in the Vale NiO(Fe,Co)
system. The fourth section will present the qualitative XANES results with respect to the iron
dopant species present in the Vale NiO(Fe,Co). This section reveals the mixed valence of iron
species present in the Vale NiO(Fe,Co) system. It also investigated the iron species present in the
system by utilizing linear combinations of FDMNES calculated spectra to compare to the Vale
NiO(Fe,Co) Fe K-edge spectrum. The theoretical FDMNES calculations were done with the
assistance of Dr. Ning Chen, HXMA Beamline Scientist using the 2016 March FDMNES
software version and with the computer cluster at CLS’s HXMA beamline for their computation
power.

5.1 SR & DR Vale-INCO NiO Bulk PXRD
Vale-INCO provided two NiO(Fe,Co) systems to be investigated, the SR and DR
NiO(Fe,Co) respectively. To be thorough, an aim of the PXRD standard measurement was to
independently confirm that the bulk crystal matrix was indeed that of an NiO-like system. It was
also of interest to investigate whether or not the ‘roasting’ procedure had an effect on the bulk
system. To answer this questions a standard PXRD measurement was performed on an in-house
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commercial diffractometer at the University of Wyoming to obtain the Vale NiO(Fe,Co) SR and
DR powder patterns, respectively. From each respective powder pattern, the miller indices peak
positions were obtained and allowed for each respective lattice constant to be calculated, see
Section 4.1 for a further in-depth description of the data analysis performed. The powder patterns
obtained from both the SR and DR Vale NiO(Fe,Co) are shown below in Figure 5.1, along with a
respective figure that is zoomed in on each Miller indices peak present in the bulk pattern for the
2q Î [10°, 90°) range, Figure 5.2 - Figure 5.5.
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Figure 5.1. SR & DR Vale NiO(Fe,Co) PXRD Pattern; raw data (containing background)

Figure 5.2. SR & DR miller indices peak (111).

Figure 5.3. SR & DR miller indices peak (200)

Figure 5.4 SR and DR miller indices peak (220)

Figure 5.5 SR and DR miller indices’ peaks (311) & (222)
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The initial investigation into the bulk NiO structures of the Vale SR and DR NiO(Fe,Co)
samples showed that the overall PXRD pattern appeared to be in agreement with that of the
standard NiO reported in literature [41]. The investigation also indicated a possible compression
of the NiO(Fe,Co) unit cell by the slight shift in peak position of the DR powder peaks to higher
angles. Calculation of each respective lattice constant revealed that the Vale DR NiO(Fe,Co)
sample appears to have a smaller lattice constant (a) than the Vale SR NiO(Fe,Co) sample. The
lattice constant (𝑎“¨ ) of the SR Vale NiO(Fe,Co) was experimentally calculated, using equation
(4.1.1), to be 𝑎“¨ = (4.214 ± 0.01) Å. Whereas, the DR Vale NiO(Fe,Co) lattice constant (𝑎æ¨ )
was experimentally calculated to be 𝑎æ¨ = (4.208 ± 0.02) Å. For details pertaining to both
calculations please refer back to section 4.1. The lattice constants agree within error, however a
discernable average value shift between the two samples exists. This could be attributed from the
slight shift in peak position observed from the raw data (Fig. 5.1 – Fig. 5.5), indicating that the
DR Vale NiO(Fe,Co) lattice constant is slightly smaller compared to that of SR Vale
NiO(Fe,Co).

This slight shift in peak position of the DR Vale NiO(Fe,Co) to a higher angle is
indicative of the DR Vale NiO(Fe,Co) system having a smaller lattice constant than that of the
SR Vale NiO(Fe,Co), although no conclusions can be made yet. Even though the PXRD Miller
indices’ peak shifts are quite small, the compressing phenomenon suggested here will be further
discussed and corroborated later from a local atomic structure point of view, using the XAFS
data. (section 5.2.2 and section 5.3.2). Finally, it should also be noted that the clearly apparent
splitting of the peaks to a higher angle is due to the inability to filter out the Cu 𝐾𝛼Q radiation
from the Cu K𝛼 x-ray source. Finally, the main take away from the PXRD results is that the SR
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and DR Vale NiO(Fe,Co) bulk pattern appears to be in agreement with that of the standard NiO
reported in the literature [41].

5.2 XANES Investigation of Dopants Between
SR and DR Doubly Doped Vale NiO(Fe,Co)
5.2.1 Results at Co K-edge
Prior to investigating the cobalt dopants local structure and its speciation in the Vale
NiO(Fe,Co), it was essential to determine if Vale-INCO’s proprietary ‘roasting’ procedure from
the single roast Vale NiO(Fe,Co) sample to the double roast Vale NiO(Fe,Co) sample in anyway
affected the Co dopants by means of speciation, local structure etc. Spectral features in a
XANES spectrum are unique to the absorbing atom’s oxidation state, local geometry and locally
coordinated species. A XANES investigation, by means of qualitative atomic fingerprint analysis
allowed for the identification of any speciation and structural differences present at the Co
atomic sites between the SR and DR Vale NiO(Fe,Co) samples, respectively. The qualitative
spectral comparison between the SR and DR Vale NiO Co K-edge samples, is shown below in
Figure 5.6.
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Figure 5.6. Normalized XANES spectra of the SR and DR Vale NiO(Co,Fe) Co K-edge samples. Note that there are
two spectra present in this figure.
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Figure 5.7. The derivative of normalized XANES spectra of the SR and DR Vale NiO(Co,Fe) Co K-edge samples.
Note that there are two spectra present in this figure and that spectra are essentially identical to one another.

It is worthwhile to note and emphasize that in Figure 5.6 and Figure 5.7 there are two
different XANES spectra from two different samples, SR and DR Vale NiO(Fe,Co),
respectively. This unintentionally highlights the sensitivity and accuracy of the XANES
technique. There are no discernable differences of spectral features between the SR and DR Vale
NiO(Fe,Co) Co K-edge XANES spectra and their respective first derivatives. The pre-edge
feature and inflection points about the K-edge, the K-edge itself and the post edge EXAFS
oscillatory features all essentially trace one another. The Co present in the SR and DR Vale
NiO(Fe,Co) have the same relative K-edge energy (7719.8eV), therefore the Co dopant has the
same oxidation state in both samples. From these observations it is qualitatively concluded that
the speciation and local atomic structure of the Co dopant present in the SR Vale NiO(Fe,Co)
sample is identical to that of the Co dopant present in the Vale DR NiO(Fe,Co) sample. The
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‘roasting’ procedure does not affect Co dopant as it is unchanged from the SR Vale NiO(Fe,Co)
system to the DR Vale NiO(Fe,Co) system. It can be concluded that all further observations of
the SR Vale NiO(Fe,Co) also apply to that of the DR Vale NiO(Fe,Co) at the Co K-edge.

5.2.2 Results at Fe K-edge
Similarly, as with Co, a XANES investigation of the SR and DR Vale NiO(Fe,Co)
system at the Fe K-edge needed to be performed. It was essential to determine if the ‘roasting’
procedure from the SR Vale-INCO NiO(Fe,Co) sample to the DR Vale-INCO NiO(Fe,Co)
sample in anyway affected the Fe species by means of speciation, local structure etc. The
qualitative XANES spectral comparison between the SR and DR Vale NiO(Fe,Co) Fe K-edge
samples is shown below in Figure 5.8.

Figure 5.8. XANES spectral comparison between SR and DR Vale NiO(Fe,Co) Fe K-edge spectra. Note the subtle,
albeit discernable difference between the two spectra, mainly in the sharpness of the DR spectral features compared
to that of the SR spectra.
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Figure 5.9. First derivative of the SR and DR Vale NiO (Fe,Co) Fe K-edge normalized XANES spectra. Again, note
the difference in feature sharpness about the K-edge.

There is a subtle but discernable difference between the SR and DR Vale NiO(Fe,Co) Fe
K-edge spectra, as shown above (Figs. 5.8 & 5.9). However, both spectra share the same
XANES features and with those respective features occurring at the same energy positions, such
as the pre-edge feature (~7118eV) and the inflection points about the K-edge. The post edge
oscillatory EXAFS spectral features are present in both the SR and DR spectra however the
EXAFS features in the DR spectrum occur at slightly higher energies indicating a compression to
the local octahedron in comparison to that of the Fe octahedron in the SR system. From the
similarities of the SR and DR respective XANES and EXAFS spectral features it is concluded
that the Fe species in both the SR and DR Vale NiO(Fe,Co) systems have similar local
coordination and geometry (i.e. same speciation). The iron atomic sites may only differ in the
level of crystalline ordering. The spectral features of DR spectrum are sharper than that of SR
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spectrum. The sharper features in the DR spectrum compared to the SR spectrum is indicative of
increased atomic ordering of the Fe atomic sites in the DR Vale NiO(Fe,Co) system compared to
that of the Fe atomic sites in the SR Vale NiO(Fe,Co) system. It is concluded from this XANES
investigation that the ‘roasting’ procedure affects the local structure of the Fe atomic sites but not
the Co atomic sites as determined earlier.

As will become apparent in section 5.3.3 the Fe local environment is unknown and may
be interstitial, which could be a cause for the local increased ordering of the Fe species structure
as a result of the ‘roasting’ procedure. One assumes that the apparent K-edge energy of the Fe in
the SR and DR Vale NiO(Fe,Co) systems is relatively unchanged due to the ‘roasting’ process.
Note that the energy resolution of the Si(111) monochromator at this photon energy range is
approximately 0.7 - 0.8 eV. It is therefore concluded that moving forward, conclusions made for
the SR Vale NiO(Fe,Co) system at the Fe K-edge also apply to that of the DR Vale NiO(Fe,Co)
system at the Fe K-edge and vice versa.
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5.3 Chemical Speciation by XANES & EXAFS
of Cobalt Dopant in Doubly Doped Industrial
Vale-INCO NiO(Fe,Co) System
5.3.1 Cobalt Dopant XANES Investigation
Determining the speciation of the Co present in the Vale NiO(Fe,Co) was one of the two
primary objectives of this investigation. To establish the oxidation state of the Co present in the
Vale NiO(Fe,Co), a XANES spectral comparison of the Vale NiO(Fe,Co) Co K-edge spectrum
to the CoO (Co2+ oxidation state) and Co-hexamine (Co3+ oxidation state) reference compound
absorption spectra was obtained and is shown below in Figure 5.10. Whereas Figure 5.11 below,
depicts the first derivative of the absorption spectra of the unknown and reference compounds in
Figure 5.10, respectively. It should be noted that since the Co local structure and symmetry is
identical between the SR and DR Vale NiO(Fe,Co) as previously shown in the above section,
only the SR spectrum was used for the local Co speciation determination by reference
comparison.
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Figure 5.10 Normalized XANES spectra comparison of Co2+ and Co3+ reference compound spectra and the SR Vale
NiO(Fe,Co) Co K-edge spectrum. Note the similarity between the unknown Vale spectrum and the CoO standard
reference spectrum. Insert; zoomed in about the edge-jump region.
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Figure 5.11 Normalized first derivative absorption spectra of the Co2+ and Co3+ reference compounds and SR Vale
NiO(Fe,Co) system.

From Figures 5.10 and 5.11 it is apparent that the Co in the Vale NiO(Fe,Co) system is that
of cobalt(II). By spectral comparison of the Vale NiO(Fe,Co) Co K-edge spectrum to the CoO
standard it is clear that they share the same edge and post-edge XANES spectral features. They
also share the same post-edge EXAFS features, albeit at slightly different energies which will be
discussed shortly. The Vale NiO(Fe,Co) Co K-edge spectrum and the CoO spectrum have
corresponding edge-jump features and the inflection point chosen as the K-edge energy occurs at
the same energy in both the Vale NiO(Fe,Co) Co K-edge spectrum and the CoO spectrum. It is
also clear that the Co(III)-hexamine edge-jump occurs at a higher energy, ~2.1eV higher than
that of both the Vale NiO(Fe,Co) and CoO spectra K-edges. It is therefore concluded that the Co
species present in the Vale NiO(Fe,Co) system is of CoO (with octahedrally coordinated Co2+).
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It is clear from Figures 5.10 and 5.11 that the Vale NiO(Fe,Co) Co K-edge spectrum the CoO
spectrum have different pre-edge features indicating that there is some difference between the Co
atomic sites in the Vale NiO(Fe,Co) system compared to that of Co atomic sites in a pure CoO
system. This observation could be an indication of Jahn-Teller distortion of the Co-O octahedron
in the Vale NiO(Fe,Co) system than which naturally occurs in a pure CoO lattice. Noting that
this possible Jahn-Teller distortion could be a result of the Co-O cluster in the Vale NiO(Fe,Co)
system being embed in a compressive NiO host lattice (the compressive nature will be discussed
shortly). It is also qualitatively apparent, from Figures 5.10 and 5.11 that the Vale NiO(Fe,Co)
Co K-edge spectrum has the same corresponding post-edge spectral features as the CoO
reference compound spectrum. Although, the Vale NiO(Fe,Co) Co K-edge spectrum’s features
occur at slightly higher energies than those same features in the CoO reference compound
spectra. The shift of such EXAFS oscillatory features to higher energies indicates that the near
neighbour inter-atomic distances of Co-O in the Vale NiO(Fe,Co) sample are shorter than that
which occur in a pure CoO system.

Recalling that the Co-O cluster of interest is embedded in a crystalline NiO lattice, therefore
it is of interest to compare their local structures reflected in their individual XANES spectral
features. Note that cobalt (II) oxide and nickel (II) oxide both have a cubic rocksalt crystal
à m [46]. For these purposes, the Vale NiO(Fe,Co) Co and Ni K-edge
structure, space group Fm3
XANES spectra are compared below in Figures 5.12 and 5.13. It should be noted that the Vale
NiO(Fe,Co) Ni K-edge spectrum was shifted down in energy and aligned with the Vale
NiO(Fe,Co) Co K-edge energy to allow for spectral comparison. A comparison was also done
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between the post-edge background removed Vale NiO(Fe,Co) Co and Ni K-edge EXAFS, i.e.
𝑘 ( ∙ 𝜒(𝑘) functions, shown below in Figure 5.14.

Figure 5.12 Vale NiO(Fe,Co) Co and Ni K-edge XANES spectral comparison (Note: Vale NiO(Fe,Co) Ni K-edge
spectrum shifted down in energy to align with Vale NiO(Fe,Co) Co K-edge spectrum).
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Figure 5.13 Zoomed in region about the edge-jump of the Vale NiO(Fe,Co) Co and Ni K-edge XANES spectral
comparison (Note: Vale NiO(Fe,Co) Ni K-edge spectrum shifted down in energy to align with Vale NiO(Fe,Co) Co
K-edge spectrum).
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Figure 5.14 Vale NiO(Fe,Co) Co and Ni K-edge 𝑘 ( ∙ 𝜒(𝑘) comparison.

The similarities of the corresponding spectral features (both XANES and EXAFS features)
are clearly apparent between the Vale NiO(Fe,Co) Co and Ni K-edge spectrums. The only major
discrepancy between the spectrums is in their pre-edge features which are shown to slightly
differ from the comparison of their respective spectrums. The origin of the difference in pre-edge
features is currently unknown. The corresponding spectral features coupled with the fact that
both bulk CoO and NiO have the same space group symmetry indicates that the Co atomic sites
and Ni atomic sites present in the Vale NiO(Fe,Co) sample both have the same centrosymmetric
octahedral local symmetry and similar local environment. This qualitative conclusion
corroborates the earlier observation of the shift to higher energies of the Vale NiO(Fe,Co) Co Kedge EXAFS features compared to that of the CoO standard reference’s EXAFS features. The
shift in energy of the spectral features is indicative of a compressed local structure and shorter
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near neighbour inter-atomic distances. This result aligns with the fact that NiO has a smaller
lattice constant on the order of 0.09Å in comparison to that of CoO [46]. From these
observations and qualitative results, in conjunction with the determination of the Co2+ oxidation
state, it is therefore concluded that Co2+ is substitutional for Ni2+. It is also concluded that it is
CoO and that the Co2+ has the same local octahedral symmetry as the Ni2+ in the doubly doped
Vale NiO(Fe,Co).

5.3.2 Cobalt Dopant EXAFS Investigation
As discussed in section 2.2, EXAFS is a rich experimental technique that is an
application of quantum mechanical framework provided by Fermi’s Golden Rule [21]. It is used,
with great precision, to obtain quantitative information regarding the local structure, nearneighbour distances and coordination numbers in the local surrounding environment of the
absorbing atom of interest [36]. The aim of the Vale NiO(Fe,Co) Co dopant species EXAFS
investigation is to independently corroborate the results and conclusions of the qualitative
XANES analysis above with quantitative EXAFS results.

The averaged spectra of the of the Vale NiO(Fe,Co) Co K-edge EXAFS measurements
are shown below in Figure 5.15. Note that these measurements utilized the maximum energy
range possible as it is apparent in Figure 5.15 that the Ni K-edge absorption edge is beginning to
be approached, which accounts for the increased absorption at ~8.2 keV. It is for this reason that
a smaller energy and subsequent k-range was used in the analysis.
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Figure 5.15 Vale NiO(Fe,Co) Co K-edge averaged EXAFS spectra; Note tail-end of spectra is beginning to reach
the Ni K-edge absorption line.

Recall from Chapter 2 that EXAFS describes the modification to the photoelectron’s
wavefunction from the interference of the outgoing photoelectron wave with the backscattered
wave by scattering from near-neighbours at some radial distance away. The k3 weighting evens
out the weight in the k-space range to be analyzed and minimizes the truncation error in the
subsequent Fourier transforms. Following the analysis outlined in Chapter 4, Section 4.3 the
Vale NiO(Fe,Co) Co K-edge dopant EXAFS was obtained as is shown below in Figure 5.16.
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Figure 5.16 k3 weighted fine structure of Cobalt dopant in the Vale NiO(Fe,Co).

EXAFS of the CoO reference standard was also obtained and is compared to that of the Vale
NiO(Fe,Co) Co K-edge dopant EXAFS, as shown below in Figure 5.17.
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Figure 5.17 Comparison of k3 weighted fine structure of the CoO standard reference (amplitude corrected) to that of
the Cobalt dopant in the Vale NiO(Fe,Co); offset vertically for clarity.

The EXAFS signal is represented by the sum of the amplitude modulated sine waves
corresponding to the scattering contributions from the local coordination of near-neighbours.
Note that each individual wave has the basic form of sin 2𝑘𝑅¤ [15]. By qualitative comparison of
the EXAFS in Figure 5.17 both fine structures predominantly share similar features. This
correspondence of features between the two fine structures corroborates the earlier XANES
conclusion that the Co in the Vale NiO(Fe,Co) is indeed CoO. However, the Vale NiO(Fe,Co)
features appear at slightly larger k values. This observation is indicative of a more compressed
local environment, shorter near-neighbour interatomic distances as compared to that of the Co in
the CoO standard. These qualitative observations independently corroborate the XANES results
that the Co dopant in the Vale NiO(Fe,Co) is indeed that of CoO. They also corroborate the
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observation that the Co2+ is substitutional for Ni2+ resulting in a compressed local environment as
compared to that of Co in a standard CoO bulk environment.

By applying the Fourier Transform (FT), as listed in section 4.3, to each respective
𝑘 ( ∙ 𝜒(𝑘) data set, the real and imaginary components of the FT as well as the magnitude of the
FT could be obtained for both the Vale NiO(Fe,Co) Co K-edge and for the CoO standard. The
magnitude of the FT of the EXAFS has corresponding R-space separated shells of nearneighbours at their respective interatomic distances (phase uncorrected). Figures 5.18 and 5.19
below show the analyzed EXAFS data, the magnitude and imaginary component of FT[𝑘 ( ∙
𝜒(𝑘)], the fitted imaginary component and the magnitude of the fitted real and imaginary
components of FT[𝑘 ( ∙ 𝜒(𝑘)], for the first and second coordination shells for both Co atomic
sites in the Vale NiO(Fe,Co) and the CoO samples, respectively.
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Figure 5.18 CoO standard reference analyzed EXAFS data and the magnitude of the fitted components (real and
imaginary) and the imaginary component fit of FT[𝑘 ( ∙ 𝜒(𝑘)].
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Figure 5.19 Vale NiO(Fe,Co) Co K-edge analyzed EXAFS data and the magnitude of the fitted components (real
and imaginary) and the imaginary component fit of FT[𝑘 ( ∙ 𝜒(𝑘)].

Following the analysis methodology outlined in Chapter 4, section 4.3 each respective
crystallographic model was fit (fit region highlighted in Figs. 5.18 & 5.19) to both the CoO
standard and Vale NiO(Fe,Co) Co K-edge data sets’ real and imaginary components of
FT[𝑘 ( ∙ 𝜒(𝑘)]. Although the imaginary components were only shown, along with the magnitudes
of the Fourier Transforms as the FT magnitude is more aesthetically convenient to compare
results. A standard FEFF input file was utilized for the CoO standard reference. A NiO FEFF
input file was generated for the Vale NiO(Fe,Co) Co K-edge but with the absorbing atom
changed to Co to reflect the assumed Vale-INCO system. Please refer to Appendices A & B for
the respective FEFF input files.
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The fitting of the CoO standard’s first and second coordination shells of the
FT[𝑘 ( ∙ 𝜒(𝑘)] is adequate. Note the magnitude of the fitted real and imaginary components is the
radial distribution function which is aesthetically easier to compare. It is apparent that there are
clear discrepancies between the fitting of the shells and analyzed shell data as well as the
irreproducibility of the feature at ~2.2Å by the fit as depicted in the radial distribution function.
These differences between the first two shells of the fit is a result of an unfavorable sample
concentration and sample thickness for fluorescence measurements. Although, the imaginary
component fitting of the FT[𝑘 ( ∙ 𝜒(𝑘)] was successful, i.e. the zero crossings occur at
predominantly the same positions. This aspect of the fitting was essential to make sure was
accurately fit in order to be confident in the obtained inter-atomic distances. Despite the
discrepancies between the fit and analyzed data, the fit is of a high enough quality to confidently
determine each shell’s respective interatomic distance.

The fitting of the first two local coordination EXAFS radial distribution shells of the Co
dopant present in the Vale NiO(Fe,Co) system was successful. The first radial shell corresponds
to Co – O, with a coordination of six oxygen nearest neighbors in its cubic crystal structure. The
second radial shell is assumed to correspond to Co – Ni, with a coordination of 12 Ni second
nearest neighbors in its cubic crystal structure. These assumptions come from the result that the
Co speciation is that of Co(II)O cluster (with octahedrally coordinated Co2+) embedded in an
NiO bulk environment as was independently confirmed by the qualitative XANES and EXAFS
results (EXAFS results above, for XANES results see section 5.3.1). The fitting of the imaginary
component of the FT[𝑘 ( ∙ 𝜒(𝑘)] is of good quality as apparent by the zero crossing positions of
the analyzed data and fit in Figure 5.19. From the quantitative data analysis fitting of the real and
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imaginary components of the FT[𝑘 ( ∙ 𝜒(𝑘)] the interatomic distances of the first two
coordination shells were determined.

Table 2. EXAFS fitting results of the Vale NiO (Fe,Co) Co K-edge and CoO standard

Note that the N fitting values of the CoO standard reference were correlated parameters
such that the Co–O N value is half that of the Co–Co N value which is known to be true for this
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system as 6 and 12, respectively [46]. These correlated parameters were allowed to be free while
the remaining parameters were fixed to that of the Vale NiO(Fe,Co) Co K-edge case for
consistency. This aimed to take into account for the inconsistency between the fit of the data
from the unfavorable sample concentration and sample thickness for fluorescence measurements
and is allowed because the true N coordination’s of the CoO standard are known.

The EXAFS analysis of the cobalt dopant’s local structure in the Vale NiO(Fe,Co)
system quantitatively confirms the EXAFS and XANES qualitative results that the Co2+ is
substitutional for Ni2+ (see Table 2 results above). The local structure of Co in NiO(Fe,Co) is
virtually identical to that of Ni in pure NiO, within measurement uncertainties [40]. Thereby
resulting in a compression of the Co2+’s local environment present in the Vale NiO(Fe,Co) as
compared to that of Co2+ in the standard CoO. The experimental determination of the nearneighbour interatomic distances is accurate to 0.02Å or better [36]. The local atomic structure
compression about the Co atomic sites in the Vale NiO(Fe,Co) system resulted in a nearest and
second nearest neighbour interatomic distance that was 0.04 Å shorter than the corresponding
respective neighbour atomic distance to Co in the pure CoO standard reference.
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5.4 Iron K-edge XANES Experimental
Investigation & Data Simulation by FDMNES
Calculations
5.4.1 Iron XANES Investigation
Determining the speciation of the iron dopant present in the Vale NiO(Fe,Co) was the
second fundamental question of this investigation. The method used for the XANES
investigation of the speciation of the iron species present in the Vale NiO(Fe,Co) was done in the
same manner as the cobalt XANES investigation in section 5.3. A qualitative XANES spectral
comparison was performed between the Vale NiO(Fe,Co) Fe K-edge spectrum and reference
compound spectra spanning the possible iron oxidation states present in the Vale NiO(Fe,Co)
system. The iron reference compounds utilized in this qualitative XANES analysis were,
Fe(C5HF6O2)2(C4H9O)2 (ferrous; 2+ oxidation state) [33] and Fe2O3 (ferric; 3+ oxidation state). It
should be noted that only the DR Vale NiO(Fe,Co) spectrum was used moving forward, as
mentioned in section 5.1 conclusions made for the DR system also apply to the SR system. The
qualitative XANES comparison between the Vale NiO(Fe,Co) Fe K-edge and the listed reference
samples is shown below in Figure 5.20, while Figure 5.21 qualitatively compares the respective
first derivatives of the absorption coefficients spectra.
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Figure 5.20 Qualitative XANES spectral comparison between ferrous (green) and ferric (blue) iron reference
compound spectra and the Vale NiO(Fe,Co) Fe K-edge spectrum (red); Insert: zoomed about the edge-jump (Energy
range: ~7105eV - 7125eV).
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Deriv.

Figure 5.21 Qualitative spectral comparison of the absorption coefficient derivative between ferrous (green) and
ferric (blue) iron reference compounds and the Vale NiO(Fe,Co) Fe K-edge (red) spectrums.

In clear contrast to the case of the Co spectra of these samples, it is qualitatively conclusive
from Figures 5.20 & 5.21 that the K-edge energy of the Vale NiO(Fe,Co) Fe K-edge spectrum is
between that of the ferrous and ferric iron. In Figure 5.20 the rising edge of the unknown Fe (red)
lies in between the rising edges for the ferrous (green) and ferric (blue) compounds; while in the
derivative comparison the unknown Fe signal (red) has its intensity spreading over the
distribution range of both ferrous (green) and ferric (blue) regions (~ 7118eV – 7135eV energy
region). The edge-jump of the Vale NiO(Fe,Co) Fe K-edge spectrum begins with that of the
Fe(II) reference spectrum and ends with that of Fe(III) reference spectrum. There is no clear
indication whether the Vale NiO(Fe,Co) Fe K-edge spectral features are leaning towards that of
either the Fe(II) or Fe(III) species. From these observations, it can be qualitatively concluded that
there are both Fe(II) or Fe(III) species present in the Vale NiO(Fe,Co) system.
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It is observable from Figures 5.20 & 5.21 there is a pre-edge feature present in the Vale
NiO(Fe,Co) spectrum. The large intensity of this feature could be indicative of distortion to the
Fe local symmetry in the Vale NiO(Fe,Co) system about the Fe atomic sites. This possible local
symmetry distortion could be a result of an increased Jahn-Teller effect [47]. Jahn-Teller
distortion to various iron (high and low spin) local structures could result in contributions to the
pre-edge intensity from one of or both of the electric quadrupole and electric dipole (from 3d –
4p mixing) electronic transition mechanisms [45].

The XANES investigation at the Fe K-edge revealed a very important result pertaining to the
Fe species present in the Vale NiO(Fe,Co) system; there are both ferrous and ferric iron
components in the system. This information is essential in moving forward to uncovering the
speciation of iron in the Vale NiO(Fe,Co) system.

5.4.2 Iron Oxide FDMNES Calculations
The result that the Vale NiO(Fe,Co) system contains both ferrous and ferric iron
oxidation states prompted further investigation into the local atomic structures of the iron present
in the Vale NiO(Fe,Co) system; i.e. aim to shed some light on what the specific ferrous and ferric
iron species that are present in the Vale NiO(Fe,Co) system. Further investigation was carried
out by utilizing linear combinations of FDMNES spectra calculations to compare to the
‘unknown’ Vale NiO(Fe,Co) Fe K-edge XANES data. Since iron is well known to be a strong
oxidizer [31] and the iron is present in an oxygen rich environment it was therefore assumed
moving forward that the iron species’ present in the Vale NiO(Fe,Co) system are that of iron
oxides species. The iron oxides species investigated by means of FDMNES calculations were
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FeO, 𝛼–Fe2O3 and Fe3O4. Other more exotic iron structures such as FeO2, Fe4O5*, Fe5O6*,
Fe5O7*, Fe25O32* and Fe13O19* (* indicates compound contains both Fe2+ and Fe3+ oxidation state
species) were not chosen to be investigated by means of data simulation from FDMNES
calculated spectra. The exotic iron oxide compounds listed above are likely not present in Vale
NiO(Fe,Co) system. The FeO2, Fe4O5, Fe5O6, Fe5O7, Fe25O32 and Fe13O19 exotic iron oxides were
excluded because they occur in iron rich environments [7, 12, 20, 30] which is not the case in the
Vale NiO(Fe,Co) system as it contains ~0.5% iron. They were also excluded because they occur
in environments under pressure in the gigapascals range [7, 12, 20, 30] which the Vale
NiO(Fe,Co) system is not subjected to [10].

Calculated FDMNES spectra were obtained for FeO, 𝛼–Fe2O3 and Fe3O4 from
corresponding crystallographic files [14], [4] and [27] respectively and compared to the Vale
NiO(Fe,Co) Fe K-edge spectrum. The goal of this investigation was to uncover indicators to
possible species of iron present in the Vale-INCO NiO(Fe,Co). Figure 5.22 presented below
qualitatively compares the FeO, 𝛼–Fe2O3 and Fe3O4 FDMNES calculated spectra to the Vale
NiO(Fe,Co) Fe K-edge spectrum.
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Figure 5.22 FeO, 𝛼–Fe2O3 and Fe3O4 FDMNES calculated spectra compared to the normalized Vale NiO(Co,Fe) Fe
K-edge XANES spectrum.
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Figure 5.23 The FeO (brown), 𝛼–Fe2O3 (pink) and Fe3O4 (yellow) FDMNES calculated spectra’s first derivatives
compared to the normalized Vale NiO(Co,Fe) Fe K-edge XANES spectrum (blue) first derivative; spectra offset
vertically for clarity.

By comparing the FDMNES calculated spectra to the Vale NiO(Fe,Co) Fe K-edge
spectrum some spectral similarities could be seen, especially by qualitatively comparing the first
derivatives of the respective absorption spectra. It should be noted that the relative K-edge
energies (3rd inflection point feature in Fig. 5.23 above) of the FDMNES calculated spectra, FeO
and a–Fe2O3 were shifted by -2.1 and 1.1 eV, respectively, to match the relative K-edge energy
spacing with respect to the measured ferrous and ferric reference compounds in XANES iron
investigation (see Fig.5.21). Whereas due to the mixed valence nature of Fe3O4, its relative Kedge energy (3rd inflection point feature) was aligned with those of corresponding features of the
Vale spectrum. The FeO and Fe3O4 spectra share similar K-edge features with regards to number
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of inflection points as well as the post-edge feature at ~ 7140eV. The Fe2O3 spectrum has a
distinct shoulder feature apparent at ~ 7118eV. This observation coupled with the difference
between the trigonal Fe2O3 crystal structure (space group R3àc) [47] to the NiO cubic bulk (space
group Fm3àm) [46] it is assumed less likely to be present in the Vale NiO(Fe,Co) as compared to
cubic FeO (space group Fm3àm) [46] and spinel Fe3O4 (space group Fd3àm) [47].

Due to many-body effects the ~ (7130 – 7135) eV region in the Vale NiO (Fe K-edge)
spectrum will be irreproducible by FDMNES calculations. It should be noted that the FDMNES
calculations are done using the one-electron approximation, meaning the spectra are calculated
for a single photoelectron. This however is not the reality for experimental measurements which
are subject to many-body effects, shake up and shake down effects in this region about the edge
[3].

From the FDMNES calculated FeO and Fe3O4 spectra data linear combinations of the
data sets were obtained and compared to the Vale NiO(Fe,Co) Fe K-edge spectrum to provide
possible indicators of a combination of iron species present in the Vale NiO (Fe,Co) system. The
+
-

(FeO) + +-(Fe3O4) linear combination is shown below in Figures 5.24 & 5.25, see Appendix D

the other linear combinations obtained.
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Figure 5.24 Linear combination +-(FeO) + +-(Fe3O4) of the FDMNES calculated spectrum compared to the Vale
NiO(Fe,Co) Fe K-edge spectrum.
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Figure 5.23 First derivatives of the FDMNES calculated linear combination +-(FeO) + +-(Fe3O4) spectrum compared
to the Vale NiO(Fe,Co) Fe K-edge spectrum.

There are some similarities between the features of the FDMNES linear combination
spectra to that of the Vale NiO (Fe K-edge) spectrum. The first derivative of the FDMNES linear
combinations contains a main peak feature comprised of three inflection point features also
present in the Vale NiO(Fe,Co) Fe K-edge spectrum’s first derivative. These features in the
centroid are also generally separated similarly in energy to that that of the Fe Vale spectrum’s
first derivative.

These similarities between the linear combinations of the FDMNES calculated spectra
and the Vale NiO(Fe,Co) Fe K-edge spectrum appear to be indicative of there being octahedrally
and tetrahedrally coordinated iron of with face and edge sharing sites. It is still unclear if there
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are interstitial iron sites present. Further investigation into the iron speciation and local atomic
structure characterization is currently ongoing. The next step is to obtain experimental XANES
data of all likely iron oxides such as FeO, and Fe3O4. Upon obtaining those respective
measurements a linear combination data fitting analysis to the Vale NiO(Fe,Co) Fe K-edge
spectrum can be done in a more direct fashion.
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Chapter 6
Conclusions
6.1 Concluding Remarks
As the materials science and metallurgic fields grow, complex and unique problems will
continue to arise. Moving forward it is imperative that there be an investigative experimental
technique which allows scientists to study unique and complex systems at the smallest scales. As
was presented in Chapter 1, understanding the dopant characterization of the transition metals
present in the doubly doped Vale NiO(Fe,Co) system is of the utmost importance to ValeINCO’s nickel production. The production of materials such as nickel oxide and pure nickel to a
high degree of purity is paramount. The XAFS investigation presented in this thesis aimed to
assist Vale-INCO with their current yield issue pertaining to their proprietary nickel reduction
process by means of dopant speciation. This work provided key fundamental information of the
chemical speciation and local atomic structure of the unknown iron and cobalt species present in
the Vale NiO(Fe,Co) system. This information is a pre-requisite for designing a tailored
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reduction method to increase Vale-INCO’s pure nickel oxide and nickel yields, respectively. In
aiming to do so, this work utilized XANES for its qualitative atomic fingerprint identification to
probe the iron and cobalt dopant species local structures. EXAFS was also used as a primary
experimental technique to obtain quantitative results corroborating the cobalt XANES
investigation. Finally, the theoretical ab-initio FDMNES iron species calculations were utilized
to investigate questions posed by the qualitative XANES results of iron. Holistically, the
FDMNES calculations and the XANES and EXAFS experimental techniques aimed to provide
an understanding of the cobalt and iron dopants in the Vale NiO(Fe,Co) system, respectively.

6.2 Cobalt & Iron Dopants in the Doubly Doped
Vale-INCO Nickel Oxide
It was determined by qualitative XANES spectral comparison that the cobalt dopant is
unchanged by the ‘roasting’ procedure between the SR and DR Vale NiO(Fe,Co). The cobalt
speciation and local structure is identical in both the SR and DR Vale NiO(Fe,Co) systems,
respectively. Qualitative comparison of the SR and DR Vale NiO(Fe,Co) Fe K-edge XANES
spectra revealed that the iron speciation is also unchanged by the ‘roasting’ procedure. However,
in contrast to the cobalt case, there is an increased ordering (i.e. crystallinity) and compression of
the local structure of the iron atomic sites in the DR Vale NiO(Fe,Co) system in comparison to
the SR Vale NiO(Fe,Co) system.

The XANES investigation at the Co K-edge discovered that the cobalt present in the Vale
NiO(Fe,Co) is that of cobalt(II), but more specifically, octahedrally coordinated CoO. Albeit,
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CoO but with a local compression of its near-neighbour interatomic distances compared to that
of a pure CoO local structure. It was determined that the Co2+ is substitutional for Ni2+ in the
Vale NiO(Fe,Co) system. This substitutional cobalt(II) for nickel (II) results in a compression of
its local structure, proven by the decrease in its first and second near-neighbour interatomic
distances by 0.04Å, respectively. Contrary to the cobalt dopant, the iron dopant species is of a
more complex nature. The qualitative XANES investigation determined that there are both
ferrous (Fe2+) and ferric (Fe3+) iron species present in the doubly doped Vale NiO(Fe,Co)
system. The simulation based on the ab-initio theoretical FDMNES calculations for reference
compounds indicated that the there are octahedrally and tetrahedrally coordinated iron sites
present in the Vale NiO(Fe,Co) system.

6.3 Success of XAFS Techniques
The strength of XAFS and its local atomic probe ability is paramount. The richness of the
XAFS technique was on display in this investigation. The project presented questions concerning
transition metal dopants (iron, cobalt) no greater that ~2% in its doubly doped industrial nickel
oxide system. There were a variety of previous attempts to uncover crucial information regarding
the dopants all to no avail. By utilizing both the XANES and EXAFS experimental techniques
the cobalt dopant speciation was able to be uncovered and a local atomic structure probe of
cobalt was able to be obtained. Whereas in case of the iron dopant it revealed the mixed species
of iron oxidation states present in the system. The iron XANES investigation also revealed vital
information pertaining to fundamental questions still to be investigated in this system as
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mentioned in the above section, but more importantly the essential information obtained from the
both the iron and cobalt XANES investigations posed a tailored direction of the research.

The success of XAFS is plain to see, the results obtained from XAFS presented in this
work are specific to each respective dopant. XAFS allows for qualitative and quantitative
information regarding the transition metal dopant atomic sites in the Vale NiO(Fe,Co) system to
be obtained. The XAFS experimental investigation revealed vital information about the dopants
that will be necessary in finding a solution to the Vale-INCO nickel reduction problem.

6.4 Next Steps & Future Outlook
Although this investigation answered fundamental questions about the industrial Vale
NiO(Fe,Co) system, there is still lots of work left to be done. The results obtained from the iron
species XANES investigation allowed for the direction of research to be tailored to determine the
iron species present in the system. The next step of this investigation will be to obtain XANES
measurements of a variety of octahedrally and tetrahedrally coordinated iron oxide species
standard reference samples. Upon obtaining these XANES reference spectra one could use linear
combinations of the measured data to aim to fit the ‘unknown’ Vale NiO(Fe,Co) Fe K-edge
spectrum data.

The results obtained from the XAFS investigation presented in this thesis are extremely
important moving forward, as they pose new questions and implications to the Vale-INCO
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nickel(II) reduction problem. Questions such as what is the ratio of ferrous to ferric iron and are
there interstitial iron sites present in the doubly doped Vale NiO(Fe,Co) system? Implications
such as does the ferrous or ferric iron affect the local crystal ligand field and if so does it result in
the inability to remove local nickel(II) or even bulk clusters of nickel(II) during reduction? Does
the local compression of Co-O and Co-Ni octahedron have implications to possibly affecting the
nickel reduction yield? Does this compression of the CoO local structure mean that it will require
a greater or less amount of energy to remove the cobalt dopant than that of standard CoO and in
turn affect the removal of nickel sites in close proximity to the cobalt atomic sites? All of these
questions and implications are of great concern to Vale-INCO and for which industries they
supply materials for. Thanks to the XAFS work presented in this investigation the continuation
of this research can be tailored to probe the questions mentioned above.
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Appendix A
The following FEFF input file was that of the bulk NiO input with Co as the absorbing
atom, this FEFF file was utilized to simulate the Co Vale-INCO NiO |𝐹𝑇𝜒(𝑘)|.
* This feff6 file was generated by Demeter 0.9.26
* Demeter written by and copyright (c) Bruce Ravel, 2006-2018
* --*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*-* space = Fm-3m
* a = 4.16840 b = 4.16840 c = 4.16840
* alpha = 90.00000 beta = 90.00000 gamma = 90.00000
* rmax = 8.00000 core = Ni1
* polarization = 0 0 0
* shift = 0 0 0
* atoms
* # el. x
y
z
tag
* Ni 0.00000 0.00000 0.00000 Ni1
* O 0.50000 0.50000 0.50000 O1
* --*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*-* --*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*-* total mu*x=1: 5.678 microns, unit edge step: 6.650 microns
* specific gravity: 6.850
* --*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*-* normalization correction: 0.00053 ang^2
* --*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*-HOLE 1 1.0 * FYI: (Ni K edge @ 7709 eV, 2nd number is S0^2)
*
mphase,mpath,mfeff,mchi
CONTROL 1 1 1 1
PRINT 1 0 0 4
RMAX 5.0
* POLARIZATION 0 0 0
POTENTIALS
* ipot Z tag
0 28 Co
1 28 Ni
2 8 O
ATOMS
* this list contains 251 atoms
* x
y
z ipot tag
distance
0.00000 0.00000 0.00000 0 Co0
0.00000
2.08420 0.00000 0.00000 2 O1.1
2.08420
-2.08420 0.00000 0.00000 2 O1.1
2.08420
0.00000 2.08420 0.00000 2 O1.1
2.08420
0.00000 -2.08420 0.00000 2 O1.1
2.08420
0.00000 0.00000 2.08420 2 O1.1
2.08420
0.00000 0.00000 -2.08420 2 O1.1
2.08420
⋮
-2.08420 -4.16840 -6.25260 1 Ni1.7
7.79836
END
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Appendix B
The following FEFF input file was that of the bulk CoO input, this FEFF file was utilized
to simulate the CoO standard |𝐹𝑇𝜒(𝑘)|.
* This feff.inp file generated by ATOMS, version 2.46b
* ATOMS written by Bruce Ravel and copyright of The Univ. of Washington, 1994
* -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- *
*
total mu = 1897.6 cm^-1, delta mu = 1639.9 cm^-1
*
specific gravity = 6.438, cluster contains 81 atoms.
* -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- *
*
mcmaster corrections: .00062 ang^2 and .694E-06 ang^4
* -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- *
TITLE name:CoO
HOLE 1 1.0 Co K edge ( 7.709 keV), s0^2=1.0
*
mphase,mpath,mfeff,mchi
CONTROL 1 1 1 1
PRINT 1 0 0 4
RMAX

5.21742

*CRITERIA curved plane
*DEBYE
temp debye-temp
*NLEG
8
POTENTIALS
* ipot z label
0 27 Co
1 8 O
2 27 Co
ATOMS
.00000
.00000
-2.13000
.00000
.00000
2.13000
.00000
.00000
.00000
-2.13000
2.13000
.00000
-2.13000
.00000

.00000
.00000
.00000
-2.13000
.00000
.00000
2.13000
2.13000
-2.13000
2.13000
-2.13000
-2.13000
-2.13000
2.13000

.00000 0 Co1
-2.13000 1 O1
.00000 1 O1
.00000 1 O1
2.13000 1 O1
.00000 1 O1
.00000 1 O1
2.13000 2 Co1
-2.13000 2 Co1
.00000 2 Co1
.00000 2 Co1
2.13000 2 Co1
.00000 2 Co1
-2.13000 2 Co1
⋮
2.13000 -2.13000 -4.26000 2 Co1
END

.00000
2.13000
2.13000
2.13000
2.13000
2.13000
2.13000
3.01227
3.01227
3.01227
3.01227
3.01227
3.01227
3.01227
5.21741
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Appendix C
FeO cif file (1011169 – COD) [14]
#$Date: 2017-10-13 02:32:00 +0300 (Fri, 13 Oct 2017) $
#$Revision: 201954 $
#$URL: file:///home/coder/svn-repositories/cod/cif/1/01/11/1011169.cif $
#-----------------------------------------------------------------------------#This file is available in the Crystallography Open Database (COD),
# http://www.crystallography.net/
#All data on this site have been placed in the public domain by the
# contributors.
data_1011169
loop_
_publ_author_name
'Jette, E R'
'Foote, F'
_publ_section_title
;
An x-ray study of the wuestite (Fe O) solid solutions
;
_journal_coden_ASTM
JCPSA6
_journal_name_full
'Journal of Chemical Physics'
_journal_page_first
29
_journal_page_last
36
_journal_paper_doi
10.1063/1.1749215
_journal_volume
1
_journal_year
1933
_chemical_compound_source
'hypothetical stoichometric end-member'
_chemical_formula_structural 'Fe O'
_chemical_formula_sum
'Fe O'
_chemical_name_mineral
Wuestite
_chemical_name_systematic
'Iron oxide'
_space_group_IT_number
225
_symmetry_cell_setting
cubic
_symmetry_Int_Tables_number 225
_symmetry_space_group_name_Hall '-F 4 2 3'
_symmetry_space_group_name_H-M 'F m -3 m'
_cell_angle_alpha
90
_cell_angle_beta
90
_cell_angle_gamma
90
_cell_formula_units_Z
4
_cell_length_a
4.332
_cell_length_b
4.332
_cell_length_c
4.332
_cell_volume
81.3
_exptl_crystal_density_meas 5.8
_cod_database_code
1011169
loop_
_symmetry_equiv_pos_as_xyz
x,y,z
y,z,x
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z,x,y
x,z,y
y,x,z
z,y,x
x,-y,-z
⋮
1/2+z,1/2+y,-x
loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_symmetry_multiplicity
_atom_site_Wyckoff_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_occupancy
_atom_site_attached_hydrogens
_atom_site_calc_flag
Fe1 Fe2+ 4 a 0. 0. 0. 1. 0 d
O1 O2- 4 b 0.5 0.5 0.5 1. 0 d
loop_
_atom_type_symbol
_atom_type_oxidation_number
Fe2+ 2.000
O2- -2.000
loop_
_cod_related_entry_id
_cod_related_entry_database
_cod_related_entry_code
1 ChemSpider 396260

Fe3O4 cif file (1010369 – COD) [27]
#$Date: 2017-10-13 02:32:00 +0300 (Fri, 13 Oct 2017) $
#$Revision: 201954 $
#$URL: file:///home/coder/svn-repositories/cod/cif/1/01/03/1010369.cif $
#-----------------------------------------------------------------------------# This file is available in the Crystallography Open Database (COD),
# http://www.crystallography.net/
# All data on this site have been placed in the public domain by the
# contributors.
data_1010369
loop_
_publ_author_name
'Montoro, V'
_publ_section_title
;
Miscibilita fra gli ossidi salini di ferro e di manganese
;
_journal_coden_ASTM
GCITA9
_journal_name_full
'Gazzetta Chimica Italiana'
_journal_page_first
728
_journal_page_last
733
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_journal_volume
68
_journal_year
1938
_chemical_formula_structural 'Fe3 O4'
_chemical_formula_sum
'Fe3 O4'
_chemical_name_systematic
'Iron diiron(III) oxide'
_space_group_IT_number
227
_symmetry_cell_setting
cubic
_symmetry_space_group_name_Hall 'F 4d 2 3 -1d'
_symmetry_space_group_name_H-M 'F d -3 m :1'
_cell_angle_alpha
90
_cell_angle_beta
90
_cell_angle_gamma
90
_cell_formula_units_Z
8
_cell_length_a
8.384
_cell_length_b
8.384
_cell_length_c
8.384
_cell_volume
589.3
_cod_original_sg_symbol_H-M 'F d -3 m S'
_cod_database_code
1010369
loop_
_symmetry_equiv_pos_as_xyz
x,y,z
y,z,x
z,x,y
x,z,y
y,x,z
z,y,x
⋮
3/4+z,3/4+y,1/4-x
loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_symmetry_multiplicity
_atom_site_Wyckoff_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_occupancy
_atom_site_attached_hydrogens
_atom_site_calc_flag
Fe1 Fe2+ 16 d 0.625 0.625 0.625 0.5 0 d
Fe2 Fe3+ 16 d 0.625 0.625 0.625 0.5 0 d
Fe3 Fe3+ 8 a 0. 0. 0. 1. 0 d
O1 O2- 32 e 0.375 0.375 0.375 1. 0 d
loop_
_atom_type_symbol
_atom_type_oxidation_number
Fe2+ 2.000
Fe3+ 3.000
O2- -2.000
loop_
_cod_related_entry_id
_cod_related_entry_database
_cod_related_entry_code
1 ChemSpider 4937312
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Fe2O3 cif file (9000139 – COD) [4]
#$Date: 2017-10-14 23:18:49 +0300 (Sat, 14 Oct 2017) $
#$Revision: 202019 $
#$URL: file:///home/coder/svn-repositories/cod/cif/9/00/01/9000139.cif $
#-----------------------------------------------------------------------------# This file is available in the Crystallography Open Database (COD),
# http://www.crystallography.net/. The original data for this entry
# were provided the American Mineralogist Crystal Structure Database,
# http://rruff.geo.arizona.edu/AMS/amcsd.php
# The file may be used within the scientific community so long as
# proper attribution is given to the journal article from which the
# data were obtained.
data_9000139
loop_
_publ_author_name
'Blake, R. L.'
'Hessevick, R. E.'
'Zoltai, T.'
'Finger, L. W.'
_publ_section_title
;
Refinement of the hematite structure
;
_journal_name_full
'American Mineralogist'
_journal_page_first
123
_journal_page_last
129
_journal_volume
51
_journal_year
1966
_chemical_formula_sum
'Fe2 O3'
_chemical_name_mineral
Hematite
_space_group_IT_number
167
_symmetry_space_group_name_Hall '-R 3 2"c'
_symmetry_space_group_name_H-M 'R -3 c :H'
_cell_angle_alpha
90
_cell_angle_beta
90
_cell_angle_gamma
120
_cell_length_a
5.038
_cell_length_b
5.038
_cell_length_c
13.772
_cell_volume
302.722
_exptl_crystal_density_diffrn 5.256
_cod_original_sg_symbol_H-M 'R -3 c'
_cod_database_code
9000139
loop_
_symmetry_equiv_pos_as_xyz
x,y,z
2/3+x,1/3+y,1/3+z
1/3+x,2/3+y,2/3+z
x,x-y,1/2+z
2/3+x,1/3+x-y,5/6+z
1/3+x,2/3+x-y,1/6+z
y,x,1/2-z
⋮
1/3+x-y,2/3+x,2/3-z
loop_
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_atom_site_aniso_label
_atom_site_aniso_U_11
_atom_site_aniso_U_22
_atom_site_aniso_U_33
_atom_site_aniso_U_12
_atom_site_aniso_U_13
_atom_site_aniso_U_23
Fe 0.00772 0.00772 0.00279 0.00386 0.00000 0.00000
O 0.00656 0.00800 0.00442 0.00405 0.00177 0.00365
loop_
_atom_site_label
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
Fe 0.00000 0.00000 0.35530
O 0.30590 0.00000 0.25000
loop_
_cod_related_entry_id
_cod_related_entry_database
_cod_related_entry_code
1 ChemSpider 14147
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Appendix D
The following Appendix displays the figures of the other simple linear combination fits
of the FeO and Fe3O4 FDMNES calculated spectra compared to the ‘unknown’ Vale NiO(Fe,Co)
Fe K-edge spectrum along with a comparison of their respective first derivatives.
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