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Abstract

This thesis describes the development and application of a gas aggregation clus-

ter source for the production of metallic nanoparticles (NPs). This high vacuum

technique can produce a beam of crystalline particles through magnetron sputtering

which may then be manipulated in-flight to further modify the properties of the

particles. The particles were then subject to a detailed study of their reactivity as

oxidation, in particular, proceeds very differently at the nanoscale compared to the

bulk. Creating an understanding of oxidation at the nanoscale is critical to a more

widespread application of these particles in industry.

After an introduction, the theory of solid state diffusion and oxidation is discussed.

Particular attention is paid to the shortfalls of the bulk theories of oxidation at the

nanoscale as well as highlighting the work to bridge the gap between the two length

scales. Chapter 3 focuses on the experimental techniques used throughout this

project to investigate the oxidation of the metal NPs. Chapter 4 describes in detail

the gas aggreggation cluster source, starting with the theory of particle growth and

beam production, then providing a comparison to other popular methods of growing

NPs, before finally describing the work that took place to develop the cluster source

at York. Chapters 5, 6, and 7 then present the results of targeted studies into the

oxidation of Fe NPs. Fe is particularly relevant due its magnetic properties and high

reactivity. Chapter 5 shows the work of in-situ environmental transmission electron

microscopy experiments that allowed the determination of the diffusion coefficient of

Fe in Fe oxide for the first time. Chapter 6 shows the results of in-situ spectroscopic

measurements investigating the different types of oxide that form, with Chapter 7

showing the work that was undertaken to attempt to control/inhibit the oxidation

process through coating with a secondary material.
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Chapter 1

Introduction

1.1 Time to Think Small

Nanoparticles (NPs), small collections of atoms below 100 nm in diameter, have

been studied extensively due to their incredible properties that have the possibility

of a�ecting many walks of life, from biomedical research in drug delivery [1], cancer

treatment [2], and contrast improvement in MRI machines [3], to improving the

environment in water remediation [4] and catalysis [5]. NPs can act as the basic

building blocks on which complex systems can be built with their properties intrinsi-

cally linked to size; they exhibit interesting phenomena including optical, electronic,

and magnetic [6, 7]. For example, super-paramagnetism becomes prevalent as the

particle size is decreased. Super-paramagnetism is the phenomenon where the mag-

netisation direction can change along the easy axis due to thermal 
uctuations [8]

with the time between each change being the N�eel relaxation time. Below a certain

temperature, termed the \blocking temperature", there is not enough thermal en-

ergy for the magnetisation direction to change and so the particles exhibit ferromag-

netic behaviour. Above this temperature, the particles exhibit super-paramagnetic

behaviour when no external �eld is applied as the overall magnetisation, if measured

at lower frequencies than the N�eel relaxation time, is shown to be zero.

Through well-established chemical [9] or biological [10] methods, amorphous or poly-

crystalline metal NPs can be synthesised with relative ease and scaled up to produce

industrial quantities. Multi-element and functionalised NPs can also be produced
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allowing the ability to craft and tailor the particles to suit the desired outcome.

Functionalisation can occur through the attachment of surfactants and ligands to

improve physical stability, increase hydrophilicity as well as allow further function-

alization and conjugation with bioactive molecules or by targeting ligands to obtain

multi-functional NPs [4]. Active medicinal agents can be attached to magnetic par-

ticles and, through the application of a magnetic �eld, delivered to the targeted

areas and released [11]. Another example is the use of a functionalised lipid NP in

the mRNA COVID-19 vaccine. This allowed the mRNA to pass through the cell

membrane where the mRNA was then replicated in the cells making the vaccine

e�ective [12].

For many of the listed applications above the use of an external magnetic �eld to

in
uence the particles is key. A well known example is the case of magnetic hyper-

thermia where the application of an alternating magnetic �eld causes the particles

to heat up so that if the particles are then injected into cancerous tissue this can

lead to very localised cell death allowing for targeted treatment [13]. The magnetic

properties can also be applied in water remediation where functionalised magnetic

particles can be used to remove heavy metal contaminants and microbes from water.

The targeted contaminant binds to the functionalised section and then the particle

is drawn out of the water through the use of a magnetic �eld [14].

Though lots of magnetic NP systems exist, iron and its various oxides have naturally

become a core focus [15]. Unfortunately, Fe oxidises very readily and can form many

di�erent types of oxide [16] which all have di�erent structures and therefore di�ering

magnetic properties. For example, magnetite (Fe3O4) has an inverse spinel crystal

structure with Fe2+ and Fe3+ ions coordinated in a 50:50 mix in octahedral sites

as well as Fe3+ in tetrahedral sites. This is in contrast to w•ustite (Fe1� xO) that

has a cubic crystal structure which only has Fe2+ ions in octrahedral sites. Many

other Fe oxide structures exist such as� - and 
 -Fe2O3. These di�ering crystal

structures mean that, for example, magnetite is a ferrimagnet and w•ustite is an

antiferromagnet [16]. Understanding how Fe oxidises and which oxide structure

is formed is therefore of critical importance so as to control which properties are

expressed for the desired application.
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How metals oxidise has been studied since the 1930s with various theories developed,

e.g. by Cabrera-Mott [17] and Wagner [18] to explain bulk metal oxidation. How-

ever, as will be shown later (in Chapter 2), these theories have shortcomings when

it comes to describing nanoscale oxidation. Various phenomena such as strain [19],

space charge [20], and vacancy formation [21] are not adequately accounted for in the

bulk theories and signi�cant work has gone in to modifying the theories of Carbrera-

Mott and Wagner to �t subsequent experimental data. The Cabrera-Mott theory

of oxidation explains the initial oxidation of a metal surface across a thickness of 0

- 4 nm but above 4 nm the explanation of continued oxide growth does not match

experimental data. Wagner's theory is only applicable to oxides growing past a

thickness of 20 nm due to underlying assumptions made in the theory. This means

there is a large intermediary size range where neither theory adequately describes

the oxidation kinetics observed [22].

Production of pure single crystalline metal NPs through common chemical synthesis

routes is not trivial and typically the particles produced are fully oxidised [9]. Pure

Fe has a higher saturation magnetisation of 217.6 emu/g [23] compared to 72.5

emu/g for hematite (� -Fe2O3) [24]. So �nding a viable route to producing pure Fe

particles is of key importance. One way this could be achieved is through the use of

high vacuum techniques such as a gas aggregation cluster source where production

of pure crystalline metal particles is possible. Due to the condensation of a metal

vapour under vacuum, the surface is typically free of oxides and unwanted surface

contaminants allowing the study of the particle's native properties. Manipulation

of the particle beam also allows for functionalised particles to be produced which

could be an avenue to a pure Fe metal core with a protective shell surrounding it

which prevents any oxidation. The downside of this technique is that the particles

cannot be produced in large quantities as easily as the chemical route.

In this project, a gas aggregation cluster source was developed which allowed the

production of clean metal NPs. These were then studied throughin-situ measure-

ments on an electron microscope as well as a spectroscopy system to explore the

oxidation of Fe NPs. This led to the study of core-shell particles where an attempt

at protecting the metal core with a secondary shell material was investigated.
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1.2 Thesis Overview

Following this Introduction, Chapter 2 describes the theory of solid state di�usion

as well as the two most popular theories of bulk metal oxidation. The limitations of

these theories with regards to NP oxidation is then explored with a particular focus

on the role of space charges, grain boundaries, and strain on the oxidation process.

Chapter 3 describes the various experimental techniques used during this project to

investigate the reactivity and oxidation of metal NPs, namely photoelectron spec-

troscopy and transmission electron microscopy.

Chapter 4 begins with an explanation of the cluster source, how it operates, particle

nucleation, and beam formation. A few popular methods of particle manipulation

are also explored followed by a description of other particle formation techniques

with a comparison to the cluster source. The chapter closes with a description of

the newly acquired cluster source at York and how it was developed to improve and

enhance its capability. Characteristic data is also reported showing the capabilities

of the source during its operation. Finally, a second cluster source is described which

was used by collaborators to provide samples which were investigated during this

project.

Chapter 5 shows the results fromin-situ environmental transmission electron mi-

croscopy of Fe NPs where the e�ects of temperature and beam dosage on the oxida-

tion of the NPs are explored. The nano-Kirkendall e�ect, the production of hollow

particles due to an imbalance of di�usion rates, is observed. The complete oxida-

tion of the particles allows for the determination of the di�usion coe�ecient of Fe in

FexOy, as reported here and believed to be for the �rst time.

Chapter 6 shows the results ofin-situ photoelectron spectroscopy studies where the

initial oxidation states of Fe NPs are explored. The gas aggregation cluster source

was connected to the analysis chamber of the spectroscopy vacuum system in the

laboratory and particles were deposited directly onto clean Si surfaces. After initial

characterisation, the particles were exposed to low partial pressures of oxygen while

being heated at di�erent temperatures to see how this would a�ect the form of

oxide that was grown. The initial oxide was shown to be Fe1� xO with this then
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transforming into Fe3O4.

Chapter 7 explores the way in which coating the particles with a secondary material

can a�ect their reactivity and oxidation. Fe and Cu NPs were coated in Ag and

found to produce Janus-like particles instead of coating the particle in a secondary

layer. After taking the initial readings following growth the stability of the particles

was investigated through two methods. Firstly, one of the samples was placed in a

ceramic tube furnace and heated in atmosphere to 150� C for a few hours and the

others were left in a desiccator at atmosphere for one month. The Ag was found to

catalyse the oxidation reaction in both cases with nanowires found to grow out of

the particles where the Ag had been present, similar to that of the growth processes

of vapour-solid-solid growth. The Ag-coated Cu (Cu@Ag) particles were found to

be stable after a month with no nanowire growth shown.

The �nal chapter, Chapter 8, will conclude the �ndings in this thesis as well as lay

out the next steps that could be taken in the development of the cluster source as

well as further experiments to investigate nanoscale oxidation.
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Chapter 2

Oxidation and Di�usion Theory

How atoms move in solids is important to understand for a wide variety of fundamen-

tal processes and also for many industrial applications. How atoms and molecules

di�use is largely understood in gasses but less so in solids. For example, in man-

ufacturing, the unwanted di�usion of dopants in an alloy could lead to unforeseen

structural weaknesses developing inside the substance being created. So gaining

an understanding of solid state di�usion is critical to limit or control these e�ects.

How atoms di�use during oxidation is also important as unwanted oxides could de-

velop and change the properties of the material that is being used or created. The

movement of atoms during oxidation does not have an accepted mechanism and un-

derstanding has not progressed much beyond two popular theories that date back to

the mid 1900s, those of Cabrera-Mott (CM) [17] and Wagner [18]. These bulk theo-

ries of metal oxidation do not apply in the same way on the nanoscale and as such,

struggle to explain the various phenomena that occur during nanoscale oxidation.

In this chapter, atomic di�usion and movement through solids will be described as

well as the theories of Cabrera-Mott and Wagner. The chapter will then explore

how these theories fall short at the nanoscale.
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2.1 How Atoms Move

2.1.1 Fick's Law and Movement of Atoms in a Lattice

The 
ux of particles across a concentration gradient can be described by Fick's

law which states that the 
ux of the particles is proportional to the concentration

gradient through the equation

J = � D
@C
@x

(2.1)

where J is the 
ux of particles across the concentration gradient@C
@x, C is the

concentration, andx is the length scale of the movement, i.e. the thickness of an

oxide shell, andD is the di�usion coe�cient. The movement of particles can in fact

be due to two factors, the concentration gradient as mentioned and an external force

or driving force. The in
uence of this force causes the particles to move with an

average velocityh� i which leads to a 
ux of h� i C. This modi�es Equation 2.1 to

J = � D
@C
@x

+ h� i C (2.2)

The second term on the right hand side of Equation 2.2 can be seen as the drift

term due to the external force. The external force can be an external electric �eld,

a temperature gradient, or a stress gradient such as the Gorski e�ect where there is

migration of atoms in an elastically deformed sample [25]. These all modify Equation

2.2 such that the 
ux can be enhanced due to the applied force. If the force is in the

opposite direction to the concentration gradient, then a steady state situation can

occur where the two e�ects cancel each other out. This leads to the Nernst-Einstein

relationship which describes the relationship between drift versus di�usion:

h� i
D

=
F
kT

(2.3)

whereF is the applied force,k is Boltzmann's constant, andT is the temperature.

Di�usion in gasses and liquids is taught at school (osmosis for example) but there

remains a lack of understanding of di�usional processes in solids. How do atoms
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move such that chemical reactions like oxidation can occur? After all, atoms have

to move somehow for these reactions to take place. Movement of atoms is known

to occur during the processing of alloys where impurities di�use in the solid struc-

ture as well as thermo-migration at elevated temperatures. Figure 2.1 shows the

mechanisms that allow these processes to happen.

Figure 2.1: Atomic movement mechanisms that could occur in a solid with details

explained inside the text. The grey atoms are the tagged atoms, which are per-

forming the possible movements such as 1: direct exchange, 2: ring movement, 3:

vacancy exchange, 4: interstitial mechanism, 5: interstitialcy mechanism [26].

From Figure 2.1, mechanism 1 shows a direct exchange where the tagged atom swaps

places on the crystal lattice with a neighbouring atom. Mechanism 2 is a similar

process where a circular movement or \ring" movement occurs. These processes

are unrealistic/improbable since, in mechanism 1, the atomic repulsion between the

two atoms would stop this from happening, as at the nominal halfway point in the

exchange, the two atoms would be on top of each other which would repel them.

With mechanism 2, this repulsive force can be used as an advantage as the tagged

atoms can be pushed and therefore push the next atom around to form the ring

mechanism. This is unrealistic however as it requires the co-ordination of many

atomic jumps.
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Mechanism 3, from Figure 2.1, shows the vacancy exchange mechanism where an

atom can move into a vacant site in the lattice. This causes the vacancy to then be

in the position the atom was just in and this can be seen as the movement of the

atoms or the vacancies with the vacancies being conserved. In general, this is one of

the few ways that an atom can move within a crystal lattice. Shown in Figure 2.2,

the tagged atom originated at lattice site A when a vacancy arrived at B and so the

tagged atom exchanges with it and is now situated at B. The vacancy, now at site

A can then exchange with any of the atoms that are now its nearest neighbours,

otherwise known as its coordination number� . The tagged atom that exchanged

with the vacancy can then swap back with said vacancy with each jump between

the same atom and the same vacancy not being independent of each other. The

probability that the vacancy will exchange back with the original tagged atom is1� .

Figure 2.2: Tagged atom exchanges with a vacancy that arrived on lattice site B

so the movement A to B is complete. The vacancy can then exchange with any of

its nearest neighbours with a probability of1
� where � is the coordination number

(number of nearest neighbours).

The vacancy does not necessarily have to immediately exchange back with the tagged

atom and after a purely random walk through the lattice, the vacancy can end up

once again as a nearest neighbour of the tagged atom. If they then exchange for a

second time this is then not independent of the �rst jump as the two moving species

are the same. Though this does not necessarily mean that the second jump cancels

the �rst jump as the vacancy could be on a di�erent nearest neighbour position.

37



Therefore, forn jumps there aren( 1
� ) pairs of jumps and 2n( 1

� ) lost jumps or n(1� 2
� )

e�ective jumps. This parameter is known as the correlation factor which shows how

successive jumps are correlated. The factor modi�es the di�usion equation from a

purely random walk approach to a process that is determined by the interaction of

a vacancy with the same atom.

Mechanism 4, in Figure 2.1, shows the movement of an atom from interstitial site to

interstitial site. Mechanism 5 is the indirect version of this known as the interstitialcy

mechanism. In this mechanism, an atom is pushed to an interstitial site by the arrival

of an interstitial atom on one of its nearest neighbour positions. This pushed atom

can then push another atom out in the same fashion. Both of the mechanisms (4 and

5) are possible and present alternative pathways, along with the vacancy exchange

mechanism, for atoms to move through a solid crystal lattice. Mechanism 5 can also

occur between planes to form what is known as a dumbbell interstitial where in a

BCC structure the movement of the interstitial atom can push the central atom out

so that the two atoms then inhabit the centre point at half distances.

The di�usion coe�cient can be derived for a cubic lattice if only nearest neighbour

jumps are considered. The full derivation of this is available in Ref. [26] (pages

39-41).

D =
1
2

� s

�X

s=1

� 2 (2.4)

where � s is the jump frequency of an atom towards a given sites and � is the jump

distance. This equation still applies if the atom is moving towards an interstitial or

substitutional lattice site in BCC and FCC crystal structures.

When the atoms move via these mechanisms there is an associated energy barrier

that they must overcome. In Figure 2.3(a), an atom is situated in a potential well

at the lattice site at point M and is going to move to point M* which is another

potential well site a distance� away. The barrier to this movement can be seen to

be de�ned by the four nearest neighbour atoms to point M* which act as a sort of

gate which the tagged atom has to pass through, shown in Figure 2.3(b). As the

tagged atom moves between the points it has to pass through the \gate" which is

de�ned by the nearest neighbour atoms and is shown in the �gure as the shaded
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area. The saddle point of the potential barrier can then be seen as the limiting

factor to the di�usion of the atoms through the lattice as they have to surpass this

energy barrier.

Figure 2.3: (a) Periodic potential barrier to the atom's movement through the crystal

lattice from point M to point M*. (b) The movement of an atom through the crystal

lattice can be seen as the atom passing through a \gate" (shown by the shaded area)

which is de�ned by the potential from the four nearest neighbours.

The lowest potential barrier to this movement then de�nes the most likely di�usion

mechanism that occurs. The potential barrier can be reduced by the e�ect of a

driving force such as the application of an electric �eld. The e�ect of this driving

force is shown in Figure 2.4. Here, the applied force lowers the potential barrier in

the direction of the applied force and heightens it in the opposite direction. This

means that the atoms can move more easily in the direction of the force which can

cause mass di�usion in that direction, as shown above in Equation 2.2.

2.1.2 Short Circuit Di�usion

Short circuit di�usion is the term used for the di�usion of atoms through imperfect

crystal lattice sites, e.g. grain boundaries between oxide domains, over the surface

on interstitial sites, or through long range defects in the crystal [26]. Di�usion across

these sites is generally considered to be faster than that of lattice di�usion [27]. The

di�usion across the surface is considered the fastest process compared to through

the lattice which is the slowest, shown in the relation below,

Ds > D GB > D l (2.5)
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Figure 2.4: An applied force,F, shown by the arrow, lowers the potential barrier in

the direction of the force and heightens it in the opposing direction. This force then

helps drive the drift of the atoms in the direction of the force.

whereDs, DGB , and Dl are the di�usion coe�cients for the surface, grain boundary

(GB), and the lattice respectively. Di�usion through these short circuits is quicker

compared to bulk di�usion as the energy barrier to the movement of the atom is

much lower [26]. This is due to the generally lower co-ordination number of the atoms

in and around a GB or at the surface as compared to the bulk. When comparing

this to the idea of a potential gate in Figure 2.3(b), the number of atoms forming

this gate is reduced and so the barrier will be lower. This allows the atoms to move

more freely in these environments; multiple atomic length jumps are possible on the

surface for example [28].

These regions are also known as short circuits as they can \short" the di�usion

circuit and also trap moving atoms. In the case of a GB, an atom could be trapped

inside the defect and a \short" circuit could occur. Figure 2.5 shows a schematic

of a GB and the various jump frequencies of atoms from the defect to the bulk and

vice versa (� � and � i respectively) as well as the jump frequencies inside the defect

(�*) and inside the bulk (�).

If � � � � i then this is referred to as a deep trap as the jump frequency out of the

defect is much lower than the jump frequency from the bulk to the defect. This

means that the atoms entering the defect are unlikely to leave as the time scales

of the movement through the defect are too long. A short circuit can occur if ��

< � i < �* as the dominant jump frequency is the movement of the atoms through

the defect which is much larger compared to the movement of the atoms out of
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Figure 2.5: A GB shown by the black dots and mirrored through the dashed line

with the regular lattice around it shown by the white dots. Jump frequencies of

the bulk to the defect and vice versa as well as inside the bulk and the defect are

labelled � i , � � , �, �* respectively. How these jump frequencies determine whether

the defect is a short-circuit or trap is described in the text.

the defect. In essence this shows how defects, and especially GBs, can act as fast

di�usion channels as the energy barrier to the movement of atoms is lower due to

the region being generally less ordered or less dense compared to the bulk. At low

temperatures, these short circuit paths could constitute the only path for transport

of material and the defects generally then appear to an observer to attract atoms due

to the faster movement. Ingle et al. [29] modelled the energy barrier for a vacancy

moving through an � -Fe BCC crystal structure and then through a coherent twin

GB and showed the barrier was signi�cantly lower for the movement in a GB. They

calculated the barrier in the bulk to be 0.68 eV whereas moving into the GB was

between 0.42 and 0.51 eV.

In the case of GB di�usion, when a solute is di�using from the surface into a medium

with GBs three types can occur A-, B-, or C-type di�usion. A-type and C-type

are the two extremes of the more general B-type which describes the amount of
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penetration and mixing the solute will have with the medium as it di�uses through

the GB. Figure 2.6 shows these di�erent types of di�usion where (a), (b), and (c)

show A-, B-, and C-type di�usion of a solute on a surface respectively.

Figure 2.6: Three distinct modes of di�usion can occur when a solute is di�using

from the surface into a medium that contains grain boundaries. (a) and (c) are the

two extremes of this where the solute either completely mixes with the medium and

thus is not contained to the GB in (a) or where there is no mixing and so the solute

is con�ned to the GB in (c). The more general case is shown in (b).

A-type is where the penetration depth of the solute is signi�cant and there is long

range intermixing of the solute and the medium. This means that di�usion is oc-

curring through the medium and is not just con�ned to the GBs as the mean free

path of the di�using species is much larger than that of the GB width [30]. C-type

di�usion is the exact opposite of this case where the di�usion is entirely con�ned

to the GBs which can then be said to be acting as fast di�usion channels. In gen-

eral, B-type di�usion is more common as there is simultaneous di�usion within the

medium which starts from the surface and moves along the GBs which leads to some
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leakage. This intermixing of GB and lattice di�usion leads to Hart's law [31] which

gives an e�ective di�usion coe�cient, Def f , as

Def f = D l (1 � f ) + DGB f (2.6)

wheref equals

f =
2�
g

(2.7)

where the values are de�ned as above in Equation 2.5 and Figure 2.6. The structure

factor, f , takes into account the GBs in the determination of di�usion rate. The

information contained above is a brief summary of atomic movements and di�usion

theory. More in depth information is provided by Philibert [26].

2.2 The Competing Theories of Oxidation

2.2.1 Initial Oxide Formation

The oxidation theory of Cabrera-Mott (CM) was �rst mooted in the 1950s in an

encompassing review article [17]. This theory explains the initial oxidation of a

metal surface for oxide thicknesses ranging from 0.5 - 10 nm. The theory posits that

drift dominated ionic di�usion is entailed where the slow movement of ionic species

across the growing oxide characterises the overall reaction. In this theory, oxygen

atoms adsorb on the surface and an electron from the metal tunnels out to ionise

the oxygen ion which establishes an electric �eld. This electric �eld then forms a

potential di�erence, known as the Mott potential [32], between the metal and the

adsorbing oxygen atoms which then draws out the metal cations.

The assumptions made in CM theory are as follows:

1. Electrons can freely pass from the metal to ionize adsorbed oxygen atoms or

molecules at the oxide/gas interface.

2. There is a uniform electric �eld in the �lm (zero space charge) created by a
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positive surface charge on the metal and a negative one from excess oxygen

ions (assumed to be O2� ions) at the oxide/gas interface.

3. The electric �eld created by the electron transfer drives the slow ionic transport

across the �lm and causes it to thicken.

The adsorption of the oxygen molecules at the oxide surface is accompanied by the

formation of surface states on the oxide, as shown in Figure 2.7. These surface

states are located below the metal Fermi level but above the oxide valence band.

The electrons that tunnel from the metal to the vacant surface states raise the energy

level to be equal with the metal Fermi level. This results in a charge developing in

the adsorbed layer resulting in the uniform electric �eld. The electrons therefore

continue to cross the �lm readily to maintain zero electrical current. This electric

�eld acts to lower the potential for jumps made by the metal ions, as described

above, to either an interstitial site or through vacancy exchange.

Figure 2.7: Energy (E) level diagram showing how the adsorbed O2� energy level

is above the valence band of the oxide but below the Fermi level of the metal. This

allows for the electrons from the metal to tunnel to the vacant surface states of the

adsorbed O2� layer.
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To calculate the rate of the reaction, Cabrera and Mott assumed that the rate

controlling process is the injection of a defect into the oxide at one of the �lm

interfaces. Oxide defects can be injected at the metal/oxide interface or at the

oxide/gas interface. Shown in Figure 2.8, it can be seen that for the case at the

metal/oxide interface (Figure 2.8(a)), this defect can either be an oxygen vacancy

or an interstitial metal ion with the reverse being true at the other interface (Figure

2.8(b)).

Figure 2.8: Diagram showing the two mechanisms of defect injection considered in

CM theory as the rate limiting processes. (a) is at the metal/oxide interface where a

metal interstitial or an oxygen vacancy is created compared to (b) where the inverse

is true at the oxide/surface interface.

Considering just Figure 2.8(a), the barrier to the injection of the vacancy or inter-

stitial metal ion from the metal into the oxide �lm is greater than the activation

energy for its subsequent movement through the oxide �lm. Under the in
uence

of the electric �eld the barriers for the interface and oxide jumps are reduced with

the �eld increasing the number of metal ions entering the oxide. The jump over
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the interface has the highest activation energy which therefore determines the rate

of �lm growth. This results in an energy landscape such as that shown in Figure

2.3 in the metal core up to the interface which is then reduced due to the electric

�eld in the oxide as in Figure 2.4. The calculated growth rate follows an inverse log

relationship, as de�ned by:

X 1

X
= � ln

D i X 1t
aX 2

L
(2.8)

whereX1 is the oxide thickness after the ion jump,X is the oxide thickness before

the ion jump, Di is the di�usion coe�cient, t is the time for the jump, and a is

the atomic jump distance. XL is the limiting thickness to which the oxide growth

rate becomes negligible which is dependent on the temperature. A more rigorous

derivation is given in Atkinson [33].

The kinetics described by CM have been modi�ed to apply to spherical NPs as the

shape of the particles will a�ect the electric �eld that develops in the oxide. The

work of Ermoline et al. [34] showed how the oxidation rate equation can be adjusted

to �t a spherical geometry in Cartesian co-ordinates in two schemes. Firstly, where

the core is metal surrounded by an oxide and then oxidiser and secondly, where the

core is the oxidiser and is surrounded by an oxide and then metal. This second

case is important where oxide inclusions are sought after in thin �lms. Zhdanov et

al. [35] showed how the electric �eld developed in the oxide of a NP will be larger

than that expected in a bulk arrangement which leads to faster initial oxidation.

The authors note that they only considered the e�ect of the electric �eld and that

the faster initial oxidation rate could be down to multiple factors, which will be

discussed in Section 2.2.3.

Due to the various assumptions outlined above, the theory has an upper limit on the

thickness of the growing �lm of around 10 nm after which the growth rate is assumed

to be negligible. The work of Fromhold and Cook (FC) [20, 36{40] showed that the

upper limit of the growth of the predicted oxide was in fact around 3 nm. This

is due to the fact that the potential barrier for the tunnelling current becomes too

large and so the 
ux of electrons becomes so small that it is rate limiting. This then

limits the electric �eld which means the metal cations are not drawn out as easily
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from the metal surface. The authors also considered the role of direct thermionic

emission of the electrons via the oxide conduction band or holes through the valence

band for �lms thinner than 30 nm. The temperature e�ect becomes important

as with temperatures below 420 K the tunnelling is dominant up to around 2 nm

of oxide growth; after that the thermionic emission increases rapidly. Above this

temperature, thermionic emission is the main mechanism for electron movement

through the oxide layer which is considered to be Schottky emission.

This dependence on the electron current places a temperature dependence on the

critical thickness of the oxide that forms. At a low temperature, there is little to no

thermionic emission so oxidation stops when it reaches this critical thickness. As

the temperature increases thermionic emission becomes possible and this raises the

critical thickness. At higher temperatures, the drop o� in the thermionic emitted

current as the oxide gets thicker is much less compared to the decrease in the tun-

nelling current. This means that the oxide growth can continue at a good rate even

when the oxide gets rather thick. This oxidation rate is given by

dL(t)
dt

= Ri Ji L (2.9)

whereL is the oxide thickness,Ri is the increase in volume of the oxide per cation

arriving at the surface, andJi is the current density of the metal cations. FC theory

introduced the concept of coupled currents where the net current across the oxide

is zero. The theory also stated that the reaction must take place at the growing

oxide/oxygen interface, compared to CM where it can happen at either interface.

This requires both metal ions and electrons to move through the oxide layer to the

surface and FC theory applies if the following conditions are met:

1. The oxide layer thickens homogeneously.

2. Cations are the moving species across the growing oxide layer.

3. Only one type of oxide is involved.

Due to assumption 2, at high oxygen pressures the movement of electrons or metal

cations across the oxide interface becomes the rate limiting step. At lower oxygen
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pressures, the supply of oxygen from the gas phase becomes the rate limiting step

[41]. Several experimental papers have been published which support the theoretical

rates that can be calculated using FC and CM theory such as Leibbrandt et al. [41],

Roosendaal et al. [42], and Graat et al. [43].

Leibbrandt et al. [41] exposed clean Fe(100) �lms in ultra-high vacuum conditions

to 18O followed by 16O for a sample and then performed the reverse for a second

sample. The authors tracked the amount of each oxygen isotope on their sample as

they used Ar+ ion sputtering to remove layers. It was shown for the sample that

was exposed to18O second that after 100 min of Ar+ ion sputtering 80 % of it had

been removed as compared to the other sample where this was not observed. This

shows that the18O had to be in the top few layers of the sample which leads to the

result that the Fe cations had to be the predominant (if only) moving species in the

layer. Comparing this to the assumptions of the FC theory above it can be seen that

this experimental result satis�es these conditions. The cations are the only moving

species and the oxide layer thickens homogeneously as the authors would not be able

to distinguish between the two oxygen isotopes if this was not the case. Using high

energy ion scattering, Leibbrandt et al. showed how the stoichiometry of the grown

oxide layer �ts that of FeO and so satis�es the �nal condition that only one type of

oxide is involved.

Roosendaal et al. [42] expanded the work of Leibbrandt to look at the continued

oxidation of Fe(100) and how, at di�erent temperatures, self limiting oxidation could

occur. The authors showed how the formation of Fe3+ states in the growing oxide

leads to the oxidation rate decreasing up to a critical thickness. This thickness was

shown to increase on annealing the surface, which changes the Fe3+ states to Fe2+

states. At high enough temperatures (above 120� C), Fe3+ states do not form and

so do not block the pathway to continued oxidation. This �ts the theory of FC as

the current of electrons is more blocked when the Fe3+ state is present as the work

function of the metal/oxide interface is increased. The authors also calculated the

oxidation rates using the FC framework, which they compared to their experimental

data, which was found to �t remarkably well. These results show how the initial

oxide formation on Fe(100) can follow the growth as explained using FC theory.
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Graat et al. [43] also investigated the application of FC theory to the initial oxidation

of clean Fe surfaces. However, they investigated a polycrystalline surface as com-

pared to Roosendaal and Leibbrandt's work, which only looked at Fe(100). Graat

et al. also exposed the surface to much higher temperatures, investigating from

RT up to around 500 K. Having produced a clean polycrystalline Fe surface, Graat

et al. exposed it to oxygen under vacuum while heating at various temperatures.

Unsurprisingly, they showed that at the higher temperatures, more oxide formed

and at a much faster rate. The oxide thickness was determined using ellipsometry

measurements with a He-Ne laser. From these oxide growth curves the expected

growth was �tted using FC theory and it showed how there was good agreement for

the lower temperatures (from 300 - 400 K) but above this there were discrepancies.

This is due to the electron current changing from being tunnelling dominated, to

thermionic emission dominated which the �tting model did not take in to account.

The authors also showed how the initial oxide formation could be theoretically pre-

dicted by allowing for a change in the oxide work function, which has been shown

to change with thickness.

2.2.2 High Temperature and Thick Oxide Scales

As shown above, the CM theory of oxidation only describes oxide scales up to around

4 nm and FC theory was only considered up to 30 nm. In practice, oxide scales of

much greater thicknesses have been observed. Wagner's theory was described in the

1930s [18] and shows a parabolic rate dependence for continual oxide growth of very

thick �lms past 1 � m. The rate of oxide growth is shown in Equation 2.10 below:

dX
dt

=
kp

2X
(2.10)

where X is the �lm thickness and kp is the parabolic rate constant, which can be

seen as the self-di�usion coe�cient of the moving species [44]. The assumption of

Wagner's theory is that there is no net 
ow across the �lm, i.e. that an equal

number of oxygen anions are passing across the oxide interface as the metal cations

are travelling the other way. Wagner considered the self-di�usion of the ions across

the oxide �lm to be the rate limiting step. This means that there is a small electric
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�eld depending on which species is moving faster, the electrons or the ionic species,

along with the assumption that only one type of oxide is formed.

The theory is valid while the Nernst-Einstein relation, shown below in Equation

2.11, still holds.

qEa << kT (2.11)

where q is the charge of the ions,a is the elementary jump distance (i.e. the

distance the ions jump to move through the lattice which is the same order as the

lattice parameter), k is Boltzmann's constant, andT is the temperature. As the

oxide shells gets thinner, the electric �eldE gets stronger which then invalidates

the Nernst-Einstein relation meaning that Wagner's theory no longer applies. If the

temperature was raised to a high enough degree then the Nernst-Einstein relation

in Equation 2.11 would then be valid again.

A review article by Chen et al. [45] explores over 100 references in the literature

of experiments that prove the parabolic rate for high temperature and continued

oxidation of thick oxide scales. Monceau et al. [46] is one such example where

the authors show how the parabolic rate constant,kp, can be obtained from mass

gain graphs from thermogravimetric measurements. Analysis showed how some

experiments have discrepancies in the �t when plotting Equation 2.10 and in fact

changes are needed to fully explain the reaction taking place. They establish four

equations that can be used interchangeably depending on whether the surface is a

pure metal or an alloy all of which can lead to a parabolic rate constant to be �tted.

Essentially, the constants in a standard parabolic equation change depending on the

surface and the authors show how by applying these various methods the oxidation

rate of these di�erent surfaces can be described with a parabolic rate law. Mrowec

et al. [44] also showed how the oxidation of a pure copper sample at temperatures

exceeding 900� C follows a parabolic rate constant. The use of thermogravimetric

measurements was also employed in this study and the pure copper sample was

exposed under vacuum.
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2.2.3 Applications and Modi�cations of the Theories at the

Nanoscale

As can be expected from theories based on bulk length scales, their application

at the nanoscale is limited with a few 
aws. As mentioned in the introduction,

the in
uence of space charge, strain, and void growth are e�ects which can not be

adequately explained by the theories presented in the preceding sections. Moreover,

there is a large gap in oxide shell growth between the predictions of FC theory (up

to 30 nm) and where Wagner's theory becomes viable (� 1 � m). However, oxides

have regularly been shown to grow between these limits and so this needs exploring

further. The concept of void growth, termed the Kirkendall e�ect, is explored more

thoroughly in the next section (Section 2.3).

The theories of CM and FC both assume that there is a uniform electric �eld in the

developing oxide layer, which for bulk surfaces, can be assumed to be true. At the

nanoscale with the oxidation of NPs, the size e�ect of the particles comes into play.

There are large space charge e�ects present in the growing oxide layer that must be

addressed as this will then cause an inhomogeneous electric �eld to develop. This is

the case for Sutter et al. [47] who see enhanced oxidation of smaller particles when

compared to larger ones. The authors investigated the oxidation of Sn for di�erent

sized particles: below 12 nm, between 12 and 20 nm, and above 20 nm. They

show how the particles below 12 nm were completely oxidised whereas particles

above this size had a core shell structure after the initial exposure of 10 days to

atmosphere. After a further exposure the particles below 20 nm were completely

oxidised whereas the larger particles still had a core-shell structure but with an even

thicker oxide shell. The authors put this size dependent oxidation down to the fact

that the spherical geometry of the particles leads to an inhomogeneous �eld which is

enhanced at the metal/oxide interface. This larger �eld then allows for the oxidation

reaction to occur at a much faster rate as compared to the assumptions for a planar

geometry leading to a homogeneous �eld.

This enhancement was also explained by Fromhold and Cook [20, 48] who showed

that if the moving ionic species encountered an inhomogeneous �eld (or space charge

�eld) of the opposite sign inside the oxide layer then the di�usion rate would be
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enhanced. The reverse is also true where if the space charge is the same sign as the

moving species than the di�usion rate can be slowed. This e�ect is based on the fact

that if the rate limiting species in the di�usion is the ionic species then the electron

current can be assumed to be at a virtual equilibrium. The space charge is then

predominantly ionic and thus causes the retardation of the di�usion. The reverse is

true for the case of enhancement of the di�usion reaction when the electron current

is the rate limiting step. This analysis by Fromhold and Cook only truly applies to

the case of planar di�usion and as such does not take into account the role shape

and size e�ects would have on the di�usion process at the nanoscale.

Oxidation at the nanoscale can be heavily in
uenced by strain, similar to the prob-

lem with space charge where the size and shape of the NPs can have an in
uence

on the strain pro�le across the particle and oxide shell. Pratt et al. [19] showed

how Fe nanocubes,� 12 nm in size, displayed enhanced oxidation due to the strain

in the oxide shell. This strain was shown to increase away from the metal/oxide

interface which is contrary to that seen in bulk properties with it arising due to the

grain boundaries between oxide domains. Signi�cant rotation and strain is placed

on the oxide domains so that they form a coherent grain boundary which leads to

a large strain pro�le across the domain. This results in an expansive strain in the

oxide layer which lowers the energy barrier for the movement of the ions through

the lattice. Numerical modelling performed by the authors showed how when strain

is taken into account enhanced oxidation is predicted when compared to just dif-

fusion of ions through CM theory. This enhanced oxidation due to strain led to a

completely oxidised particle within 24 months instead of a core-shell arrangement

as predicted by CM theory.

In contrast, Chen et al. [49] showed that a compressive strain in the oxide shell in

Cu NPs limited the oxidation process. Here it was shown that the oxide shell growth

rate nearly completely stopped around 2 nm at 298 K with an e�ective growth rate

of 1 monolayer of oxide every year. At an increased temperature of 323 K this limit

on the oxide was surpassed with the oxidation rate occurring at a much higher rate.

This increase in temperature is not enough to in
uence the reaction to the degree

the authors see which leads them to the conclusion that at this elevated temperature

the oxide can be relaxed which releases the strain. This relaxation then allows for
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the continued transport of the ions across the growing oxide as the energy barrier

to their movement has lowered.

Both of these experiments were performed at (or around) room temperature meaning

that the continued electron current due to thermionic emission (as predicted by FC

theory) will not be taking e�ect. Therefore, the strain in the oxide shell is the

dominant e�ect causing these observed kinetics to occur. This strain can have large

scale implications on the growth rate of the initial oxide which is not adequately

explained in the theory from CM. At higher temperatures, the in
uence on the

energy barrier due to strain can be easily overcome due to thermal energy so it will

have a lesser e�ect.

The oxidation rate can be described by an inverse log relationship for the initial

growth and then a parabolic dependence for high temperature or very thick oxides

with various experimental results (as shown previously) supporting this. As stated

previously, the theories only apply between 0.5-30 nm and then from 1� m onward

which leaves a large gap. Xu et al. [22] showed how the gap between the two

regions can be described by a direct log dependence of oxide thickness. Assuming

the movement of ions is due to the electric �eld and di�usion under a concentration

gradient, Xu et al. accounted for this as an inverse log relationship under a strong

electric �eld and a parabolic relationship for a negligible electric �eld. The authors

attribute both of these as being akin to CM's and Wagner's theories. At in-between

values of electric �eld, the authors arrive at the direct log dependence as the oxide

blocks the surface charge of the metal in the oxide and lessens the e�ect of the

electric �eld.

This direct-log relationship was also shown by Fromhold and Cook [36] where tran-

sition from CM inverse log to direct log occurred around 20 to 30�A which coincides

with a change in sign of the electric potential in the oxide. This was shown to be

entirely dependent on the work function of the metal/oxide interface which would

in turn a�ect the tunnelling/thermionic emission current of the electrons.

A direct log relationship was shown to occur during the initial stages of the oxidation

of Cu [50] and Fe [51] by theoretical modelling using molecular dynamic simulations.

These two papers showed how the di�erent crystal surfaces of each of these metals
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had a di�erent reactivity with the activation energies for the (100), (110), (111)

surfaces being di�erent. The study into the oxidation of Fe showed how a mixed

phase of oxide is predicted due to the fast initial inward oxidation of the oxygen

anions through interstitial sites which then slows as the oxide grows in size. This

e�ect was consistent across di�erent temperatures. The encompassing review article

by Atkinson [33] described how the initial oxidation rate may not follow an inverse-

log relationship as the theory hinges on the injection of one type of defect at either

interface, as described in Section 2.2.1 and shown in Figure 2.8, whereas in reality

the process will not be as clear cut and can be much more complex. Atkinson makes

the point that while the relationship may not follow an inverse-log relationship in

practice this does not invalidate the fact that the overall assumptions of the theory

are correct.

2.3 The Kirkendall E�ect

The Kirkendall e�ect can occur when the di�usion rates in a di�usion couple are

imbalanced. This can lead to a net 
ux of vacancies back in the direction of the

faster di�using species. These vacancies can then coalesce to form voids at the

interface of the product and the source of the faster di�using species. This is shown

schematically in Figure 2.9. Here, A is di�using faster into B than B is into A

leading to a 
ux of vacancies back towards A which can saturate to form voids at

the interface between A and the product AB.

This e�ect has large scale implications in industry and was �rst shown by Kirkendall

and Smigelskas in 1947 [21] when they looked at the interdi�usion of copper and

brass at elevated temperatures. The initial interface was observed to move due to

the faster di�usion rate of zinc into the copper than copper into the brass structure.

The experiment established that the di�usion of atoms in a lattice occurred through

vacancy exchange. The presence of the voids in a material (especially alloys) can

make them weaker and so the Kirkendall e�ect was investigated for many years in

order to try and limit the e�ect so that industry could produce alloys that were

stronger [53].
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