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Abstract

The morphology and composition of anodically formed alumina films on pure
aluminium are well characterised, but their structure is not well known due to the long
range order.

Two systems have been looked at in this study; the nature of the structure of tungsten
incorporated from tungstate electrolyte during polarisation of aluminium at 100 V, and
the other system is the thin passivating layers formed anodically on aluminium surface
by polarisation within the range -2.2 - +2.5 V in aqueous solutions at various pH's.

Even though other techniques, such as, electron microscopy and XPS have been used to
confirm the presence of anion species in alumina films only EXAFS can yield direct
information about the structure of incorporated species. In this study, EXAFS has been
used for the first time to resolve the structure of tungsten incorporated into anodic
alumina. Accurate determination of structural parameters require the establishment of
reliable phase shift. By fitting the EXAFS of tungsten foil and potassium tungstate, the
reliability of the calculated phase shifts for oxygen and tungsten was established.

Based on phase shift transferability, the phase shifts calculated for 0 and W were used
in the fitting of fluorescence EXAFS of tungsten in alumina oxide films formed on
aluminium in tungstate solution at 100V. The experimental EXAFS function was fitted
to a single oxygen shell with four atoms at a distance of 1.79 ± 0.01 A. From the
structural parameters for incorporated tungsten it is clear that it is in a W04

2- even
though this can not be the entity which is outwardly mobile. It is suggested that the
tungstate may be linked in some way to the alumina and that because aluminium cations
are outwardly mobile so tungstate is dragged along.

The other kind of anodic films on aluminium are those produced by polarising
aluminium in aqueous solutions at various pH's to various voltages within the range
-2.2 - + 2.5 V. In some instances, passivating films grow on aluminium causing

aluminium protection against corrosion. The structure of these films is not defined and
because of their existence on aluminium, and their small thickness, so their structure is
not easy to be studied. Electron microscope and XPS techniques have been used to
determine their morphology and composition. Some work on indirectly extracting the
structure of these films from XPS data was reported and it was claimed that these films
have a pseudoboehmite like structure.

XPS results of these films reported in this study have confirmed that under open circuit
conditions an oxide film forms, but to provide good corrosion protection aluminium is
polarised at different potentials. The oxide film which forms in these conditions has
been found to have both 4 and 6 coordiation. The Al K-edge EXAFS of these oxide
films was fitted in the same way as those for the incorporated tungsten. In this case, the

xiv



EXAFS of aluminium foil and alpha alumina was fitted by the use of phase shifts
calculated in EXCURV92 for aluminium and oxygen. The oxygen and aluminium phase
shifts calculated in EXCURV92 were reliable, so they were used to fit the EXAFS of
the passivating films on aluminium of unknown structure. The EXAFS results in this
study have confirmed that these oxides do not have a single phase crystalline structure
like boehmite or any others. Their structure is of a short range order and it is
characterised in terms of co-ordination number and shell distances. All of the results
reported in the EXAFS section of this work indicate that these oxide films are relatively
thin and that is indicated by a metallic aluminium signal present most of the time. The
sampling depth of the x-ray photons is much greater than the thickness of the oxide film
and for this reason a metallic signal was recorded. By comparing the bond length value
to the relation between the bond length and co-ordination number, it is obvious that
these oxides films have a mixture of 4 and 6 co-ordination. In some cases, like
aluminium polarised to + 0.9 V in pH 10, most of the co-ordination of the oxide is 6
except a little of it in the 4 co-ordination.

XANES spectra for the model compounds and those for oxide films on aluminium and
their derivative have agreed with the EXAFS results about the structure of thin films
formed on aluminium. Also these findings were complemented by the XPS data where
the Al 2p of pseudoboehmite has a binding energy of 80.0 eV whilst that of the oxide
films in general were - 74 eV. So, it is clear that the oxide films structure is not a
psuedoboehmite, but it is a local one with different values for the bond length and as a
consequence a mixture of different (4 and 6) co-ordination.

xv



1. Chapter One Introduction

1.1 Introduction

Corrosion of metals, (aluminium in this study) is defined as the surface wastage as a result

of different reactions, so it has a devastating effect on the economy. Aluminium is a very

reactive metal because of its large free energy. Interestingly enough, this reaction may lead

to the formation of oxide layers on the surface of aluminium which may protect the

metallic substrate through the passivation process. Anodic reaction of aluminium with

aqueous environments, results in the formation of oxide films on aluminium which is

fundamentaly interesting as well as commercially rewarding. The passivating oxide films

on aluminium provide protection against corrosion, and from a fundamental point of view,

they have completely different electronic, vibrational, and structural properties from those

of the aluminium substrate. For this reason, a general idea of the corrosion process, as well

as its prevention, and passive oxide film formation is of interest.

Aluminium finds application in industry and technology as will be explained in detail

in the following sections, due to the presence of a protective film on its surface. Depending

on the growth conditions, the oxide film on aluminium can have various morphologies.

The type of morphology of the oxide film determines the uses of the film or the aluminium

substrate. An account of these uses is given in the next section. In all of the applications of

aluminium and aluminium alloys, the oxide film's durability and reliability, which is a

direct result of its stability in aqueous environments, depends on its structure and the

chemical reactivity on the surface, beside other factors.
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Whilst the morphology and composition of alumina films on aluminium are well

understood, their structure is far from being resolved. Determination of the structure of

these passivating layers and their relation to the anodisation conditions may aid in deciding

the range of uses of aluminium and the reasons behind any failure.

Anodic aluminium oxide films are grown on the surface of aluminium, so their

characterisation requires the use of techniques sensitive to, and selective of, these surface

layers. Traditionally, much information was gained by the use of electron microscopy,

especially of the film's morphology. X-ray photoelectron spectroscopy (XPS) has also

been employed to characterise the composition of films, their thickness, and, indirectly, to

infer structural information. Diffraction techniques which require long range order, are

widely used for studies of bulk materials, but are of no use for investigating these oxides,

since even though there is still a debate about the structural nature of these passive films,

they are generally thought to posess only short range order. On the other hand, x-ray

absorption spectroscopy (XAS), specifically extended x-ray absorption fine structure

(EXAFS) and x-ray absorption near edge structure (XANES) can provide structural

information for materials where only short range order exists. With the increasing

availability of intense x-ray sources, in the form of synchrotron radiation sources, XAS

which will be discussed in details in chapters 2 and 3, is a natural choice for the study of

passive films on metal surfaces.

1.2 Uses of Aluminium

It is well known that, due to its large negative free energy, aluminium is a reactive metal,

however despite this, it finds many applications and is the second most widely used metal

2



after iron. Aluminium owes its applicability in industry and technology to its natural

resistance to corrosion, which arises from the existence of an adherent oxide film on its

surface. The range of applications of aluminium is determined by the ability of the oxide

layer on its surface to protect it from corrosion and degradation. Rather than rely on the air

formed film, alumina films are sometimes deliberately grown on its surface by anodisation

to enhance the corrosion resistance, e.g. in cooking utensils.

Aluminium is frequently used as a construction material for chemical and water treatment

plants and for vessels to store highly corrosive materials, where because of its high

corrosion resistance, it is favoured to steel which is more traditionally used. Aluminium

also finds usage in the electronics industry, for example as ohmic contacts for

semiconductors and in the fabrication of electrolytic capacitors. Because of its light weight

and its resistance to corrosion aluminium is also very widely used in the aerospace

industry. Foe example, Allgeyer and Pratz (1) have reported on the chemical treatment

(passivation) of high strength Al-Cu alloy which was used for the construction of the

external fuel tank of the space shuttle.
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1.3 Corrosion of metals

cathodic nraction:
r-----t O2+ 2H20+ 4e--40WI---""-- .....

drop ot watll,.

H20~H"+ OW

Figure 1.1A schematic representation of the corrosion of iron in water

Corrosion is defined as loss of material through reaction with environment, especially

oxygen. Corrosion is an oxidation process where the metallic species combines with

oxygen to form an oxide film on the metal's surface which is a more stable phase of matter.

In order for corrosion to take place, anodic and cathodic sites are required to complete an

electrochemical cell. Frequently, such sites arise as a result of differential aeration

(oxygenation). Fig 1.1, shows schematically the corrosion reactions occuring on an iron

sample immersed in a neutral aqueous solution where oxidation occurs at an anodic site

with simultaneous reduction at a cathodic one. This results in the formation of rust. Rust is

the name used in this case to describe a number of oxides and hydroxides of iron. Iron

dissolves into the solution as Fe2+ ions and simultaneously hydroxyl (OH) ions are formed

at the cathodic sites as indicated on fig. 1.1. As the solubility product of the hydroxide is

4



exceeded, an oxide starts to precipitate (rust) which is oxidised by oxygen in the water to

a brownish oxy-hydroxide form.

Corrosion affects most materials, especially metals when they are exposed to reactive

environments and it causes surface damage which can lead ultimately to mechanical

weakness and failure. Corrosion can be considered to take two forms; uniform, and non-

uniform. Uniform corrosion is the simplest kind which results in the progressive, and

uniform, thinning of the metal. Non-uniform, or localised corrosion, arises due to

discontinuities in the geometry of the metal or a protective passive layer, e.g. pitting and

crevice corrosion. Pitting is the most destructive type of corrosion and it is usually the

result of surface film breakdown or a discontinuity. Another type of non-uniform corrosion

occurs when cathodic and anodic sites develop on a metal surface in aqueous solution,

galvanic corrosion then occurs as result of the potential difference. The most common form

of non-uniform corrosion is crevice corrosion which is a result of oxygen differentiation

because the metal surface is at or close to an area which is shielded from the corrosive

environment.
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1.3.1 Polarisation curves

Increasing
dissolution

Corrasion

Decreasing
dissolution

B

Oxygen Evolution
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A

c

Electrode Potential, V vs SCE
Negligible dissolution

currents

Figure 1.2 Polarisation curve i-v for a metal exhibiting an active-passive transition

Metal passivation m electrolyte solutions, as well as other reactions occuring on an

electrode surface, e.g. anodic metal dissolution, breakdown of the passive film, or

hydrogen/oxygen evolution can be monitored clearly by the use of polarisation curves.

These curves are determined by measuring the current (i) as a function of electrode

potential (E).

As seen in fig 1.2, starting from region A, as the electrode potential is made more

positive, the current rises rapidly indicating that corrosion is taking place. In B region, the

current starts to fall because of the formation of a passive oxide film. This film reduces the

current to a minimum. As the potential is increased further, some metals exhibit oxygen

evolution as seen in region C. This is not the case for aluminium which is a refractory

metal. Reversing the sweep may, or may not, lead to the removal of the passivating film,
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depending on whether the electrochemical process causing their formation is chemically

reversible or not.

1.4 Corrosion prevention

The damaging effects of corrosion can be stopped, or at least reduced, in a number of ways.

Some corrosion control techniques are based on separating the reactants from one another,

for example, by the application of paints, coatings, or passive film formation. Other

methods of combating corrosion include, the use of inhibitors, anodisation, and cathodic

protection. Inhibitors, which are generally organic materials that are adsorbed on the

surface, cause a reduction in corrosion rate. Chromium has also been used in the form of

chromate coatings to reduce corrosion rates. However, this practice is now discouraged

because of the toxicity of chromium. Cathodic protection is based on the lowering of the

metal potential below its corrosion potential, in effect making it immune to corrosion. This

can be achieved by connecting the metal to be protected to another metal which is more

reactive. The reactive metal is consumed in the process, hence it is known as a sacrificial

anode. Cathodic protection may also be achieved by attaching the metal to be protected to a

power supply and holding the system at negative potential. This is the method employed to

protect pipelines, as in the petroleum industry, whilst sacrificial anodes are used in

protecting ships and household hot water systems. Anodisation is a corrosion prevention

technique based on separating the reactants, where the metal to be protected is made the

anode in an electrochemical cell. Oxide films of varying thickness, composition, and

structure are grown on the metal surface. Oxide films formed in this way are in general

called anodic films.
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Chapter four of this thesis is devoted to resolving the local structure of tungsten

incorporated species in a thick anodic alumina film formed on aluminium by polarising to

100 V in aqueous tungstate solution. The main theme of this thesis is to determine the

structure of thin passivating films anodically formed on aluminium at low voltages in

aqueous environment at various pH's.

1.5 The Electrochemistry of corrosion

All corrosion processes are electrochemical in nature. In the case of a metal immersed in

aqueous solution, atoms may at first dissolve as ions, and then a solid product (e.g. an

oxide film) mayor may not form by subsequent chemical reactions. The rate of this form

of corrosion is determined not only by the conducting properties of the surface film, but

also by kinetic factors like, bulk diffusion, and electron transfer reactions.

1.5.1 Pourbaix diagrams

It is very important to determine the state of a metal/water reaction and this can often be

achieved with the aid of a Pourbaix diagram. Pourbaix diagrams are potential-pH

equilibrium diagrams which provide a graphical representation of the reactions possible

between a metal and water for a wide range of pH and voltages. From these diagrams the

thermodynamically stable phases under any set of conditions are identified.

These diagrams are produced by the collection of thermodynamic data about a

reaction between a metal and water and combining it with information about the solubility

of the oxide/hydroxide. It should be noted that Pourbaix diagrams are based solely on

equilibrium thermodynamical data and that no kinetic data are included. Regions where a
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metal is passive under a set of conditions can be readily identified from the Pourbaix

diagrams.
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Figure 1.3a Pourbaix diagram where the stable oxide film on aluminium in water is boehmite
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Figure 1.3 a and b show Pourbaix diagrams for aluminium in aqueous solutions with

two different stable oxide films (hydrargillite and boehmite) (2) on its surface. Fig. 1.3 a,

shows the regions (at a given pH and potential) where aluminium experiences corrosion,

passivity, or immunity with boehmite as the stable form of the film on aluminium in the

passive region. Also given in this figure is the corrosion potential for pH 2, 7, and 10 as

points. The range of potential at which polarisation was carried out as will be discussed in

detail in chapter three is denoted as a dashed line. The same parameters are presented in

figure 1.3 b with gibbsite [hydrargillite] being the stable form of the passivating film on the

aluminium surface. Immunity is the state of the metal resisting corrosion and anodic

dissolution because it is thermodynamically stable on its own. Two of these regions are

shown on fig. 1.3 a and b where aluminium is not expected to suffer corrosion. In the

passive regions, the metal is resistant to corrosion because of the formation of an adherent

oxide/hydroxide film on its surface and it is the stability of this film which determines the

range of the metal's usability.

1.6 Anodic alumina films on aluminium

Aluminium and aluminium alloys are generally covered with a thin, compact oxide film

which is the result of aluminium oxidation in environments containing oxygen. This film

forms spontaneously and has a thickness of ~30 A. However it has only a limited ability to

protect aluminium from corrosion. The native alumina film can be thickened either

thermally or electrochemically and it is the latter approach which is of relevance here.

Aluminium is one of the refractory metals, where no oxygen evolution occurs, and the

films can be grown up to a thickness of in excess of 100 nm [as will be shown in section
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(1.6.1.1)] by increasing the applied potential, until at a critical potential the film may break

down. The film grows by a field assisted growth mechanism (3) with the egress of Ae+ and

ingress of 02- or Ol-F. The oxide is therefore formed at both the aluminium /oxide and

oxide/solution interfaces as shown by Pringle (4), and Shimizu et al. (5). Solution pH,

temperature, time of anodisation, metal purity, and anodising voltage are amongst the

factors determining the thickness, composition, morphology, and the structure of

anodically formed alumina films.

Alumina films of different morphology can be grown on the aluminium by

anodisation in aqueous solutions which is the method used in this study.

1.6.1 The morphology of alumina films

Based on the use of electron microscopy, the morphology of alumina films on aluminium

is well understood. Thompson et al. (6-8) have made extensive morphological studies,

employing electron microscopy with ultramicrotomy and ion beam thinning to reveal that

alumina films on aluminium can have either a barrier-, or porous-type morphology

depending upon the growth conditions. Figure l.4a and b shows these morphologies

schematically.
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Figure 1.4 a and b The morphology of alumina films

1.6.1.1 Barrier alumina films

As shown in fig.1.4 a, barrier films are thin, compact, and uniform. They also have good

dielectric and protective properties. They are formed when near-neutral solutions of borate,

citrate, tartrate, phosphate, sulphate, etc. are used as an electrolyte. The buffering action of

these electrolytes stops oxide dissolution at the oxide/electrolyte interface, so no pore

initiation takes place. The typical voltage/thickness ratio is ~ Inm/volt Le. a film of

alumina grown on aluminium to 100V is ~100 run thick (9).

1.6.1.2 Porous alumina films

As indicated in fig. 1.4 b, porous alumina films are thicker than the barrier-type. They are

formed in aqueous phosphoric, sulphuric, oxalic, or chromic acid solutions (10) and the

pore initiation is thought to be the result of the acidic electrolytes promoting oxide

dissolution (11). Thompson et al. (12) have shown that these porous films always overlie a
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thin layer of barrier-type film i.e. the porous films always start as barrier films, then pores

start to develop. Even on the thickest of porous oxides, a barrier oxide layer is always

maintained, next to the metal. This class of oxide film is used as an ultra filter and for

keying in adhesive bonding of aluminium sheets employed in the aerospace industry. The

morphology as well as the stability of the oxide film in the presence of water are important

factors to ensure the strength and durability of the bond (13).

1.6.2 Electrolyte species incorporation in alumina films

During growth, especially at high voltages, electrolyte species are incorporated into the

alumina films. The incorporation of these species can have a desirable effect, such as

making the metal more resistant to corrosion. This topic is the subject of chapter four of

this thesis where it is explored in more detail in relation to fluorescence EXAFS results of

tungsten incorporated into alumina films anodised to 100 V in tungstate electrolytes

1.7 Passivating alumina films

Theories proposed to explain the passivation process involve the formation of a new phase,

an oxide, with adsorption as an intermediate step, Griffin (14) illustrated the passivation

kinetics of metal and semiconductor surfaces in aqueous solutions by a two-dimensional

phase transition model, as shown in fig. 1.5, in which a dilute phase of isolated metal

hydroxide ad-ions forms initially (step 1) and is then transformed into a condensed phase

of a continuous oxide layer on the metal surface (step 3).
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Figure 1.5 Model of Passive film growth

Step 2 is a dissolution step (desorption of hydrated metal ad-ions into the aqueous

electrolyte). Steps 2 and 3 are in competition until at some critical value of potential, step 3

becomes the dominant process.

The alumina films formed on aluminium immersed aqueous solutions at neutral pH

are the result of electrochemical reactions between aluminium and water (15,16). The

overall process is shown in Equation 1

(1)

In more acidic solutions (pH=2), the oxide layer dissolves and hence then corrosion rate

increases leading to aluminium dissolution

(2)

Whilst in alkaline solution, the reaction proceeds into two steps. Initially an anodic film is

formed.

Al + 30K ~ AI(OH)3 + 3e- (3.a)

14



but then the film dissolves

AI(OH)3 + OH" ~ AI(OHk (3.b)

Cathodic polarisation of aluminium in aqueous solutions results in the evolution of

hydrogen either by the reduction of protons (at pH=2) or the reduction of water molecules

at high pH. These two reactions lead to an increase in the local pH of the solution water

near the aluminium surface.

The oxide film formed by polarising aluminium in water can have different

compositions, e.g. it can be an oxide, a hydroxide, or an oxyhydroxide. A knowledge of

the composition of the surface films leads to a better understanding of how it controls the

corrosion behaviour of aluminium in aqueous environments. Augustynski (17) supports the

argument that the passive alumina film is a trihydroxide with a chemical formula of

AI(OH)3' and it is the most favourable and thermodynamically stable phase. Alwitt (18)

reported that a pseudo boehmite, which has the same chemical composition, but slightly

different structure, as boehmite (AIOOH), is the oxide that forms on aluminium before

evolving to the trihydroxide phase.

1.8 Literature review

Reported work has dealt with different aspects of anodically formed oxide films on

aluminium. Using an electron microscope, Hass and Kehlr (19) have examined the

structure of a thin alumina film formed in an aqueous solution of an organic acid at room

temperature. They found that the images were structureless which suggests that the films

were amorphous. Anodic oxides formed on an aluminium surface at 20 V were examined
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by Brandenberger and Hafel (20), using x-ray diffraction. Their results suggested that the

films had a boehmite like structure. Using electron microscopy, the structure of alumina

films on aluminium anodised at constant voltage between 10-15 V in tartaric acid

electrolyte at pH 5.5 was studied by Hass (21), who found them to be amorphous.

Oka et aJ (22) have characterised the amorphous structure of anodic alumina films

formed on aluminium in sulphuric acid using a.c. and d.c. growth conditions. X-ray radial

distribution function analysis suggested that aluminium ions are co-ordinated with 4,5, and

6 oxygen ions. Transmission electron diffraction was used by Wilsdorf (23) to study

alumina films formed by annealing aluminium in air at 400 QC for 75 hours. The

diffraction pattern of these films consisted of two diffuse haloes and a model to explain the

amorphous structure was proposed. The model is based on the idea of starting with a

crystalline analogue for the alumina film which can be made up of Al406 units. By

arranging these units in different ways, it is possible to obtain a range of average co-

ordinations. When atomic defects and bond distortions are present, this leads to disorder

resulting in the transformation of the structure to an amorphous state as seen in the

following figure
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Figure 1.6 a, b, and c Structural model of alumina films on aluminium

Figure 1.6 represents the model suggested by Wilsdorf for alumina film structures.

The model is based on a short-range crystalline order of tetrahedrally and octahedrally co-

ordinated aluminium ions in alumina films which is seen in fig 1.6.a. A close packed array
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of Al406 molecular units is shown in fig.1.6.b, whilst fig1.6.c represents three dimensional

stacked sheets of the A1406. P represents an Ae+ ion bonded by four 02
- ions and y

indicates a six fold co-ordinated aluminium ion. El-Mashri et al.(24) have used EXAFS to

establish AI-O bond length for alumina films anodically formed on aluminium in tartarate

and phosphoric acid electrolytes. The bond length for a tartarate grown film was reported

to be 0.19 nm and for a phosphoric acid grown film 0.18 nm. From the bond length

measured in this study, the co-ordination of oxygen atoms surrounding the aluminium was

determined to be a mixture of 4,5, and 6 co-ordination.

When exposed to water, aluminium oxide films are hydrated. This transformation is

believed to contribute to materials failure. The hydration process is governed by the type of

electrolyte used and the film's morphology. Hunter et al. (25) studied the hydration of

alumina layers formed in different electrolytes. They concluded that for the barrier type

alumina film, it took 3 minutes in boiling water for the film to start converting into

boehmite and complete conversion was achieved after 15 minutes. For porous films formed

in acidic electrolytes, the hydration started after 15 minutes and it took a long time for full

oxy-hydroxide conversion. Burgers et al. (26) studied alumina films formed on aluminium

metal in a boiling solution of borate and boric acid at voltages in the range of 400-500 V

and at low current density. In this study a sharp x-ray diffraction pattern was observed

corresponding to a crystalline gamma alumina structure.

Even though the composition and the morphology of anodic alumina films on

aluminium have been extensively investigated, their structure and especially that of the

passivating alumina layers has not been characterised. Most of the earlier structural studies

were made by the use of indirect techniques such as x-ray photoelectron spectroscopy
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(XPS) which is primarily a technique for probing composition. There is clearly a need for a

direct structural investigation of the passive films on aluminium. XAS appears to have the

potential for such a study. This is the basis of the work reported in this thesis.

1.9 Objective and plan of thesis

In this thesis, the structure of passivating alumina films on aluminium anodically formed

by polarisation in aqueous solutions, as well as for those spontaneously formed, is

determined. This work is stimulated by an earlier investigation by Moshier et al.(27),

where x-ray photoelectron spectroscopy was used to monitor the evolution of the alumina

film structure.

The thesis is divided into seven chapters. Chapter two deals with the theoretical

concepts behind the experimental techniques used. Chapter three includes schematic

diagrams for the experimental apparatus and describes the procedures followed in

preparing the samples and performing the experiments. In chapter four, results are

presented for fluorescence EXAFS measured above the L3 edge of tungsten which is

incorporated into a thick anodic alumina during the polarisation of aluminium to 100 V in

an aqueous tungstate electrolyte. In chapter five, the electrochemistry (polarisation curves)

of aluminium in aqueous solutions, and x-ray photoelectron spectroscopy (XPS) results of

oxide films on aluminium are presented along with a depth profiling study. Chapter six

contains the extended x-ray absorption fine structure (EXAFS), x-ray near edge structure

(XANES), and the reflection EXAFS (ReflEXAFS) spectra measured above the K-

absorption edge of aluminium for passivating alumina films formed by simple immersion

or polarisation in aqueous solutions at various pH values. These spectra were collected at
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Daresbury Laboratory. Chapter seven outlines the conclusion of this work and makes

suggestions for further work.
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2. Chapter Two Theoretical Aspects of the
Experimental Techniques

2.1 Introduction

The electrochemistry of the growth of passivating alumina films in aqueous solutions is

monitored by the use of linear sweep voltammetry (LSV) which is discussed in the next

section.

Theoretical aspects of x-ray absorption spectroscopy (XAS) used to characterise

the structure of thin films on aluminium, including EXAFS, XANES, and ReflEXAFS

as well as the relevant methods used for their detection are outlined. Fluorescence yield,

employed to measure EXAFS above the tungsten L3 edge; total electron yield, used to

measure EXAFS, XANES, and ReflEXAFS at the aluminium K-edge; and transmission,

used to collect EXAFS spectra for a very thin aluminium foil, are discussed. The

extraction of structural information (bond length and co-ordination number) from the

experimental data, including background subtraction and curve fitting is described.

The basic principles of x-ray photoelectron spectroscopy (XPS), used in this study

to provide information about the composition and relative thickness of thin films on

aluminium in aqueous environments, are also presented.

2.2 Electrochemical Techniques

The potential sweep techniques; linear sweep voltammetry (LSV) and cyclic

voltammetry (CV) find wide application in monitoring electrode/electrolyte reactions.

22



They are employed to provide an "electrochemical spectrum" (l) indicating potentials at

which different electrochemical processes occur.

Linear sweep voltammetry is the simplest of this class of techniques. It involves

sweeping the potential applied to the electrode with a wave-form generator, from a

value El to E2. In the case of the CV technique, the sweep is reversed when E2 is

reached and the cycle may be repeated a number of times, whilst in the LSV technique

the sweep is performed from El to E2 just once. In both techniques, the resultant current

density is plotted as a function of the potential applied. A wide range of sweep rates can

be used, but for polarisation curves in passivation studies a small rate is preferred so that

the data are obtained under pseudo-steady conditions.

1.0
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Figure 2.1 Potentiodynamic curves/or steel in H2S04 a, b, and care 304 L, 800 L, and 316
L steels respectively (2)

Fig. 2.1 shows an example of potentiodynamic curves for the passivation process

on different types of steel (2) in H2S04, These are presented to demonstrate the ability of

the LSV technique to record the electrochemical behaviour of different materials. As the
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film grows on the metal surface with increasing applied potential, the current density

increases, until an oxide forms and becomes thick enough to separate the reactants, thus

forming a passivating layer. The presence of this passivating layer greatly reduces the

current density. Reversing the potential sweep from E2 to El, mayor may not, depending

on the reaction involved, remove the passivating layers. Interpretation of the

polarisation curves can yield information about the processes taking place, e.g.

dissolution, oxide film formation, film breakdown, oxygen or hydrogen evolution.

In this study, potential sweep voltammetry is used in the LSV mode, for

quantitative recording of the electrochemical behaviour of pure aluminium metal in

aqueous 0.05 M sodium sulphate electrolyte solutions.

2.3 X-ray Absorption Spectroscopy (XAS)

2.3.1 Introduction

Through their interaction with matter, either by diffraction or absorption, x-rays have

played a significant and important role in revealing the structure of different materials

with both long and short range order parameters.

The x-ray absorption spectroscopy technique generally requires an intense and

continuous source of x-rays. Synchrotron radiation fulfils these requirements, and in

recent years, as more synchrotron radiation sources have become available, more beam

lines have been dedicated to x-ray absorption spectroscopy. Since the 1970's, the

EXAFS technique has developed from a mere scientific curiosity to one with an exact

theoretical explanation and understanding. One of the fields in which EXAFS has been

increasingly employed is the characterisation of electrochemical systems, e.g.,
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passivating oxide films on electrode surfaces (3), monolayer deposition (4), fuel cells

and batteries (5), and the adsorption of different species on electrode surfaces (6).

Figure 2.2 shows a schematic diagram of the x-ray absorption spectrum of Krypton gas.

-:i= 2.0-=Q........e-
Q
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Photon Energy (eV) ..

Figure 2.2 An EXAFS spectrum of a monatomic Krypton gas

The x-ray absorption coefficient, (11) of the sample is measured as a function of

photon energy (hu). As the incident photon energy is swept through the threshold of a

core electron excitation, photons are absorbed and photoelectrons are ejected, reducing
I

the transmitted flux of x-ray photons. The sudden increase in absorbance as the photon

energy is increased occurs when the photon energy is equal to the binding energy (E, )

of a core electron, and is called the absorption edge. Absorption edges are characteristic

of the absorbing atom. The edge is called a K-edge when the excited core level is the Is

level, and an L-edge for excitation from the 2s or 2p levels.
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Figure 2.3 A Schematic diagram of different regions on the EXAFS and XANES spectrum of a
solid

Fig 2.3, on the other hand, shows a typical absorption spectrum for a solid. It is

clear that there is structure in the edge region, and extending well above it. The structure

in the edge region and up to ~ '50 eV above it, is known as x-ray absorption near edge

structure (XANES), whilst the region extending from the edge to 1000 eV, or more,

above it is known as extended x-ray absorption fine structure (EXAFS). The structural

features in the XANES region are due to the multiple scattering effects and bound state

transitions. One of the first explanations for the EXAFS phenomenon was given by

Kronig (7) who explained it as the result of the energy gaps at the Brillouin zone

boundaries thus

Outgoing Wave

Backscattered Wave

Figure 2.4 Absorbing process of an atom surrounded by neighbours
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treating it as a long-range order phenomenon. Now it is realised that the EXAFS of

condensed matter is in fact a short range order effect, which can be most simply

explained with reference to fig 2.4.

When the incoming x-ray photon has sufficient energy to photo-ionise the absorber

A, a photo-electron wave propagates from the absorber and this wave is backscattered

by neighbouring atoms e.g. B. Interference between the two waves at A results in a

modulation of the x-ray absorption cross section and hence oscillation in the

absorbance. The probability of a core electron absorbing an x-ray photon depends on its

initial and final state, where the initial state is the localised state defining the absorption

edge, whilst the final state is the sum of the out-going and the backscattered waves.

2.3.2 EXAFS Theory

Over the years, an increasingly complex theoretical description of EXAFS has been

developed and many factors have been added to account for physical processes which

affect the EXAFS phenomenon. The true structural capabilities of the EXAFS technique

were only realised when Sayers et al. (8) treated the atoms surrounding the absorbing

one as a system of weak point scatterers. This short-range single electron scattering

theory gave the technique the ability to solve the structure of disordered, as well as

ordered systems. Lee and Pendry (9), and Ashby and Doniach (10) were amongst the

many workers who have contributed immensely to formalising EXAFS theory. Stem

(11) has treated the out-going and backscattered photoelectrons as spherical waves,

whilst Gurman et al.(12) have developed a rapid, exact, curved-wave theory for EXAFS
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calculations. To speed up calculation routines, a small atom approach (13) can be used.

In order to identify the various contributions to the EXAFS oscillations, it is necessary

to define the EXAFS function X (k) as

(2.1)

Where Il ark) is the absorption cross-section of an isolated atom, and Il (k) is the

absorption cross-section of an atom in a condensed environment. Based on the small

atom approximation presented by Gurman (12,13), the EXAFS formalism for a K-edge

is given in wave vector form as : k

Where k= [(81t2mlh2)(hv - EoJ] is the photoelectron wave number, N, is the number of

backscattering atoms in a neighbouring shell at a distance r, from the absorbing atom,

iJ(k) I is the backscattering amplitude of atoms in the shell, A i is the mean free path of

the photoelectron and <l> i (k) is the total phase shift encountered by the photoelectron due

to the absorber and backscatterer's potentials.

<l> i ( k) = ~I(k ) + 20 I (2.3)

o I is the phase shift due to the absorber atom, whilst ~ i is the phase shift due to the

back scattering atom. The reason for having twice the value of the phase shift due to the

absorber is that the ejected photoelectron experiences the absorbing atom potential

twice, when leaving the absorber, and when returning after being backscattered by the

-Zr.
neighbouring atoms. The term, exp (__ I) is an amplitude reduction term which

Ai
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accounts for inelastic losses in the scattering process. exp( -2k2a;) is the Debye-

Waller term where a2; is the mean square variation in /; which accounts for the thermal

vibration and static disorder. It is clear from this expression that X (k) is a summation

of sine wave functions with Zkr, as their period. This feature may be exploited in a

simple analysis where a Fourier transform of this expression yields peaks corresponding

to different shells of backscattering atoms.

2.3.3 EXAFS data analysis

To extract structural parameters; such as interatomic distances (bond length), number

and type of backscattering neighbours from EXAFS spectra, a consistent data analysis

procedure must be followed. The procedure includes Eo setting, possible deglitching,

pre- and post-edge background removal, edge normalisation, and extracting of the

EXAFS signal X (k). Once X(k) has been determined, Then the curve fitting using a

program such as EXCURV (14) is performed.

2.3.3.1 Pre-edge background subtraction and normalisation

As seen in figure 2.5a, to remove the pre-edge background, a low order polynomial

IS fitted and subtracted from the region before the edge. Post-edge background

subtraction, involves the subtraction of the smoothly decaying atomic absorption

function ~o(E) from the EXAFS absorption coefficient ~(E). It is a common practice to

approximate the smooth part of ~(E) from extrapolation of ~o(E) at energies where the

EXAFS has decayed to zero. Polynomial splines of the second or third order are

typically used for background subtraction routines. After pre- and post-edge background
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subtraction, the EXAFS is normalised by dividing by the absorption cross section of an

isolated atom (flo), i.e. the post edge background.

2.3.3.2 EXAFS in wave vector form

A threshold energy, Eo is set so that an expression of EXAFS can be made in terms of

wave vector (k). An accurate value for Eo should be chosen, since its value has a direct

effect on the phase shift of the EXAFS oscillations, especially at low wave vector

values. Lee and Beni (15) suggested that different Eo values should be tried until the

phase shift values agreed with the theoretical one. A widely used alternative method is

of choosing the Eo value as that of a good model compound with known structure (16-

18). In this work, the Eo used was that of the inflection point in the absorption edge. In

earlier versions of the EXCURV analysis program, Eo was treated as an iterative

parameter until a good theoretical fitting for the experimental results was obtained. The

change in value of Eo in EXCURV92 (19) which is employed for data analysis in this

work, is no longer a fitting parameter, since the phase shifts are more accurately

determined than in previous versions of this program.

2.3.3.3 k-weighting

In fig. 2.5 b, an example of the k3 weighted EXAFS of W Lj-edge of potassium

tungstate is shown. To reduce the effect of the lI/i factor in equation 2.2, and the k

dependence of the backscattering amplitude, the EXAFS is typically weighted by

multiplying by k2 or k3. This weighting procedure is performed so that the small

oscillations observed at high k values are made comparable in amplitude to the large
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oscillations at low k values. Changes in weighting factor should not change the fitting

parameters, which is a good test for the quality of the fitting.

2.3.3.4 Fourier transform

The EXAFS expression in wave vector form is made up of sinusoids with a phase and

an amplitude. As shown in fig. 2.5 c, a Fourier transform of the EXAFS is given by

1 kmr
~ (r) = _- JknX (k)exp(2ikr) dk

Jj;" k .
mU!

(2.4)

is thus, as was first suggested by Sayers et al (8), a radial distribution function, which

exhibits peaks at the interatomic distances between the absorber and each of the

backscattering shells. To optimise the fit, a Fourier filtering technique is often used to

isolate each shell, before the data are back transformed to k-space where the amplitude

and the phase fitting is carried out.

2.3.3.5 Fitting for the phase

An early method of analysis involved comparing the peak position in the Fourier

transform of the measured EXAFS function for model compounds, with the known

crystallographic parameters. The difference between the peak positions and the known

nearest neighbour distance was attributed to the phase shift which was then used to

correct the nearest neighbour distances obtained from the peak positions in the Fourier

transform for the unknown material. A better, and now almost universal, method is to

calculate phase shifts which are then checked by fitting data for model compounds.

Once acceptable phase shifts have been obtained structural data for unknown materials
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are obtained by fitting the observed EXAFS function in k-space. The accuracy of bond

length determination may be within o.oIA, whilst typically only 20% is possible for co-

ordination number determination, due to correlation with the disorder term.

2.3.3.6 Fitting for amplitude

Fitting for the amplitude gives information about the type and the number of

backscattering atoms in each shell. Identifying different species from the EXAFS

spectrum is based on the variation of the backscattering amplitude for different atomic

numbers. Teo and Lee (20) calculated the backscattering amplitude as a function of

wave vector and showed that it is easier to differentiate between heavier elements than

between lighter ones.

2.3.4 X-ray absorption near-edge spectroscopy (XANES)

The XANES region as seen in fig. 2.2 can be rich in structural information and contains

strong oscillations. In this thesis, no mathematical expression will be given for the

XANES region, only an account of the process and the physical essence of XANES is

presented. Bianconi (21) defined the energy separating the XANES region from that of

the EXAFS as the energy of the excited electron when its wavelength equals the bond

length between the absorber and backscatterer.

A theoretical understanding of the electronic structure in condensed matter is

achieved by studying the low-lying extended electron states (22). These states are

responsible for bonding the system together and determine its electronic properties.

Electron states giving rise to XANES include the unoccupied states from the Fermi level

to the point where EXAFS starts.
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As an example of importance of the XANES region in probing the structure of

oxide films on metal electrodes (aluminium in this study), Chung et al. (23) have

reported on the chromium species which incorporates into alumina oxide material

grown anodically on aluminium at high potential from an aqueous electrolyte containing

chromate ions. XANES studies for this system have provided the co-ordination around

Cr (absorber) and its valency. Observations of Cr K-edge shift which is the result of

changes in valency, presence of peaks before the edge, as well as a shape resonance

which are associated with the Cr being in a tetrahedral co-ordination has led to the

conclusion that both Cr (III) and Cr (VI) oxidation states are present in the alumina

films. Also they have been able to explain the direction of the mobility of the

incorporated Cr as a result of transformation caused by the field during film growth.

Davenport et al. (24) have used in-situ XANES to monitor the changes in Cr valence

states in passive films formed by polarising a ~ 20 A AI- 12% Cr alloy. They found that

Cr valence state can be changed reversibly without dissolving the 6 valent state.

In this thesis, XANES spectra of alumina model compounds with known structure

are used in a qualitative manner to show different features of thin alumina oxide films

prepared as described in this work. The method is called "finger-printing" and it can be

used to give information about the local atomic environment of the absorber

2.3.5 EXAFS detection methods

EXAFS and XANES spectra are measured by vanous methods. The nature of the

absorber its concentration, and the experimental set-up determine the method chosen,

for EXAFS detection. In all EXAFS detection methods, the x-ray absorption coefficient
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is measured either directly from the attenuation on passing through a sample, as in

transmission, or by recording something that is proportional to the absorption, e.g. x-ray

fluorescence or the electron (Auger, partial, or total) emission.

2.3.5.1 Transmission EXAFS

Double crystal monochromator

__ S_to_m_g_e_ru=n=g~ __ _.~~

Figur~ 2.6 A transmission EXAFS arrangement

Transmission EXAFS is the only direct method for x-ray absorption coefficient

measurement. It is based on the measurement of x-ray intensities before and

immediately after the beam of photons has passed through the sample. Transmission

EXAFS is mostly used for thin concentrated and uniform samples. Two ionisation

chambers with high gain electrometers are used to measure the x-ray intensities, one

after the monochromator for (ID) measurement, and as seen in fig. 2.6, the second one

after the sample for transmitted intensity (It)· The following relation gives the

transmitted intensity, It

(2.5)

where x is the sample thickness and ~ is the linear x-ray absorption coefficient

~ == llx In (IoIIJ (2.6)

Transmission EXAFS data are plotted as In(IoIIJ versus E where E is the energy of the

x-ray photons. Even though transmission EXAFS is easy and direct to measure, it is not
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suitable for investigating passivating surface films, because these films overlie the metal

substrate. Instead, it is possible to record EXAFS spectra of these films and surface

layers by detecting something that is proportional to the x-ray absorption, arising from

the relaxation of the excited absorber atom. These methods include fluorescence and

electron yield which are both proportional to the absorption cross section in the EXAFS

region. Alternatively, reflection EXAFS can be measured for very flat surfaces.

2.3.5.2 Fluorescence EXAFS

----- 2p312
2pl12

----- '2p31i.
----- :2p1l2

'e

--n---18

a) Fluorescence ~. b) Auger:

Figure 2.7 Atomic relaxation processes, a) fluorescence b) Auger

The transmission technique is inappropriate for dilute and/or thick samples and

therefore, fluorescence is used as an alternative method to monitor EXAFS (25). Fig 2.7

shows the possible processes by which a core hole may be filled. Fluorescence is a

radiative process where an atom relaxes from an excited state to the ground state by the

release of photons. The photon energy is the difference in energy between the two shells

Fluorescence can be detected by different means. For relatively concentrated samples,

ion chambers can be used. However, ion chambers suffer from poor discrimination

against scattered radiation, so to overcome this problem, solid state detectors are often
i •
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utilised. Filters are commonly used to keep out scattered radiation and thereby avoid

saturation of the detectors. The fluorescence method is capable of investigating the

structure of mono- or even submono-layer systems. This method has a good elemental

sensitivity but it is not surface selective because x-rays have a large penetration depth

and the fluorescence signal originates from deep in the material.

2.3.5.3 Electron yield EXAFS

Auger-, partial-, or total- electron yield can also be used to monitor EXAFS. Electrons

emitted in EXAFS can only come from the surface and near-surface region because of

their small mean free path (26,27). It should be noted that, x-ray fluorescence and

electron emission (Auger) are always in competition. The dominance of one of these

processes over the other is determined by the atomic number of the excited atoms. The

branching ratio of these processes is such that electron yield is favoured at low energy

(light elements), whilst fluorescence is favoured at high energy (heavy elements).

Hence, electron yield EXAFS is useful in investigating the structure of surfaces and

thin films.

The Auger electron yield used to monitor EXAFS is surface selective and for this

reason it is employed in surface EXAFS (SEXAFS). A detector with energy

discrimination capable of selecting only the Auger yield is used. A window can be used

to separate the Auger emission from the dominant secondary electron yield (28). Auger-

electron yield EXAFS is mainly used for probing the structure of surfaces.

In total electron yield EXAFS, all electrons emitted are recorded without regard to

their energy. Auger-, photo-, as well as the inelastically scattered electrons. Total

electron yield (TEY) was first used by Lukirskii and Brylov (29) to measure EXAFS
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spectra, whilst Gudate and Kuntz (30) were the first to use synchrotron radiation sources

to record EXAFS in this mode. Due to their mean free path, photoelectrons detected in

TEY-EXAFS originate from and near the surface region, so it has a good sensitivity and

greater surface selectivity than other modes. TEY-EXAFS has a sampling depth of

~ 100 A. Electron yield is suitable for measuring EXAFS for thin surface films of low

Z elements such as the passive films on aluminium, because of its surface sensitivity

and selectivity and also the electron yield sampling depth is comparable to the thickness

of the films. Jones and Woodruff (31) showed that TEY-EXAFS is suitable for

analysing the structure of alumina films.

2.3.6 Reflection EXAFS (ReflEXAFS)

Total reflection EXAFS is valuable in solving the local structure of flat reflecting

surfaces. The surface sensitivity of this method may be explained by considering the x-

ray optics (32,33). When the refractive index is slightly less than 1, which it is for a

metal for example, total external reflection is possible. The refractive index is given by

where

1l=1-8-IP

8 = 1/2n (//m/) (Nap/A) [Z+ L\j] ')...2

P = ')...J.1I4n

(2.7)

(2.8)

(2.9)and

where (i/me2) is the electron radius, (Nap/A) is the number of atoms per unit volume,

No is Avogadro's constant, p is the density, A is the atomic weight, Z is the atomic

number, ')...is the wavelength of the x-ray photon, [Z+4fI is the real part of the scattering

factor, f is the imaginary part of the refractive index, this factor is related to the linear
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absorption coefficient, IJ. The critical angle Se for total reflection of an x-ray beam from

a smooth surface which is derived from Snell's law, is.

(2.10)

The critical angle is of the order of a few hundred millidegrees, In ReflEXAFS, the

ratio of the reflected and incident intensities is measured as a function of energy (34).

The physical process leading to ReflEXAFS is complicated further because the

reflectivity is a complex function of the angle of incidence, energy, and the refractive

index. The penetration depth of this technique is ~ 20 A, so it is highly a surface

selective technique.

2.4 X-ray Photoelectron Spectroscopy (XPS)

2.4.1 Introduction

Photoelectron spectroscopy (PS) is a technique where photons are absorbed by atomic

species at or near the surface region. As a result of this absorption process,

photoelectrons acquire energy and are ejected into the vacuum. The kinetic energy of

these electrons is analysed by the use of an electron energy analyser. The energy of the

incident radiation determines the type of electron states that are probed. When helium

lamps are used as the source of the incident photons, to excite states in the valence band,

the technique is called ultraviolet photoelectron spectroscopy (UPS). When x-ray line

sources such as Al Ka , Mg Ka are the source of the incident photons, core level

states are excited and the technique is called x-ray photoelectron spectroscopy (XPS)

(35),. which is used to probe the electronic structure of materials.
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Because of the small mean free path of the emitted photoelectrons, XPS is a

surface specific technique. These emitted photoelectrons have a specific binding energy

which makes XPS capable of identifying chemical species on the surface. Also XPS is

used to characterise the chemical environment surrounding the absorbing atom in

different phases including surfaces and thin films on solids (36-38). An important area

of XPS application is the measurement of chemical shifts. These shifts can be used to

gain information about oxidation states and charge transfer for different chemical bonds

in molecules and solids. Recent developments in synchrotron radiation sources have

made it possible to perform XPS measurements at different energies with a better

intensity and resolution than that achieved with a conventional x-ray source.

2.4.2 Theory of XPS Process

In XPS, if the incident photons have sufficient energy hu [Mg Ko. (1253.6 eV) or Al

Ko. (1486.6 eV)] to ionise an atom, an electron which is bound to the solid with

binding energy BE' escapes the solid. The kinetic energy Ek of the emitted

photoelectrons is given the conservation of energy

(2.11)

In this equation ~s is the spectrometer work function, the value of h u is known and the

kinetic energy of the ejected electron can be measured by an electron energy analyser,

thus BEcan be deduced from equation 2.11.
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Figure 2.8 Physical process of the XPS

The physical process which leads to XPS is seen schematically in fig. 2.8. In this

example, an electron from an LI state absorbs an incoming x-ray photon with energy

h» , then the electron which was bound to the atom in the solid with binding energy E
b
,

is released into the vacuum. As the x-ray photon energy is scanned by the use of a

crystal monochromator, a peak is recorded for the electron state.

The XPS spectrum is dominated by an intense sharp emission peaks. As seen

above, these peaks are the result of the transition from the core state of the atomic

species on the surface to the continuum. The energy of the emission peak is determined

primarily by the energy of the core states. When the absorbing species are surrounded

with other elements like oxygen in oxides, the position of the emission peak is shifted

because the core state has a different energy and this shift is called the chemical shift.

Physically, chemical shift appear as the result of the relaxation shift due to the core level
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creation (photoemission) which is accompanied by other electrons relaxing to lower

energy states, and thus screening the hole created. Tabulation of chemical shift data for

different atomic species in different compounds with known structural parameters are

used (fingerprinting). XPS spectra may be complicated further by the presence· of other

features including, inelastic loss ''tails'' due to the weak absorption of the incident x-rays

and multiple plasmons losses.

2.4.3 Electron Energy Analysers

Electron energy analysers are used to measure the number of electrons within a defined

energy range. The recording of XPS spectra requires the use of a sensitive electron

detector with good energy resolution. Such detectors typically operate on the basis of

electrostatic deflection where two parallel plates with different potentials create a field

between equally spaced constant potential surfaces. Electrons entering the analyser with

different kinetic energy will travel different distances through the field resulting in their

separation. To reduce the effect of energy spread caused by the angular spread of the

ejected electrons, an analyser capable of focusing electrons is desirable.

Figure 2.9 Schematic diagram of
cylindrical mirror analyser (CMA)
and concentric hemispherical analyser
(CHA) Concentric

hemispheres,
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The cylindrical mirror analyser (CMA), and the concentric hemispherical analyser

(CHA) are two types of electron energy analyser that achieve this. Their design, which

is shown in fig. 2.9, is widely used in surface spectroscopy techniques. It is always

desirable to have a high sensitivity and high resolution, but in reality it is a compromise

situation, where good resolution would result in lowering the sensitivity. In electron

energy analysers, the resolving power is determined by geometrical factors, whilst the

sensitivity depends on Q /2n which is the fractional solid angle and 2n is the total solid

angle.
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3. Chapter Three Experimental Details

3.1 Introduction

In this chapter, details of the preparation of aluminium metal samples as a bulk material

and as films on glass microscope slides are outlined. The electrolytes, electrodes, and

the potentiostat used for growing passivating alumina layers on aluminium surfaces are

also described.

Since the aim of this work is to investigate the structure of the passive alumina

films, a powerful and direct structural technique capable of analysing disordered and

amorphous systems, as well as crystalline ones, is required. To obtain structural

information about the alumina films in this study, x-ray absorption spectroscopy (XAS)

was employed. Extended x-ray absorption fine structure (EXAFS), x-ray absorption

near edge structure (XANES) and reflection EXAFS (ReflEXAFS) were used to

determine the structure of alumina films on aluminium. Total electron yield and total

external reflection EXAFS and XANES spectra were collected on the SOXAFS station

on beamline 3.4 at Daresbury synchrotron radiation source (SRS), whilst station 9.2 was

used to collect fluorescence EXAFS at the L3 edge of tungsten in alumina films. The

experimental apparatus used for collecting EXAFS, XANES, and ReflEXAFS spectra

reported in this thesis are outlined and a brief description of x-ray sources, and in

particular the synchrotron radiation source at Daresbury is presented.

X-ray photoelectron spectroscopy (XPS) was used to characterise the chemical

constituents of the oxide layers on aluminium. Different aspects of XPS including the
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apparatus, .scans performed, data analysis, depth profiling and other related matters are

described.

3.2 Sample Preparation

3.2.1 Aluminium metal bulk sample preparation

The samples used in this study were cut from a 99.9999% purity sheet of aluminium

metal formed by the zone refining technique (Pechiny). To ensure a reproducible

working electrode surface with no imbedded impurities, a pre-treatment process was

required. Aluminium samples of 1, 2, and 3 cm2 were cut, mounted by sticking them to

a disk made of resin, and ground flat using SiC paper. Because aluminium is a soft

metal, a special mechanical polishing routine was used to polish the aluminium

electrodes. A mirror-like aluminium surface finish could be achieved when a set of

30f.!m, 6f.!m, and a 3f.!m oil based polishing liquids was used. Diamond based liquids

were not used because they scratched the aluminium surface at the end of each polishing

routine. Instead a colloidal silica was used as an abrasive material, in conjunction with a

soft cloth for the final finish. The surfaces of the aluminium metal samples were pre-

treated by the Forest Products Laboratory (FPL) process (1,2). This process involved;

de-greasing by immersion in acetone for ~ 20 minutes, rinsing in distilled de-ionised

water (D-D water), drying in nitrogen gas, before cleaning and etching in a solution

containing Na2Cr207.H20,H2S04' and H20 in a 1:10:30 ratio by weight (3). The

specimens were then thoroughly rinsed in D-D water and dried with nitrogen gas prior

to electrochemical or chemical treatment. On completion of the experimental treatment ,

the samples were rinsed and dried in the same manner as described above. Then the
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samples were stored in a desicator under vacuum at room temperature until their transfer

to Daresbury Laboratory for x-ray absorption analysis.

3.2.2 Aluminium film sample preparation

Samples for ReflEXAFS measurements were prepared as thin films of aluminium on

glass by evaporating 99.997% purity aluminium wire onto a glass microscope slide in

a vacuum chamber (Ion. Tech. Ltd. Teddington, UK ). The base pressure of the

chamber was maintained at 10-6 Torr, using an oil diffusion pump aided by a rotary

pump. Glass microscope slides were cleaned by immersion for 1 hour in solution of

Decon-90 detergent for degreasing. Distilled de-ionised water was used to rinse the

slides and nitrogen gas was used to dry them. The clean microscope slides were placed

in the vacuum chamber, whilst the aluminium wire was placed in a tungsten wire

basket. The tungsten basket was electrically heated leading to the evaporation of the

aluminium wire and the consequent deposition of aluminium film on the glass slides.

The same treatment (immersion, passivation) procedure as for the aluminium bulk

samples was followed. It is noted that under certain conditions of water pH and

potential, the aluminium film were completely or partially washed away. Such samples

were unsuitable for investigations by the ReflEXAFS technique.

3.3 Electrochemical Techniques

In this experiment, a three electrode electrochemical cell (3) was used along with an

instrument to supply and vary the applied potential to the working electrode as shown in

fig.3.1.
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Figure 3.1 Electrochemical cell used in polarisation experiments
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The cell comprises a Pyrex glass beaker with a PTFE cover through which the

working, reference, and counter electrodes, as well as the nitrogen gas supply, entered.

Nitrogen gas was bubbled through the solution to displace dissolved oxygen.

Aluminium metal samples were connected to the potentiostat by an aluminium wire.

The counter, or secondary electrode (C.E.) used was a platinum mesh, whilst the

reference electrode was a saturated calomel electrode (SCE). The reference electrode

was placed in a separate compartment with a glass frit in the bottom to minimise the

engress of chloride ions into the main part of the cell. The glassware used for the

electrolyte solutions was cleaned by soaking in solution of Decon-90 detergent as a

degreaser followed by rinsing in distilled deionised water. The electrolyte solutions

were prepared from Na2S04 (Analar Reagent) and distilled deionised water, and their

pH adjusted to the desired value by the addition of a small amount of NaOH or H2S04,



The working and the counter electrodes were arranged parallel to ensure that the current

on the working electrode was uniform. Immersion and immersion/polarisation of

aluminium was performed in de-oxygenated solutions as a result of nitrogen bubbling in

the solution which also served as an agitator of the solution. This was done to minimise

the local build-up of reaction products and to limit changes in the pH of the solution

near the working electrode surface. Immersion and polarisation were carried out at room

temperature. Prior to polarisation, samples were immersed in the electrolyte for 40

minutes for the surface to reach equilibrium. The equilibrium potential (known as the

corrosion potential) was measured and any subsequent polarisation started from this

value.

The potentiostat used in this experiment was DT 2101 (Hi-Tek. Inst) along with a

waveform generator type PPRI (Hi-Tek. Inst.) to apply and vary the potential of

aluminium electrodes. The polarisation curves were recorded by the use of an X- Y

recorder (PL4 1.1. Lloyds Inst.).

Aluminium bulk and film samples were treated by immersion for different periods

of time in deoxygenated water adjusted to pH 2, 7 and 10. During the immersion

nitrogen gas was bubbled into the solution. The electrochemically treated samples were

first immersed as described above, then a potentiodynamic sweep was started from the

corrosion potential to different anodic and cathodic values in the range of - 2.17 V to +

2.5 V. A sweep rate of 5 mV/s was used throughout the polarisation experiments.
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3.4 Synchrotron based experimental techniques

3.4.1 Synchrotron radiation facility at Daresbury Laboratory

In this section, the role of synchrotron radiation sources in providing high intensity x-

ray sources is considered. Experimental station, namely, 9.2 EXAFS station and 3.4

SOXAFS stations are described. Different aspects of these station as well as data

collection and analysis are outlined.

7.6 7.5

Figure 3.21ayoutofthe SRS at Daresbury

It was not until the 1950's that the role of synchrotron radiation as a light source for the

development of soft x-ray spectroscopy, was realised (4).

The synchrotron radiation source SRS at Daresbury seen schematically in fig. 3.2,

was the first dedicated radiation source to be used as a research tool. Fig. 3.2 displays

different elements of the SRS at Daresbury.

A hot cathode is used to produce electrons which are accelerated to 12 MeV in the

linear accelerator (LINAC), they are then injected into the booster synchrotron where

their energy is increased to 600 MeV. The final energy of the electrons reaches 2 GeV

in the storage ring. To make the electrons follow a circular path in an evacuated tube,
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sixteen dipole magnets are used. A high power radio frequency (RP) accelerator system

is used to boost the energy of the electrons to 2 GeV as well as to compensate for the

energy

Infra-red

Figure 3.3 Distribution of the Emitted radiation of the SRS

lost by the emitted synchrotron radiation. On average electrons have a 20 hours lifetime

in the 96 m circumference storage ring.

Fig. 3.3 shows different radiation regions of radiation (x-rays, ultraviolet, infrared)

produced from the 5 Tesla Wiggler and the SRS dipole magnets, displayed as intensity

as a function of wavelength. Traditionally the radiation in all beamlines has been

produced by the dipole magnets of the storage ring and thus has the same spectral

features. Recently, insertion devices which are periodic magnetic structures assembled

in the straight part of the ring have been used to produce radiation of different properties

at different beamlines determined by the experimental requirements. Wigglers and

undulators are two forms of the insertion devices. As seen in fig 3.3, the radiation

spectrum emitted by the 5 Tesla wiggler of the SRS at Daresbury is shifted to shorter
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wavelengths. Undulators being interference devices produce a sharp peaked and

discontinuous spectrum.

3.4.1.1 EXAFS station 9.2 of the SRS

Station 9.2 was used to collect fluorescence-EXAFS above the tungsten L3 edge to

investigate the environment around the tungsten which is incorporated into thick

alumina films anodically formed on aluminium polarised to 100 V in tungstate

electrolyte.

This station shown in fig. 3.4 (5) is a versatile instrument for glancing angle x-ray

absorption spectroscopy and reflectivity EXAFS.

X--ray
beam

Sample

signal
discriminator

Preamplifier

Figure3.41ayout of station 9.2 of the
SRS at Daresbury

The instrument comprises: basic frame/optical bench, collimation system, sample

stage, and a computer control system. The whole instrument sits on a motorised table, so

that it can be adjusted with respect to the beam position. The sample stage is made up of

a large two-axis goniometer and a specimen holder.
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By changing the angular position of a mirror, a beam of x-rays was focused and its

high energy cut-off was adjusted to help remove harmonics from the monochromatic

beam. The intensity of the incident beam (10) was measured by the use of an ionisation

chamber made of stainless steel and filled with a mixture of Xenon and Helium gases.

The chamber was connected to a power supply operated at 300 V and the ratio of the

two gases was set so that only a maximum of - 20% of the incident beam was absorbed.

The beam was made monochromatic by the use of two Si(220) single crystals

configured as a double crystal monochromator. The second crystal of the

monochromator arrangement was used to provide harmonic rejection and maintain the

direction of the beam. After the monochromatic beam strikes the sample, fluorescence

EXAFS above the L3 tungsten edge was measured by an array of 12 Germanium solid

state detectors positioned at 45° to the sample in the plane of the storage ring. Solid

state detectors are chosen for fluorescence EXAFS measurement because of their

excellent discrimination level. The angle of 45° was chosen for the detector position to

minimise the effect of scattered radiation. The signals from the solid state detectors go

through an electronic arrangement including a preamplifier and a signal discriminator.

Fluorescence EXAFS scans of tungsten Lj-edge were started at - 10000 eV which is

pre-edge and was continued beyond the edge (10200 eV) up to 11100 eV. Conventional

transmission spectra were also recorded for a tungsten foil (Sum) and for potassium

tungstate. Four fluorescence EXAFS spectra were collected for the tungsten L3 edge in

alumina films which is the subject of structural characterisation.
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3.4.2 Soft X-ray station on beamline 3.4 of the SRS

Carbon Window Double Crystal
Monochromator Sample Chamber ReflEXAFSMl I 10 E

I

Electronics

Figure 3.5 SOXAFS station layout

The soft x-ray beamline (station 3.4) of the SRS at Daresbury was developed for

EXAFS studies covering materials with low energy absorption edges within range of

0.5-5 keY (6). The station layout is shown schematically in fig. 3.5 including the

mirror, the double crystal monochromator, and the RV sample chamber.

MI is a toroidal er-coated mirror which deflects and focuses the beam in the

vertical plane. Through appropriate choice of glancing angle at the mirror, the mirror

acts also as a low pass filter, cutting off high energy radiation and thereby protecting the

thermally sensitive monochromator crystals (made of materials like quartz and beryl).

The 4000 A thick carbon window is used for two purposes; firstly to separate the

monochromator from the UHV part of the beamline. Secondly to screen out the VUV

and UV part of the radiation which can lead to an increase in the background signal.

Two valves positioned on either side of the carbon window are used to protect against

pressure differences.
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In figure 3.5, F represents a choice of either a 250 urn beryllium or a 1.5 urn

aluminium filter. These filters are inserted in the beam's path to remove DV radiation.

The energy of the radiation incident upon the sample was determined using a double

crystal monochromator fitted with a pair of (1010) quartz crystals. The two

monochromator crystals were mechanically linked, whilst the first crystal could be

rotated, the second could be both rotated and translated. The first element of the

monochromator was water cooled to reduce thermal effects whilst the second crystal

could, if necessary, be "de-tuned" by rotating slightly from the bragg condition to

reduce the harmonic component in the incident beam. Generally however the high

energy cut-off of the focusing mirror was set such that there was no harmonic

component in the energy ranges studied.

To measure 10, the intensity of the x-ray beam after passing the monochromator, a

0.5 urn beryllium foil was used. The 10 signal was measured as the drain current on the

beryllium foil by a picoammeter capable of measuring currents in the range of 10-12 A.

The total electron yield signal, lsig, was measured as the drain current of the sample. A

Kiethley 427 current amplifier was used and because of the very low signal measured all

of the electronics were operating at the limit of their sensitivity.

The sample chamber E shown in fig.3.5 included a multiple stage sample holder

which held up to 10 samples on special plates made of stainless steel or aluminium. The

samples were stuck onto the plates by a conducting copper foil, and slotted into the side

of the sample holder. The separation of the centres of the samples was 15.5 mm. A

mechanism was provided so that any sample on the sample holder could be positioned

in the path of the x-ray beam. For beam centering, a plate coated in an x-ray sensitive
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phosphor was loaded into the lowest slot of the sample holder. The sample holder

arrangement and the vacuum pumps used throughout the station were designed with the

intention of fast pump-down time, as well as efficient use of the synchrotron source. A

Balzers 330 IS-I turbomolecular vacuum pump was employed to achieve a base pressure

of7xl0-7 _10-8 Torr in the sample chamber in a short period of time. X-ray beam size at

the sample was adjustable and it had dimensions of ~ 5 x 0.2 mm'',

As seen in Fig. 3.5, the SOXAFS can be utilised to measure the EXAFS in the

total reflection mode. To perform ReflEXAFS experiments, the sample arrangements, E,

has to be pulled out of the beam path.

3.4.2.1 Data collection and analysis

Control and movement of the double crystal monochromator, as well as the recording of

the measured 1o, and Isig were performed by the use of a computer. EXAFS and XANES

spectra could be divided into many regions. Depending on the relative importance of the

region measured, the number of energy points, and the time for measurements at each

point could be set accordingly. Other scan parameter; such as start and end of the scan,

number of regions, and the number of scans could be pre-set as well.

Scans started around 1520 eV which is 40 eV before the aluminium K edge and

continued until 1820 eV which is close to the Si K-edge at 1832 eV. This limit is set by

the presence of Si in the quartz monochromator crystals. In EXAFS scans, the energy

Was incremented in 1 eV steps for the pre- and the post edge regions whilst a step ofO.5

eV used for the edge region. In XANES spectra, the energy was increased by the same

value except for the edge region where 0.2 eV was used for good resolution and to

56



observe any structural features in the edge region. EXAFS scans took - 55 minutes on

average, whilst XANES required - 25 minutes. Multiple EXAFS scans for the same

sample were necessary for good data analysis. The data collected by the use of the

SOXAFS station was transferred to another computer where the analysis was carried

out.

3.4.3 ReflEXAFS apparatus on beamline 3.4 at Daresbury

3.4.3.1 Introduction

In this section a description of the newly built and fitted arrangement on the 3.4

beamline (SOXAFS statioJ?-)enabling the performance of ReflEXAFS at phosphorus,

silicon, sulphur, and aluminium K-edges is given (7,8).

3.4.3.2 Apparatus description

The same beamline elements shown in fig. 3.5 for total electron yield TEY-EXAFS

Were used for the grazing angle EXAFS set-up with the sample holder pulled out of the

x-ray beam path.

The ReflEXAFS apparatus as shown in the schematic diagram of fig. 3.6 has two

ionisation chambers to measure the incident and reflected beam intensities, and a sample

table with variable position and variable angle of reflection. The ReflEXAFS chamber

Was separated from the rest of the SOXAFS station by a thin polymer window.
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Figure 3.6 Schematic diagram of the ReflEXAFS apparatus

To carry out ReflEXAFS measurements, beam and sample alignment was essential. The

front slit was vertically adjusted to be in line with the beam. This was done by moving

the slit until a maximum signal was recorded by the front ion chamber. Next, the rear

slit vertical position was aligned, with the sample table retracted from the beam line, by

vertical movement until a maximum signal was recorded by the rear ion chamber. At

this stage, the x-ray beam in the experimental arrangement was aligned. The sample

alignment was performed to make the sample surface parallel to the beam and the

sample rotation axis to coincide with the mid-point of the beam. This procedure was

carried out by measuring the signal at the rear ion chamber as the sample stage was

scanned in the rotational and vertical directions. This was performed with the help of a

the LabView (9) programme run on a Macintosh computer. Once a maximum signal

was recorded in the rear ionisation chamber by rotating the sample, the sample stage

was raised to cut out 50% of the x-ray beam. This alignment procedure was carried out

several times in an iterative manner. Then, the rear slit was replaced by a beam stop.
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The function of the beam stop was to block the direct x-ray beam from entering the rear

ion chamber.

The reflectivity was then recorded as a function of the angle of the incidence. This

enabled the critical angle ~c to be determined. All ReflEXAFS spectra were recorded at

angles less than the critical value.

3.4.3.3 ReflEXAFS data collection and analysis

ReflEXAFS scans were carried out in the same manner as for the TEY-EXAFS, using

the same computer and control unit of station 3.4. ReflEXAFS spectra were collected

for each of the differently treated aluminium film samples. Analysis of the ReflEXAFS

data was performed in the same manner as for the total electron yield EXAFS of

passivating alumina films.

3.5 X-ray photoelectron spectroscopy (XPS)

3.5.1 Introduction

In this work, XPS spectra were measured for films naturally formed on aluminium

metal exposed to air, and the films formed by immersion in 0.05 M Na2S04 electrolyte

with different pH values. Also thin layers on aluminium formed by anodic and cathodic

polarisation to different voltages in the same electrolyte were investigated by XPS

3.5.2 Sample Treatment

Bulk aluminium metal bulk samples of I cm2 area were mechanically polished in the

same manner with those used for EXAFS and XANES studies. Then they were either

exposed to air, immersed in aqueous solutions at pH 2, 7, or 10, or immersed and
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cathodically or anodically polarised. They were then quickly removed from the solution,

rinsed in distilled de-ionised water, and dried by nitrogen gas. They were then mounted

on a sample stub and transferred to the XPS spectrometer for data collection.

3.5.3 XPS apparatus

The XPS spectrometer used in this study was a VG type with an ESCALAB-5 analyser

and Mg and Al Ka x-rays sources. The apparatus had a separate introduction chamber

for fast pump-down time, and a sample chamber containing the main elements,

including the source and analyser. A schematic diagram of the ESCALAB-5 is shown

ill figure 3.7.

A concentric hemispherical (CHA) type analyser was used with the VG-XPS

spectrometer in this study to measure XPS. Kuyatt and Simpson (10) have shown that

the resolution of the CHA for equal entrance and exit apertures is given by

Resolution = rlR

where r is the radius of the entrance and exit aperture

R is the mean radius of the analyser

(3.1)
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Figure 3. 71ayout of the VG-XPS
spectrometer
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Therefore, the resolution of the analyser can be increased by reducing the aperture size.

The lens system consists of two Einzel lenses. The lens potential was varied in

proportion to the kinetic energy of the electron to be analysed. The specimen was

mounted at a distance from the analyser so that an optimal resolution and intensity were

obtained. The operating regime used in the ESCALAB-5 kept the retardation potential

constant whilst the lens potential was varied.

3.5.4 Data collection and analysis

Wide energy XPS scans were performed on the "as received" aluminium samples after

each treatment to identify the species present in the oxide film formed on its surface.

The samples were placed on the end of a transfer system in the introduction chamber

and the chamber evacuated to the same pressure as the main chamber HV conditions, of

- (10-7_ 10-8) mbar required for the XPS measurements.
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Layer by layer depth profiling of the films was achieved by the use of sputtering

with an argon ion gun. The argon gun was typically operated at 2 keV.

Alumina oxide films are insulators and as they lose electrons through the photo

emission process a charge starts to build on their surfaces. There are many ways by

which the effects of this charge build-up can be corrected. The method used in this

work, was to measure the shift in the binding energy of the 1s state of the C atoms.

Aluminium surface contamination with carbon is the result of its exposure to CO and

CO2 found in abundance in the laboratory environment during handling and transfer to

the XPS introduction chamber. The binding energy (Eb) of the CIs should have a value

of 284.6 eV. Any deviation from this value should be corrected for. The C Is line was

measured in every scan to check whether there was a charge build-up. For better

statistical accuracy in exact determination of the binding energy and its shift, in some

cases up to 10 narrow scans with an average time of ~ 12 minutes for each scan were

collected and averaged. An energy step ofO.1 eV was used in these scans.

A curve fitting program was used for deglitching, and background subtraction. The

curve fitting program also allowed binding energy determination, and peak integration.

The AI 2p state due to aluminium and the oxide, Cis, as well as, the 0 1s were

measured in the range of 1400-1425 eV, 1190-1215 eV, and 940-970 eV respectively.
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4. Chapter Four Fluorescence EXAFS of
Tungsten in Alumina Films

4.1 Introduction

As has already been described when aluminium is anodised at large positive potentials,

an anodic oxide film grows. It is now well established that in certain electrolyte

solutions, ionic species from the solution are incorporated into the oxide film (1,2).

These species may change the oxide film properties and can influence their

solubility/stability. One feature which makes investigating these species economically

rewarding is that in some instances they may cause a big reduction in the corrosion rate

which is a desirable property.

In this chapter, a first attempt to investigate the local structure around tungsten

incorporated into anodic alumina films on aluminium polarised at 100 V in tungstate

aqueous solution by the use of the EXAFS technique, is reported.

4.2 Electrolyte Species Inclusion into Anodic Film

In general, anodic alumina films grow as the result of ionic species movement under the

influence of the electric field across the film. The outward movement of Ae+ ions and

the inward movement of 02
- and OK happens across the pre-existing air formed film

and it is driven by the high electric field (3) The oxide film grows at the oxide/solution
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and metal/oxide regions respectively. Inert gas markers, for example xenon, are used to

determine the transport number of each species. During oxide film growth under high

current efficiency, the transport number of the cation was found to be 0.4 (4). If the

current density and the solution pH are reduced, the cation transport number is reduced

as well since it is possible in such conditions that Ae+ is directly ejected into the

solution.

To determine whether electrolyte anions are immobile or if mobile the direction of

their mobility, an inert gas (xenon) layer may be deposited onto the metal surface before

anodisation and used as a reference marker (5,6). After anodisation, transmission

electron microscopy studies of ultramicrotomed alumina film sections are carried out to

determine the presence and the direction of mobility of the incorporated species as well

as the Ae+, 02-, and the OK (7,8). The direction of mobility of the incorporated species

is determined by reference to the location of the inert gas marker after anodisation and

the use of differential electron beam induced crystalisation of the ultramicrotomed

sections of alumina in transmission electron microscope. Xenon is used as a marker

layer, because it is immobile during anodic film growth and it is easy to distinguish in

the transmission electron micrograph. In these micrographs, incorporated electrolyte

species appear darker than the xenon layer, because they have a higher atomic number.

Rutherford backscattering spectroscopy was used to determine the composition and

density of the film. Dell' Oca and Young (9) have revealed that the incorporation of

electrolyte species influences the ionic transport processes during anodic film growth. It

has been shown that (3) species from borate electrolytes were immobile, those from

phosphates electrolytes were inwardly mobile, and those of tungstate electrolytes were
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outwardly mobile. The electrolyte anions mobility was attributed to the electric field

effect in transforming these species. In the case of outward mobile electrolyte species,

such as tungsten, it is believed that the anion adsorbs at the film/solution region at first,

then it is trnsformed into an outwardly mobile species by the effect of the electric field.

Even though the exact nature of the transformation process is not well known, where it

may occur at the adsorption stage or after incorporation, but the end result is a positively

charged and outwardly mobile cation. The level of electrolyte species incorporation

depends on the type of electrolytes used and the anodisation voltage.

4.3 EXAFS study of Tungsten Incorporated into Alumina
films

Traditionally, electron microscopy or XPS has been used to show whether an electrolyte

anion was incorporated into the oxide film after anodisation and the direction of

mobility. However, electron microscopy can not be used to resolve the local structure

of incorporated species. In the case of aluminium anodised in aqueous tungstate

electrolyte at 100 V, a thick barrier-type morphology film grows on its surface with the

incorporation of tungsten. The EXAFS technique was used to resolve the local structure

around the tungsten species incorporated into alumina oxide, because of its capability in

resolving short range order systems.

4.4 Tungsten and Oxygen Phase Shifts Determination

The accurate determination of structural parameters from the EXAFS results depends on

the use of an exact and reliable phase shifts for the central absorbing atom, as well as the
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backscattering atoms in different shells. The procedure followed in this work to obtain

reliable phase shifts for tungsten and oxygen was to calculate tungsten and oxygen

phase shifts in EXCURV92, then test their reliability by using them to fit tungsten foil

and K2W04 model compounds. Once these phase shifts were proven reliable, they were

then used to fit fluorescence EXAFS above the W-L3 incorporated into the alumina

films on aluminium anodised at 100 V in tungstate electrolyte.

Since the tungsten incorporated into the anodic oxide film is likely to be

surrounded by oxygen atoms, phase shifts due to oxygen atoms were calculated in

EXCURV92. Potassium tungstate was used as a model compound to check the

reliability of the calculated oxygen phase shift. Based on the phase shift transferability

for the same pair of absorber and backscatterer, the phase shifts calculated and tested by

fitting the EXAFS of the model compounds can be used for theoretical fitting of the

experimental EXAFS of the oxides with unknown structure. Transmission EXAFS of

W-Foil

4.5 Transmission EXAFS of W- Foil

A transmission EXAFS spectrum of the tungsten foil above the Lj-edge (10200 eV) was

measured on station 9.2 of the SRS at Daresbury and the raw spectrum is shown in fig.

4.1 a.

The experimental EXAFS spectrum was theoretically fitted, where the phase shift

for the absorbing W was calculated by treating the central (absorbing atom) as a relaxed

core state on the assumption that the relaxation process for the central atom was of the

67



2

'E
:::J.e
('0
'-"
c: 1
0

~

~

0

X-ray photon energy (eV)

Figure 4.1 a Transmission EXAFS of L3 of tugnsten foil.



2p core hole. The calculated phase shifts were used in the theoretical fitting of the

experimental EXAFS spectrum. The fitting of the experimental EXAFS curve was

performed for the first 3 shells of backscattering W atoms where published

crystallographic values for the bond length distance and co-ordination number for each

shell was used as starting for the EXAFS fitting. In metallic tungsten foil, the absorbing

tungsten atom is co-ordinated by 8, 6, and 12 atoms as the number ofW backscatterer in

the first, second, and third shell respectively with a bond lengths of 2.75 A, 3.186 A,

and 4.507 A in the same order (l0). Tungsten structural parameters were determined

from x-ray diffraction technique. In EXCURV92, Eo [chapter 2 ( 2.3.3.2)] is not a

fitting parameter and at the same time, the Fermi energy is used as a fitting parameter

and changes in its value can effect the EXAFS fitting. Fig. 4.1 b show the k weighted

EXAFS and its Fourier transform.

The bond length values for the first three tungsten backscattering shells obtained

from this fitting were 2.74 ± 0.005 A, 3.16 ± 0.008 A, and 4.48 ± 0.01 A respectively

with the same number of coordinating tungsten atoms in those three shells as given in

reference 9. From these structural results, it can be concluded that the phase shift

calculated in EXCURV92 for tungsten is reliable and can be used to account for the

phase variation due to tungsten in unknown structure.

4.6 Transmission EXAFS ofW-L3 in Potassium Tungstate

Potassium tungstate (K2W04) which has known structural parameters from x-ray

diffraction was used as a model compound. This sample was prepared at the Physics
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Department, University of Warwick, as has been described by Pettifier (11).

Transmission EXAFS was measured around the Lj-edge (10200 eV) of tungsten in

potassium tungstate and was used to check the phase shift for oxygen as the

backscatterer atom. The raw transmission EXAFS spectrum measured above the L3 of

K2W04 is shown in fig. 4.2a. Pre- and post-edge subtraction as well as EXAFS function

transformation into K-space is shown in fig. 4.2 b.

Again, EXAFS analysis was carried out as in the previous section. In this case, the

phase shifts for oxygen were calculated in EXCURV92. As a start for the EXAFS data

fitting, crystallographic parameters for K2W04 were used, where the W-O bond length

was 1.79 ± 0.002 A and a co-ordination number of 4 ± 0.2 (four oxygen atoms surround

each tungsten atom) (II). Fig 4.2c shows the k3 weighted transmission EXAFS

spectrum for K2W04 as well as the Fourier transform showing a single shell of oxygen

atoms. The bond length distance for the oxygen shell obtained from the EXAFS in this

work was 1.79 ± 0.01 A and the number of oxygen atoms co-ordinating the absorbing

tungsten was found to be 4.0 ± 0.65. As can be seen in fig. 4.c, good theoretical

EXAFS fit for the experimental spectrum was established in this case. One of the

reasons behind this good theoretical fit, is the reliable phase shifts for tungsten and

oxygen calculated in EXCURV92. It should be mentioned that a combination of

approximation accounting for the ground state and the potential exchange as Von-Bart

and Hedin-Lundqvist were used to provide a calculation route for the potentials that the

photoelectron experiences when leaving the absorbing atom and when it is

backscattered. From the EXAFS structural results presented in the last two sections for
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W-foil and potassium tungstate, it is reliable to employ the Wand 0 calculated phase

shifts, to be used to analyse the structure around incorporated tungsten in alumina films.

4.7 Fluorescence EXAFS ofW-L3 Incorporated in Anodic
Alumina Films

In this section, EXAFS spectra recorded in fluorescence mode above the Lj-edge for

tungsten incorporated from tungstate electrolyte into anodic alumina films formed on

aluminium by polarisation to 100 V, are presented in attempt to characterise the local

structure around incorporated tungsten. Fluorescence was chosen to record EXAFS in

this case because of its suitability for dilute systems. To improve the signal to noise

ratio in the experimental data, four W-L3 fluorescence spectra were collected and

summed and are shown in fig. 4.3 a.

For the EXAFS data analysis stage, EXCURV92 was used to find a best fit

theoretical curve for the experimental EXAFS results, after background subtraction. The

phase shifts of the tungsten absorbing atom and that of the backscattering oxygen atom

which were calculated in EXCURV92 and tested by fitting the EXAFS of the model

compounds and their structural parameter were used in the fitting of the EXAFS of the

incorporated tungsten. The k3 weighted experimental EXAFS of tungsten in alumina

film and its Fourier transform and the corresponding best fit are presented in fig. 4.3 b.

The local structure around tungsten incorporated species in alumina oxide is

defined through the bond length between the absorber and backscatterer W-0 in this

case and also the number of oxygen atoms around the absorbing tungsten. The w-o
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bond length obtained from the EXAFS fitting was found to be 1.79 ± 0.01 A and

tungsten was co-ordinated by 4 oxygen.

4.8 Discussion of Results and Conclusions

In this chapter, it has been shown that EXAFS technique recorded in fluorescence mode

has been, for the first time, used to investigate and resolve the local structure around

tungsten electrolyte species incorporated into alumina anodic film.

From this study, it is obvious that tungsten species incorporate into the alumina

films formed during the polarisation of aluminium in tungstate aqueous electrolyte at

100 V. The EXAFS results around tungsten L3 has revealed that only one shell with four

oxygen atoms are surrounding the absorbing tungsten atom at a distance of 1.79 ± 0.01.

The ability of EXAFS technique in determining the local structure around electrolyte

species, is due to the improvement in the calculation routine used in EXCURV92 to

calculate the phase shift for the absorber and the backscatterer

The structure around the tungsten incorporated in alumina can be explained in

terms of the bond length and the co-ordination number reported for this system.

Tungsten incorporated in this case has a short range order and it is tetrahedrally co-

ordinated by oxygen. The second explanation is based on the idea that tungsten may be

incorporated as a part of the anodic alumina structure.

In view of the local structure of incorporated tungsten resolved in this study, where

tungsten is tetrahedrally co-ordinated by oxygen, tungsten exists in W04-, even though

these could not be the entities which are moving outward under the influence of the
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field. It could be that tungstate is moving outward, because it is linked to the alumina

structure in some way that it is dragged outward.

It can be concluded that during anodisation, tungsten species when incorporated

into the oxide film, are transformed under the influence of the high field and are

outwardly mobile. The previous statement implies that tungstate species are transformed

by some mechanism into a positively charged species which move outward with the

egress of A13+ species. As the tungstate species are initially adsorbed at the oxide/

solution interface, tungstate becomes positive through the loss of its oxygen. This

stripping process eventually leads to the production of W metal cation which is

positively charged and outwardly mobile under the field.

It is clear from the capabilities of the EXAFS technique in elucidating the local

structure around tungsten electrolyte incorporated species which has been applied for

the first time to investigate such systems. EXAFS technique can play an important role

in determining directly the local structure of many incorporated species in different

systems.
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5. Chapter Five Electrochemistry and XPS
Results and Discussion

5.1 Introduction

In this chapter, polarisation curves of pure aluminium in aqueous solutions at various

pH's, in bulk and evaporated film forms, are presented to characterise their

electrochemical behaviour and to monitor passivating oxide film growth on aluminium.

Al 2p, 0 1s, and CIs XPS spectra of oxide films on aluminium are also presented as a

function of film depth. These spectra are used to probe the relative film thickness and to

provide information about their composition.

5.2 Polarisation of aluminium

The corrosion potential measured for pure aluminium left to equilibrate for about an

hour in de-aerated aqueous solutions at various pH's was found to be ~ -1.05 V at pH 2,

~ -1.45 Vat pH 7, and ~ -1.6 V at pH 10. All potentials measured and reported in this

work were made relative to the saturated calomel electrode (SCE) used as a reference

electrode.

5.2.1 Polarisation Curves of Aluminium Bulk

The electrochemical behaviour of aluminium bulk samples polarised in aqueous

solutions of 0.05 M Na2S04 as the electrolyte at pH 2, pH 7, and pH 10 are presented in

figure 5.I.a, b, and c.
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Curves a, b, and c in figure 5.1 were obtained by immersing aluminium metal in

water at pH 2, 7, and 10 respectively for ~ 40 minutes at the corrosion potential. Then a

potentiodynamic sweep was performed in each case between -2.2 to + 2.5 V at a sweep

rate of 5 m'V/s. It is clear from the curve in figure 5.1 a, that oxide growth on

aluminium bulk in water at pH 7 was progressive, indicated by the increase in current as

the potential was anodically increased resulting in film thickening. The polarisation

curve shown in figure 5.1 c is for aluminium in aqueous media at pH 10, where on the

anodic side, current density is maintained at a small value which denotes the passivity

region, as the potential was increased, the oxide film becomes thicker. At cathodic

potentials, the solution pH in the vicinity of aluminium becomes alkaline resulting from

hydrogen evolution and this may lead to different electrode processes. In these

conditions the aluminium surface film may become unstable. From these figures, it is

seen that an increase in the aluminium electrode potential did not result in oxygen

evolution. No major, or abrupt behaviour was noticed on all of these curves.

5.2.2 Polarisation Curves of Evaporated Aluminium Films

In this case only one polarisation curve is presented, that of pure aluminium prepared as

films on a microscope slide polarised in pH 10 by sweeping the potential from - 1.9 V to

+ 2.9 V at a sweep rate of5 mY/so This curve is shown in figure 5.2.

Aluminium films in pH 2 and 7 were not capable of withstanding the immersion

and polarisation conditions. As a result, aluminium films were flaked and when they

were polarised abrupt current density changes was observed due to increases in the

aluminium surface area which was exposed to the solution. To avoid this washing off,
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aluminium films which are intended to be polarised should be treated as soon as

introduced into the solution. Only the polarisation curve for an aluminium film in pH 10

is prresented in fig. 5.2. There are no features on this curve.

5.3 XPS Results of Thin Films on Aluminium

5.3.1 Introduction

XPS spectra of oxide films formed on aluminium by exposure to air or moisture (air-

formed films), immersion in aqueous solutions and by anodic and cathodic polarisation

to different voltages are reported in this section. The binding energy, area under the

peak for the Al 2p transition due to metallic and oxidised aluminium, were measured for

the films formed as will be explained in following sections. These values are presented

in a tabulated form, along with the binding energy of the CIs, and 0 1s. XPS

measurements were carried out at various depths resulting in an intensity depth profile

and the raw spectra are shown in a graphical form.

5.3.2 Data Collection and Analysis

XPS spectra were collected with the pressure in the sample chamber maintained at 10-8

Torr. Detailed scans were carried out to determine the peak position and the area under

the peak (intensity) of each transition. Furthermore, each state was measured after argon

ion sputtering of the samples for a definite time, resulting in a depth profile, A large

amount of contamination especially by carbon is expected on the surface of the "as

received" specimen. The binding energy Eb due to the metallic Al 2p and the aluminium

in the oxide were determined. A curve fitting programme was used to determine the Al
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2p peak position which gives its kinetic energy and its area, which facilitates binding

energy determination of each transition, and an estimation of the relative thickness of

the film. The CIs transition was measured to check if there is a charge build up on the

sample surface after being bombarded with x-rays. For all XPS spectra measured in this

work, the CIs transition energy was corrected to 284.6 eV (l) which is the widely

accepted value.

All XPS data are plotted as a function of sputtering time showing the Al 2p

transition of aluminium and oxide. Sputtering was performed until the Al in oxide peak

disappeared indicating that the oxide has been removed. In some cases as will be

indicated, removing all of the aluminium oxide was not possible where a little shoulder

was left after the sputtering. The Al 2p transition of aluminium metal originates from

the metal where there is no charging, so it does not require correction. Depth profile

XPS data are presented to show the existence and the relative thickness of aluminium

oxides in each treatment. It should be noted that the Al 2p, 0 1s, and CIs transition

states originate from the near surface, because the mean free path for the photoelectrons

is very small.

Fig 5.3 a, b, and c shows an example of XPS raw data analysis where linear

background subtraction and two Lorentzian equations were used to fit the peak due to

the aluminium metal and that of the aluminium oxide. The accuracy in the Al 2p

binding energy determination is ± 0.1 eV.
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5.3.3 XPS of Air-Formed Films

In this section, XPS results of an air-formed oxide film on 1 cm2 aluminium bulk sample

mechanically polished as described in chapter three is presented. The binding energy

values of Al 2p due to aluminium and oxide along with their areas under the peak as

well as that of 0 1s, and CIs are reported in table 5.1.

Time of Binding energy, E, of Al 2p, 0 1s, Charge Al2p Al2p
sputtering and CIs transitions in eV corrected oxide metal

.. Al2p oxide peak area peak area
ineV

Al2p Al2p o Is C Is
oxide metal

As 75.0 72.8 532.5 284.9 74.8 500 400
received
5 min. 75.0 72.8 532.5 284.9 74.7 510 325
15 min. 74.5 72.7 532.5 284.9 74.2 870 1100
35 min. 74.8 72.8 532.1 284.8 74.6 750 1300
75 min. - 72.8 532.0 284.8 - - 2100

Table 5.1XPS depth profile of an air-formed film on aluminium

From table 5.1, the oxide film in this case is thin with the aluminium metal 2p

transition apparent in the "as received" sample. A charge corrected binding energy range

of 74.2 -74.8 eV for Al 2p oxide and 72.7-72.9 eV of the metallic 2p state were

recorded. Comparable intensities for the metal and the oxide were measured for the as

received, sample but as sputtering starts the intensity due to the aluminium oxide

diminishes.
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It is evident from the XPS spectra in figure 5.4 and the binding energy of Al 2p

transition in table 5.1 that the structure of this oxide film is uniform and does not change

at various depths. Also there is no shift in CIs transition, which confirms that there was

no charging on the specimen's surface. From figure 5.4, it took only 2 cycles of argon

beam sputtering for the oxide signal to diminish dramatically and this indicate that the

film is thin.

5.3.4 XPS of Alumina Oxide Film on Aluminium in Boiling water

In this treatment the oxide film formed is known to be of a crystalline pseudo boehmite

phase and it was prepared by immersing a piece of aluminium in boiling distilled de-

ionised water for ~30 minutes.

Time of Binding energy, Eh of A12p, 0 Is, Charge Al2p Al2p
sputtering and Cis transitions in eV corrected Al oxide metal

2p oxide peak peak
in eV area area

Al2p AI2p o Is C Is
oxide metal

2min. 78.4 - 535.8 284.9 78.1 2500 -
7 min. 79.4 - 536.7 285.1 78.9 2800 -
37 min. 80.3 - 537.7 285.0 79.9 2850 -
82 min. 80.8 - 538.3 284.9 80.5 3200 -
107 min. 80.7 - 538.3 285.0 80.3 2500 -

Table 5.2 XPS depth profile oj thick oxidefilm on aluminium in boiling water, ion gun at 4
keV

From table 5.2 and figure 5.5, it is clear that the Al 2p peak due to the thick oxide

is the only detectable feature. The Al 2p transition of the metal was not seen even after

many sputtering cycles. A large range of Al 2p binding energies of the oxide 76.1 - 80.8
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eV was recorded, with large intensity. This indicates that this oxide which has a

crystalline psuedoboehmite phase is too thick for any aluminium metal signal to be

detected.

It is seen in figure 5.5 that after 7 minutes of argon ion sputtering, the Al 2p oxide

peak position was shifted to lower kinetic energy and stayed constant. The oxide film is

thick and even after 107 minutes of sputtering, the oxide signal was still the dominant

feature in this spectrum.

5.3.5 XPS of Anodic Oxides on Aluminium in Water at Different pH's

".
In this section, XPS results at various depths of films on aluminium polished, etched

and immersed in de-aerated aqueous solution at pH 7, 10, and 2 respectively for ~ 2

hours are presented. The binding energies of Al 2p transition for aluminium metal and

oxide and its charge corrected value, 0 1s, and CIs and the intensities of these peaks

are also given in the relevant tables. The figures presented in the next sections are

indicative of the presence and the relative amount of the film on aluminium in each

case. The data presented in the figures are raw data.
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5.3.5.1 pH 7

Time of Binding energy, E, of Al2p, 0 Is, Charge Al2p Al2p
sputtering and CIs transitions in eV corrected oxide metal

Al2p oxide peak area peak area
ineV

Al2p Al2p o Is C Is
oxide metal

As 75.7 72.9 533.6 286.2 74.1 1000 400
received
4min. 75.7 72.8 532.5 284.9 75.5 2200 1100
10 min. 75.3 72.9 532.7 285.0 74.9 1500 1500
22 min. 75.1 72.9 532.8 284.9 74.8 1200 1900
40 min. - 72.8 532.6 284.8 - - 2100

Table 5.3 XPS depth profile of oxide film on Al in aq. sol. pH 7, ion gun at 2 ke V

The binding energy of Al 2p oxide is 74.1-74.9 eV except for one value where it

was 75.5 eV, and E, for the metal is 72.8-72.9 eV. An XPS depth profile of the Al 2p

transition for aluminium and oxide is plotted in figure 5.6. This film resembles the air

formed one. Even after several sputtering cycles, it was not possible to remove the oxide

contribution completely where a shoulder like feature was left on the oxide side. This

small residual oxide contribution is most likely caused by oxygen which disassociated

from water in the XPS sample chamber.
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5.3.5.2 pH 10

Time of Binding energy, E, of Al 2p, 0 1s, Charge Al2p Al2p
sputtering and CIs transitions in eV corrected Al oxide metal

2p oxide peak peak
ineV area area

Al2p Al2p o Is C Is
oxide metal

As 76.1 - 534.1 286.9 73.8 1100 -
received
18 min. 75.7 72.9 532.9 284.8 75.5 2300 450
52 min. 75.3 72.8 532.8 284.6 75.3 1500 1000
76 min. 74.9 72.8 532.5 284.7 74.8 1000 2000
86 min. - 72.8 532.5 284.7 - 650 2200

Table 5.4XPS depth profile of oxidefilm on Al in aqueous solutions at pH 10.

In table 5.4, the Al 2p transition due to oxide is the dominant feature in the XPS

spectra. In fig. 5.7, the intensity of Al 2p transition of the aluminium metal and oxide

are plotted showing the difference in intensity as a function of sputtering time. The

binding energy of the Al 2p transition of aluminium is 72.8 - 72.9 eV and for the oxide

73.8- 75.5 eV. The oxide film in this case is uniform. Figure 5.7 presents depth profiled

Al 2p transition intensity for the metal and the oxide and their variation as a function

sputtering time.
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5.3.5.3 pH 2

Time of Binding energy, Eb of A12p, 0 Is, Charge Al2p Al2p
sputtering and CIs transitions in eV corrected oxide metal

Al2p oxide peak area peak area
ineV

Al2p Al2p o Is C Is
oxide metal

As 75.3 72.9 533.3 286.1 73.8 740 230
received
3 min. 75.3 72.8 532.7 284.9 75.0 1400 700
12 min. 75.1 72.8 532.7 285.0 74.7 1300 780
35 min. 74.7 72.7 532.7 285.1 74.2 650 1200
48 min. - 72.8 532.6 285.1 - - 2000

Table 5.5 XPS of sputtered oxide film on aluminium in pH 2 aq. sol., ion gun at 2 keV

The binding energy of the Al 2p transition of the oxide is 73.8-75 eV, and that for

aluminium is 72.8 eV. Very small C Is shift and uniformity in the Al 2p line energy is

observed.

In this case, Al 2p transition of the metal is the dominant feature and a small oxide

contribution was observed for the as received and up to 12 minutes of sputtering. Al 2p

of aluminium in metallic and oxidised state are plotted as a function of sputtering time

as shown in fig. 5.8.

5.3.6 XPS of Oxide Films on Aluminium Polarised in Aqueous
Solution at pH 2

Oxide films formed on aluminium polarised to +2.5 V/SCE in pH 2 were characterised

by the use of XPS. The relative thickness and binding energy of Al 2p, 0 1s, and CIs,

as well as their intensities are reported.
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5.3.6.1 +2.5V/SCE

XPS spectra measured for the as received and after each sputter of aluminium polarised

in water at pH 2 to +2.5 V/SCE and the results are reported in table 5.6,

Binding energy, Eb of Al 2p, 0 Is, Charge AI2p AI2p
Time of and C Is transitions in eV corrected oxide metal
sputtering Al2p peak peak

oxide area area
ineV

Al2p Al2p o Is C Is
oxide metal

As 77.8 - 535.6 288.4 74.0 250 -
received ..
16 min. 75.4 72.9 532.9 284.6 75.4 970 160
26 min. 75.0 72.8 532.7 284.7 74.9 670 680
41 min. 75.0 72.7 532.7 284.7 74.9 400 800
56 min. - 72.8 532.5 284.6 - - 1250

Table 5.6 Depth profile ofXPS of Al polarised to +2.5 V/SCE in pH 2, ion gun at 4 keV

The binding energy of the Al 2p transition of aluminium is 72.7-72.9 eV and that

of the oxide is 74-75.4 eVe A large C Is binding energy shift is apparent from table 5.6.

It took 16 minutes of sputtering time for a signal from the aluminium metal to be

detected. The Al2p transition intensities of the metal and oxide are shown in figure 5.9.

In this figure, the film looks thick and it took 18 minutes for a metallic signal to be

recorded.

Figure 5.9, shows depth profile of the oxide film formed as a result of anodic

polarisation of aluminium to + 2.5 V in acidic aqueous solutions. Different sputtering

times were used and the Al 2p transition for metal and oxide are presented.

84



600

4DO

200 56 minutes

0
6DO

4DO

200 41 minutes

0

:w 400
::J

8--~ 2DO

i
0

4DO

2DO

o~----~----~----~----~----~
175 A12p

Photoelectron
125 Transition

75

As received

1400 1405 1410 1415 1420 1425

Kinetic Energy (eV)

Fig 5.9 The depth profile of Al 2p XPS of oxide film on Al in water at
pH 2 to +2.5 V, ion gun at 4 keY



5.3.7 XPS of Films on Aluminium Polarised in Aqueous Solution at
pH7

XPS spectra measured at different depths for anodic oxide films formed by anodic and

cathodic polarisation of aluminium to +2.5 V/SCE and -2.2 V/SCE respectively, in

aqueous solution at pH 7 are presented. As in previous cases, binding energies and other

parameters are tabulated, whilst raw data graphs are used to show the relative thickness

of each component of the oxide each

5.3.7.1 +2.5 V/SCE

Time of Binding energy, E, of A12p, 0 Is, Charge Al2p Al2p
sputtering and Cis transitions in eV corrected oxide metal

Al2p oxide peak area peak area
in eV

Al2p Al2p o Is C Is
oxide metal

8 min. 76.8 - 534.5 285.9 75.5 940 -
47 min. 75.5 72.9 533.2 284.6 75.4 750 250
57 min. 75.2 72.7 532.9 284.3 75.4 400 600
72 min. 74.7 72.7 532.7 284.4 74.9 300 800
112 min. - 72.6 532.7 284.6 - - 1100

Table 5.7 XPS oj AI polarised to +2.5 Vin water at pH 7, ion gun at 4 keV

It can be seen in table 5.7 that the binding energy of metallic aluminium is in the

range of 72.2-72.9 eV and for Al oxide is 74.6-75.7 eV. The intensity of aluminium

oxide 2p transition is noticeable even after a few cycles of Argon sputtering, which

indicate that the aluminium oxide is thick. The intensity of the aluminium metal and

oxide is shown in figure 5.10. From this figure, it is clear that the oxide film is thick
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where it took almost 50 minutes of sputtering to notice the aluminium metal peak. Also

the Al 2p peak measured after 8 minutes sputtering has a lower kinetic energy.

5.3.7.1 -2.2 V vs SCE

Time of Binding energy, E, of A12p, 0 Is, Charge Al2p Al2p
sputtering and C Is transitions in eV corrected oxide metal

Al2p oxide peak area peak area
ineV

Al2p Al2p o Is C Is
oxide metal

As 75.0 72.6 533.5 285.9 73.7 360 300
received
2 min. 74.6 72.4 532.8 284.6 74.6 800 450
7 min. 74.7 72.4 532.8 284.6 74.7 850 650
22 min. 74.7 72.5 532.8 284.6 74.7 300 850
47 min. - 72.9 533.0 285.0 - - 1200

Table 5.8 XPS Al 21' transition of oxide film on Al polarised in pH 7 to -2.2 V/SCE, ion gun
at 4 keV

Polarising aluminium to -2.2 V in aqueous solution at pH 7, does not lead to the

thickening of the pre-existing film. This conclusion is made on the basis of the binding

energy of Al 2p transition due to the metallic (72.4-72.9 eV) and oxidised (73.7-74.9

eV) aluminium reported in table 5.8 as well as the Eb for 0 Is and complemented by

the absence of any charging on the oxide surface As it can be seen from figure 5.11,

which displays the Al 2p transition intensity of the metal and oxide measured after

various sputtering cycles, the film formed in this case is thin. It only took about 16

minutes of argon ion sputtering to remove the oxide film on aluminium.
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5.3.8 XPS Results of Films on Aluminium Polarised in pH 10

An aluminium electrode was anodically polarised to + 0.9 V in 0.05 M Na2S04

electrolyte at pH 10 and the XPS results at different depths are presented in a tabulated

and figure form.

5.3.8.1 +0.9 V/SCE

Time of Binding energy, s, of Al 2p, 0 1s, Charge Al2p Al2p
sputtering and C 1s transitions in eV corrected oxide metal

Al2p oxide peak area peak area
ineV

AI2p AI2p o Is C Is
oxide metal

As 77.4 - 535.4 287.7 74.3 420 -
received
6 min. 75.5 n.8 533.4 284.7 75.4 1150 150
16 min. 77.3 74.9 535.2 286.5 75.4 800 600
26 min. - 74.0 534.4 286.1 - - 1150
51 min. - 73.9 534.4 286.1 - -- 1500

Table 5.9 XPS AI2p of oxide film on Al in pH 10 polarised to +0.9V, ion gun at 4 KeV

The binding energy of the Al 2p of the oxide was 77.4 eV and the CIs showed

about 3 eV shift from its value when there is no charging on the surface (284.6 eV). It

took ~ 7 minutes of sputtering with the ion gun at 4 keV for the aluminium metal peak

to be detected .. The binding energy of metallic aluminium for this oxide is in the range

n.8 - 74.9 eV and that of the oxide is 74.3- 75.4 eV.

Al 2p metal and oxide intensities in the as received form and after each sputtering

are presented in figure 5.12. It can be seen form this figure that after the first sputtering

cycle, the peak position tends to higher kinetic energies and after that the peak position

stays the same.
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5.4 Summary and Discussion

5.4.1 Electrochemistry Results

In this study current-potential curves were measured to monitor the growth of passive

films formed by anodic and cathodic polarisation of pure aluminium, as bulk and a film

in aqueous solutions as a function of pH and voltage. The potentiodynamic sweep of

aluminium in water as seen from the polarisation curves in aqueous solutions at pH 2, 7,

or 10, generally have no features and as expected, no oxygen evolution was observed at

anodic potentials. The corrosion potential measured in this work for aluminium in

aqueous media at various pH's agree with those reported by Craig et al. (2) and also

reported by Moshier et al. (3). Based on this, it can be concluded that the

electrochemical reactions are of the same nature, so as a consequence, the end product

of the polarisation of aluminium in water at various pH's is the same as those prepared

by Moshier et al. (3). The electrochemical results presented in fig. 5.1 a, b, and c and

fig. 5.2 indicate that aluminium film samples behave in the same manner as those in

bulk form. This can lead to the conclusion that the passivating layers anodically formed

on aluminium surface in both forms are identical. So XPS, XANES, EXAFS, and

REFLEXAFS results of these films which will be presented and discussed in chapter 6,

are valid for aluminium in both forms.

5.4.2 XPS Results

XPS measurements were carried out to identify if electrolyte species incorporate into the

passivating films on aluminium during formation by immersion or polarisation in water

with 0.05 M Na2S04 added electrolyte. Moshier et al. (3) have indicated that some of
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the electrolyte species incorporate into thin anodic films on aluminium. From the XPS

measurements carried out in this study, no traces of any of the species (Sulphur and

Sodium) of the electrolyte were detected in these films and this is expected since the

amount of added electrolyte is small and also low voltage level to which the polarisation

was carried out.

From the value of E, of C 1s given in the tables, in general, no charging on the

passivating aluminium oxide layers was noticed in this study. The shift in the binding

energy of the Al 2p oxide peak can be used as an indicator of the film having being in a

different chemical and structural environment.

Based on the binding energy and the thickness of the film observed in tables 5.3,

5.5 and figures 5.6, 5.8, films formed by aluminium immersion for ~ 2 hours in aqueous

media at pH 2 and 7 are as thick as the air formed film. There was no change in the CIs

value which indicate that there was no charging of the surface. Hence, there was no

thickening of the pre-existing air-formed film and this proves that sample removal from

the solution and the film's exposure to high vacuum in the XPS chamber does not

introduce any changes in the film. This observation has also been made by Moshier et

al.(3). This also proves that ex-situ investigations of passivating layers on aluminium

using XPS in this chapter and XAS in the next chapter is valid.

Table 5.6 and figure 5.9 shows that anodic oxide films on aluminium in acidic

aqueous electrolytes at pH 2 to +2.5V is relatively thick where the uncorrected E, of 77

eV indicates some charging on the film's surface. This result agrees with the finding of

Moshier et al. ( 3). It took few sputtering cycles for the Al 2p transition in metallic state

to be detected. From figure 5.11 and table 5.8, cathodic polarisation of aluminium in
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neutral aqueous solutions to -2.2 V/SCE does not lead to the thickening of the initial air

oxide film. Again relying on the oxide and metallic Al 2p state, it is evident from figure

5.12 and table 5.9 that the oxide film formed on aluminium polarised to +0.9 V/SCE in

aqueous media at pH lOis thick

Fuggle et al. (4) has suggested that 0 Is has a binding energy of 532.4 eV for

oxygen in aluminium oxide. The values measured and reported in this investigation for

o 1s in oxide films on aluminium agree very well with this value except in the case of

oxides on aluminium in boiling water (538 eV) and that of aluminium polarised to + 0.9

V in pH 10 (535 eV), which could be an oxyhydroxide phase (see chapter 6).

The binding energy separation between the Al 2p of the charge corrected oxide and

the metal was given as 2.6-3.7 eV (5,6) and the metallic 2p transition state was reported

to be 71.8 eV. For the XPS depth profile data reported from this work, the metallic and

oxide energy separation of Al 2p was found to be 2.1-2.7 eV and the Eb of the metallic

Al 2p was n.8 eV except for the film on aluminium in pHI0 polarised at +0.9V where

a value of ~ 74.8 was recorded. Different binding energy values for metallic Al 2p are

given in the literature (7) 72.n eV, (8) 72.85 eV, and (9) 72.84 eV.

In general the electrochemistry and XPS data presented in this chapter for anodic

passivating oxide layers on aluminium, agree with the work reported by Moshier et

al.(3) about under which polarisation conditions, a film forms and its relative thickness.

From table 5.5, the charge corrected binding energy of the Al 2p of oxide film produced

by immersing aluminium in boiling water for ~ 30 minutes was found to be 80 eV and it

is known that the structure of this oxide is a pseudo boehmite crystalline phase. Whilst

all the charge corrected E, of Al 2p due to oxidised Al reported in this study for thin
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passivating layers on aluminium formed as specified in this thesis, was found to be ~ 74

eV. Comparing the two Al 2p oxide E, values, it is clear that the anodic oxide films on

aluminium do not resemble the pseudo boehmite structure which was suggested by

Moshier (3). The binding energy of the 0 1s reported in this thesis, leads to the same

conclusion where the binding energy of the 0 1s for passivating films on aluminium

was found to be ~ 532.8 eV, whilst that of the pseudoboehmite was ~ 538.0 eV. Also

from the binding energies of the Al 2p and the 0 Is of each film formed on aluminium

and measured at various depths, it is clear that these films have a homogeneous structure

all the way through ..
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6. Chapter Six EXAFS, XANES, and
ReflEXAFS of Thin Passivating Films on
Aluminium

6.1 Introduction

As has been discussed in chapter one, techniques such as, XPS, electron microscopy,

and x-ray, neutron and electron diffraction are not capable of resolving passivating

oxide films structure. X-ray absorption spectroscopy fulfils this requirement and was

used in this study to characterise the structure of passive films on aluminium.

All of the EXAFS,· XANES, and ReflEXAFS spectra presented in this chapter

were measured above the aluminium K-edge (1560 eV) using station 3.4 SOXAFS of

the SRS at Daresbury.

6.2 Model Compounds

To extract structural information from the EXAFS spectra measured above the

aluminium K-edge for oxide films formed as explained in this study, phase shifts must

be used. The need to correct for the phase shifts arises from the fact that the emitted

photoelectrons experiences the potential of the backscattering atom once and that due

to the absorbing atom twice. Accurate bond length determination depends on the use

of reliable phase shifts for the species involved. As was explained in chapter 2, there

are many ways to obtain phase shifts and the one adopted in this work is the same as

the method used in chapter four.

Model compounds are chemical materials with known structures usually determined

by the use of x-ray diffraction technique. In this study, aluminium metallic foil was
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used as a model compound to test the phase shift for aluminium Alpha alumina was

chosen to be the model compound to test the phase shift due to oxygen species. The

transmission EXAFS spectrum for aluminium film, measured about the aluminium K-

edge is presented in fig. 6.1. Also, an EXAFS spectrum for alpha alumina model

compound is given in fig. 6.2, showing the absorption as a function of photon energy.

The EXAFS experimental data presented for aluminium and alpha alumina have

to be theoretically fitted to determine the structural parameters. One of the main

ingredients of resolving the structure of the passivating films on aluminium is to

calculate the phase shifts due to the species present in the oxide film. The phase shift

calculation for aluminium and oxygen was carried out in EXCURV92 programme. In

this programme, these calculation are based on the muffin tin approximation for the

potential. Hedin-Lundqvist method was used to calculate exchange potential where an

analytical approximation to the self energy (1) was employed. The Von-Bart (2)

approximation was used to calculate the .ground state.

Once the phase shifts were calculated, they were used and along with the model

compound crystallographic structural parameters, to fit the experimental EXAFS

spectra. Bond length distances, number of atoms in each shell, Debye-Waller factor,

type of atoms in each shell, Ef, which is the difference in energy between the vacuum

level and the absorption edge being measured, are parameters used to fit the EXAFS

spectrum ..

The structural parameters of the best fit and those of the experimental EXAFS

spectrum for aluminium foil, along with the accuracy of their determination, are listed
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in table 6.1 along with the crystallographic structural parameters (3), and the fits is

shown in figure 6.3.

Shell Type Experimental Crystallographic Experimental Crystallographic Deby-Waller
No. of Co-ordination Co-ordination Bondlength Bond-length Factor

Atom Number No. RIA RIA 2ri/A2

I AI 12A±IA 12 2.83±0.003 2.863 0.013±0.002

2 AI 6.3±1.9 6 4.01±0.02 4.05 0.05±0.015

3 AI 17.3±5.2 24 5.91±0.01 5.95 0.03±0.006

Table 6.1 Structural parameters of the first three shells of aluminium atoms surrounding
the absorbing aluminium atom.

Fig. 6.3 shows the theoretical fit for aluminium experimental EXAFS function

above the Al K-edge. The same procedure was employed to calculate the phase shift

for oxygen and then was used with crystallographic structural parameters to produce

the best theoretical fit for the EXAFS spectrum of alpha alumina. Table 6.2, presents

the structural parameters obtained from the fitted experimental EXAFS and that of the

crystallographic data. Figure 6.4, presents the experimental and theoretical fit of the

EXAFS function weighted bye as well as the Fourier transform of alpha alumina.
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Shell Type Experimental Crystallographic Experimental Crystallographic Debye Waller
No. of Co-ordination Co-ordination Bondlengthl A Bond-Iengthl A Factor

Atom Number No. 2 (/IA2

1 0 2.8 ± 0.20 3 1.89 ± 0.01 1.855 .005 ± 0.001

2 0 2.6± 0.20 3 1.90±0.015 1.97 .0044 ± 0002

3 Al 3.90 ± 025 4 2.75 ± 0.02 2.79 .002 ± 0.001

4 0 4.2 ± 0.60 3 3.22 ± 0.02 3.22 .006 ± 0.002

5 0 6.90 ± 0.95 4.2 ± 0.18 4.44 ± 0.02 4.52 .003 ± 0.001

Table 6.2 contains structural parameters obtained/rom the bestfit of/our summed a -
alumina EXAFS spectra. The bond length and the co-ordination number values are
compared with the crystallographic (4) values.

It is concluded that the phase shifts calculated in EXCURV92 through the

procedure outlined in this section are acceptable and can be used to yield good

theoretical fitting for the experimental EXAFS data. Based on the phase transferability

property where for the same pair of absorber-backscatterer, the phase shift is

transferable and can be used to fit the experimental EXAFS of the oxide film on

aluminium with unknown structure.
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6.3 EXAFS Results for Passivating Thin Oxide Films on
Aluminium

In this section, the EXAFS, XANES, and ReflEXAFS results of the oxide films

anodically grown on aluminium in different conditions are presented along with the

structural parameters of each oxide.

6.3.1 EXAFS Results of Oxide Films on Aluminium in Aqueous
Solution at pH 7

Total electron yield EXAFS spectra were collected for aluminium treated in aqueous

solutions at pH 7. The p~ase shifts calculated in EXCURV92 and used to fit the model

compounds are used to fit the EXAFS spectra collected for each oxide film.

6.3.1.1 Polarisation to + 2.S V

The local structural parameters of the backscattering shells in the oxide film formed on

aluminium polarised to + 2.5 V in aqueous solution are given in Table 6.3.

Shell No. Type of Co-ordination Bondlengthl A Debye-Waller
Atom No. Factor,2 ci/A2

1 0 4.2 ± 0.18 1.880 ± 0.002 0.01 ± 0.001

2 Al 4.0 ± 0.7 2.880 ± 0.006 0.03 ± 0.006

Table 6.3 Structural parameters of the oxidefilm formed by polarisation of aluminium in
aqueous solution at pH 7 to + 2.5 V.

97



It is seen from table 6.3, that beside the oxygen backscattering shell, there is a

contribution from a metallic aluminium shell as well. The aluminium metallic signal

arises as a result of the fact that the oxide films formed here are thin and that the

sampling depth is more than the thickness of the oxide film.

The presence of the metallic aluminium signal in the EXAFS spectrum

complicates the analysis of these oxide. To obtain a good fit for the oxide contribution,

it is necessary to include a metallic aluminium shell in the fitting of the EXAFS

spectra. A fitting parameter, XE2 was used to a correction for different Eo for phase

shift due to the presence of aluminium signal beside that of the oxide.

Fig. 6.5, shows the experimental and theoretical EXAFS function, k3 X(k) as well as its

Fourier transform for the oxide on aluminium polarised to +2.5 V in aqueous solution

at pH 7.

6.3.1.2 Polarisation to +2.5 V and left connected for 4 hours

It was intended to check the effect of leaving aluminium electrode connected to the

potentiostat for four hours on the oxide film which form in such conditions.

Shell No. Type of Co-ordination Bondlengthl A Debye-Waller
Atom No. Factor,2(i/A2

1 0 4.75 ± 0.12 1.87 ± 0.001 0.01 ± 0.001

2 Al 1.84 ± 0.46 2.93 ± 0.01 0.024 ± 0.01

Table 6.4 Parameters of tire local structure around aluminium absorbing atom in tire oxide
film formed by polarisation to +2.5 V and then tire sample was left connected to tire voltage
source for four hours.
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From the co-ordination number reported for the oxide formed on aluminium and left

connected for four hours, it can be said that there is an increase in thickness. There is

no change in the AI-O bond length between the oxide formed at +2.5 v and the one

formed at the same potential and left connected for four hours. There has been no

structural changes in this case. From the Al in the second shell, there is a noticeable

drop in the co-ordination of AI-AI.

The theoretical best fit for the EXAFS k3 weighted function and the Fourier transform

of the oxide formed on aluminium polarised in pH 7 to +2.5 V and left connected for

four hours is presented in fig. 6.6.

6.3.2 EXAFS of Films on Aluminium in Aqueous Media at pH 2

In this section, EXAFS results of aluminium cathodically polarised to -2.17 V and

anodically polarised to + 2.5 V are presented. The structural parameters are presented

in a tabulated form.

6.3.2.1 Polarisation to -2.17 V

The structure of oxide film that forms on aluminium cathodically polarised in aqueous

media at pH 2 to -2.17 V was investigated by measuring the its EXAFS spectra. After

EXAFS theoretical fitting, the parameters of the local structure of this oxide film are

given in table 6.5.
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Shell No. Type of Co-ordination Bondlength/A Debye-Waller
Atom No. 2 A2Factor, 2a I

I 0 3.87±0.142 1.87 ± 0.002 0.006 ± 0.00 I

2 Al 4.32 ± 0.68 2.88 ± 0.01 0.031 ± 0.005

Table 6.5 Bond length, co-ordination numberfor the two backscattering shells, where the
first is due to the oxygen in the oxidefilm and the second shell is metallic aluminium.

Cathodic polarisation of aluminium in water at pH 2 to -2.17 V, leads to the formation

of an oxide film which is thick but still not thick enough for the metallic aluminium

signal to disappear. Figure 6.7 presents in a graphical way, the theoretically fitted and

experimentally obtained EXAFS function, e weighted and its' Fourier transform for

the film formed on aluminium cathodically driven to -2.17 V in pH 2.

6.3.2.2 Polarisation to + 2.5 V

The oxide film in this case was formed by polarisation of aluminium to + 2.5 V in

aqueous media at pH 2. Bond length between the absorbing aluminium atom and the

aluminium and oxygen backscattering shells, their co-ordination number, and the

Debye- Waller factor for these shells are presented in table 6.6.
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Shell No. Type of Co-ordination Bondlengthl A Debye- Waller
Atom No. Factor,2(i/A2

I 0 3.8 ± 0.33 1.84 ± 0.002 0.015 ± 0.003

2 AI 3.0 ± 0.67 2.87 ± 0.006 0.018 ± 0.006

Table 6.6 Parameters of the local structure around aluminium absorbing atom in the oxide
film formed bypolarisation to +2.5 V in aqueous solution at pH 2.

Based on the co-ordination number given for the oxygen shell in table 6.6, an

oxide film grows under these conditions but it is not thick enough since there is a

metallic aluminium contribution. A much thinner oxide film forms on aluminium

anodically polarised in aqueous solution at pH at + 2.5 Y, than the one which forms on

aluminium cathodically polarised to - 2.17 Y in the same environment.

The experimental and theoretical fit of the e weighted EXAFS function of the

film formed on aluminium in pH 2 at +2.5 Y as well as its Fourier transform are given

in fig. 6.8.

6.3.3 EXAFS of Films on Aluminium in Aqueous Solution at pH 10

6.3.3.1 At corrosion potential for an hour (immersion)

The oxide which structure was investigated was formed by immersing an aluminium

sample in water at pH 10 for almost an hour. Total electron yield EXAFS
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measurements were conducted to resolve this oxide local structure. The structural data

of oxygen and aluminium shells are presented in a tabulated form.

Shell No. Type of Co-ordination Bondiength7A Debye-Waller
Atom No. Factor,2(i/A2

1 0 1.8 ± 0.7 1.9 ± 0.01 0.005 ± 0.014

2 AI 9.6 ± 2.37 2.85 ± 0.005 0.025 ± 0.008

Table 6.7 Parameters of the local structure around aluminium absorbing atom in the

oxide film formed by immersion of aluminium in pH 10 aqueous solution for an hour.

From the co-ordination number presented for the metallic and the oxide shells in table

6.7, the EXAFS signal is totally dominated by that of the aluminium and this indicates

that the oxide film formed under these conditions is thin.

6.3.3.2 Polarisation to -1.8 V

A total electron yield EXAFS spectrum was collected for aluminium cathodically

driven to -1.8 V in aqueous media at pH 10. EXAFS data analysis was carried out and

the parameters which describe the local structure of the surface oxide are presented in

the table 6.8.
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Shell No. Type of Co-ordination Bondlengthl A Debye-Waller
Atom No. Factor,2(i/A2

I 0 1.8 ± 0.7 1.9 ± 0.01 0.005 ± 0.014

2 Al 9.6 ± 2.37 2.85 ± 0.005 0.025 ± 0.008

Table 6.8 Parameters of the local structure around aluminium absorbing atom in the oxide
filmformed by polarisation to -1.8 Vin aqueous solution at pH 10.

Again, no significant oxide film material has been formed under this set of conditions

as indicated by the co-ordination number for metallic and the oxygen co-ordinating

species.

6.3.3.3 Polarisation to + 0.9 V

A piece of pure aluminium was immersed in aqueous solution at pH 10 for an hour,

then polarisation was performed to + 0.9 V. Using EXAFS technique by measuring the

total electron yield, it was possible to resolve the local structure of this oxide after

analysing the EXAFS data. The structural parameters are listed in table 6.9.

Shell No. Type of Co-ordination Bondlengthl A Debye-Waller
Atom No. Factor,2ci/A2

I 0 3.8 ± 0.1 1.87 ± 0.01 0.003 ± 0.00 I

2 AI 2.7 ± .24 2.92 ± 0.01 0.018 ± 0.002

Table 6.9 Structural parameters of the oxide formed bypolarisation of aluminium in
aqueous solution at pH 10 to + 0.9 V.
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From the co-ordination number of the oxide shell given in table 6.9, it is seen that

polarising aluminium in pH 10 to +0.9V results in the formation of a thick anodic film

but again it is not thick enough to cause metallic aluminium not to be seen in the

EXAFS. Experimental EXAFS spectrum and its fit for the aluminium and oxide shells

and the Fourier transform are presented in figure 6.9.

6.3.3.4 Polarisation to + 0.9 V and then left connected for 4 hours

In this case, aluminium which was polarised in pH 10 aqueous solution to + 0.9 V, was

left in the solution and connected to the voltage source for four hours. To check the

effect of this treatment on this film's thickness and structure, total electron yield

EXAFS for this oxide was measured. The local structure of this oxide was obtained

from the fitting of the experimental EXAFS spectrum and given in table 6.10.

Shell No. Type of Co-ordination Bondlength/A Debye-Waller
Atom No. Factor,2(i/A2

I 0 4.2 ± 0.3 1.89 ± 0.003 0.017 ± 0.001

2 AI 6.3 ± 0.4 2.88 ± 0.01 0.033 ± 0.006

Table 6.10 Structural parameters for the oxide film that forms on aluminium by anodic
polarisation to +0.9V and then left for four hours connected to the potential source in
alkaline (pH 10) aqueous media.

On the basis of oxygen co-ordination number reported in table 6.10, leaving the

aluminium sample connected to the potential source after polarisation for four hours in

pH 10, leads to further thickening of the oxide film. It can be seen from table 6.11 that
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the metallic aluminium co-ordination has increased as well as the Oebye- Waller factor,

which mean that there is there is no change in the aluminium ratio in the total signal.

6.4 XANES Results

In this section, XANES spectra for different model compounds with known structures

as well as those for the oxide films formed as described, are presented with their

derivative. Fingerprinting is used to identify different structural features on the

XANES of the oxide films formed on aluminium as described, and their derivatives.

6.4.1 XANES of MQdel Compounds

The XANES of different reference compounds with known structure, was measured to

establish co-ordination number by matching the XANES of an unknown with that of a

model compound where the co-ordination is well known.

Figure 6.10a, displays normalised absorption in arbitrary units as a function of

relative energy (E= 0 is taken as the half peak position for the alpha alumina), for

alpha alumina, gamma alumina, boehmite, gibbsite, andalusite, and yttrium aluminium

garnet. It has been observed (5,6) that the first peak position in alpha alumina was at

~8 eV higher than that of aluminium metal(1560.0 eV). In the case of yttrium

aluminium garnet, aluminium is tetrahedrally co-ordinated by oxygen. Boehmite

(AIOOH), gibbsite [AI(OH)3]' alpha alumina, and aluminium is co-ordinated by six

oxygen atoms. The peak at +0.8 eV indicates that aluminium is 6 co-ordinated. In

gamma alumina, aluminium species are tetrahedrally co-ordinated as well as

octahedrally, the first peak is at -1.0 eV. Andalusite has an equal amount of aluminium

in 5 and 6 co-ordination and the first peak is at 0 eV. Robinson and Thompson (5)
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have observed that there is a constant energy between the first and the second peaks

equal to 4.0 eV in the XANES of all the model compounds. They have suggested that

the transitions contributing to the fine structure in the XANES are the same for all of

these model compounds, but the energy of the 1s level which is the level from which

the electrons excited is different. They explained the difference in the energy of the 1s

level as a direct result of the change in the effective charge on the aluminium cation.

This argument is supported by a reported study (7) where electron energy loss

spectroscopy (EELS) technique was used to probe the electronic structure of alpha

alumina and it was found that the same range of energy difference (4.1 eV) separates

the two lowest levels in the conduction band. As a result, having a peak at ~ -7, -1.0,

0, or +0.8 eV is an indicator of the presence of aluminium in either the metallic state,

or 4, 5, and 6 co-ordinated by oxygen respectively. Since the effective charge on the

aluminium cation is +3 when it is octahedrally co-ordinated, so it is +2.5, and +2 for

the 5, and 4 co-ordinated aluminium. Figure 6.10 b, present the derivative of the

XANES spectra of the model compounds.

6.4.2 XANES of Aluminium at Different Preparation Stages

Fig 6.11 a and b, displays the relative absorption and its derivative for alpha alumina

measured in this investigation where it has a 6 co-ordination of oxygen, and the

XANES of aluminium metal during different stages of the treatment prior to the

polarisation process. It can be seen from this figure, that there is always an oxide film

on the surface of aluminium. The 4 and 6 and 6 co-ordination is seen in the derivative

of these oxide films, and even stronger feature for the six co-ordination is obvious in

the case of metallic aluminium. It is not easy to determine if these oxide films form in

the solution or after their removal. It should noted that the XANES of aluminium
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metal foil was measured by transmission, whilst the XANES of oxide films on

aluminium was collected by total electron yield. The choice of total electron yield was

required, because the oxide films are superimposed on the aluminium surface.

6.4.3 XANES of Oxide Films on AI. Polarised at Various Potentials
and Different pH's

The XANES results presented here are those of the oxide films formed as result of

aluminium immersion and polarisation in aqueous solutions at pH 7, 2, and 10.

6.4.3.1 pH 7

Fig. 6.12 a shows the relative absorption of oxides formed on aluminium treated as

indicated. From this figure, it can be seen that immersing aluminium in water at pH 7

for ~ 1 hour forms an oxide. Polarisation of aluminium to + 2.5 V results in the

thickening of the oxide film on aluminium. This oxide is still not thick enough for the

aluminium metal signal to disappear. From the derivative of the normalised XANES, it

is obvious that the majority of aluminium is co-ordinated by 4 oxygen and some 6 co-

ordination exists as well. Cathodic potentiodynamic sweep to -2.2 V does not result in

oxide formation and it is only the air film which is present. From the derivative of the

XANES at pH 7 given on fig 6.12 b, the peak position due to the metallic aluminium

and of the oxide are clear.

6.4.3.2 pH 2

Figures 6.13 a and b, show the XANES and its derivative of the oxide films formed on

aluminium surface as aluminium metal treated in different ways in aqueous media at

pH 2 as mentioned on the figure. No oxide film grew when aluminium was held at

107



0
1.5
1.0
0.5

....- 0(/)
:t:::
C
::J -0.5.em--c 1.50e-
~ 0.5
~

~
-0.5

0z
15

2

1

5

at +2.5V

a-alumina

-5 '-- __ ...,.-~ ____J

-20 o 20 40

Relative Energy in (eV)

Fig. 6.12 (a) Normalised XANES spectra of aluminium metal in aqueous
solution at pH 7 at open circuit, polarised to -2.2 V and + 2.5 V, also the
derivative of these spectra is included Al K-edge



--J9 0.5·c
::l

2.5

at +2.5V

J1\Y
at -2.2V

J~ ~ -

1h at open circuit

..
~

a- alumina
.fI rvv

1.5

0.5

1.5

1.0

o
-10

-20 o 20 40

Relative Energy in (eV)

Fig. 6.12 (b) The derivative of Normalised XANES spectra of aluminium
metal in aqueous solution at pH 7 at open circuit, polarised to -2.2 V and + 2.5
V, also the derivative of these spectra is included AI K-edge



3

2 at -2.17\1

1

0

-1

2

1

0-Cl):t::::c:
:J

.e 2co--c:: 1h at open drcuit
0

2- 1

~ 0
~
.~

~ 15

o- alumina
5

-5 L__~_--,-_~ __ ~_~ _ ____J

-20 -10 o 10 20 30 40

Fig. 6.13 (a) Normalised XANES spectra of aluminium metal in aqueous
solution at pH 2 at open circuit for an hour, polarised to -2.17 V and + 2.5 V,
also the derivative of these spectra is included AI K-edge

Relative Energy in (eV)



3

2

1

0

-1

2

1,..-....
U>~
C
:J

0.eco
"-'
c
0

~
2

~ 1
~

~ 0
~
'0 20
.~ 10l·c
~ 0

-10

at -2.1N

_.L

}\
~

...

at +2.5V

JLJ\
~

1h at open circuit

J '-"'\.~ ......

a-alumina
)
fV"

-20 -10 o 10 20 30 40

Relative Energy in (eV)

Fig. 6.13 (b) The derivative of Normalised XANES spectra of aluminium
metal in aqueous solution at pH 2 at open circuit for an hour, polarised to -2.17
V and + 2.5 V, also the derivative of these spectra is included Al K-edge



open circuit 111 this solution. As seen from the figure, an oxide film grows on

aluminium when anodised to + 2.5 V, whilst an even thicker oxide film forms when

cathodically polarised to -2.17 V. It is clear from the derivative of the absorption that

the peaks due to metallic aluminium and the oxide have different positions. It also can

be concluded from the derivative of the XANES as seen in fig. 6.13 (b) that when

cathodically polarised to -2.17 V, most of the aluminium species exists in the 4 co-

ordination and some in 5 co-ordination, which disappears if polarised to + 2.5 V, no

six co-ordination is seen. The effective charge on the cation is correlated to the co-

ordination of the aluminium and this should be considered for all the structures.

6.4.3.3 pH 10

The XANES spectra for oxides formed by treating aluminium metal at different

conditions in aqueous solution at pH 10 are displayed in Figure 6.14 a and its

derivative is shown in fig. 6.14 b. In this figure, the normalised absorption signal is

plotted as a function of the relative energy in the XANES range.

From fig. 6.14 a, it is clear that there is peak for the aluminium at open circuit, at

-2.2 V, and +0.9 V. Aluminium in the oxides formed on aluminium formed at open

circuit at pH 10, have a mixture of 4 and 6 co-ordination as seen from fig. 6.14 (b)

which is the derivative of the XANES in this case. Also the 4 and 6 co-ordination in

the case of aluminium cathodically and anodically polarised to - 2.2 V and + 0.9 are

seen in fig. 6.14 (b). This indicates that there is no clear structural phase for the oxides

that forms at these conditions. The aluminium metallic signal is present in all of the 3
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spectra, but with different ratios. The oxide that forms at +0.9 V is much thicker than

those that forms by immersion at corrosion potential, or cathodically polarised to -2.2

V. This oxide film as has been argued on the basis of the 0 Is energy in chapter 5, is

more of having an oxyhydroxide phase as seen in its XANES derivative.

6.5 ReflEXAFS Results

A wide range of aluminium film samples were prepared and chemically and

electrochemically treated, but due to bad reflection quality and the cracks in the

surface of the aluminium film, only the following spectrum for an aluminium film

with the specified treatment was worth analysing in EXCURV92.

6.5.1 Reflectivity Curves

The reflectivity was measured as a function of the angle of beam incidence, so as to

determine the critical angle. It can be seen that the critical angle was around 1 degree.

Fig 6.15 shows the reflectivity as a function of angle for oxide film formed by

immersing an aluminium sample in pH 10 aqueous solution for ~ 27 hours.

6.5.2 ReflEXAFS of oxide film on Aluminium at pH 10 for 27 hours

Table 6.11, presents the structural parameters for an oxide film on aluminium in pH 10

for ~27h, including bond lengths, co-ordination numbers, and the Debye-Waller

factors along with the type of atoms in each shell.
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Shell Type of Co-ordination Bondlengthl A Debye-Waller
No. Atom No. Factor,2a2/A2

1 0 2.6 ± 0.35 1.83 ± 0.01 0.006 ± 0.00 I

2 Al 14.3 ± 2 2.84 ± 0.01 0.017 ± 0.002

Table 6.11 Type of atoms in the backscattering sltell, bond length and co-ordination
number of each shell, and the Debye- Waller term for the respective shells of the oxide film
formed on aluminium film immersed in aqueous solution at pH 10 for 27 Itours.
ReJlEXAFS was measured at 750 mdeg.

From the value of the co-ordination number presented in table 6.11 for the aluminium

shell, it is clear that the oxide film is thin also the first shell distance from the

absorbing aluminium is 1.83 ± 0.01, which indicates that it is in tetrahedral co-

ordination. There is strong metallic aluminium signal from the substrate. Figure 6.16,

is the experimentally and theoretically fitted EXAFS function k3 weighted of

aluminium at open circuit for 27 hours in pH 10.

6.6 Discussion of Results

Some aspects of the EXAFS, XANES, and ReflEXAFS results of thin oxide films on

aluminium surfaces from which their structure was resolved in this work, are

compared with the XPS results presented for the same range of oxide films.
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6.6.1 EXAFS

From the EXAFS structural results for the passivating oxide layers anodically formed

on aluminium at pH 2, 7, and 10 as described in this work and presented in tabulated

form, an oxide film is always present on the aluminium surface. This does not mean

that each aluminium surface treatment results in oxide film thickening.

From the co-ordination numbers given in the tables, it is clear that because the

absorption is made up of a ratio of metallic aluminium and oxide which results in a co-

ordination which sometimes is lower than 4. It is noticeable that for "thick oxides, co-

ordination number was >- 4 whilst films which are close to air-formed ones, the co-

ordination number becomes 2 or even less in some cases. Bond length is the most

accurate of the structural parameters extracted from the EXAFS spectra. Based on the

work undertaken by Norman et al. (8), a relationship between the bond length

established from EXAFS experiments and the co-ordination number was worked out

and reported by El-Mashri (9,10). In their approach, the crystal potential of solids

which have ionic bonding can be expressed in such a way that a relationship between

the measured bond length and the co-ordination number is established (11). A mixture

of tetra- and octahedrally co-ordinated aluminium was found to correspond to different

bond length values. The reported bond length for thin passivating layers on aluminium

in this work indicate that their local structure is a mixture of 4 and 6 co-ordination.

From the EXAFS and XANES results of thin films on aluminium, it is clear that

there is agreement with the XPS results of the same oxide films about their

composition and structure where they do not show any crystalline phase .. Also, there is
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an agreement about the formation and the thickness of this class of films in the work of

Moshier et al. (12), but no agreement about their structure.

In almost all preparation conditions as described in this work, aluminium metal

contribution was noticeable in the EXAFS spectra which indicates that the oxide film

formed on aluminium is relatively thin. The fact that there is always a film on the

surface of aluminium has been observed. In some cases only an air formed film is

present. Based on the exact theoretical treatment of the EXAFS function and by the

use of total electron yield, it has been possible to determine the local structure of

alumina films.

6.6.2 XANES

From the XANES figures presented for aluminium surface during preparation and after

immersion and polarisation in aqueous media at various pH's and polarised to various

potentials, the structural features can be compared to those on the model compounds.

In the case ofXANES spectra of oxides formed, at -2.17 V in pH 2, +0.9 V in pH 10

and open circuit, and + 2.5 V in pH 7, they have a mixture of Al in 4 and 6 co-

ordination.

6.6.3 ReflEXAFS

An aluminium ReflEXAFS spectrum is presented for an aluminium film immersed for

~ 27 hours in an aqueous solution at pH 10. EXAFS measurement in the total

reflection mode is suitable for structural investigations of surfaces with a good

reflectivity. ReflEXAFS can resolve the structure of a mono-layer systems.
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7. Chapter Seven Conclusions and Further
Work

The different aspects of anodic oxide films on aluminium, whether they are thin

passivating layers or the much thicker ones, are interesting to investigate. The

determination of structural parameters was made by the use of x-ray absorption

spectroscopy based techniques, where the structure of two classes of anodic films on

aluminium was investigated.

Firstly, the local structure about tungsten species incorporated into the anodically

formed alumina oxide films during anodisation of aluminium in tungstate aqueous

solution at 100 V was determined. Even though other techniques, such as XPS and

electron microscopy aided by ultramicrotomy are capable of confirming the presence of

incorporated electrolyte species in anodic films on aluminium it has not been possible to

use these techniques to resolve the structure of the incorporated species. The potential of

the EXAFS technique in solving structures of electrolyte incorporated species which

have short range order was demonstrated for the first time in this work. The local

structure of tungsten incorporated species was determined from the bond length of the

W-0 pair from the single shell analysed EXAFS spectrum. It was found that the bond

length was 1.79 ± 0.01 A and tungsten was co-ordination by 4 oxygen atoms. It is

evident that even though the structural parameters presented for tungsten in alumina

oxides indicate that it is in the tungstate (W04
2-) form, these can not be the species

which are outwardly mobile under the influence of the field. The species that are

outwardly mobile may be metallic tungsten linked in some way to A13+ in the
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aluminium oxide and resulting in the tungsten being dragged outward along with the

aluminium cation which is outwardly mobile. As far as the structure of tungsten species

in the alumina oxide films is concerned, based on the bond length and the co-ordination

number, it has a short range order co-ordinated with 4 oxygen atoms, the other

possibility is that tungsten incorporates into the alumina oxide itself and becomes a part

of its structure.

It can be concluded that during anodisation, tungsten species when incorporated

into the oxide film, are transformed under the influence of the high field and are

outwardly mobile. The previous statement implies that tungstate species are transformed

by some mechanism into a positively charged species which move outward with the

egress of Ae+ species. As the tungstate species are initially adsorbed at the oxide/

solution interface, tungstate becomes positive through the loss of its oxygen. This

stripping process eventually leads to the production of W metal cation which is

positively charged and outwardly mobile under the field.

Secondly, the main theme of this work, was to resolve the local structure of

passivating thin films anodically grown on aluminium in water under different

experimental conditions. The structure of these films as in the case of tungsten in thick

alumina films, was characterised by the use of EXAFS in terms of bond lengths and co-

ordination numbers. Supporting evidence of the conclusions drawn from comparative

XANES and XPS results about the structure of thin films on aluminium are cited.

Comparison of the XPS results of the air-formed film with those of the surface

film on aluminium formed by immersion in aqueous solutions at pH 2, 7, and 10, shows

that they are as thin as an air formed film. This evidently indicates that aluminium
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undergoes corrosion in these conditions and that the air formed film has been formed

once aluminium has been removed from the solution. As far as the formation and

thickness of oxide films on aluminium is concerned, the XPS results reported in this

thesis agree with those of Moshier et al. (1). The charge corrected binding energy of the

Al 2p transition of the oxide formed when aluminium is immersed in boiling water for

more than 10 minutes was found to be 78 eV. The structure of the oxide that forms

under these condition is known to be pseudoboehmite. The charge corrected Eb of Al 2p

due to the oxide films on aluminium polarised to different potentials in water at various

pH's reported in this work is ~ 74 eV. There is a difference of 4 eV between the binding

energies of the crystalline boehmite and that of the thin layers on aluminium. This leads

to the suggestion that the structure of the films formed on aluminium polarised in

aqueous media within the voltage range of -2.2 to + 2.5 V, is not of a crystalline nature

and it is surely not of a boehmite form as was indicated by Moshier. The Eb values for

the Al 2p in each oxide were ascertained by checking that the Eb of the 0 1s has the

correct value for oxygen in aluminium oxide as was reported by Fuggle (2) to be 532.4

eV if no charging exist.

In almost all preparation conditions as described in this work, aluminium

metal contribution was noticeable in the EXAFS spectra which indicates that the oxide

film formed on aluminium is relatively thin. The fact that there is always a film on the

surface of aluminium has been observed. In some cases only an air formed film is

present. Based on the exact theoretical treatment of the EXAFS function and by the use

of total electron yield, it has been possible to determine the local structure of alumina

films.
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EXAFS and XANES studies of the structure of passivating layers on aluminium

polarised under the same conditions as mentioned in the thesis, relied on the bond length

and co-ordination number determination. The precision of the structural parameters

determined for these films and reported in chapter six was due to the precision in

calculating the phase shifts of oxygen and aluminium. From the EXAFS and XANES

results of thin films on aluminium, there is an agreement with the XPS results of the

same system reported in this thesis as well as with the work reported by Moshier et al

(1) about the formation and the thickness of these films. The Eh value of the Al 2p at

various depths of the passivating films on aluminium, does not change as a function of

depth and this can lead to the conclusion that the composition is homogeneous. This

shows that bombarding the oxide film surface with argon ions does not cause structural

rearrangements. XPS data did not show incorporation of any electrolyte species, such

as, S, Na, or er from the etching agent, into the film material during polarisation, even

though it has been reported (3) that some incorporation, especially of sulphur into the

film happens. Based on the low amount of electrolyte and also the low range of

potential to which aluminium was polarised, it is debatable whether any of these species

incorporate at all.

The average value for bond length reported in chapter six for the AI-O single shell

in these films was ~ 1.88 A and in some cases even less. Based on the relationship

reported by EL-Mashri (3) where by measuring the bond length, the co-ordination

number can be determined, the value reported here does not indicate an octahedrally co-

ordinated aluminium. For aluminium to be 6 co-ordinated, the bond length has to have a

value of at least 1.92 A. This leads to the conclusion that the structure of the passivating
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films on aluminium formed under the stated conditions compnse a mixture of

tetrahedral and octahedral co-ordination. Even though in some cases, there is a higher

percentage of aluminium co-ordinated by six oxygen atoms than four, it has never been

seen in this study that a pure 6 co-ordination of the boehmite or the gibbsite exists.

XANES structural features of model compounds of known crystallographic

structure was used in a "fingerprinting" way and compared with the XANES of the

oxide films formed on aluminium as described in this study. XANES of the films of

unknown structures have confirmed the XPS results about these oxide films and under

what set of conditions a film forms, and its thickness. The XANES of the passivating

films on aluminium formed in the potential range -2.17 - + 2.5 V and on immersion in

pH 2, 7, and 10 solutions have showed that none of these films have a structure which

relates to those of boehmite, gibbsite or any other crystalline form of aluminium oxides.

The XANES results indicate that these films have a mixture of co-ordination of 6 and 4

around the aluminium atom. The EXAFS findings that the structure of passivating

layers on aluminium is not crystalline and that it has a mixture of co-ordination are

confirmed by the XANES study. Even in the case of thicker oxide films the six oxygen

co-ordination feature does not show.

A wide range of oxides were formed on aluminium thin films, but because of their

poor reflectivity and in some cases the film has been washed away completely, it was

not possible to obtain good quality ReflEXAFS data. No conclusions about any features

of the films formed on aluminium films are drawn here and it is recommended that care

and attention should be considered when preparing aluminium films. Making thicker

aluminium films, treating the aluminium films as desired as soon as these films are
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formed, and limiting their exposure to the solution especially the aggressive ones, are

recommended measures to produce specimens with good reflectivity.

7.1 Suggested further work

1. It is interesting to investigate the structure of passivating films formed as described

in this work on aluminium alloyed with copper, zinc, nickel, and others at different

percentages.

2. Theoretical simulation of the XANES spectra and comparison with experimental

results and relating the results to the EXAFS results.

3. It will be interesting "to check the influence of chloride addition to the aqueous

electrolyte and the effect it will have on the structure, thickness, and composition of

these films after aluminium immersion for different duration's.

It is clear from this investigation that the EXAFS, XANES, and ReflEXAFS

techniques can play an important role in solving the structure of electrolyte incorporated

species into anodic films. Structural analysis of thin passivating oxide films on

aluminium are the subject of investigation by the use of EXAFS, and the technique has

shown its capabilities in this aspect. X-ray absorption spectroscopy has an important

role to play in resolving the structure of this system on other metals. This can shed light

on passivity and the passivation mechanism and other phenomenon occurs on metallic

electrodes, such as the corrosion process, which is related to it. The XANES region is

rich in structural and electronic information because multiple scattering becomes the

dominant process and it samples most of the atomic and electronic environment around

it.
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