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Abstract

The preparation and reactivity of epitaxtially grown iron oxides on a Cu(100)
substrate have been studied. An Fe adlayer grew epitaxially on the substrate with 2
domains with a square unit cell of sides 2.55 A and 3.61 A. The oxide is prepared by
oxidizing Fe multilayers at temperature 850 K using a high and low heating rate. A
low heating rate gives a thick film (10-14 A) while a high heating rate gives a thinner
(3-5 A) film. Both conditions give a well-ordered surface. However, the Cu substrate
was not oxidized in this low-pressure/high-temperature oxidation treatment.
Fe304(100) and (111) surfaces are identified by the chemical composition of the
surface from XP spectra and features of LEED and STM images such as the excellent
long-range expitaxy, antiphase domain boundary strips and hexagonal superstructures.

Au clusters were vapor-deposited on iron oxide Fe;O4, oxidized Cu and clean
Cu surfaces. It was found that the clusters grow in a 3D mode (Stranski-Krastanov) on
the oxidized substrate but in a layer-by-layer mode (Frank van der Merwe) on clean
Cu. On the iron oxide the Au nanoparticles have an average diameter of 30-50 A and
are ~10 A high. Annealing experiments show that the Au clusters are rather stable in
the system and form well-defined hexagonal microcrystals. STS showed that the Au
clusters on the oxide substrate show nonmetallic properties. LEED and STM show
that Au grows epitaxially on clean Cu.

Iron oxide (Fe;04) and Au modified iron oxide surfaces were used for studies
of the chemistry of acrylic acid, CO,-rich CO,-O, mixtures and NH;-rich NH3-O,
mixtures at room temperature. The adsorption of acrylic acid on thin and thick iron
oxide surfaces and Au modified thin and thick iron oxide surfaces resulted in
carboxylate formation and vinyl adsorption together with the desorption of CO, and
ethylene at 500 K. Au nanoparticles on the oxide did not enhance the acid reaction on
the surface.

However, Au clusters on oxide films increased the surface reaction of small
molecules such as CO, (acid) and NH; (base). STM results show the edges of the iron
oxide islands and the top of Au nanoparticles are more reactive as their rims turn

uneven after adsorption.
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Chapter 1 Introduction to Surfaces

Chapter 1

Introduction to Surfaces

Surfaces are important in many ways to everyday to life, for example they are
important in sensors, corrosion, electronic device technology, pollution catalytic
converters and energy conversion. One of the most economically important areas in
which the surface is crucial is heterogeneous catalysis [1]. Study of surfaces and their
behavior needs some general knowledge of surface chemistry. In this chapter, some
key ideas relating to the experimental surface studies will be described.

1.1 Surface sites

A surface consists of a mixture of terraces (flat regions) and defects [2]. There
are many types of defect as in Fig 1.1 such as steps, kinks and point defects.

vacancy

Fig 1.1 Schematic diagram of defects found at the terrace or a step [2].

1.2 Relaxation and reconstruction of surfaces

If the surface free energy is sufficiently large, relaxation and reconstruction
are needed to reduce the free energy of the surface [2]. Both processes may occur with
clean surfaces in ultrahigh vacuum (UHV).
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Relaxation: is a small rearrangement of the surface layer. There is no change
in periodicity or symmetry of surface. The effect results in the distance of first and
second layer becoming slightly smaller than the bulk.

Reconstruction: involves a change in the periodicity of surface structure. It
can be an obviously observable effect for example; the missing row model of

reconstruction (110) fcc metal surface to minimizes surface free energy.

1.3 Catalysis and surfaces

Catalysis can be divided into 2 types [3]): heterogeneous and homogeneous
catalysis.

Heterogeneous catalysis: the catalyst and reactant are in different phases.

Homogeneous catalysis: the catalyst and reactant are in the same phases.

In heterogeneous catalysis, the efficiency of the process depends on the nature
of the interface. Moreover, the nature of the top layer of atoms determines how fast a
catalytic reaction takes place and small amount of additives can reduce or enhance the
reaction.

Poison additives: block active sites on the surface of the catalyst resulting in a
reduced reaction rate. They are generally electron acceptor elements such as Cl, S and
C.

Promoter additives: enhance the catalyst activity by developing reactions at
the sites adjacent to the promoter. They are often electron donor elements such as K,
Csand La.

Heterogeneous reactions occur at the interface (where the phases meet)
between phases such as solids and liquids or gases and solids. Gas-solid interfaces are
our interest due to the solid surface which immobilizes adsorbed gas, and molecules
can be deposited without losing them as a product. As the surface is the first phase for
reaction occurring but bonding at the surface is different than that in the bulk,
therefore, surface atoms simply cannot satisfy bonding conditions in the same way as
bulk atoms. The study of surface atoms will reveal the important mechanisms of the

reaction on the interface.
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1.4 Adsorption on surfaces

Adsorption is the term used to describe the process in which that the
molecules (adsorbate) form a bond to the surface (adsorbent) [2]. Desorption is the
reverse of adsorption. There are 2 types of adsorption.

Chemisorption: strong adsorption, a chemical bond breaks in the reactant and
makes a new bond with the surface. It is characterized by an exchange of electrons
between the adsorbate and the adsorbent.

Physisorption: weak adsorption, it involves attractive force such as van der
Waals and mainly electrostatic polarization effect between the adsorbate and the

adsorbant. Heat of physisorption (-AH,, < 35 kJ mol™) is lower than that of

chemisorption (- AH?,_, > 35 kJ mol™).

1.5 Stress and strain

The understanding of adsorbate-induced the strain and surface tension gives
the useful information of the different modes of layer growth [1, 4].

Consider solid B sitting on the substrate surface A. If the two solids form an
interface that is indistinguishable from the rest of the crystal, the interface is perfectly
matched geometrically. If the size of material is a big difference then they would not
match. The lattice mismatch expressed in terms of the lattice constants a, and a, of

two materials, is

Stress is a force per unit area, defined by
Stress = F
A

where F is force and A is area.

There are three types of forces at the interface. If the material either side of the
interface expands into the neighbors, this stress is called compression. A compressive
force pushes on the interface. If the material on either side of the interface contracts
away from the interface, this stress is called tension. A tensile force pulls away from

the surface. Both compressive and tensile forces are opposite in direction and directed
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perpendicular to the interface. A third force is a force parallel to the interface, called
shearing stress.

When a non-rigid lattice is deformed by stress, the deformation of the stressed
material is called strain. Either compressive or tensile forces onto the lattice lead to
the change of length. Strain is defined by

Strain = Al
l
In case of tension, the Young’s modulus is defined by
v _ Stress _ Fi
strain AN

The amount of strain at the interface of two materials depends on the relative
sizes of two materials (e.g. lattice constant), lattice symmetry, relative strengths of the
A-A, B-B and A-B interactions and thermal coefficient.

1.6 Type of Interfaces

There are three types of interfaces formed as shown in Fig 1.2 [4]. If there is
no mixing of two materials it called a sharp interface. If one material is soluble in the
other, then it can diffuse into the other material and create a region of a mixture of
compositions. It called a non-abrupt interface. If A and B can form a stable
compound, it is called reactive interface. In this case 2 interfaces rather than one
interface are grown.

When growth occurs on a crystalline substrate, the overlayer may grow either
as crystalline or as amorphous. A special case of growth is epitaxial growth in which
the overlayer takes on the same structure as the substrate. There are 2 types of
epitaxy. The overlayer and the substrate are the same material, called homoepitaxy or
the overlayer and the substrate are different, called heteroepitaxy.

1.7 Solid-on-solid growth
The strain resulting from lattice mismatch gives several modes of film growth
[4]. The observation of equilibrium structures can be summarized as follows (Fig 1.3);

Layer-by-layer(Frank-van der Merwe) growth: 1t is generally high crystalline
quality. Film atoms more strongly bond to the substrate than to each other.
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(a)

(b)

Now annnnr‘ g

I

‘reactive’ boundary (c)

Layer plus island (Stranski-Krastanev) growth: it general occurs after 1-4
atomic layer thicknesses. After that thickness the overlayer can’t grow as the wetting

layer (strained siructure) but three-dimensional island (less strained structure).

o

hree-dimensional island (Voimer-Weber) growth: This growth mode occurs

when the adsorbate is non-wetting due to the adsorbate-adsorbate interactions being

In general the equilibrium structure of overlayers depends on some parameters:
- Relative strengths of adsorbate-adsorbate and adsorbate-substrate interactions
- Lattice matching of substrate and overlayer

- Strain field: relaxation in the substrate and islands

gies and reconsiructions change by temperature
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(b)

from equilibrium. The temperature of the substrate controls the diffusion and
desorption rates of adsorbates (i.e. sticking coefficient). The pressure cof the gas phase
controls the impingement rate of adsorbing atoms. Therefore, the growth is controlled
by thermodynamic or kinetic factors depending on the experimental conditions. If the
temperature is low the probability of island creation is high. The size and the shape of
islands are determined by the kinetics of adsorption and diffusion. When the driving
force of the growth mode transition is kinetic rather than thermodynamic then
evidence of nonequilibrium gruwth is found. Kinetic factors control the relative rates

of, terrace diffusion, accommodation of atoms at steps, nucleation, diffusion across
steps and deposition for the film morphology illustrated in Fig 1.4. It was found that
diffusion across a terrace is easier than diffusion across a step and diffusion in the
step-down direction is easier than diffusion in the siep-up direction because of lower

activation barrier.

(=)}



Chapter Introdiiction to Surfaces

Layer growth by isfand coalescence (2-dimensional growtfi): The nucleation

of islands is fast. The limitation of this mode is no island nucleates on the layer until

the earlier layer is compiete.

Multilayer growth (3-dimensional growth): islands nucleate on top of

unfinished layers because of the limitation of the interlayer transport. The higher the

ed la
amount of deposition, the larger the number of islands on islands.

(a)

(b)

i IIII

(c)

4

Fig 1.5 Nonequilibrium growth mode: (a) step-flow growth, (b) layer growth by

isiand coalescence and (c) multilayer growth [4].

~J
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Chapter 2

Experimental Details

2.1 Introduction: spectroscopic techniques for surfaces studies

Surface characterization needs techniques to probe surface properties at the
molecular level [1]. It must reveal detailed information of geometric structure,
chemical composition and electronic properties. Many questions need to be answered
such as what type of atoms are on the surface and how much, where atoms are
situated, bond lengths and bond angles in adsorbates or how surface bonds influence
surface reactivity. To answer those questions, a combination of several
characterization techniques could provide some functional information. X-ray
photoelectron spectroscopy (XPS) gives surface chemical information and Low
Energy Electron Diffraction (LEED) and scanning tunneling microscopy (STM)
surface structure. Moreover, the system needs to stay clean long enough for probing;
the ultrahigh vacuum UHV system and the accessory instruments in the laboratory are
also described.

2.2 X-ray Photoelectron spectroscopy (XPS)

2.2.1 Introduction

XPS was developed around 1960 into a sophisticated analytical method by Kai
Siegbahn and his colleagues [1- 5] in Sweden. The work of this group in Uppsala was
honored by the awarding of the 1981 Nobel Prize in physics to K. Siegbahn. Since
this technique could determine the chemical difference between a metal, its oxide or
non-metallic elements, this technique was named “electron spectroscopy for chemical
analysis” or the acronym ESCA.

Around 1970 the first UHV instruments became commercially available. XPS
is perhaps the most versatile and generally applicable surface spectroscopic technique.
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2.2.2 The basic principles

Photoelectron spectroscopy (PES) uses photo-ionization and analysis of the
emitted photoelectrons to study the surface composition and electronic state [1-8].
According to the source of exciting radiation, PES is divided into two categories: X-
ray photoelectron spectroscopy (XPS), using X-ray (200-2000 eV) radiation to
examine core-levels of electron in atoms and ultraviolet photoelectron spectroscopy
(UPS), using vacuum UV (1045 eV) radiation to examine valence levels of atoms in
a solid. UPS accesses only the molecular orbital or valence levels of the sample
whereas XPS allows ionization of both valence and core-level shells.

If an atom A absorbs a photon of a well-defined energy Av (the energy of a
photon is given by the Einstein equation E= hv, where h is Planck constant 6.62
x10* Js and v is a frequency (Hz) of the radiation), there is a finite probability that it
will absorb a photon and use the energy discharged to emit an electron from an
electron level in the atom [6]. The kinetic energy (KE) of photoelectron is a
characteristic of the orbital from which it has been removed (Fig 2.1).

A + hv —> A" +¢ equation 2.1

0

15 § £
g
g

o)
o

Fig 2.1 Diagram of photoemission process [ 7 ].

PES involves the photoelectric effect as defined by Albert Einstein in 1905.
Photons of a defined energy strike on the solid and absorption of this photon causes
the ejection of a photoelectron, called the photoionisation process or photoelectric
effect. The aim of photoelectron spectroscopy is to detect the electrons generating a
spectrum consisting of a number of electrons n(E) versus kinetic energy (KE)

10
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Conservation of energy from equation 2.1 requires that
E(A) + hv= EA) + E (e) equation 2.2

Since the electron’s energy is presented as kinetic energy (KE) this can be
rearranged to give the following expression for the KE of the photoelectron.

KE = hv - [E (A") - E (A)] equation 2.3

Where E (A) is the total energy of the initial state of system, that is the ground
state of the neutral atom and E (A") is the energy of the final state of the system,
which is the ionized species. The final term, [E (A") — E (A)], representing the
difference in energy between the ionized and neutral atoms, is commonly called the
binding energy (BE) of the electron.

The binding energy of photoelectron is simply the difference between initial
state (atom with n electrons) and final state (atom with n-1 electrons (ion)). This is the
frozen orbital approximation, assumed by Koopman’s theorem. Measured BE’s and
calculated orbital energies are different by 10-30 eV because the frozen orbital
approximation is not accurate due to electron rearrangement to shield the core hole.

A diagram representation of measured and calculated orbital energy is shown
in Fig 2.2

Ground state of ion

L
Koopman'’s theorem
[E=BE Observed

v

[ N Relaxation process

Ground state of ne utral atom
Fig 2.2 A diagram of comparing measured and calculated BEs [6].

2.2.3 Photoemission process
From Fig 2.2 the equation 2.3 can be written
KE = hv -IP for gas equation 2.4
KE = hv-BE-¢ for solid equation 2.5
Ionization energy, IP (or ionization energy (IE)), is the energy needed to
remove an electron from a gaseous atom or ion. Binding energy, BE, is a measure of
the energy required to free electrons from their atomic orbital. The work function, ¢
(Evac-Efemi), is the minimum energy that must be given to an electron to free it from

11
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the surface. Kinetic energy, KE, is an excess energy given to the electron.

The process is divided into primary process and secondary processes described

as follows.

2.2.3.1 Primary process

Photoionization process

M 2 hv —> M +e equation 2.6

-

P | Fa——_—

00 2 St Rt et
AIICICNCE DCIWEST th photon €nergy ¢

v —0—
n ot '

M+hv—> M +¢

Fig 2.3 Schematic diagram of photoi

5]
=
|
5
o
]
g
:
o
[72]
7
—
=N
[S——

2.2.3.2 Secondary process or fate of the core-hole
A core hole is formed after initial photoelectric event results in an excited
ionic state. This ion state leads to either X-ray fluorescence or a radiation-less process

known as an Auger emission.




2s

i e Xy
@ 1s

Fig 2.4 Schematic diagram of X-ray fluorescence process [6].

(2) Auger electron emission

The core-hole created may be neutralized by an electron transition from an
electron level of lower binding energy [1]. The quantum of energy AE equals to the
difference in binding energy between the core hole and down electron. A third

electron which can escape into the vacuum with the a well-defined KE is termed the

o

Auger electron. This process is characterized by the three orbitals involved and is

wrvr

designated conventionally XYZ w

g.
o
7
Ny
7
=
(g
5
=
=5
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=
o
=
[=¢]
8
g,
e
()
=
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B
[¢]

photoelectron is emitted the kinetic energy of Auger electron [4]. The electron kinetic
energy is independent of energy of the electron or incident radiation because it is a
secondary process (Fig. 2.5). Y, Z are the two shells containing the final vacancies.
The kinetic energy of Auger electron is characteristic only of the binding energies of

electrons within the atom.

Binding energy

M —> M* +¢'

Fig 2.5 Secondary process diagram of Auger electron decay [6].

E=3
(V]
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Auger emission and X-ray fluorescence are competitive decay mechanisms
and the relative probability of either process occurring is dependent on atomic

number. From Fig 2.6 it is evident that Auger process dominates for elements of low

atomic number.

T—>

X -ray fluorescence

Probability

Auger emission

—

Atomic weight

Fig 2.6 Relative probabilities of X-ray fluorescence and Auger electron emission [9].

2.2.3.3 Final state effects
The core-level of the remaining electrons in the ionized atom are influenced

by the core-hole potential giving to a variety of final states and therefore there is the
additional structure in XP spectrum.

(1) Relaxation shifts
The removal of an electron from an atomic shell results in a hole of positive

charge. The electron in the systems relaxes themselves to minimize the energy. The
result is outgoing electron traveling with an additional amount of kinetic energy, and

hence reduced binding energy.

(2) Shake-up and Shake-off process
When a core electron is removed, there is a sudden change in the effective

charge due to the loss of shielding elements (Fig 2.7).

Shake-up satellite: the outgoing electron interacts with a valence electron and
excites it (shake it up) to a higher energy level. As a consequence the energy core-
electron is reduced and satellite structure appears a higher apparent binding energy
than the parent photoelectron.

14
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Shake-off: the valence electron is ejected from the ion completelv (to the

inelastic background.

[l6
T

90 @—C
v Shake-off

Fig 2.7 Schematic diagram of shake-up and shake-off processes [ 6].

After photoionisation unpaired electron from a filled core-shell and any

unpaired electrons in the system could interact resulting in a spectrum observed as 2

peaks. The intens of the two resulting XP lines are proportional to 2s+1. For

example, the lithium (Li) ground state structure 1s°2s has total spin 0 and 1 resulting

in 2 electrons in the ion state with spin anti-parallel and parallei with intensity 3:1.

(4) Spin-orbit splitting

Spin-orbital coupiing is the magnetic interaction between the spin of an

electron and its orbital angular momentum. After photoionization the remaining

unpaired electron may have its spin vector, s, parallel or anti-parallel to its orbital

angular momentum vector, |, resulting in two final states of different energy and iotal
angular momentum quantum number, j = | + % . The parallel state is the lowest in

g St

energy. For instance (Fig 2.8) ionization of the 2p level in Cu (I=1) leads tc 2 peaks
by

designated 2p3»(j= 1 + %) and 2p1; (j= 1- %2 ) and separated by 19.5 eV. The intensity

of the components are proportional to (2j+1) so that the ve intensities (2p;. :

15
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2p1) should equal 4:2 (or 2:1). The levei of highest j value has the larger hole-life

Pl
I

P

time and hence by the uncertainty principle it has a narrower full-width at hal

maximum (FWHM}).

i 2P1/2

#30

i
3
L3
i

Fig 2.8 Splitting of the Cu (2p) XP spectrum.

2.3.3.4 Chemical Shift in XPS

The energy of an orbital is sensitive to the chemical environment of atom. The

chemical shift is related to the overall charge on the atom. Three main factors

(y’]

affecting the chemical shift are (1) number of substituents, (2) substituent
clectronegativity and (3) formal oxidation state.

One of the most important features which determine XP binding energies is
the chemical environment of atoms. The local charge and potential changes cause
s, in the core levels. Fig 2.9, an example of
chemical shifts is shown in the Cls XP spectrum of ethyl-trifluoroacetate. The
molecule contains four C atoms in four different chemicai surroundings. The
electronegavity of the F atom is highest in the molecule therefore, the C atom bonded

with the F atom gives a chemical shift to highest binding energy in XP spectra

16
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2.9 XP spectra of the ethyl trifluoroacetate illustrating the chemical shifts

‘Uﬂi

J

Pall

3.4 Chemical Anaiysis by XPS

[0

(1) Qualitative Analysis

Its clear that no photoemission occurs if IP >hv for gases whereas in the case
of a solid photoemission can not occur if BE + ¢ > hv. In general, photoemission will
yield a polychromatic or polyenergetic flux of electrons due to the presence of
different species of electrons in the given atom, molecule or solid. For different
orbitals of an atom, photoelectron peak intensities are different depending on the

atomic cross-section for photoclec‘tric absorption, probabili‘ty of escape of the

each element has a unique set of core levels photoemission can be used as a

1S

fingerprint technique. For example, the atomic number of Cu is 29. The electron

E;

4s' and the XP spectrum in Fig 2.10 shows
binding energies of electrons in the different orbitals. At the atomic level, binding

energy is derived from electrostatic interactions. This interaction is either long rang

17
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attraction (electron — proton interaction) or repulsion (electron-electron and proton -
proton interaction) between any particles that have charge. The amount of energy to
be given to an electron to move it away from the atom (Coulombic potential) is called
the binding energy (BE) [11].

The binding energy of Cu 2ps, and 2s electron is 932.7 eV and 1096.7 €V,
respectively due to the electron in the 2s orbital being closer to the nucleus than the
2ps.; electron orbital. Moreover, the s orbital has no spin-orbital split, singlet whilst p
orbital is a spin-orbital split doublet in XPS. The binding energy of the 2p;»
component is higher than that of BE 2ps, but 2ps, has more electron population or
cross section than 2p;,. Auger signals are observed at a binding energy between 500-
800 eV.

X-rays penetrate deep into the sample resulting in the observed peak. Electron
emission results from electrons reaching the surface without inelastic scattering. If
electrons emitted within the sample undergo inelastic collisions then the energy of
electrons reduced, resulting in background counts. Moreover, the background
intensity at high binding energies is larger than at lower binding energy as shown in
Fig 2.10.

(2) Quantitative Analysis

The calculation of surface concentration of adsorbates from photoelectron data
is done using the modified form of the equation proposed by Madey et al. [12], and
discussed in detail by Carley and Roberts [13]. Scofield’s tabulation [14] of subshell
photoionization cross sections is used for the calculation. Carley-Roberts equation is

the following

Ca = L#,E,Np,Acosé equation 2.7

IS#GESM

where:c,=concentration of absorbate (cm™), 1, = adsorbate line intensity, I, =
substrate intensity, E,/ E,= kinetic energy of photoelectrons, 1, /u, = modified

Scofield photoionisation cross sections, A= mean free path of electrons within

substrate, p; = density of surface, ¢ = angle of collection with respect to the surface

18
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(i) Ionisatien Cross-Section

As the creation of the photoelectron when the sample is irradiated by photons

is the first process, the probability of photoelectron creation direcily contributes to the

observed photoemission intensity. The probabilities are directly related to the

ionization cross sections. Calcuiated by J. H. Scofield [14], Table 2.1 presents a value

of cross-section of elements for a source Ai (Ka)
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Table 2.1 Ionisation cross-sections of elements for a source Al (Ka)

Ionization cross-section
Element Electronic level according to Scofield [14]
(standardised by Cjs)
C s 1.000
o) Isin 2.930
N Is1n 1.800
Fe 2pspn 10.82
Cu 2psn, 16.73
Au Af 17.12

Equation 2.8 shows modified photoelectron cross sections
Y7, = M- ng (cos9)] equation 2.8

where: f= an asymmetry parameter and x' unmodified photoelectron cross

(3(cosH)” -1
2

section; P,(cosf)= =-0.1694, =62° (the angle between photon and

photoelectron direction)

Therefore, g, =  1.00[1—(2/2)x(-0.1694)] = 1.1694
g, = 293[1-(2/2)x(-0.1694)] = 3.426
gy = 1.80[1<(2/2)x(-0.1694)] = 2.105
He, = 1673[1-(1.41/2)x(-0.1694)] = 18.73
dp, = 10.82[1<(1.45/2)x(-0.1694)] = 12.14
M, = 17.12[11.03/2)x(-0.1694)] = 18.61

(ii) Mean free path of the electrons

The mean free path of electrons represents the mean distance that electrons
can travel between inclastic interaction, depending on the kinetic energy of electron
and the sample nature [15].
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A, =escape depth of photoelectrons through the substrate (For Cu is 7.6 A)

Ag =

g/a(ln +b)

equation 2.9

Where a and b depend on the electron concentration, in case of Cu with kinetic

energy 554 eV ( Please note : Al anode gives energy 1487 eV, binding energy of Cu
2p is 932 eV So, the kinetic energy of electron is 554 €V). a =23.6 and b=-3.21
554/23.6 (In 554- 3.21)

M, =

Il

Os

7.55A

molar mass of the substrate (Cu = 63.54 g/mol)

substrate density (Cu = 8.96 g/cm’)

The surface concentration calculation of C, O, Fe, N in experiments are

Oc

= 2.41x10"7 x

= 6.03x10" x

= 1.38x10" x

= 1.10x10" x

= 1.60x 10" x

(3) Thickness of overlayer calculation

The intensity decay is an exponential first-order decay law characteristic for
the travel of radiation through matter (Beer-Lambert law) [1]. Therefore, the intensity
of electrons of kinetic energy ( E) will be reduced as a function of distance into the

solid. The equation is

ICls

Cu2p3/2

101.1

Cw2p3/2

IFe3/2

Cw2p3/2

Ile

Cw2p3/2

IAu4f

Cu2p3/2

equation 2.10

equation 2.11

equation 2.12

equation 2.13

equation 2.14
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AE)

Id) = I(o)exp( ) equation 2.15

Where I(d)and I(o)are intensity after and before the primary electron beam
has traveled a distance, d. A(E)is the inelastic mean free path (IMFP), which is

shown how far an electron can travel (on average) before losing energy. For an angle
of incidence € to the sufface, the expression is
-d
Acosé
Fig 2.11 shows the effective path length (d.s) for an electron in a solid

Id) = I(o)exp( ) equation 2.16

I=1, exp (-4/A)

I=1, exp (-dfA cosb)

Fig 2.11 Schematic diagram of the effective path length (d.s) for an electron in
substrate [1].

The equation used to calculating the prepared overlayer thickness is,
Id) = 1(0) exp(—;—‘;) equation 2.17

where: Ac,= 7.6 A and 6=0.

2.3.5 X-ray photoelectron spectrometer

The simplest form of electron spectrometer consists of the sample under
investigation, primary radiation source and an electron energy analyzer. All are
operating in an ultra high vacuum (UHV) system.
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The schematic arrangement of photoelectron spectrometer is shown in Fig.

2.12 below

\va 4 1\ s )
X ra\_t: J=aLIREE hemispheric
{or synchrotron) anatyzer

(fixed V)

= < he
e-“\“ s
"
sample s electron 4
(grounded) —— multiplier 5
detector — [ * §
4+ Energy
2,

/ \

Fig 2.12 Schematic diagram of the operation of an X-ray photoelectron spectrometer
{16}.

The basic requirements for a photoelectron spectrometer are:
{1) The source of energy radiation

In the experiment, the X-ray source, DAR 400 (Fig 2.13), (Omicron
nanotechnology), has twin anodes Mg Ka (1253.6 e€V) or Al Ka (1486.6 eV) that

allow either of them tc be selected. The heated filament gives electrons to bombard
the selected surface of an anode at high positive potential. The focus ring and the nose

area. Cooling water is used to prevent

Ey

The electron energy analyzer (Fig 2.14), EA 125 spectrometer, consists of : (1)
a multi-element electrostatic lens with 30 mm working distance to collect and focus
electrons on the entrance of hemisphereicai energy analyzer, (2) slit sets at the
entrance to the energy analyzer change the transmission characteristics and resolution

of th

¢

)

analyzer, (3) a hemisphereical energy analyzer, (4) slit set at the exit of the

(4]

analyzer corresponding to the number of electron muitipliers in the detector

[0}
=
(1]

&

d (5) detector consisting of an array of 7 chaneltron electron multipliers.

=
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of the analyzer. The channeltron amplifies the current of a singie eiectron by a factor
of about 10°. The small current pulse from the output of the Channeltron is passed
through a vacuum feedthrough and goes to the preamplifier, and then the signal is
passed to a pulse counter for processing and production of an electron energy
spectrum.

Due to the short inelastic mean free path of the photoemitted electron, XPS
measurements analyze the outmost atomic layers of the surface. This means that
electron spectroscopy is truly a surface sensitive analysis method. It is non-destructive

and it can apply to all solid materiai except H and He, including insulators such as

In order to get rid off the interference from gas phase collision and surface

contamination, UHV conditions are necessary.
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Hemisphencal Analyser Viewpori

Filtered Plug
Lens and Analyser Voltages

Exit Stil Rotary Drive

Channeltron Connection Feedthr

Enrance Ski Rotary Drive ——— E)

Fig 2.14 The EA 125 hemispherical analyzer major components [18].
2.3 Low energy eleciron difiraction (LEED)

structure. In simple cases only the distance between the first few atomic layers is
changed (muitilayer relaxation). Frequently the arrangement of atoms within a layer is
modified and this can reduce the translational symmetry of the surface (surface
reconstruction). In addition tc atomic displacements, atoms can be removed or added,

o
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£
e
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urface of a

> of the

o
[72]

bonds may be broken or new ones can

(]

chemical compound, the chemical stoichiometry can be changed by segregation,

U

depletion, or substitutive adsorption (chemical relaxation and reconstruction). X-Ra

<

diffraction was already well-known as a crystallographic technique, but X-rays are

-

weakly scattered

energy electron diffraction (LEED) is used for surface diffraction studies.
In LEED, eicecirons analyzed in the energy range 20-600 eV, are back-
scattered by the electrons on surface atoms [1, 19-21]. Electrons in this energy range

have de Broglie wavelengths similar to the interatomic spacing between atoms at the
ct

if the atoms on the surface are periodic. This technigu

-ﬂ
('D
=
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periodicity and the atomic arrangement.

The use of LEED in surface science is generally limited to gathering the
symmetry and the periodicity of the surface structure. However, the LEED pattern
contains the information in the intensities of the diffracted beams. These intensities
are related to the arrangement of atoms in the surface unit cell. A minority of workers
have paid attention to these intensities and used them in order to determine the atomic
arrangement. Quantitative LEED crystallography requires accurate orientation of the

ubsequent calculations

ed
The modified de Broglie equation estimates the wavelength of electrons [19]:
A @A) = ﬂ equation 2.18
E(eV)
where E(eV) is the kinetic energy of electron.

From equation 2.18 the de Broglie wavelengths are in the range 0.7 — 2.5 A for
kinetic energies between 50 and 200 eV which is comparable to inter-atomic
distances. Moreover, electrons with 50-200 eV energy penetrate only < 20 A to the
surface. LEED is considered to be a surface geometrical structure probe due to the
reasons of the limitation of penetration depth and suitable wavelength.

The penetration depth of electrons will vary in different materials, The result
of many experiments show that this depth does not vary significantly until the
incident beam energy is over 200 eV. From Fig 2.15, the energy of incident electrons

of 50-200 eV is very acceptable for LEED experiments.
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3 . 8
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=
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Fig 2.15 Universal curve of the inelastic mean free path of electrons in a solid varies

with its kinetic energy [19].

2.3.1 Real lattices and reciprocal laitices

Diffraction depends on the spacing of the surface. A convenieni method to
depict diffraction is using of the reciprocal lattice. in 2-dimensions, the vectors in real
lattice are defined as a and b and the vectors in the reciprocal lattice 2* and b* as in
Fig.2.16. Note that a* is perpendicular to b and b* is perpendicular to a. Consider two
sets of planes of real lattice at the right angle and with spacing a and b. The rules

above applied produce two points in the reciprocal lattice, related to the origin O by

Fig 2.16 Vector of real lattice and reciprocal lattice.




2.3.2 Diffraction and Ewald sphere censtructien
Diffraction from a one-dimensional periodic array is shown in Fig 2.17. It

shows electrons scattering at an angle €, from atoms in a one-dimensional array. For

constructive interference between scatiered electron waves can be written as Bragg
equation
nA = asing, equation 2.19

8, is the angle of scattering electrons

a 1is lattice constant

A is the de Broglie wavelength of the electron

» is an integer values (0, £1, £2 ..)

9

Rearrangement gives sin@, = = equation 2.20

Fig 2.17 One-dimensional array diffraction [1].

To represent the condition for diffraction in terms of electron wave vectors, it
can be called reciprocal lattice vectors. The magnitude of the incident wave vector of
an electron ( k, ) is defined as

2z e
k, = — equation 2.21
A

o . .
), it can be shown that £, is a
my

From the de Broglie relationship (A =

2x({mv) :
g equation 2.22
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Substituting of equation 2.20 into equation 2.21 gives

o equation 2.23
a

k,|sin@,

sin8, is the component of momentum parallel to the surface of incident

electron (kj). From equation 2.23 the parallel momentum can be exchanged in the
m

agnitude of the one dimensional reciprocal lattice vector as in Fig

k"] = ksl simo

[l = kel cos @

Fig 2.18 Parallel and perpendicular components of an electron with incident wave

vector £_[1].

Every real space lattice will create an associated reciprocal lattice, using the

M = na* + rb*® equation 2.24
a*=2n/la| ;b*=2n/|b| ;ab*=a*b=0 ;aa*=b.b*=1 equation 2.25

where a and b are the elementary vectors of the surface two-dimensional unit

cell, a* and b* are the elementary vectors of the corresponding reciprocal lattice,

3

n and r are an integer values (0, 1, £2 ..))

Y]

B

Equation 2.25 states that a small distance in real space becomes a large

e e
d
o
=4
Q
=
(=
=
(=)
[
»
=
(=%
<
[

espectively

£
L e Y-

29



Ewald sphere is centered on the sample surface with a radius equal to th
reciprocal of the ength of the incident electrons. The radius of the Ewald sphere
is equal to the magnitude of the &, vector, which is the reciprocal of the wavelength of
the incident electrons. The &; vector, corresponds to an allowed diffraction condition,
and the G vector is the difference between the £ and %, vectors. In this figure, the k
vector is the specular beam. Diffraction conditions are satisfied where the rods of
reciprocal lattice intersect the Ewald sphere. Therefore, the magnitude of a vector

from the origin of the Ewald sphere
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equal in magnitude to that of the incident beam. Equation 2.26 shows

k)= kil equation 2.26

where : k, is incident electron wave

k; is electron wave vector at any intersection of reciprocal lattice with Ewald

G=k|-|k| equation 2.27

Using the Ewald sphere construction is a simple method to find the number of

4

diffracted beams emerging from a surface at a given energy.

Consider a 2-dimensionnal crystal of square array, suppose the radiation beam

- s g . 1 .
with wavelength 4 imposes on the surface; a vector & with length I represents the

1) Calculate the de Broglie wavelength and the corresponding wave vector of

the incident electron (equation 2.21)
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= 1
A04 - £
R = ey o oo 1pggA
100eV
2 A
From (equation 2.21} |k, = —:— = 2 A?

2) Construct the two-dimensional reciprocal lattice of the surface using the

equations listed under equation 2.2

For Cu(110) surface (Fig 2.

Lad
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o

e
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L

Bl = 3.6l = 3614

b

3) Choose a reciprocal lattice point as the origin (3,0)

''''' ¥ I

4) Draw a circle radius |n | (5.12 A) centered at the origin

The total number of diffracied beams from the surface is simply given by the
number of reciprocal lattice points contained within the circle. In this case, the

number of diffracied beams is 21 (Fig 2.19).

T

Fig 2.19 Ewald sphere construction of Cu(110) surface with electron energy 100 eV

(1l
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2.3.3 Surface structures and notation

Crystal structure is a unique arrangement of atoms in a crystal, composed of a
unit cell which is periodically repeated in three dimensions toc generate a lattice. The
well-defined surfaces consist of atoms in a limited number of well-defined sites.
Surface structures may be varied by changing the angle at which the surface is cut

with respect to the basic unit cell axes. Surface planes in the crystal are defined by the

Miller indices. Simple cubic (sc), face<entered cubic (fcc) and body-centered cubic

define a simple cubic lattice (lattice constant a).

P4

|/

? : X
(200)

Fig 2.20 The (200) plane of a simple cubic latti
The Miller indices can be determined foilowing:

{1) The plane intercepts the x-, y- and z- axes at

1
Intercepts = ;,oo,oo )
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Fig 2.21 Low index planes of fcc crystals in Miller indices (a) (100), (b) (110) and (c)

a,| and || = 2[5, | equation 2.28

Ve T, |

re, the over layer unit cell in Fig 2.22(a) is a {2x2) (primitive two by

0
two} overlayer. Fig 2.22(b) is a c(2x2)(centered two by two) overlayer due to

referred to as (+/2 x v2)R45° (root two by root two rotated 45°), the overlayer unit

g
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cell in term of primitive cell (a,and 3, ) in equation 2.29

la,| = V2|a,| and |b,| = V2ip,| equation 2.29

Wood’s notation could be expressed completely as

S(lﬂd)[;—g:’—'lx %}Ra" -4 equation 2.30
where S = chemical symbol of substrate
(hkl) = Miller index of surface plane
a|and b| = magnitude of substrate net vectors
|a,| and |p,| = magnitude of overlayer net vectors
a = angle between overlayer and substrate (absenta = 0)
A = chemical symbol of overlayer (No S and A for a

clean surface
Supposed S is Cu(100) and A is O atom, therefore
Cu(100)(2x2)-O from Fig 2.22(a)
Cu(100)c(2x2)-O or Cu(100)(v2 x+2)R45°-O from Fig 2.22(b)

Note that the absence of p in Wood’s notation means a primitive cell of

overlayer. Now we consider how matrix notation of the overlayer in Fig 2.22 can be
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written. Defining the primitive overlayer vectors (a,and b,) in term of a linear
combination of primitive unit vectors of substrate (a,and b, ). Equation 2.28 can be

rewritten as

2a, +0b, equation 2.31

Q
]

o
I

Oa, +2b, equation 2.32

%l = 2 0)fa, tion 2.33
b, o 2)ls, equation 2.

2 0
Matrix notationis  Cu(100)- ( )-O

0 2
From Fig 2.22(b), it can be written
a, = la, +1b, equation 2.34
b, = —la, +1b, equation 2.35
a,) _ 1 1)(a, fion 2.36
b, -1 1){5, cquation =
. .. 1 1 .
Matrix notationis  Cu(100)- ( ) J -0 equation 2.37
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2.3.5 Overiayer structure interpretation from LEED diffraction patterns
The overlayer unit cell in real space can be derived from the reciprocal lattice

s the real

N

3(b

N’
I

atom

in LEED pattern by manipulation of matrices. Suppose adsorption of atoms (e.g. O
s)

on Cu(100) gives the LEED pattern in Fig 2.23(a}, and Fi

aQ
N

spots due to the overlayer.
It can be determined as follows:
(1) Write the reciprocal unit cell vectors of the overlayer in terms of the reciprocal

space vectors of the substrate

, & fi=2 Sy
a.*=m."a *+in,*b * a* = Ea“ *——b * equation 2.38
Ok = * ., 0% *] * s 1 - ],, <5 £~ & ot
b Y=g N em. D, B ¥ = EL A0 equation 2.39

Lo
N



Chapter 2 Experimental Details

(a) (b)

Fig 2.23 Diagram of (a) reciprocal space of overlayer in LEED pattern (b) real space
over layer on the Cu(100) substrate.

equation 2.40

Matrix, M* =

(2) Convert the reciprocal space to real space

—iyt ] M22 * M l .
M = (M*]) = equation 2.41
detM™* - M,,*M, *
det M * = (my, *-m, *)— (my, *-m,*) equation 2.42
1 -
1 I
M = / . / // é = [ i IJ equation 2.43
Hence
or a = b i} tion 2.44
. nt gl equation 2.
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a, = a,+b, equation 2.45

b, —a,+b, equation 2.46

Therefore, matrix notation is

Cu(lOO)-[l_ | :]-o

Wood’s notation is
Cu(100)-c(2 x 2)-O or Cu(100)-p( V2 x ﬁ )R45°-0

2.3.6 LEED instrument

LEED uses the wave nature of electrons. These, with energies between 20 and
200 eV are incident in the form of a thin beam onto a surface, as shown in Fig 2.24.
The electrons will be partially reflected by the layers of a crystalline sample [25]. The
periodic arrangement of the atoms in the crystalline material determines the direction
into which electrons are diffracted. These back-diffracted electrons are made visible
on a phosphor screen. A camera is used to take images from the screen and store those
images on a PC. One of the advantages of electron diffraction is that electrons cannot
travel very far in solids. The electrons we see on the screen are therefore diffracted
from the near surface region of the sample. This means that LEED is a surface
sensitive technique but it also requires that the surface is very clean so that we must

work in vacuum in order to keep gases from sticking to the surface.

A monochromatic electron beam can be generated by an electron gun with
energy in the range 0 — 1000 eV. The sample must be an electrical conductor
connected to earth to prevent charging when the beam hits the sample. After
undergoing diffraction, electrons back scattered from the surface go towards a series
of concentric meshes or grids. The outer most and inner most grids are earthed to
ensure that the electrons travel free in that region. The inner pair of grids act as a cut—
off filter and are held at a negative potential (-Ep + AV), where AV is normally in the
range 0 — 10 V. This ensures that only elastically scattered electrons arrive at the
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detector, S (the phosphor screen with positive bias ~6 kV). The diffracted electrons
(elastically scattered) and secondary electrons (inelastically scattered) are back-
scattered towards the LEED optics in the field free region. The spots come from the
diffracted electrons while the secondary electrons give a dark background.

IRetard voltage (-Ep+AV)
' —fieo- 1 ™ LEED |
‘-l com_pute_r I lcontrol unit l
l

T Video
monitoil

Fig 2.24 Schematic of LEED apparatus [1].

The image is captured on photographic film or monitored with a video camera.

2.4 Scanning Tunneling Microscopy (STM)

2.4.1 Introduction

The Scanning Tunneling Microscope (STM) was developed by Gerd Binnig
and Heinrich Rohrer at the IBM Zurich Research Laboratory in the early 80's.
Their accomplishment which won them a Nobel Prize in 1986 utilized the basics of

quantum mechanics and produced a revolutionary method for determining surface
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structure atom by atom [22-24], and these instruments have become established it as
one of the most important techniques in surface investigations. Moreover, they have
been used to fabricate surface structures ranging from ~ 100 nm down to atomic

dimensions.

2.4.2 Basic principles of solid

The technique is based on quantum mechanical tunneling between the very top
atom of a sharp metal tip and the surface atoms of a conducting solid. The tip is
separated (usually by vacuum) by a few angstroms from the sample surface, enabling
a tunneling current to flow. Since the electrical current is necessary, both the sample
and the tip should be conducting. The tunneling current is determined by the overlap
of wave functions between the sample and the tip. Fig 2.25 shows the electronic

structure of a solid (insulator, semiconductor and metal).

Valance band I I— Empty Band

Fermi level, E¢ -——--- Band gap. E,

Conduction band Filled Band
Insulator Semiconductor Metal

Fig 2.25 Electronic structure of solid [25].

The top filled band is called the valence band. The bottom empty band is called the
conduction band. The energy level between the filled-empty bands is called the Fermi
level, Er. The surface electronic structure is shown in Fig 2.26. The energy level of a

free electron is called the vacuum level, E,
The energy required to move an electron from E, to E, at the surface (Fig

2.26) is called the work function,¢. The work function depends on the material,

crystal face, adsorbate, external electric fields and reconstruction. Fig 2.27 shows the
wave function inside a solid and outside a solid. The electron density decays

exponentially away from the surface.
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0 ——&-- ——O'_—* _ ~—— Vacuum Level, Ev
Work function

- ) ~== Fermi Level, Er

hole

Fig 2.26 The surface electronic structure [25].

EV
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Fig 2.27 Wave function inside a solid and outside a solid [25].

Tunneling occurs if two metals are brought in close proximity (Fig 2.28).

Metal Vacuum Metcal
EV ——————— e ———
91 2
e LN\ A NN N
N AN A o N/ NS
d

Fig 2.28 The wave function of two solids [25].

When a potential V(ext) is applied to one metal to drive electrons one way
(metal 1 negative) tunneling occurs from filled states within V(ext) of E,. in the left-

hand metal —empty states at E,. in the right-hand metal , (Fig 2.29).

41



Chapter 2 Experimental Details

Metal 1

V(ext)

Fig 2.29 Illustration of between metals [25].

2.4.3 Principles of STM operation
Understanding the process of electron flow between the tip and surface is used
to interpret STM images. Fig 2.30(a) represents the position in which two metals are
not connected. The Fermi energies of the lefi-hand, E) and right-hand, E} metal have
their characteristic values, as given in equation 2.47
¢ = E,-E, equation 2.47
E .= Fermi energy
E, =Vacuum energy
The offset in the Fermi energies is equal to the difference of work function of
two metals
4. = E}: - E} equation 2.48
¢.= Contact potential
E}=Fermi energy of left-hand metal

ER = Fermi energy of right-hand metal

The solid line represents the potential barrier between two separated metals.
When the metals are brought closer together the Fermi energies of the two metals are
not equal (different metals), therefore an electric field exists in the vacuum between
the metals. All electronic states up to £, are full; the unoccupied state is empty.
Therefore, no current can flow between the two metals in the absence of an applied
bias (Fig 2.30(b)). The direction of flow of current can be controlled by adjusting the
potential difference between two metals. If the two metals are brought sufficiently
close, the wave functions of the electrons in the two metals overlap and tunneling can
occur (Fig 2.30(c) and (d)).
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Fig 2.30 Fermi and vacuum levels for two metals: (a) isolated metals; (b)
electrical contact in an absence of applied bias; (c) and (d) applied bias [23].

As electrons always flow from occupied states to unoccupied states, therefore,
STM represents a convolution of the density of states of occupied and unoccupied
electron states between the tip and the sample surface.

STM is an imaging technique that gives 3 dimensional real space images. This
technique allows the measurement of the localized geometric and electronic structure,
and atomic resolution may be accomplished. The image is acquired by scanning a tip
over the sample surface. While scanning, the tip does not make a contact with the
sample.

Once the sharp tip and the surface are close enough their wave functions
overlap and a finite probability exists that electron can cross the barrier when a bias is
applied between sample and the tip. The resulting current, I is

I = cppet equation 2.49

where C is a constant
p,and p, are electronic density of tip and sample
¢ is a parameter related to the barrier between tip and sample
s is the distance between tip and sample
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Tunneling is sensitive to electronic structure, the convolution of filled density
of states of the lefi-handed metal (-) and empty density of states of the right-handed
metal (+). The tunneling current depends exponentially on the gap and the barrier
height. So if we increase/decrease the separation by a few angstrom (A), the tunneling
current would change one order of magnitude. For a metal tip and a metal sample,
changing the bias voltage changes the direction of the current. Tunneling current is a
very sensitive function 6f tunneling gap (space between tip and sample) as in Fig
2.31. If one metal is also a sharp tip, most of Iunne Will travel through a terminal atom,

giving atomic scale resolution.

§105
g
?;3103
4
§10
[ ud

o 2 4 6 8
Tunneling gap (A°)
Fig 2.31 Graph of tunneling current against tunneling gap [25].

An electron can only tunnel if there is an unoccupied state with the same
energy in the other electrode. In case of a negative potential on the sample the
occupied states generate the current, whereas in case of a positive bias the unoccupied

states of the sample are of importance.
STM can be operated in 2 modes: constant current and constant height mode.

(1) Constant current mode

A feedback mechanism is used to maintain a constant current while a constant
bias is applied between the tip and the sample. This mode (Fig 2.32) needs a constant
tip-sample current while the tip is scanned over the sample; the vertical position of tip
is altered to maintained constant current. The piezoelectric element is used to control

the motion in the three directions (X, y and z).The linear voltage ramps applied to the
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x and y piezoelectric element makes the tip move over the surface. The change of

vertical tip position constructs the image, representing a constant charge density

=

- T L P g N P g IR g B W g,

0000000

Fig 2.32 The constant current mode of STM [25].

contour of the sample.

(2) Constant height mode

This mode (Fig 2.33) needs constant height and applied bias at the same time.
Topographic structure varying with the sample-tip separation results in a variation of
current while the tip scans over the sample. In this case, the current, related to the

charged density, provides the image.
OOCOO00

Fig 2.33 The constant height mode of STM [25].
Constant current mode can produce contrast directly related to electron charge

density profile; it works slowly but works for rough surfaces while the constant height

mode provides a fast scan but it only works well for flat areas. However, atomic
resolution image are possible obtained under the optimum condition e.g. sharp tip and

a clean sample.

2.4.4 Scanning tunneling spectroscopy (STS)
STS in STM provides electronic information about the sample by probing the
electron density of the surface as a function of bias. There are 2 methods to acquire

spectroscopic information.
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(1) Point spectroscopy: move the tip to the interesting point of the surface,
switch off the feedback mechanism, scan the tip bias and record the result variation in
current. Fig 2.34 shows the idealized band structure and current flow in STS.
Occupied and unoccupied energy states can be probed by this ramped bias. The
magnitude of current at a specific voltage directly relates to the density of states of the
sample at that energy. The constant C is a linear function of voltage. Spectroscopy
data can be related to the sample electronic structure (D, )

I

14
(2) Obtain spectroscopic information involving collection of images at

C* Dse“'°25z*% equation 2.50

various biases. It can be achieved by changing the bias and recording the current at

several values of applied bias.

TP SAMPLE +

Err

P SAMALE -

Fig 2.34 Schematic diagram of tunneling spectroscopy, Note the tip is a metal
with continuous occupation to the Fermi level and the sample is a semiconductor. The

shaded area represents the occupied state region [23].
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2.4.5 Instrumentation for Scanning Tunneling Microscopy
Fig 2.35 shows a schematic of the STM stage of the spectrometer

Support tubes for Spring suspension

\_

Fig 2.35 Side view of the VT STM (Omicron) [26].

Fig 2.36 shows features of the STM control circuits. The high-voltage power
supplies connected to the x and y piezoelectric elements are programmed with
coordinated ramp functions to execute scanning. The low-voltage power supply
provides the sample-tip bias and is programmable for spectroscopy measurements.
The tunneling current can be amplified by 7-10 orders of magnitude. It needs to be
done as close as possible to the tunnel junction to avoid noise incorporated into the
signal before amplification. The output of the amplified current enters the feedback

controller which compares the value to a reference.
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Fig 2.36 Schematic diagram of STM in (a) and the feedback control circuit is

expanded in (b) [20].
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sharp tip (W, Pt, It) is mounted on a 3 D drive. The ti

b4 {icdl LIL
= R | o 'y

=

diameter has a pronounced effect on the image. The elecironics conirol V {0-3 V) and
measure I (1 pA-10nA). The resistance of the gap is approximately 107-10'°Q. The
sample-tip separation typically is 2 — 5 A. Figure 2.37 shows a diagram of a working

STM.

Fig 2.37

3

piezoelectric scanner. The tip holder consists of three piezoceramic tubes that car

creep on the surface (jerk motion), and central piezoelectric leg attached to the tip
whose motion can be controlled by the voltage (usually periodic saw-tooth voltage)

applied to it.

x (fast) Tt |

control movement of the tip in x and

o

;/ directions

Y
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2.4.6 Tip preparation

The single atom at the tip termination is generally regarded to be necessary for
imaging at atomic resolution [5, 27]. STM tips are sometimes made from cut pieces of
high purity metal wire, but a standard method for STM tip production is electro-
chemical etching. The tungsten (W) tip is used in this study. The diagram of the tip
preparation is in Fig 2.39 showing as the method used in the experiment, called DC
etching 'lamella’. It consists of NaOH solution (8 g NaOH pellet in 100 mL distilled or
de-ionized water), 0.38mm ¢ W wire and electronics for etching device (Tip Etching

Kit, Omicron).

Fig 2.39 Schematic diagram of Etching ‘lamella’ [24] (Tip Etching Kit, Omicron).
2.5 Ultrahigh vacuum techniques

2.5.1. Principles of ultrahigh vacuum techniques

A clean surface is essential for surface science experiments. This means
pressures in the 10" mbar range and below are required [3, 28-29]. This low pressure
system is called ultra-high vacuum (UHV). Only such a low pressure will assure that
a surface stays clean long enough for experiments. In the following, some essential
parts of UHV technology are described.

In the vacuum, the flux (F ) of molecules striking the surface of unit area at

given pressure, P
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_2.63x10” P(Pa)

F
,/M (g/mole)T

atoms.cms™ equation 2.51

Where M is molecular mass in the units of the atomic mass constant

P is pressure; 1 torr = 1.33 mbar =133 Pascal

Table 2.2 Flux (F) of gaises at pressure of 10 mbar and a temperature of 300 K [29]

Molecule Molecular Mass (M) F (cm™s")
H, 2 1.1x10"
H,O 18 3.6x10™
Cco 28 2.9x10™
0, 32 2.7x10"
CO, 44 2.3x10"™

Table 2.2 shows the flux of gas at pressure of 10 mbar and temperature of
300 K. As surface atom concentration are approximately 10'° atoms per square
centimeter, it means if every gas molecule under the above conditions sticks on the

surface a monolayer is formed in a few seconds.

Mean free path (1) is the average distance that particle travels between

collisions with other particles.

kT

—_— uation 2.52
J2#nd*P “

where T is temperature, P is the pressure and d is the molecular diameter

Therefore, a in UHV system the mean free path of molecule is meters. It
means that it is more likely the molecule in the UHV system hits the walls of the

vacuum chamber rather than another molecule.
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2.5.2 Vacuum requirement for analysis equipment

Under normal high — vacuum conditions (~10°mbar) a clean surface would
become rapidly covered with contaminants from the residual gas atmosphere. In
surface science studies it is necessary to reduce the rate at which gas molecules
adsorb.

Not only to keep the sample surface clean but also to use the techniques for
surface analysis requires a UHV system. For XPS photoelectrons should be able to
travel from sample to energy analyzer without collision with residual gas molecules
and 10” -10° mbar will be sufficient. A high vacuum is also required to prevent
electrical discharge in the X- ray source and electron detector. LEED also need UHV
for operation.

2.5.3 Pumps for UHV

The base vacuum in UHV is determined by gas emitted from the walls of the
apparatus and from the equipment inside the chamber. The diagram of the pumping in
the UHV system (Fig 2.40) consists of roughing pump, turbo-molecular pump, ion

pump, titanium sublimation pump as described below.

UHV
chamber
= =1 turbo 1 roughing
ion pump pump gas
exhaust
pump p< p<
- L1 10" mbar}—{ 102 mbar

Fig 2.40 Schematic diagram of pumping for a UHV system [29].

(1) Oil rotary pumps (1 atm-10" mbar), this pump removes gases from the turbo
molecular pump chamber. The pump consists of a wheel with blades on its perimeter

lubricated with oil (Fig 2.41). The blades trap air molecules from vacuum vessel
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between the wheel and wall by rotating of the wheel. After that the air molecules
transports to an exhaust pump by a one-way valve. The rotary pump works well when
the pressure is high enough to let a gas flow through the pump. When the mean free
path of molecule is very long the turbo-molecular pump is required (second stage).

(a)

(b)

Fig 2.41 Schematic diagram of an oil-sealed rotary vane pump [29] : (a) gas from the
vacuum system enters into the pump and (b) the gas are expelled to the pump exhaust.

Firstly, a rotary oil pump is used to decrease the pressure from 1 atm to 107
mbar. After that, turbo molecular pump works to decrease the pressure down to <107
mbar.

(2) Turbo molecular pumps usually employed to operate from 107 to 10° mbar. A
turbo pump consists of several planes of blades which rotate at extremely high
velocities, when the blades spin and hit molecules they are moved towards the exhaust
pump. The gas molecule collides with fast moving blade to achieve low pressure (Fig
2.42). The speed of blades has to be fast, typical values are up to 100 krpm.

Once the low pressure has been achieved it can also be maintained by another

type of pump, called an ion pump.
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to vacuum recipient

ioughin
pump

a turbo-meolecular pump [30].

(3) lon-pumps, pressure range of 10°-10""* mbar. The pump consists of 2 titanium
plates with a titanium cell constructicn {Fig 2.43). The gas molecules, icnized by the
high potential between anode and cathode then go into the pump. Electrons move
towards the cells and the ions go to one of the piates. The magnetic field causes
electrons and ions to move in a circle. The ionization probability is increased by the
presence of the magnetic field which makes the electrons travel in a twist motion.
The ion can be buried when they hit the titanium cathode. Moreover, the Ti, sputtered
off the cathodes, can react with the residual gas and increase the pumping effect. The

ion pump does not eliminate gas from the system, but binds the residual molecule gas.

_ i e
- g

:'1
— =
— s ==
=
ionized = pump
‘_ gas aiom envelope

magnetic y o '
field =
==

Ti cathode

=
:
&

A Tiatom is e~
sputtered off the cathode
to the pump envelope

Fig 2.43 Schematic of an ion pump [29].
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(3) Titanium sublimation pump (TSP)

An alloy of titanium and molybdenum is mounted in a carrier, designed to
have low electrical resistance. Titanium is sublimed immediately after passing a high
current through the filament. This sublimated evaporant then covers the chamber

walls. The titanium coating reacts with the active gas and removes it from the system.

In order to achieve a low pressure in a short time it is necessary to do a called
bake-out of the whole vacuum system. During the bakeout the system is heated to at
least 100-200 °C for period of time (at least 24h). The heating causes a fast removal of
the impurities adsorbed on the walls of the vacuum system (mostly water).

2.5.4 Pressure measurement

There are 2 methods for pressure measurement in UHV system: Pirani gauge

and ion gauge.

(1) Pirani gauge is used to monitor low pressure (1 atm — 10” mbar)

Gauge Tube Reference Tube
Filament
Meter
Meter

Fig 2.44 Pirani gauge diagram [27].

This gauge is based on the fact that the resistance of a heated wire depends on
the wire temperature. It consists of 2 filaments (Fig 2.44). These operate as resistances
in two arms of a Wheatstone bridge. The reference filament is in a fixed-gas pressure,
while the measurement filament is exposed to the system gas. A current through the
bridge heats both filaments. Gas molecules hit the heated filament and conduct away
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some of the heat. At high pressures the wire will be cooled by collisions with the

w

residual gas whilst at low pressure the temperature of the wire rises. If the ga
d

=+
(¢']

identical to that around th
reference filament, the bridge is unbalanced and the degree of unbalance is a measure
of the pressure. The measurement principle ailows these gauges to cover a total range

from 1 atm to 10 mbar; not very good for P >1 mbar.

(2) Ton gauges, used to measure pressures in range 10* ~ 10™"! mbar consists of 3

components: a filament {tungsten), a grid {anode) and a collector (Fig 2.45).
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A current though the filament causes the generation of electrons inside the
cylindrical cage. These electrons are accelerated through a potential of approximately

150 V towards the grid and collide with any gas molecules to prod
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charged ions. These ions are attracted to the negatively charged tungsten wire (the
collector).The current of positive ions to the collector is directly proportional to the
pressure of molecules within the anode. The ion gauge can be used in for pressures

between 10 and 16" mbar.
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2.5.5 Material and construction for UHV system
All materials in UHV system must be tolerate high temperature during bake-
out and the vapor pressure of materials has to be low at normal operating temperature.

Table 2.3 gives the temperatures in K to generate a certain vapor pressure.

Table 2.3 The temperatures in K to generate a vapor pressure [27]

element Temperature (K) Temperature (K)

at P=10""" mbar at P =10 mbar
Na 310 400
Zn 355 450
Cd 310 390
Hg 150 230
Mg 405 505
Al 860 1100
Fe 1000 1300
w 2160 2680

The last two materials are employed for the actual construction. Most of UHV
chambers are made of stainless steel (iron-carbon alloy with some chromium), all

filaments are made of tungsten and electrical insulators are made of ceramics.

A UHV chamber has many circular flanges where windows or apparatus with
the same flange type can be bolted on. These flanges have sharp edges profiled on
their working sides. There is a leak-tight seal between the two flanges, made by
placing a copper gasket between the edges. It is required to use a copper gasket
because of the bake-out at high temperature.

2.5.6 Chemical analysis of the gas in the system
The chemical composition of the residual gas in the chamber needs to be
measured, and also the impurity of gas used for experiment for leak checking. The test
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can be done by direct a flow of He gas on the suspected leak from outside the system.
If there is a partial pressure of He presence inside, the leak can be found.

A quadrupole mass spectrometer (MS), consists of three sections (Fig 2.46).
First, residual gas molecules are ionized in the ionizer, and these ions are then
accelerated and focused to the second part called an electrical quadrupole field. The
last is the detector containing an electron multiplier leading to an amplification of the
signal.

filament
Faraday cage

‘}’é/u//ﬁ/jj:c:w quadrupole entrance aperture
|

L1

{ ]
T
L i
— T 1

quadrupole mass filter ion detector

. +

ionizer

Fig 2.46 A quadrupole mass spectrometer [29].

The main residual gases in the chamber are H,, H,O, CO and some CO,. After
the bake-out of the system, the partial pressure of water will be reduced and the total
pressure will be dominated by CO and H,.
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2.6 Instrumentals in Experiments

4 of main chambers are connected by 3 gate valves ¢--9 in the UHV system in
Fig 2.47.

2.6.1 Components of the machine

A chamber C chamber P chamber

Fig 2.47 Components of instruments in experiment.
There are 4 main chambers in the UHV system

(1) Preparation Chamber (P Chamber): E-beam and Ar’ sputtering gun and the gas
line (Ar, O,, CO>, NH; and acrylic acid)

(2) Center Chamber (C Chamber): Fe evaporator
(3) Analysis Chamber (A Chamber): XPS, LEED and Ar" sputtering gun

(4) STM Chamber: STM
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The devices relating to the experimental studies are briefly described as follows

(1) Ar® ion sputtering (Omicron ISE 10 Sputter Ion Source) to clean the
sample, the ionization is done by electron bombardment. High beam energy is used
for effective sputtering while a low beam energy is used for sensitive samples. The

broad ion beam with a flat top intensity can get uniform sputtering.

(2) E-beam heating (Omicron, EBHC) the high voltage power supply
accelerates the electron from the filament. Most of kinetic energy of electron is
converted to heat the filament. This device is used for annealing, performed in
chamber P.

(3) Fe evaporator (Omicron UHV evaporator EFM 3), Fe is evaporated from
a Fe rod (cleanliness 99.999 %), achieved by electron bombardment heating. The
operating conditions are high voltage current 10 mA, flux monitor current 6 nA and
high voltage 800 V. Fe was deposited on the Cu(100) substrate in the C chamber.

(4) XP spectrometer (DAR400, Omicron), the surface chemical composition
was analyzed by using XPS. The Omicron nanotechnology spectrometer source, has
twin anodes Mg Ka (1253.6 €V) or Al Ka (1486.6 eV) that allow either of them to be
selected. The heated filament gives electrons to bombard the selected surface of an
anode at high positive potential. EA125 energy analyzer (Omicron) is used with an
electron pass energy of hemispherical analyzer 50 eV.

(5) LEED (LEED, Omicron SPECTARLEED) was used to study the structure
of sample films. The images were recorded employing a computer controlled video

camera.

(6) STM (VT STM Omicron), is mounted in the small UHV-chamber (STM
chamber). The STM images are collected as constant current topographies (CCT’s),

they are signified in brown-tone images.
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Chapter 3

Iron Oxide Thin Film

3.1 Introduction iron-oxide crystal structures

Metal oxides are an important class of materials that are involved in
environmental science, electrochemistry, magnetism and other chemical process. One
of the most important applications is heterogeneous catalysis [1]. Metal oxides are
used for many organic compound syntheses via selective oxidation, dehydrogenation
and other chemical processes. Acidic and basic sites in oxide ionic compounds may
control their surface properties. The understanding of the atomic mechanism of a
catalytic reaction is very important for catalyst development.

The complexity of metal oxides is a big problem for surface science.
Impurities contained in single crystal samples are even harder to control in a surface
study. Most metal oxides are electric insulators preventing electron spectroscopy or
scanning tunneling microscopy measurements (STM). The thermal conductivity and
temperature management by thermocouple is poor. To avoid these problems making
thin oxide films grown on a conducting substrate would aid surface science
characterization.

Iron oxide is one of the most important oxides commercially. It has a high
selectivity for many reactions. FeOQ (wiistile), a-F,O; (hematite) and Fe;O,
(magnetite) are 3 common natural iron oxides. Iron oxide film preparation and the
study of a Fe;O, film and its reactivity is one of the aims of this research. In this
Chapter iron oxide preparation in UHV is mainly discussed.

Iron oxides are formed in different stoichiometries and crystal structures in
different conditions and specific iron oxide formation can be made by using proper
temperature treatment and oxygen atmosphere from the oxide phase diagram [1]. The
iron-oxygen phase diagram is shown in Fig. 3.1.

Fe,.xO (wistile) [1, 2] forms in a sodium chloride structure containing four

formula units in a cubic unit cell. The O* anions form a closed-packed fcc sublattice
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with octahedrally coordinated Fe** cations located in the interstitial O sites of the
structure. Under thermal equilibrium this phase is stable at temperature above 843 K

Temperature [K]

e 3 " I 3 4 ] } i

:lt —t L LI

~+——t +- $
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Iog;bz[n'bar]

Fig 3. 1 p (oxygen) - temperature diagram of iron —oxygen system [1].

whilst at lower temperature it converts to metal and Fe;04. Hence, this oxide must be
made at temperature greater than 843 K. The wiistile is normally a large deviation
stoichiometry, Fe, 4O, with x varying by 5-10% depending on O, partial pressure and
temperature. The whole FeO structure is shown in Fig 3.2(a). The low index (100),
(110) and (111) surfaces of FeQ are also explained.

FeO(100) in Fig 3.2(b) shows the 3.06 A square unit cell of Fe and O atoms
and each layer is 2.16 A high. The 3.16 x 4.3 A? rectangular unit cell of Fe and O
atoms in Fig 3.2(c) is FeO(110) and 3.06 A hexagonal unit cell of Fe and O in
FeO(111) plane shows in Fig 3.2(d). Along the [111] direction the Fe and O(111)
planes form the cubic ABC stacking sequence with an interlayer distance of 1.25 A.
Fe layer is 1.25 A high and the height of each layer of both Fe and O atoms is 2.50 A.

a-Fe;O3 (hematite) [1, 2] is the only oxidized form of iron that is stable at
room temperature in thermodynamic equilibrium with O, atmosphere from phase
diagram in Fig 3.1. The O anions form a hcp lattice with ABAB stacking with Fe** in
interstitials. The lattice constant of a-Fe,O; is 5.03 A (Fe-Fe interatomic distance).
Low index planes of this oxide are not explained further here due to conditions in the

experiment leading only to reduced forms of iron oxide.
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(a) FeO
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(b) FeO(100)
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Fig 3.2 (a) FeO wilstite crystal in NaCl structure. A perspective top and side views of
FeO in (b) FeO(100) , (c) FeO(110) and (d) FeO(111) surface structure space ( red

represents oxygen atoms and blue iron atoms).
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Fes0,4 (magnetite) [1, 2] crystallizes in the inverse spinel structure. The O
anions form a close-packed fcc sublattice with Fe** and Fe’* located in interstitial
sites. The tetrahedral interstitial sites are occupied by Fe’* ions while the octahedral
interstitial sites are occupied by equal numbers of Fe** and Fe’*. The unit cell has a
lattice constant of 8.396 A. The structure of low index planes (100), (110) and (111)
of Fe;0; is clarified in Fig 3.3.

The Fe;04(100) plane in Fig 3.3(b) has two alternating layers (A and B) as a
stacking series. The tetrahedral coordinated Fe** ions is in A-layer, while the
octahedral coordinated Fe?* and Fe** ions are in B-layer in Fig 3.3(c). The separation
between neighboring planes (A-B layer) is 1.05 A, while the separation between
successive like planes (A-A or B-B interplanar separation) are 2.10 A in Fig 3.3(d)
and (e). Fe-Fe interatomic distance is 5.94 A.

The Fe304(110) plane is shown in Fig 3.4. The atomic distance of Fe-Fe is
5.14 A with each layer 2.9 A high.

In the Fe;04(111) plane (Fig 3.5), the hexagonal O planes form a cubic ABC
stacking order. Fe layers alternately sit on the O(111) planes both Kagome' and three
mix-trigonal (three hexagonal) layer (Fig 3.5(a) and (b)). The atomic Fe-Fe distance is
5.94 A corresponding to the lattice constant of the 2-dimensional surface unit cell of
Fe304(111). O(111) planes separated by the Kagome' layer are 2.37 A apart while
O(111) planes are separated by 2.48 A apart in the three mix-trigonal layers. Then the
distance between every second O layer is 4.85 A corresponding to the distance
between equivalent (111) surface terminations of Fe;O4.

It has been said that the {111} and {110} planes are the most stable surfaces
of Fe3;0,, leading to octahedral and rhombodecahedral macroscopic crystal form [1].
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Fig 3.3 (a) FesO4 crystal in inverse spinel structure; (b) perspective top views of
Fe;04(100) BA layer with 5.94 A Fe unit cell; (¢) Fe in octahedral interstitial sites
with 1.049 A high in this layer; (d) Fe in octahedral and tetrahedral sites in AB layer;
(e) the side view of BA layer with distance 2.099 A high and (f) BABABA stacking
in [100] with distance 6.295 A (red represents oxygen atoms and blue iron atoms).
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Fig 3.4 (a) Top view of Fe;04(110) with 5.14 A hexagonal unit cell of Fe and (b) side
view of Fe304(110) plane with each layer 2.91 A high (red = oxygen atoms and blue =

iron atoms).

Fig 3.5 Perspective side and top views of Fe;O4(111) (a) Mix-trigonal layer (b)
Kagome' layer (c) 4.85 A high between equivalent (111) surface terminations of
Fe;04 (d) Fe ions in octahedral and tetrahedral sites in the side view (red = oxygen

atoms and blue = iron atoms).
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3.2 Literature reviews of iron oxide preparation in ultra high vacuum

A number of studies of the surface structures of iron oxide have been
conducted. Chamber and Joyel [2] reported the nature of the surfaces of Fe304(001)
and y-Fe,05(001) grown on MgO(001) by molecular beam epitaxy. y-Fe;03(001) is
unambiguously (1x1) while Fe;04(001) assumes a (\/5 x 2 )R45° reconstruction.
The top few layers of Fe;04(001) have a higher Fe’*/Fe*" ratio than the bulk. Steps on
Fe304(001) are 2.1 A high which is the distance between similar atomic planes in the
inverse spinel structure of magnetite. Fonin et al [3] studied in situ Fe3O4(100) thin

films on MgO(100) single crystals by STM. An atomically resolved (\/— x 2 )R45°
wavelike surface atomic structure observed. Moreover, a-Fe,05(0001) and
Fe3;04(001) have been grown on ALO;(0001) using oxygen-plasma-assisted
molecular beam epitaxy by Kim et al [4]. The a-Fe,O; film surface is unreconstructed

whereas the Fe;O, surface shows a (+/2 x+/2 )R45° reconstruction. Ruby et al [5]
formed thin films of two iron oxides (FeO and Fe;O4) prepared on MgO(100)
substrate under vacuum by evaporating iron in the presence of oxygen. It was found
that FeO is very unstable while Fe;O; is very stable at room temperature even when
exposed to the laboratory atmosphere. Ritter et al [6] studied ordered iron oxide films
from submonolayer to multilayer thickness. They were grown layer-by-layer on a Pt
(100) substrate by iron deposition and following oxidation at 900 K and 10 mbar
oxygen. The first monolayer forms FeO with a ¢(2x10) LEED pattern observed. With
increasing thickness the film grows in (111) orientation of Fe;04. Cappus et al [7]
prepared FeO(111) surface by oxidizing an Fe(110) single crystal. Fellows et al [8]
prepared Fe;O4 (111) formation on a reduced a-Fe,O; (112'3) substrate. STM shows
step heights of 4.8 A which separate these terraces corresponding the Fe;04(111)
surface.

Karunamuni et al [9] reported that an oxide was grown by high-temperature
oxidation of Fe films deposited on a Cu(001) substrate. Oxidation was accomplished
by annealing the sample to 810 K in presence of oxygen. It was found that Fe;,O
(111) forms for initial iron coverages below 2 ML and that Fe;O4(111) forms for
thicker initial Fe coverages. Pflitsh et al [10] reported that Fe,O3(111) could be
prepared by oxidising a smooth epitaxial 5 ML Fe film on Cu(110) at 400 K. Fe,O;
decomposed at 950 K to FeO(111). Weiss et al [1] studied FeO(111), Fe304(111)
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and a-Fe,03(0001) oxide grown epitaxially on a Pt(111) substrate. Iron oxide is
produced at 10 mbar O,; the first layer forms an FeO —like hexagonal iron-oxygen
bilayer containing an Fe®* species. At the higher coverage Fe;04(111), containing
Fe** and Fe** species surface termination is formed. Order a-Fe,03(0001) multilayer
films contains only Fe®* species were prepared by high-pressure oxidation at 30 mbar.
Qin et al [11] studied oxidation of the Fe(111) surfaces at oxygen partial pressure of
1-5x107 torr resulted in the formation of Fe,O; and Fe;O, at 300 K. At 500 K, the
predominant oxide phase was Fe;Os.

From these studies, it is clear that iron oxide film formation depends on
oxygen exposure, heat treatment and substrate. The copper single crystal is an ideal
substrate for iron oxide growth due to a good lattice match, resistance to oxidation,
and suitability for performing XPS, LEED and STM.

3.3 Experimental Details

The Cu(100) single crystal was cleaned using cycles of Ar' ion sputtering at
1000 eV for 30 min, (Omicron ISE 10 Sputter lon Source). The ionization is done by
electron bombardment. High beam energy is for effective sputtering while low beam
energy is for sensitive samples. The broad ion beam with a flat top intensity can get
uniform sputtering. Due to Cu being soft, the operating conditions are beam energy E
= 1000 V and electron emission current [z = 10mA, extractor voltage is 515 V, focus
820 V and argon pressure is 5 x 10 mbar. With this condition, the beam diameter is
about 18 mm. Annealing to 870 K for 60 min followed; 2-3 cycles were needed to
clean the Cu substrate crystal. The cleaning step was performed in chambers P and A.

The 6-10 ML Fe films were grown with an evaporation rate of 0.25 MLmin™'.
(Omicron UHV evaporator EFM 3), Fe is evaporated from a Fe rod (cleanliness
99.999 %), achieved by electron bombardment heating. The operating conditions are
high voltage current 10 mA, flux monitor current 6 nA and high voltage 800 V.
During evaporation the pressure increased up to a value between 2 and 5x10” mbar
and the Cu(100) substrate was kept at room temperature (295 K). Fe deposition is
performed in the C chamber.

Oxide films were produced by oxidizing an Fe multilayer deposited on

Cu(100). The sample was exposed to oxygen at a pressure of 10® mbar at room
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temperature and simultaneously, the sample was heated at a slow rate to 850 K and
maintained at this temperature for 10 min. The sample was then cooled at a slow rate
to 480 K. Oxygen exposure was stopped at around 520 K. All oxygen doses refer to
the ion gauge reading in the chamber P.

At every stage of the experiment the surface was analyzed in chamber A at a
base pressure ~ 10° mbar. The surface chemical composition was analyzed by using
XPS. The X-ray Al K, source (DAR 400, Omicron) used in this experiment has a
primary energy 1486.6 eV. An EA125 energy analyzer (Omicron) with electron pass
energy of hemispherical analyzer was 50 eV is used. The electron collecting angle
with respect to the Cu(100) surface plane was set to 90 degree.

The low-energy electron diffraction (LEED, Omicron SPECTARLEED) was
used to study the structure of sample films. The images were recorded employing a
computer controlled video camera.

The STM is mounted in the small UHV-chamber (chamber C). The working
pressure of the system during the STM measurements was well below 10" mbar. The
STM images are collected as constant current topographies (CCT’s), they are
signified in brown-tone images. The values of the sample bias voltage and the

tunneling current are noted in the image.
3.4 Results and discussion

3.4.1 Fe on Cu: Characterization of Fe film on Cu(100) by XPS, LEED and STM

In this section, the characterization of 6-10 ML Fe films on Cu(100) will be
discussed using XPS, LEED and STM information to understand the formation of the
geometric structure and chemical composition on the surface.

The factors affecting Fe growth mode are substrate temperature, flux of Fe
evaporation and technique [2, 12].

Fig 3.6 shows an Fe film on Cu(100) wide scan survey XP spectrum. The
substrate was contaminated by carbon and oxygen (Surface concentration is ~2-3 x10°
' ¢m?, XPS). The XP spectra of those contaminations are not shown here.
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6 ML Fe on Cu(100) surface gives an Fe 2p;, peak at 706.9 eV. The specific
scan of XP spectra are slightly asymmetric (in Fig 3.7) because of a coupling with the
conduction electrons [13]. Moreover, it has been stated that the electronic relaxation
effects in the resonant photoemission process would also give an asymmetric peak.
As the photoenergy is turned through the energy corresponding to a transition from
the initial ground state to the tightly bond core-hole to bond valence intermediate
state. The formation of a core hole was studied by Doniach and Sunjic [9]. If the
lifetime of intermediate state is long the electron will have enough time to adjust
towards the fully released intermediate state. This effect mostly occurs in rare earth
metals having a strong resonant enhancement. The electrons in d and f orbitals show
this effect while electrons in p orbitals as in Fe can hardly be observed because it is
less localized than the d and f orbital of rare earth metals.

The thickness of the Fe films is computed [14] from the Cu(2ps) intensity
decay following an exponential first-order decay law typical for the travel of radiation
through the Cu substrate

I(d) =1, exp (/1;0‘;0) equation 3.1

where I(d) is the intensity after the primary electron beam has traveled a
distance, d, through the solid and L, is the initial beam intensity before interaction with
the solid, A(E) is the inelastic mean free path (IMFP).

The inelastic mean free path is 7.57 A for Al anode excitation of Cu 2p. The
thickness of Fe on Cu substrate was about 12 — 20 A. The step height of Fe is about
1.7 A. By XP spectra, the Fe films on Cu(100) were about 6 — 10 ML. This thickness
was used to prepare iron oxide which will be discussed in the next section.

The structure of 6 - 10 ML Fe films on Cu(100) was studied by LEED and
STM at room temperature. LEED patterns are shown in Fig. 3.8. The quality of the Fe
film is high as evidenced by the STM image in Fig 3.10. At this coverage, the Fe
films tend to have the same fcc structure as Cu(100) substrate, confirmed by LEED
patterns.
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Fig 3.6 Wide scan XP spectra of clean Cu and 6 ML Fe on Cu(100) substrate.

The epitaxial iron films are strained because of the mismatch between bcc

iron, which should have a lattice constant of 3.58 A at 300 K and the fcc Cu substrate

with a lattice constant of 3.61 A [15]. It has been pointed out that strained fcc iron

films on Cu(100) are metastable for two reasons [16]. They are metastable since they

are grown in the wrong structure, specifically with an fcc structure instead of bee

structure. Furthermore, the films are metastable because of strained growth due to the

0.7 % mismaich between bce iron and fec copper. The strain energy between the fcc

iron films and analogous films with bcc structure increases in each supplementa

layer of fcc iron grown on the Cu(100) substrate.
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Fig 3.8

Diffraction spots characteristic for an Fe film with (1x1) structure are acquired.

b) shows the diffraction pattern from a 6 ML thick Fe film at 295 K.
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Moreover, the LEED pattern of an Fe film with the thickness of 10 ML shows a
LEED pattern with the additional spots running in 45° direction in Fig 3.8 (¢}, due to 2

domains of Fe on the surface of Cu(100) surface. The intensity of those additional

in the small

re blurred

pots
mismatch of Fe and Cu.

The diffraction pattern for 6 ML Fe on Cu recorded using LEED is a p(1x1)
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pattern with respect to the clean Cu substrate, indicating true pseudomorphic growth
of Fe films. It has previously been reported that for a thickness range below
approximately $ ML a sharp p{1x1) pattern is found with respect to the clean Cu
substrate [17]. This pattern remains 1x1 with this coverage indicating that the
development of Fe is epitaxial; however the spots become more diffuse.

Manipuiation of matrices [14] can be used to derive the unit cell of the Fe

overlayer in real space of the Cu (100) clean surface
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)

Fig 3.8 LEED patterns of (a) clean Cu(100) at E =75 eV (b) 6 ML Fe on Cu(100) at
E =74 ¢V and (c) 10 ML Fe on Cu(100) at E=70eV.

The space of overlayer in Fig 3.8 (b) as follows

ao =la, + 0bs equation 3.2
b, =0a, + 1b,

The space of overlayer in fig 3.8 (c) as follows
a, = la; + 1b equation 3.3
be =-la;, + 1bs

From equation 3.2 and 3.3, Fe might be grown on square unit cell of Cu with distance

either 2.55 A or 3.61 A. Possible real space structures are shown in Fig 3.9.

Fig 3.9 Possible real space structures of Fe (a) p(1x1) (from Fig 3.8 (b)) and
(b) (w/i x 2 ) R45° (from Fig 3.8 (c)) or ¢(2 x2) on Cu(100) substrate.

75



C"ai)t (44 il

Fig 3.10 shows that three dimensional islands of Fe grown on Cu(100). This is

possibly due to a relaxation of strain of Fe overlayers (the bee structure is stabie

for Fe atoms at room temperature) or to carbon and oxygen contamination of the
surface afier the rather long deposition time (25 min).

Fig 3.10 STM images of 6 ML Fe deposited (a) on the step and (b) on the big terrace
of Cu (100) substrate at 300 K (3000x3000 A nm, 1.1 nA, 0.76 V).
Fe is deposited on the Cu{100) substrate using an evaporator. The small flux

However, large areas of the sample in the topographic image show 3D islands (Fig
3.10(a) and (b})). Those STM images are shown for films which show a (1x1) LEED
pattern. The deviation from layer-by-layer to isiand such as 2 atomic layers (labeled 1
and 2) is seen on the main terrace in Fig 3.10(b). The size, height and shape of islands
are slightly square-like and similar to each other. The smooth and round-step edges
are as isolated islands. The surface of the Fe island area is not entirely flat because of
probably the rough Cu substrate and evaporation process. In theory the surface

consists of the flat region (called terrace) and defects (step, kink and point defects).

Due to atoms on the surface tend to move around there might be a Cu island in some

')
¢-+

area of the substrate and then arriving Fe atoms he surface might cluster on a
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substrate-like island. The big cluster or island might consist of Fe and Cu or Fe
islands over Cu islands. Those events might be the cause of a rough island surface.

It was also reported [17] that the initial process of Fe epitaxy on Cu is an
exchange of arriving Fe atoms with the surface of Cu that indicates the newly arrived
Fe atoms must diffuse either on the surface or within the top layer of the Cu substrate.
The mismatch of Cu and Fe is smaller at high temperature than at low temperature
[18]. Previous literature data also suggests that segregation may occur at the Fe/Cu
interface at room temperature.

The growth of a film on a surface is controlled by the thermodynamics for
equilibrium growth mode or by kinetics for non-equilibrium growth [12]. If the Fe
evaporation rate in experiment is very slow the growth film might be controlled by
thermodynamics. 3 growth modes have been described:

(1) Layer-by-layer growth (Frank-van der Merwe): Fe growth might be layer-
by-layer growth. This growth can occur if the lattice difference is nearly zero and
balanced interaction is required. Therefore, an Fe adsorbate wets the substrate. This
growth could be the first layer of Fe on the substrate.

(2) Layer and island growth (Stranski-Krastanov): After the wetting layer
grow about 14 monolayer thickness. The overlayer, which has a strong interaction
with the surface, can not grow in the strained structure.

(3) Island growth (Volmer-Weber): After the 10 ML Fe adsorbate might be
non-wetting due to Fe-Fe interactions being stronger than Fe-Cu interaction. This
growth might be occurred if the Fe development carries on.

In Fig 3.11, the occurrence of two-dimensional Fe islands with atomically flat
tops are clearly visible indicating layer and island growth mode. The profiles in Fig
3.11 (b) and (c) are an atomic layer (2 A) growing simultaneously. The Cu and Fe
step heights are about 1.8 and 1.7 A, respectively. A step height of the island close to
a monatomic step ~2 A high is measured.

Subsequently, the epitaxial 6-10 ML Fe film on Cu(100) develops by layer
and island growth (Stranski-Krastanov). These surfaces were used for iron oxide
preparation for the next experiment.
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Fig 3.11 (a) STM image of Fe film (1220x1220 A%, 0.44 nA , 0.87 V) and a profile

of an Fe islands in (b) A area and (c) B area.
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3.4.2 Thin iron oxide preparation

Iron oxide films were prepared by oxidizing an Fe multilayer deposited on
Cu(100) in oxygen (~10° mbar) at 850 K. XPS, LEED and STM were used for
characterization.

3.4.2.1 Characterisation of iron oxide by XPS

Cu, Fe, O and C photoemission peaks are shown in Fig 3.12. All results are
reproducible. The oxygen gas was turned off when the sample temperature was lower
than 520 K to avoid an oxygen-rich condition to produce fully stoichiometric Fe;O3
on Cu(100) substrate. The use of an ultra-thin Fe overlayer on Cu (100) as a substrate
would give an advantage in the control of the oxidation state and thickness of oxide
over the bulk iron oxide. The Cu (100) surface is not oxidized to Cu* or Cu* at this
condition,

XPS is used to investigating the stoichiometry of this thin oxide film. The Fe
2ps,2 core level of iron oxide film is at 710.5 eV binding energy while Ols appears at
529.5 eV binding energy. The ratio Fe: O was ca. 0.74-0.78 corrected for
photoemission cross-sections, from XPS data. The thickness of the iron oxide films
computed [14] by the Cu(2ps») intensity decay, is ~ 3-5 A.

Metal oxide spectra are rather complex relative to that of Fe metal due to the
presence of multiplet splitting and shake up in Fe 2p photoemission final states in the
oxide lattice, as well as phonon broadening. The spectra of Fe;O, are more
complicated by the presence of two oxidation states (Fe’* and Fe**). Moreover, the Fe
2p peaks are in the same binding energy region as a Cu Auger peak. Curve fitting
might not be feasible.

The O 1Is spectra of Fe;04 (Fig 3.12 (c)) show an asymmetry that can be fitted
to a second peak shifted 0.7 eV to a higher binding energy relative to the lattice O 1s.
It has been published [2] that O 1s spectra in RuO, grown on TiO»(110) have very
similar asymmetries. The metal core-level photoemission measured for this oxide also
shows strong final-state effects, which could lead the O 1s photoelectron also
displaying the asymmetry. However, the O 1s binding energy is fixed at 529.5 eV
because the O 1s binding energy is in general not sensitive to oxidation of the iron
[19, 20, 21 and 22]. The Fe 2p line shape is complex and inherently broad, and the
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chemical shift between Fe** and Fe’* peaks is too small to be resolvable with our
system. However, there are two features in these spectra which give useful
information on the Fe oxidation state. The first feature is the full width at half
maximum (FWHM) of the Fe 2ps,, peak and the second is a satellite feature at binding
energy 718 eV which is associated with Fe*" photoemission. The broad peak for the
Fe;0, film is consistent with the mixture of Fe** and Fe’' cations whilst Fe,O3
contains only Fe*' cations. It has been found that the Fe 2ps» FWHM values for Fe;04
and a-Fe,Os are 3.65 and 2.30 eV, respectively [2]. Fig 3.12(b) shows Fe 2p spectra
with the Auger peak of Cu subtracted showing a very small satellite at a binding
energy of 718.5 eV. This suggests that iron oxide film would be Fe;O,. The broad Fe
2ps, (FWHM ~4.3 eV) also suggests Fe;O4. The nature of this oxide will be
confirmed by the LEED and STM results later. It cannot directly identify what type
of iron oxides on the surface from those considerations because there is no standard
sample to be used as a reference in this experiment and the Fe >* satellite is in the
same position as the Cu Auger peak. The LEED result gives the long-range structure
of thin film. It will be discussed later.

The Cu L3M,4 sM4 s Auger peaks and the Cu 2psp; peak attributable to Cu,O or
CuO were not found during the preparation of the iron oxide, indicating that the
oxidation of the Cu(100) substrate to CuO or CuO did not occur. Therefore, the
decrease of the Cu 2p;,, peak intensity is only due to the formation of the iron oxide

overlayer.
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Fig 3.12 XP spectra of (a) Fe 2p and Auger peak of Cu, (b) Fe 2p subtracted Cu
Auger peak background and (c) and (d) are O 1s and C 1s of iron oxide film and

clean Cu surface, respectively.
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3.4.2.2 Characterisation of iron oxide by LEED
LEED patterns give important information about the 2-dimensional periodicity
of the iron oxide film surface unit cell. Again, either larger periodicity or smaller than
substrate unit cell would give additional diffraction beams. Due to iron oxide having a
complicated structure therefore the thin film of iron oxide on Cu(100) single crystal
would produce additional spots compared with LEED pattern of the Fe multilayer.
Again, the use of matrices correlated with overlayer lattice in reciprocal and real
space could aid the interpretation. Iron oxide films gave a complicated LEED pattern.
There are several possible overlayers on the Cu(100) substrate. 6 reciprocal unit cells
as follows:
(1) Square reciprocal unit cell 45° to Cu(100) substrate: Fig 3.13(a) shows a
LEED pattern of iron oxide taken with primary electron beam energy of 91 eV. The
additional diffraction beam would be an iron oxide overlayer structure on the surface.
The selected unit cell from LEED pattern is shown in Fig 3.13(b). Fig 3.13(c) and (d)
are the reciprocal and real space of the clean Cu(100) surface as the reference. The
model of reciprocal space unit cell is depicted in Fig 3.13(e). Matrices could be used
to get the real space of overlayer. The written reciprocal space unit cell vector of

overlayer in terms of the Cu(100) substrate shows in equation 3.4

bi* = Yaa,* + V2 ap* equation 3.4
bz* = Ya 81* - Ya az*
Converting the reciprocal space matrix to real space matrix was achieved. The real

space vectors of the overlayer in terms of those of substrate are shown in equation 3.5.

b; = a - a equation 3.5
b, = a + a
The overlayer unit cell on the substrate unit cell was drawn using the vectors in
equation 3.17 in Fig 3.13(f). Equation 3.17 gives the square unit cell of iron oxide on
Cu substrate with distance 3.61 A. A LEED pattern corresponds to real space

1
structure (V2 x /2 ) R 45° or ¢(2x2) or [l . ] with respect to Cu(100) substrate.
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e Clean Cu
o Overlayer

(© 0

Fig 3.13 (a) a LEED pattern of iron oxide on Cu at E = 91 eV (b) spots indicate

diffraction features on LEED screen ( red and blue spots represents overlayer and Cu
substrate, respectively) , (c) and (d) correspond to reciprocal and real space of clean

Cu , respectively, (e) reciprocal space of the iron oxide beams and (f) real space

||
structure Cu(100)-(¥2x¥2) R 45 or Cu-(100)-c(2x2) or Cu-(100)- L ; :|for iron

oxide on Cu(100).

83



Chapter 3 ron Oxide Thin Film

(2) Rectangular reciprocal unit ceil: in Fig 3.14 (a) shows another LEED
patiern of oxide taken with primary electron beam energy of 117 eV. The selected

additional diffraction beam of overlayer as reciprocal unit cell is shown in Fig 3.14

-~
=
bd
"l'j

R’

3.14 (c) and (d) are the modeli of reciprocal and real space of an overlayer.

e Clean Cu
Overlayer

+ L] L]
o L] L
.« 0 .
r ° .
(c) (d)

Fig 3.14 (a) a LEED pattern of iron oxide on Cu with E = 117 eV (b) spots indicate
diffraction features on LEED screen (c) model of reciprocal space of additional

diffraction beams and (d) possibie real space structure Cu(100) ’Zﬁ 2 2 )R45° or

=

2
Cu~(100)- [ 3 J -iron oxide.
The real space vectors of the oxide overlayer are shown in equation 3.6.

b, = ZpapasE W2 equation 3.6
b, = S 1 a;

o0
<4
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From equation 3.6 gives the 7.21x3.61 A rectangular unit cell of iron oxide on Cu

2 2 .
substrate. A LEED pattern corresponds to a (2 2 x42 )R45° or { { 1] with respect

to the Cu(100) substrate.

(3) Square reciprocal unit cell 45° along unit cell of Cu(100) substrate: Fig
3.15 (a) shows the LEED pattern of iron oxide taken with primary electron beam
energy of 113 eV in another area of sample. The additional diffraction beam selected
for the reciprocal unit cell from LEED pattern is shown in Fig 3.15(b). Fig. 3.15(c)
and (d) show the reciprocal and real space of an overlayer.

by = 2 a4 - 2 a equation 3.7
b = 2a + 2

The overlayer unit cell on the substrate unit cell was drawn using the vectors in

equation 3.7 (Fig 3.15(d)). Equation 3.7 gives the 7.21 A square unit cell of iron oxide

2
on Cu substrate. A LEED pattern corresponds to a c(4x4) or [2 5 } with respect to

Cu(100) substrate.

(4) Square reciprocal unit cell along Cu(100) substrate: Fig 3.16(a) shows
the LEED pattern of iron oxide taken with primary electron beam energy of 63 eV.
Fig 3.16(b) shows the additional diffraction beams of the reciprocal unit cell of

overlayer. Fig. 3.16(c) and (d) show the reciprocal and real space of the overlayer.

b 2 a3, + 0 a equation 3.8
b, = 0 a + 2 a

The overlayer unit cell on the substrate unit cell was drawn using the vectors
in equation 3.8 ( Fig 3.16 (d)). Equation 3.8 gives the square unit cell of iron oxide on
Cu substrate with distance 5.1x5.1 A*
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verla

o O

Fig 3.15 (a) a LEED pattern of iron oxide on Cu at E = 113 eV (b) spot indicate
diffraction features on LEED screen (¢) model of reciprocal space of additional

diffraction beams and (d) ) possible real space structure Cu(109)-c(4x4) or Cu-(100)-

2

reciprocal unit cell of iron oxide taken with primary electron beam energy of 91 eV.
Some selected spots are not really clear because the spots are so close to the center of
the screen. The additional picture (Fig 3.17(b)) is clearly seen. The selected additional

diffraction beam of the reciprocal unit celi of the overiyer is shown in Fig 3.17(b). Fig

3.17(c) and (d) shows the model of reciprocal and real space of the overlayer.
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e Clean Cu
o Overlayer

(@

Fig 3.16 (a) a LEED pattern of iron oxide on Cu and E = 63 eV (b) spots indicate

diffraction features on LEED screen (c) model of reciprocal space of an iron oxide

5, A
and (d) ) possible real space structure Cu(100)-p(2x2) or Cu-(100)- [O 2J -iron

oxide. The square unit cell of overlayer with 5.1x5.1 A%,

by
b,

2eapEs =m0 ay equation 3.9

281 = 182

The overlayer unit cell on the substrate unit cell in Fig 3.17(d) was drawn
using the vectors in equation 3.9. From equation 3.9 gives the 5.7 A hexagonal unit

cell of iron oxide on Cu substrate.
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—_
Q.
p—_

©

Fig 3

B e

17 (a) a LEED paitern of iron oxide on Cu with E = 91 eV (b) selected
£L©
1

diffraction of overlyer on LEED screen (c) model of reciprocal space o

(6) 2 domains of square reciprocal unit cell: Fig 3.18 (a) shows the LEED

~

pattern of reciprocal unit cell of iron oxide taken with primary electron beam energy

"o

of 42 eV. The additional diffraction beam of the reciprocal unit cell from the LEED
pattern is shown in Fig 3.18(b). Fig 3.18 (c) and (d) shows the reciprocal and real

space of an overlayer.
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e Clean Cu
e Overlayer

-\ ;\

(a)

©) (d)

Fig 3.18 (a) a LEED pattern of iron oxide on Cu at E = 42 eV (b) selected diffraction

features on LEED screen (c) model of reciprocal space of additional diffraction

beams and (d) possible real space structure Cu(100)-(+/5 x /5 )R26.6° or Cu-(100)-

2 8
[ ; 2} -iron oxide. The square unit cell of overlayer is about 5.71x5.71 A,

by = 2 a8 + 1 a equation 3.10
b, = -1 a + 2 a

The overlayer unit cell on the substrate unit cell was drawn using the vectors

in equation 3.10 (Fig 3.18 (d)). Equation 3.10 gives the square unit cell of iron oxide
on Cu substrate with distance 5.1 A.
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Table 3.1 Summary of the possible real structures of iron oxide thin film on Cu (100)

from the LEED pattern
Real space Matrix Possible unit cell Iron oxide model
(N2xV2)R45° or [1 _1] 3.61x3.61 FeO(100) with
c(2x2) 11 0 3.06x3.06 A2
(2V2xV2)R45° 2 2 7.21 x 3.61 -
-1 1 0
c(4x 4) 2 -2 7.21x7.21 -
2 2 0
Fe304(100) with
p(2x2) 2 0 5.10x5.10 5.94 x5.94 A?
0 2 O
Fe;04(111)  with
c(4x2) [2 - 1] 5.70x5.70 5.94x5.94 A? and
2 1 0 Fe;04(110)  with

5.10x5.10 A2
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There are various new diffraction features due to the orientations of the oxide.
Domains are less well-ordered giving rise to set of streak perpendicular to each other.
This LEED structure is a part of hexagonal, rectangular and square lattice that is well-
oriented relative to the Cu(100) substrate shown in Table 3.1. Some of the two sets of
spots indicate that there are two equally domains. The LEED patterns are different in
different areas on the surface of the Cu substrate indicating different oxide formation
on the Cu substrate (The sample was moved when LEED pattern were taken several
times).

Some promising unit cells of prepared iron oxide surface corresponding to
surface model of Fe,.,O(100) having 3.06 A square unit cell, Fe;04(100) having 5.94
A square unit cell and Fe;04(111) having 5.94 A hexagonal unit cell From the LEED
interpretation in Table 3.1, the prepared- thin iron oxide films surface probably are
Fe;x0(100) (3.61 A square unit cell), Fe304(100) (5.71 A square unit cell) and
Fe304(111) (5.70 A hexagonal unit cell). The unit cell sizes are not perfectly matched
with the standard iron oxide model, however the small mismatch results in streaks as
observed. The combination of techniques will help us point out what type of oxide is
made from this experimental condition. The STM result will be discussed next to
support XPS and LEED result.

3.4.2.3 Characterization of iron oxide by STM

From the XPS and LEED results, Fe;O4 is the most likely iron oxide film
prepared from this experiment. The topography of the prepared iron oxide surface
was studied by STM. Fe;04 crystallizes in the inverse spinel structure. Fe’* and Fe**
cations locate in the interstitial sites of the O anion close-packed fcc sublattice. Fe**
ions are in tetrahedral holes while equal numbers of Fe** and Fe** ions are in
octahedral holes. As mentioned before the Fe;O4(111) surface is stable and normally
occurs on obviously grown crystals [1]. In Fe;O4(111), the hexagonal O planes form
a cubic ABC stacking order. Fe layers alternately sit on the O(111) planes either
Kagome' or three mix-trigonal (three hexagonal). O(111) planes are separated by the
Kagome' layer with 2.37 A apart while O planes are separated by 2.48 A apart in the
three mix-trigonal layers. Then a distance between every second O layer is 4.85 A
corresponding to the distance between equivalent (111) surface terminations of Fe;0;.
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Fe3;04(100) surface is another possible iron oxide formed on Cu(100)
substrate. It might be formed perfectly on Cu(100) substrate corresponding to the
LEED pattern (square unit cell with 5.94x5.94A%). The Fe;04(100) plane has two
alternating layers (A and B) as a stacking series. The tetrahedral coordinated Fe’* ions
are in the A-layer, while the octahedral coordinated F ¢?" and Fe** ions are in the B-
layer. The separation between neighboring planes (A-B layer) is 1.05 A, while the
separation between successive like planes (A-A or B-B interplanar separation) are
2.10 A.

STM images in Fig 3.19 show the dramatic change in a large area on the Cu
substrate after an Fe multilayer was oxidized at 850 K in a presence of O, (10°mbar).
XPS of iron oxide prepared in this coverage is reproducible and STM images
collected also show reproducibility. In the wide area scans, pseudo-hexagonal
superstructure, antiphase domain boundary strips and bare Cu are decorated over the
Cu(100) substrate. The edges of Fe/Cu steps and Fe islands before high-temperature
oxidation were rough however after oxidation the surface becomes well defined.

The oxide is extremely ionic with an interatomic bond strength almost 10
times of that Cu substrate [9]. When the oxide forms, the Cu substrate migrates to
form a large flat area to minimize the surface energy. There is a competition between
large oxide crystallites forming and a desire to minimize step-step repulsive energy.
The morphology observed in STM images result from equilibrium on the surface.

In Fig 3.19(a) iron oxide overlayer islands with atomically high iron oxide
terraces, integral multiplies high and bare Cu substrate region coexist on the image.
Some bare Cu area (as confirmed by XPS) was obtained in these STM images despite
the oxidation at high temperature. The clean Cu(100) substrate terrace was obtained
with terraces separated by monoatomic steps with ~1.8-2 A. Most substrate area is
covered by iron oxide terraces ~ 5 A high, which corresponds to the distance between
equivalent (111) surface terminations of Fe;O4. Some coverage exhibits a double
height of ~ 4.8 A indicating 2 layers of Fe;O4(111). The thickness of the iron oxide
film is about 3-5 A; XPS results agree with this STM result. Hexagonal and
triangular-shaped islands with height between 5 and 10 A were regularly observed.
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directions [011] and 011] coexist with

are perpendicular to each other along the Cu(100) substrate direction as square unit

cell of Cu(100).

(a) (b
Fig 3.19 STM large scale images of iron oxide overlayer on Cu(100) substrate in (2)
1000 = 1000 nm’ (1.1V, 3 nA) and (b) 500 x 500 nm? (C.7V,

Fig 3.20 {a) and (b) show a closer view of iron oxide surface. The driving

(=4

force for the surface morphology change is oxide formation. Three different regions
coexist in the images. They were formed to the order strips denoted (1), the pseudo-

hexagonal superstructures along [011] denoted (2) and the disorder of the round iron

1:-1:

de structures denoted (3). The pseudo-hexagonal superstructure has 50 A

e randomly between 20 — 50 A.

N

ox =
hexagonal spacing while the disorder particle has si
t b

The height of superstructure could no measured due to all the Cu(100) substrate

surface being fully covered by iron oxide film. However, the line profile of particle

a

denoted (d) and (e) (Fig 3.20 (c)) are ca. 1.2-1.4 and 2.1 A high, respectively.
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defect on the substrate.

Fascinatingly, strips (Fe;O4(100)) are underneath the hexagonal structures
(denoted as Fe;04(111)). Strips might be the first layer of iron oxide formation on
Cu(100) surface. The next layer could be either strips or hexagonal structure. As
mentioned before the Fe;O4(111) is a stable iron oxide surface therefore, the next
layer of oxide tends to be Fe3O4(111).

The pseudo- hexagonal superstructure is not only obtained in the partial area
of the terrace but also acquired as the big terrace in Fig 3.21. The separation of
individual bright round structures is ~ 50 A. Triangular-shaped islands of hexagonal
superstructure with atomically flat ~5 A high in Fig 3.21(b) correspond to the Fe;O,4
(111) termination. The superstructure could be clearly seen in the current image (Fig
3.21(c)). 2 layers of hexagonal superstructures formed as triangular shape are also
depicted in Fig 3.21(d). It has been reported that the hexagonal superstructure in STM
image could result from a Moiré pattern, a rectangular overlayer mismatched with the
square Cu lattice [9].

The (100) plane is another possible plane of Fe;O4 on this surface. The
antiphase domain boundary strips (Fig. 3.22 (a)) are separated by step heights that are
integer multiples of 1.0-1.5 A (Fig 3.22 (b)), corresponding to the separation between
AB or BA layer in the Fe;O04(100) plane. Its not possible to identify weather B or A
layer is on the top surface from such a big area in Fig 3.22. The pucker edge hollows
0.8 A deep might be oxygen adsorbed on the bare Cu.
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Fig 3.20 STM images show strips, hexagonal superstructure and disordered particles
which are in (a) i-image 5000x5000 A% , (b) z-image 3000x3000 A2 (c) closer
image1400%1400 A” and (d) and (e) lines profile of superstructure. (1V, 1.7nA).
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Fig 3.21 STM images of hexagonal superstructure (a) z-image in 2000x2000 A2, (b)

line profile of triangular island, (c) current image in 2000x2000A” and (d) 2 layers of
superstructure of iron oxide in 2200x2200 A2 (1V, 1.1 nA).
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60nm

Fig 3.22 (a) STM image of iron oxide strips close to the bare Cu surface (3000x3000

s _

2 . i N
A%, 0.86 V, 0.89 nA) and (b) line profile of iron oxide strips with surface of bare Cu

An STM overview of a Fe;04(100) surface is shown in Fig 3.23. Atomically
flat terraces with the step edges can be clearly seen, revealing a layer-by-layer growth

mode. The average step height was found to be about 2.1 A corresponding to the

b).
complicated internal structure. A closer STM image of the strips is shown in Fig 3.23
(c). The different contrast of sirips indicates different heights; the darkest being the
lowest and the lightest the highest. The ends of these oxide strips are also obtained.

These ends of oxide strip show the oxide growth, which aliows the structure of oxide

layer to be analyzed. The 50 A width of the overlayer strips lighter strips) are on a
gap between strips underneath (darker strips) with 2.1 A heights again corresponding

to an Fe;Q4 termination.
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X[rm])

Fig 3.23 STM images of (a) iron oxide strips in different direction (5000x5000 A?)
(1.3V, 1.2nA), (b) several double strips run on the ordered strips in 5000x5000 A? ,
(c) closer STM image shows 2 layers of iron oxide strips (1200x1200 A?%) (1.5nA,
1V) and (d.1) and (d.2) line profile of oxide strips (~2 A).
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Fig 3.24 (a) STM image of strips with perpendicular grown direction in 1800x1800

Uil et

perpendicular directions. These dark sirips are seemingly from reduced tunneling at
antiphase domain boundaries.

eatures of distorted hexagonal structure was obtained in Fig
rese

ent an lma,,e in

| T p—

hexagonal siructures are in wave-like features in order to reduce the sirain on the

surface. Fig 3.25(c) is a closer image of the oxide.
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Fig 3.25 (a) Atomic resolved STM image of iron oxide strips in 310x310 A (b) line

ave-like structure (c) a closer image of (a) and {(d) line profile of the

structure in rows of wave-like structure (-0.2 V, 0.32 nA ).
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found over a length of the atomic structure. It has been reported that such a long-range
order is established at room temperature due to the metal- insulator transition on the

surface [24]. Calculations of band structure for Fe;O4 by Zang and Satpathy [3] reveal
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Fe 3d. Therefore, STM images of Fe;O, surface are generally dominated by the iron
cation. The bright spots in Fig 3.25 are therefore, most likely the Fe ions. The unit cell
is more like a distorted hexagon 5 A as long as Fe;04. However, the exact atomic
structure of the Fe;0; surface is not indistinguishable.

Fig 3.26 (a) shows the large area STM image of hexagonal macrostructure of
an iron oxide film. From the image about 60 % of the surface is covered by hexagonal
structure plates with the lateral length 50 A. Multiple iron oxide layers are obtained
with atomic steps 4.8 A high corresponding to the Fe;O4(111) termination in Fig. 3.26
(b). The topography of the iron oxide layer is seen even more clearly by current STM
images in Fig 3.26(c). 3 layer hexagonal structural islands are developed with each
layer being 4.8 A high.

The I-V curve in Fig 3.26(d) shows that iron oxide and bare Cu exhibit
different band gaps. For iron oxide this is 1 V (denoted as 2, 3, 4) while the bare Cu
substrate has a band gap of zero (denoted as 1). This zero gap voltage could confirm
that the bare area of Cu substrate was not oxidized.

A closer-up new hexagonal supperstructure is shown in Fig 3.27. Triangular
and hexagonal plates are arranged to form a supperlattice with 50 A long periodicities.
The inset is a 2D-FFT showing hexagonal patterns corresponding to the Fe;O4(111)
surface.

Atomic —resolved STM images of the Fe;O4(111) film are shown in Fig
3.28(a). Obviously many atoms are on the big facet. The atomic size is about 2.5-3 A
(Fig. 26 (b)) randomly indicating Fe atom exposed on the surface of the iron oxide
film. The 2D-FFT in Fig 3.28(b) shows the 2 hexagonal patterns. The small hexagonal
unit cell in Fig 3.28 (b) denotes the hexagonal superstructure and the big hexagonal
unit cell denotes hexagonal arranged atoms in big hexagonal superstructures.
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Fig 3.26 (a) STM image of iron oxide hexagonal structure in 1400x1400 A% (1 Vv,
0.48 nA), (b) line profile of hexagonal topmost structure, (c) current STM image in
2000%2000 A% ( 1V, 0.48 nA ) and (d) IV-curve from (c).
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Fig 3.27 (a) Hexagonal superstructure in 370x370 A% (b) a closer image in 210x210
A%, (c) line profile of superstructure and (d) 2D-FFT of superstructure image as

hexagonal pattern.
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low the Fermi level while O 2p-states are generally located far below the
Fermi level. The atomic resolution STM image in Fig 3.28 must be the position of
L

topmost layer iron cation. This agrees with many other STM images on transition

metal oxide surfaces, due to the electron density of states near the Fermi level being
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Fig 3.29 (a) STM image with rectangular pattern in 240x240 A® (0.70 nA, 1V) and
(b) and (c) line profile of the structure
Another higher resolution image taken from the oxide terrace is shown in Fig

clearly visible. A rectangular lattice was occasionally observed with a spot-to-spot

separation of ~ 3.5x5.5 A. Neither of them is the likely unit cell of the Fe;04 surface

=
=
[¢]
(]
o=y
=]
=
w
[¢]
izl
4
£
=
r
(]
L
W
>
—_—
:ID
;?:\
S’
)
o=
[=8
_—
(¢]
s
2
[}
[¢]
EIJ
(¢}
177]
£
=]
[¢]
o]
2]
o
o
;'_V'
o
[=
[
w
®
(¢7

Consequently, XPS, LEED and STM results confirm that iron oxide prepared

in 850 K and 10 mbar O, could be Fe;0,(11 1) coexisting with Fe;04(100).
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Fig 3.30 STM images of (a) strips of iron oxide in different direction in a large area
(3000x3000 A, -0.1 v, 0.2 nA ). (b) and (c) closer i- and z-STM images with
540x540 A? (-0.15V, 0.2 nA), (d) a view of the ‘pit’ in iron oxide strips (110x110 A?)
and (e) and (f) line profile of the defect on the strips.
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3.4.3 Characterization of thick iron oxide

After the oxidation of Fe multilayers on Cu substrate with lower heating rate
(850 K), XPS (Fig 3.31) result confirmed that the oxide formed is Fe;04. The binding
energy positions of Fe(2ps. ) and O(1s) are 710.6 and 529.7 eV, respectively and the
ratio of Fe : O of 0.74-0.78 like oxide prepared with high heating rate (850 K) but the
thickness of iron oxide with low heating rate is rather thicker, about 10-14 A. This
thickness indicates that the slow heating of the sample allows oxygen gas to slowly go
through the surface to form iron oxide. XPS of 12-16 A thick iron oxide prepared at
650 K is shown in Fig 3.31(c) and (d).

The streaky LEED pattern of thick iron oxide film is similar to the thin iron
oxide (Fig 3.32). The pattern is blurred as expected due to the deformation of surface
and interlayer or disorientations several layers deep in the surface. This is a unique
LEED pattern of prepared Fe;O4 on Cu(100) substrate.

After oxidation at a very slow rate at high temperature (850 K), obviously the
thickness of the iron oxide film was higher and there are many islands with straight
shape in Fig 3.33. The shapes of the islands are rectangular, triangular and hexagonal.
The entire substrate is covered mostly by rectangular, hexagonal crystallites 5 A high
corresponding to the Fe;O4 (111) surface.

Fig 3.34 shows a STM image of the iron oxide film in another area with fairly
square shaped island (14 A thick oxide). The height of the iron oxide terrace is ~ 4 A
(Fig 3.34 (b)) corresponding to the double AB layer of the Fe;04(100) termination.

The STM image shows the interesting topographic structure of oxide film
prepared at 650 K. Obviously the shape of the island after oxidation at low
temperature is slightly round. Some islands are obtained as hexagonal-like shapes.
The temperature is rather low so that iron oxide film prepared is not well-ordered.
Many small round islands were obtained as shown in Fig 3.35. The round islands are
ca.10 A high indicating that 2 layers of Fe;O4(111) or (100) termination occur at this

slow heating rate condition.
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Fig 3.31 XP spectra of iron oxide thick film prepared by oxidation at 850 K (a) and
(b) Fe 2p (b) O (1s) peaks and oxidation at 650 K (c) Fe 2p and (d) O 1s peaks.
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substrate. Fe was epitaxial grown on square Cu(100) with a unit cell side 2.55 A and
3.61 A. The oxide is prepared by oxidizing Fe multilayers on a Cu(100) substrate at
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hape; at 850 K the low heating rate gives a thick film (10-14 A) wh
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rate gives a 3-5 A thick film. The oxidation of iron oxide in high temperature rather
gives well-ordered form than low temperature oxidation. Ancther interesting
observation is the lack of oxidation of Cu substrate due to the low-pressure/high-
temperature oxidation treatment.

Chemical composition of the surface by XP spectra and features of LEED and
STM images such as the excellent long-range expitaxy, antiphase domain boundary
strips and hexagonal superstructures indicate the growth of Fe;04(100) and (111) on

the Cu{100} subsiraic.
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Fig 3.33 STM images of thick iron oxide oxidized at 850 K in area (a) 3840x3830 A2,
(b) 1250x1250 A” and (c) 670x670 A2, (d) and (¢) are line profiles of the structure.
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Fig 3.34 (a) STM image of thick iron oxide oxidized at 850 K with square
macrostructure in 1000x1000 A? and (b) line profile of square islands.
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Fig 3.35 STM image of iron oxide oxidized 650 K (a) 3000x3000 A? (b) line profile
of the structure.
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Chapter 4

Gold Nanoparticles Deposited on Iron Oxide

4.1 Introduction to gold nanoparticles deposited on iron oxide

Gold metal is chemically inert compared to other metals and has been less
studied as catalyst. Hammer and Norskov [1] have found that the low activity of the
gold surface relates to the degree of orbital overlap and the degree of filling of the
antibonding states. Those factors determine the strength of the adsorbate-metal
interaction and dissociation energy. According to density functional theory, the d-
band of gold is only weakly coupled to adsorbate electronic states. This coupling is
not strong enough to drive the antibonding state above the Fermi level of Au metal
resulting in a repulsive interaction. The reactivity of the Au metal surface is poor even
with reactive molecules such as O, and H,. However, the gold nanoparticles have a
high catalytic activity and nowadays attract much attention from scientists.

Haruta’s group reported that catalytic properties of Au depend on the oxide
support, preparation methods and size of Au clusters [2]. For CO oxidation, the
hemispherical shape of Au gives higher reactivity than spherical shaped Au particles
due to more extensive perimeter interface of hemispherical Au clusters. Moreover, Au
clusters with diameter ~ 35 A gave a maximum rate of CO oxidation and STS results
shows nonmetallic properties of Au clusters at this size[2]. These results suggest that
the catalytic properties of a Au cluster supported on oxide may deviate from the bulk
metal.

The structure of nanoparticles has been the subject of much interest over
recent years due to their remakable electronic, geometric and chemical properties
which are important for both fundamental research and applications [3]. Au
nanoparticles supported on metal oxide powders such as TiO, or a- Fe;O; are very
active for catalytic reactions [4, 5]. It was found that deposition of Au nanoparticles
on single crystal rutile TiOx(110) is also very high reactive. Model systems are
studied in order to investigate the mechanisms for the high catalytic activity, and are

in agreement with Au particle size effect.
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The supported model system would make possible an enhanced understanding of
catalytic activity of metal oxide supported Au catalysts.

Again studies of catalytic reaction at the molecular level are difficult on oxide
surfaces due to surface charging, impurities and reproducible sample preparation [6].
These problems can be avoided by using thin films of metal oxide grown on metal
substrates and consequent Au particle deposition. This is the procedure that has been
undertaken in the current work.

In this chapter the preparation of iron oxide films (more detail of iron oxide
preparation are given in chapter 3) and subsequent deposition of Au nanoparticles is
studied. Our core target in this work is to make a well-defined model catalyst
consisting of Au particles supported on iron oxide(Fe;O4) on a Cu(100) surface. The
combination of XPS, LEED and STM was performed to characterize the surface. Au
nanoparticles deposited on high temperature oxidized Cu and clean Cu were also
studied.

4.2 Literature reviews: Au nanoparticles supported on substrates

Au nanoparticles supported on model substrate systems with high catalytic
reactivity, have been studied for several years. Au and Ag nanoparticles grown on
sputtered Highly Ordered Pyrolytic Graphite (HOPG) surface were studied by Lopes-
Salido et al [3]. It was found that at high Au coverages, the structure of Au films
deviate from the truncated octahedral form. Many steps exist between different Au
atom layers due to a high activation barrier for diffusion of Au atoms across the step
edges. Au hexagonal shapes could also be obtained indicating favored growth of Au
nanostructures aligned with the (111) direction normal of surface. XPS studies show a
small core level shift with decreasing particle size and Auger analysis reveals the
metal/substrate charge transfer. Ag is (partially) positively charged while Au is
negatively charged on HOPG.

Chusuei et al [7] studied model catalysts consisting of Au and Ag clusters on
single crystal TiO>(110) and ultra-thin films of TiO,, SiO, and Al,Os. It was found
that the unique cluster size < 50 A was obtained. The dispersions of Ag and Au
depend on the underlying surface structure (roughness, plateaus and defects density).

Relative differences in XPS core level binding energy shifts as a function of cluster
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coverage reveal that the electronic structure reflects chemical compositions of
the underlying oxide support. Admetal cluster size and the cluster-substrate
interactions influence the catalytic activity. The application of metal clusters
supported on thin oxide films presents new insights into the special electronic and
chemical properties that direct their unique catalytic chemistry.

Au/TiO,/Ru(0001) model catalysts and their interaction with CO were studied
by Zhao et al [6]. An epitaxial thin TiO, film was grown on Ru(0001) by high
temperature oxidation of Ti on a Ru substrate. Au particles 20-60 A high (one to three
atomic layers) were distributed homogeneously on oxidized and reduced TiO,
surfaces. Au particles distribution on oxidized TiO, was slightly higher than that of on
reduced TiO,; however, Au clusters supported on reduced TiO, are more stable than
those on oxidized TiO,. Annealing at 770 K resulted in more hemispheric particles
and 3D islands. After exposure of CO to Au/TiO,/Ru(0001) model catalysts, both Au
clusters and the TiO; substrate adsorbed CO molecules.

Our aim is the preparation of Au supported on an iron oxide film grown on
Cu(100). Our model catalyst was produced in UHV and characterized by XPS, LEED
and STM.

4.3 Experimental Details

The experiments were performed in a UHV system. Oxide films were
produced by oxidizing Fe multilayers deposited on Cu(100). More information on
iron oxide film preparation is provided in chapter 3.

The Au doser was made by wrapping high purity wires (99 %) of Au around a
molybdenum filament, which was then resistively heated by passing current through
the filament wire. This wire was thoroughly out-gassed to remove impurities before
use. A 1 ML surface coverage was defined as 1.5x10"° atoms cm™ [1 Cu unit cell is
6.5%x10™*® cm? which is 1.5%x10 '* atoms cm™ for 1 ML). Au deposition on the iron
oxide surface film was performed in the C chamber with a current of 3.8 A. Overall
the C chamber pressure did not exceed 2x10 ® mbar during deposition.

4.4 Characterization of Au deposited on iron oxide films
Au nanoparticles deposited on iron oxide film were analyzed by XPS, LEED

and STM to monitor the changes in chemical composition and morphology.
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4.4.1.1 XPS results

In this experiment, an Fe;Oy film (oxidized in 10 mbar at 850 K) grown on

Cu(100) was used as a support for Au (0.2-0.4 ML) deposition. The combination of a

4.8 A superstructure and strips 2.0-4.0 A wide which cover almost the whole sample
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The surface concentration of Au is 3.0-6.0x10"* atoms cm? (ca. 0.2-0.4 ML)
Surface concentration of carbon and oxygen impurities were low (1-2x10'* atoms
cm™). Fig 4.1 shows XP spectra of 0.4 ML Au 4f at 300 K. The Au 4f photoemission
peak is in between the Cu 3p and Fe 3s peaks; binding energy of Au4f;, and Au4fs,
peaks are 83.7 and 87.3 eV, respectively. It has been reported [7] that at high Au
coverage (0.02-6.0 ML) the Au 4f;;, core levels shift toward lower binding energy
(84.3 eV) due to emission from large Au clusters. A lower Au coverage gives a Au
4f;,, core level shift toward higher binding energy due to the finite cluster size effects
or small Au clusters grown on the defect sites/ step edges rather than flat terraces.
However, it has also been reported that no significant core level shifts occur for
different Au nanoparticles sizes on HOPG [3].

4.4.1.2 STM results

A constant current topographic (CCT) mode was used for STM imaging. Fig
4.2 shows a CCT-STM micrograph of 0.16 ML (2.4x10"* cm™) Au deposited on 5 A
iron oxide Fe;O4 film on Cu(100) at 300 K. Some iron oxide hexagonal flat terraces
(4.8 A high) and Au nanoparticles coexist in this image. Au clusters tend to
agglomerate on the hexagonal microstructure plate of the iron oxide surface while
individual Au clusters tend to be on large Cu terrace. Iron oxide islands are 4.8 A high
while Au nanoparticles are ca.10 A high. The particle diameter was evaluated by
measuring the width of the half-maximum of a particle line profile. Au nanoparticles
have a mean diameter of ca. 30-45 A and a height below 10 - 15 A
(Corresponding to 3 — 5 layers of atoms). Although the STM resolution in the
image is not satisfactorily high to precisely see the atomic resolution, we can argue
that the clusters are slightly round-shaped. The shapes and sizes of Au nanoparticles
are also rather similar to those of Au clusters in different coverages (between 3.0-
6.0x10" atoms cm'2).

It has been reported that there are 3 distinguishing admetal growth modes;
layer-by-layer (Frank van der Merwe), an initial monolayer, followed by 3D growth
(Stranski-Krastanov) and 3D cluster growth (Volmer-Weber) modes. Au, Pd and Ag
admetals have been found to nucleate and grow on oxides as quasi-2D clusters (flat 3-
Dimensional island) at < 1 ML coverage while at coverages > 1 ML these admetals
grow as 3D structures [7]. It also has been reported that the top layer of oxygen on the
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varying the applied voltage and measuring the tunneling current. Both occupied
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unoccupied electronic states can be investigated by holding the tip position and
tunneling gap constant and measuring the tunneling current as a function of bias
voltage. The 1-V curve gives the information about the chemical environment of the
analyzed atom.

At equilibrium gap spacing the feed back loop is turned off (appiied bias and

m____ 7 L Lk

tunneling current for milliseconds). Under different sample biases, electrons may tlow

r

from surface to the tip (negative sample bias, measuring the density of occupied states

unoccupied states of surface). The density of states of the tip can be considered
constant with respect to voltage. The band gap (E,) is the difference between the
conduction band and the valence band energy [9]. The band gap can be measured as a
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Fig 4.3 (a) STM image of agglomeration of Au clusters in 3000x3000 A%, (0.2 nA,
1V) and (b} line prefile of Au agglomeration on oxidized surface.
Fig 4.4(a) shows a closer STM image of Au clusters islands and Fig 4.4(b)
shows STS taken at different points on the sample surface arca. The ST spectra had
been obtained by pointing the STM tungsien tip at a preferr int and locking the




Chapter 4 Gold Narnoparticles Deposited on Iron Oxide
STM feedback loop. The tunneling current {I) as a function bias voltage (V) across
the tip is measured. The tunneling current and bias voltage (I-V) curves are correlate

with different areas on surface. As Fig 4.4(b) shows the agglomeration of Au clusters
in various areas have a non-metallic character resulting in significant band gaps

However, high temperature oxidized Cu still has metallic

properties giving no band gap (curve 6). It has been reported that the measured band

gap for the substrate is reiated to the number and conductivity of oxygen vacancies
and defect sites. The coexistence between Au clusters and iron oxide can also affect
the Au cluster electronic properties
3 1
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Biss Veltage(V)
(a) b
Fig 4.4 (a) STM image of Au agglomeration and (b} STS data acquired from Au
cluster agglomeration on oxide Fe;0, film (0.2nA, 1V, 15001500 f\_’).
It has been stated that the observed band gap (from the I-V curve) is
dominated by a decrease of the density of the states near the Fermi level because of

the small metal clusters. The state density can be reduced due to either quantum size
effects or to spillover of oxide from the support to the metal cluster [9]. For quantum
size effect, electronic properties of small clusters start to change when the metal size

decrease (~5 A). The wave functions deviate and energy level spectrum

splits into sub-bands. This splitting of orbital bands results in exten
gap between the valence and conduction bands.

narrows and

sion of the band
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Fig 4.5(a) shows a large area of pseudo-hexagonal arrangements of Au
clusters in another area on the same sample. The 2D Fourier transformation inset in
Fig 4.5(b) shows the preferred Au cluster periodicity on the pseudo hexagonal
superstructure of iron oxide Fe;O4(111) termination. The hexagon inset in Fig 4.5(b)
is similar to that inset in Fig 4.5(c) indicating underlying Au clusters could be on the
pseudo-hexagonal structure of iron oxide Fe;O4(111). 50 A hexagonal dimension of
Au cluster measured is also similar to the hexagonal superstructure of Fe;O4. This
suggests that 1 layer of Au clusters are grown on pseudohexagonal structure of the
oxide. The cluster height is rather difficult to be measured due to the fully covering of
Au cluster on that oxide terrace. The band gap of the Au clusters is < 0.1 V
designating semi-metallic behaviour of Au clusters.

Fig 4.6 shows isolated Au clusters mostly located on the defect of high
temperature oxidized Cu steps. This observation means that Au atoms nucleate on
surface defect sites first due to those sites being most reactive.

The isolated Au clusters enable us to measure the size and density of clusters.
Supposing the Au cluster density is the same as that of bulk Au metal (19.3 g/cm’),
the number of Au contained in a singular cluster can be evaluated using the cluster
size measured by STM. The volume of a sphere is

\" = 4 1 xh
3
For a hemispherical Au cluster on the surface
\% = 2 7z xh
3
The radius of Au hemisphere (for the maximum value) is 22.5 A with 15 A
high
vV = % 7 (22.5 x10°° cm)® x 15 x10® cm

= 1.59 x 10 cm’
From Au density, 19.3 g/cm’, It is about 3.06x10™"° g.
Molecular weight of Au is 196.9665 amu. Therefore, 1 mole of Au weighs 196.9665
g. Therefore, 1.22x10™® g is 1.55 x10™! mole which is ~930 atoms.
Therefore, the volumetric sphere of Au particles is 930 atoms.
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Fig 4.5 (a) A large area of hexagonal structure arrangement of Au clusters in
2000x2000A% (0.35 nA, 0.8 V), (b) a closer image with 820x820 A2 (0.4nA, 0.9V)
and (c) hexagonal structure arrangement of iron oxide film surface (860x860 A?) , and

(d) I-V curve of Au clusters in (b).
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Fig 4.6 {a) STM image of Au clusters on oxide grown on Cu(100) sur
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on the oxide surface . However, th
have a different effect on Au nanoparticles. This section will
describe Au deposited on a thick iron oxide film with XPS, LEED and STM used io

examine the changes in chemical composition and morphology.

3-0.6 ML Au was deposited on a 10-15 A thick iron oxide film. XP spectra
show Au(4f) regions obtained after deposition of Au at 300 K. The Au(4fy,) is
83.3. The XP spectrum in Fig 4.7 shows a weak interaction between deposited Au and

iron oxide film, otherwise the core level might shift.

The LEED patterns before and after depositing

Au on 10 A Fe;0, surface are
shown in Fig 4.8. No square pattern of Cu(100) substrate is seen due to the thick iron

oxide preparation. LEED measurements suggest that Au clusters might grow




Chapter 4 Gold Narnoparticles Deposited on Iron Oxide

epitaxially as a sharp LEED pattern is acquired. Consequently, the Au clusters are

i~

well defined and repeat the surface superlattice. In the experiment the maximum

coverage of Au on Fe;0; was 0.6 ML and the LEED patierns were not changed (not
shown here). This confirms that Au at low coverage does not destroy the Fe;Os LEED

pattern on the Cu(100) surface.
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Fig 4.7 XP spectra of Au 4f region obtained after deposition of Au on thick Fe;04/Cu
(100) at 300 K

(a) (b)
Fig 4.8 LEED pattern of (a) Fe;0; at E = 84 eV and (b) 0.35 ML Au deposition at E
=82¢eV.
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4.4.2.3 STM results

STM measurements were performed on the Au/thick iron oxide surfaces after

Au deposition.
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Fig 4.9 Au decorates the step-edges and on the terraces of iron oxide surface in (a) an
image 2150x2150 A?, (b) a closer image 800x800 A’ , (1nA, 1.4V) (0.35 ML Au)
(c) image of selected particles to be counted by WSxM and (d) distribution graph of

Au nanoparticles.
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Fig 4.9 was obtained after depositing 0.35 ML Au. This image shows Au
clusters are decorated at the edge and on the flat area of iron oxide terrace. It suggests
that Au atoms nucleate on the surface defect sites. In this image hemispherical
clusters grow mainly along the step edges. However, some clusters locate on the flat
terraces. The step height is about 10-15 A. The majority of Au clusters size are about
25-50 A as in Fig 4.9(d). In general, clusters grow on the support by 2 processes [9].
First, clusters migrate to coalesce and second clusters grow by intercluster transport,
driven by capillary action, called Ostwald ripening. The latter process is because of
surface free energy reduction of the larger cluster. Intercluster transport of atom can
occur by surface diffusion along the substrate or by vapor phase transport. The
sublimation energy of Au ~ 370 kJ mol” implying the intercluster transport by free
Au atoms will be slow at room temperature. The intercluster transport will be mainly
made by the surface diffusion. The STM images of Au clusters are stable in our UHV
system.

Fig 4.10 shows another area of dense Au clusters on the microstructure of the
iron oxide film. The height of line profile shows the difference between triangular-
shaped island and microstructure of the hexagon island.

Some surface of iron oxide around the Au clusters is still observed after Au
deposition. The strips along the [011] direction ~0.8 A wide could be the Moiré
pattern (Fig 4.11). Most of Au clusters are located on the top of the bright rows of the
substrate. They are aligned along the [011] direction. Some clusters have a linear
shape above one [011] row while others are located above two [011] rows. These
dimensions specify a pseudomorphic growth of Au clusters on those strips. Au atoms
might nucleate on top of the defect structure of oxide. As reported, Au clusters form
in two different stages; a cluster-nucleation stage and a cluster-growth stage. The
difference between the two stages is the Au coverage. At low coverage, Au atoms
adsorb generally on surface defect sites and form 2D clusters that become nuclei for
further growth. Then 3D cluster formation occurs after further depositing Au. Fig 4.11
could be the image of a cluster-nucleation stage and Fig 4.12 is the image of a cluster-
growth.
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Z[nm]

(@ (b)
Fig 4.10 (a) STM of 0.6 ML Au clusters on iron oxide and (b) line profile of Au
modified iron oxide in different terrace 1300x1300 A? (0.8 nA, 0.9 V).
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Fig 4.11 (a) STM image of Au clusters on the Fe;Oy surface as quasi-2D Au clusters (
strips 1-1.5 A wide), 150x150 A? (1nA, 1V) and (b) line profile of oxide strips.
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Fig 4.12 STM images of (a) Au on iron oxide with the square microstructure
corresponding to Fe;04(100), (b) closer area with 540x540 A? | (c) line profile of
surface structure in (b) showing different heights of Fe;Oy islands and Au clusters and

(d) I-V curve of Au nanoparticles on Au supported iron oxide surface; (0.9 nA, 1V).

Fig 4.12 was acquired after a 0.2 ML Au deposition on a 10 A thick iron oxide

film. It shows a homogeneous distribution of hemispherical Au clusters with diameter
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30-45 A on iron oxide surface. Clearly, the clusters are in 3D growth mode at this

it has been reported that the 3D growth of Au clusters on TiO»(110) occurs
around 0.10 ML [8]. Our aim is to make Au particles with diameter < 50 A supported
on iron oxide film to study the reactivity on a model catalyst. We observed the
formation of 3D clusters having diameters of 40-50 A and heights of ~10 A. Areas of
Au clusters and microstructure of iron oxide coexist on the surface and can be
distinguished by the height of the island in Fig 4.12(c). The height of the oxide is
about 4.0-5.0 A

(corresponding to .u504(10(}\ and (111)) whereas the Au cluster
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Fig 4.13 XP spectra shows decrease of Au intensity peaks after annealing the surface

of Au nanoparticles /iron oxide/Cu substrate at 300 K, 400 K and 600 K.
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Fig 4.14 STM images of annealed Au clusters at 600K (a) in a large area 3000%3000
A2, (b) a magnified image 1500x1500 A” and (c) 900x890 A? and (d) line profile of a
flat Au cluster ( 1 rA, 1V).
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morphology of Au supported on iron oxide surface but the quantitative amount of Au
decreases as shown by XPS (Fig 4.13). Annealing at 300, 400 and 600 K resulted in
Au coverages of 5.4, 5.0, 4.0x10™ atoms cm?, respectively. The intensity of the Fe
and Cu peaks increased after heating indicating only the Au signal was reduced. After
annealing at 600 K Au atoms might agglomerate on the top of the Au clusters and
then form a large flat hexagonal microcrystal (more likely close-packed (111)
oriented planes) with a diameter of 1204 and height 15 A. Fig 4.14 shows STM of the
Au nanoparticles after annealing at 600 K. The flat top particle is shown in Fig. 4.14
(d).

Consequently, at a coverage of 0.3-0.6 ML, 3D Au nanoparticles with
diameter 25-50 A, 1.5 A high were formed on iron oxide Fe;O, surface. STS results

indicate semi-non metallic behavior of Au nanoparticles on the surface.

4.5 Characterization of Au on an oxidized Cu surface

As mentioned in chapter 3 the Cu substrate was not completely oxidized in
oxidation conditions of oxygen (10° mbar) and temperature 850 K. The Cu
L3M4 sM4 s Auger peaks and the Cu 2p;,, peak attributable to Cu,O or CuO were not
found in the preparation of the iron oxide, showing that the oxidation of the
Cu(100) substrate to CuyO or CuO did not occur. Therefore, the decrease of the Cu
2ps peak intensity is only due to the formation of the iron oxide overlayer. The study
of oxidation of a clean Cu single crystal is only to show how differently Au clusters
form on iron oxide and oxidized Cu surfaces.

A bare Cu(100) surface was oxidized at 850 K in the presence of oxygen
(1x10® mbar) for 5 min (similar to the conditions for iron oxide preparation). XPS,
LEED and STM were used to characterize the surface.

4.5.1 XPS results

Core level spectra of Cu, O and Au shown in Fig 4.15 are used to determine
the composition of the surface. Those spectra are for a clean Cu, oxidized Cu and Au
deposited on Cu. Binding energies are 932.1 eV, 567.3 eV, 529 eV, and 83.8 eV for
Cu 2p3;, Cu Auger (LMM), O 1s, and Au (4f7,), respectively. The Cu 2p;p
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intensity successively decreased after oxidization and Au deposition. The surface
concentration of oxygen on oxidized Cu and Au is 4.8 and 2.8x10" atoms cm?,
respectively. The Cu 2p binding energy does not change after oxidation but there is an
additional oxygen peak. We observe a chemical shift of the Cu 2p peaks associated
with the oxygen interaction. The energy of this peak is known to very insensitive to
the state of Cu oxidation. Moreover, no sign of a satellite peak correlated with this
oxidized Cu peak in this surface.

It has been reported that a Cu metal surface was oxidized in a presence of
oxygen (1 torr) at 670 K for 1.5 hour for a CuO preparation while Cu,O was prepared
by heating CuO in vacuum at 570 K for 1 hr [11]. The Cu 2p satellite is a fingerprint
of CuO. It was mentioned that Cu L;;M,sM,s Auger spectra on Cu,O should be
similar to that of Cu metal. The XP main peak of CuO is broad (FWHM 3.4 eV) at
933.240.2 eV and has an associated satellite on the high-binding-energy at about 9 eV
separation. This satellite is a characteristic of materials having a & configulation in
the ground state. The XP of Cu 2p of Cu;O has a narrow (FWHM 1.9 eV) peak at
932.4 + 0.2 eV. From the discussion above, our surface could not be either CuO (no
strong shake up satellite) or Cu,O (surface was oxidized in a low pressure of oxygen
gas in short time).

4.5.2 LEED results
Fig 4.16(b) shows the diffraction pattern of Cu(100) after oxidation at 850 K

in the presence of oxygen (1x10® mbar). The LEED pattern of oxidized Cu(100) and
Au deposited Cu(100) gives additional spots running in a 45° direction to clean Cu in
Fig 4.16(b) and (c). The LEED pattern after deposition of Au was not changed
suggesting that Au grows epitaxially on the substrate giving a sharp LEED pattern.
This confirms that Au at low coverage does not damage the oxidized Cu(100) surface.
Manipulation of matrices [10] could derive the unit cell of the oxidized Cu in real
space. From Fig 4.16(b) can be derived :
The real space of the overlayer as follows.

a, = la; + 1b; equation 4.1

bo -lag, + 1b
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Fig 4.15 XP spectra of (a) Cu 2ps2 , (b) Cu Auger peak, (c) O 1s and (d) Au 4f ;, and
4fs, after the Cu substrate was oxidized in oxygen (10 mbar) at 850 K.
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(a) ()

P
(2]
S~

Fig 4.16 LEED pattern at E =~ 61 eV of (a) clean Cu(100) (b) high temperature

Cu(100) (850 K , 1x10°® mbar O,): (2 x +2 ) R45° or ¢(2 x 2).

From the real space structures, oxygen might be adsorbed on the square unit

cell of Cu and so does Au with distance 3.61 A as in Fig 4.17.

4.5.3 STM resulis for oxidized Cu

An atomically resolved STM image of clean Cu{100) was not obiained bui

0o s = 3 =, B N - s R

after oxidation the square microstructure image was acquired. Fig 4.18 shows an

extended area image of oxygen adsorbed on Cu(100). The square microstructures of

Cu terraces were obiained. Unforiunately, atomically resoived images could not

beaccomplished. XPS confirms that oxygen has adsorbed on the Cu(100) surface.
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(a) (®

Fig 4.18 STM images of oxidized Cu(100) in a big area as (2) 4900x4900 A* and (b)
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shown in Fig 4.19. It was interesting that there is another island feature with lower
height compared to the Au clusters in Fig 4.19(b). A 3D image of Fig 4.19(bj is
shown in Fig 4.19(e) indicating an obvious lower feature. Fig 4.19(c) is the selected
area for the caiculation of the distribution of Au ciusters on the surface. The STM line

profiie in Fig 4.19(f) shows Au clusters with diameters 20-80 A and 10-15 A high

(WS}

;
=}

similar to Au clusters on iron oxide as shown in the chapter 3.

Fig 4.20(a) shows Au clusters on the hexagonal microstructure terrace of
oxidized Cu surface. Atomically resolved images were not obtained on Cu due to the
delocalized conduction band. Au is supposed to be involved on the top surface of the
substrate giving hexagonal microstructures as stable fcc(111) plane. The band gap of
a Au nanoparticle is ~0.1 V indicating nonmetallic behavior while that of a small

square-like island is less than 0.1 V. The band gap of cop

-
[

smali islands is zero indicating a metallic area.
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Fig 4.19 STM images of Au deposited on oxidized Cu surface in (a) a large area
2000x2000 A*(1.2 V, InA) and (b) a closer area 1000x1000 A2 ,(1.2V, 1nA), (c)
selected Au clusters area for counting, (d) graph of Au clusters distribution, (¢) 3D of

image (b) and (f) line profile of Au nanoparticles on oxidized Cu surface.
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The line profiles of top layer are 16 A (denoted as Au clusters) and 4.8 A
(denoted as oxide) high in Fig 4.20 (c). The profile of small structure islands (1.5-1.6
A high) distribute around the surface is in Fig 4.20(d). No area is allowed to measure
to get the right height. It was very interesting that before Au deposition no close-up
STM image could be obtained. Mobilisation of atoms on the surface might be the
reasonable reason for not getting any higher resolved images. After Au deposition on
substrate surface, closer STM images could be obtained; however, it was not good
enough to see the atom resolved image. The remarkable morphological images show
some Au clusters and oxygen adsorbed on substrate giving different height profiles.

Fig 4.21(a) shows a large area of terrace covered up with Au clusters almost
over the whole surface area. Besides, Au clusters locate to the rectangular terraces of
the substrate in Fig 4.21(b).

Fig 4.22(a) and (b) shows STM images of another part of sample surface. A
small part of image with Au clusters obtained is at the bottom left in Fig 4.22(a). Most
of area contains square islands with 2 A high and Fig 4.22(b) shows the closer image.

The square islands are in 45° direction to the clean surface of Cu(100)
suggesting STM and LEED results are in harmony. The squares are 3.5-3.7 A and
multiples of 3.5-3.7 A wide. STM images show square and rectangular single layer
islands on the terraces. The islands exhibit a c(2x2) periodicity. No atomic scale
images of this phase were obtained in our study.
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Fig 4.20 (a) STM image of the surface after Au deposition in 1700x1700 A (1.2 V,
0.7nA), (b) I-V curve on surface in (a) and (c) and (d) line profiles of Au clusters and
oxygen adsorbed on Cu surface, respectively.
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Fig 4.21 STM image of Au clusters on an oxidized Cu(100) surface on (a} big terrace
3200x3200 A? (0.8 V, 6 nA) and (b) rectangular terrace 3200x3200 A” (0.5 V, 0.6

nA).

It has been reported that oxygen atoms are exclusively adsorbed at the four-
fold holiow sites on the Cu(109) surface [12, 13]. At coverages lower than 0.3 ML,
oxygen coalesces in nano-sized ¢(2x2)-C domains on Cu(10¢} with a high density of
anti-phase domain boundaries. Larger ¢(2x2)-O domains are formed from coalescence

of nano-sized c(2x2)-O domains by adsorbing oxygen at the boundary. At higher
coverages, a ( 2«/5 x w/i) R45° -O reconstruction is the transitive phase from ¢(2x2)-
O domains by missing Cu atoms from a ¢{2x2)-O structure along the [001] and [010]

No large c¢(2x2)-O domains are formed in Fig 4.22. The anti-phase domain
boundaries are observed as the bright zig-zag lines. Unfortunately, an atomically
resolved STM image could not be obtained to verify the mechanisms above. Square

structure indicates that oxygen atoms tend io minimize the surface energy b

e

coalescing themselves.
The band gap of a square island from Fig 4.22(c) is ~1 V while the bare Cu
surface is 0 V indicating metallic behaviour. Fascinatingly, the band gap of the square

island is rather the same as Au clusters on adsorbed on Cu(100).
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Fig 4.22 (a) STM image (1400x1400 A?%) of ¢(2x2)-O surface on Cu(100), (b) a

image (b), respectively.

It has been reported the crystallographic parameters of Cu,O and CuO are 1.84

and 1.95 A, respectively [11]. The line profile of square islands is 2 A high indicating

-

unlikely those square islands would be

(Il

oxygen adsorption on the Cu(100) surface. It’s
due to the Au because the diameter of Au is about 2.9 A. Therefore, ali square and

rectangular islands are monoatomic layers of oxygen adsorbed on the Cu substrate.
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4.6 Characterization of Au on a clean Cu(100) surface

Au deposited on clean Cu(100) was studied to investigate how the oxide
surface could affect the Au cluster shape. XPS, LEED and STM are used to examine
the surface composition and surface morphology.

4.6.1 XPS results

Core level spectra of Au are shown in Fig 4.23 and used to determine the
composition on the surfabe. Those spectra are for clean Cu, Au deposited on Cu with
surface concentrations of Au on Cu(100) of 2.5 and 6.2x10" atoms cm?; a binding
energy of 83.8 eV for Au(4f;,) was observed. For all Au concentrations the binding
energy is invariable and there is no evidence of an interface reaction between Cu and
Au nanoparticles occurring.

The structure of the 2.5 and 6.2x10"* atoms cm™ Au films on Cu(100) were
studied by LEED and STM at room temperature. The LEED pattern of clean Cu is
shown in Fig 4.24(a). At 2.5x10'* atoms cm™ Au coverage, the Au films trend to have
the fcc structure of the Cu(100) substrate, while at 6.2x10'* atoms cm’ we observe 2
domains. It is rotated by 45° compared to the clean Cu, confirmed by LEED patterns.

The epitaxial Au films are strained because of the mismatch between fcc Au,
which should have a lattice constant of 4.08 A and the Cu substrate with a lattice
constant of 3.61 A at 300 K [14].

Diffraction spots characteristic of the Au film with (1x1) structure are
acquired. Moreover, the Au film with a thickness of 0.4 ML shows a LEED pattern
with the additional spots running in a 45° direction in Fig 4.24(c). It’s supposed to be
2 domains of Au on the surface of Cu(100) surface: Cu-(1x1)-Au and c(2x2)-Au.
Spots on the pattern are blurred due to again the small mismatch of Au and Cu.

Manipulation of matrices [10] could derive the unit cell of the Au overlayer in

real space of the Cu(100) clean surface.
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Fig 4.23 XP Spectra of Au 4f after Au deposition on the oxidized Cu surface with

surface concentrations 2.5 and 6.2x10" atoms cm™.

4.6.2 LEED results

(a) (b) (©)

Fig 4.24 LEED pattern of (a) clean Cu (E = 82 eV) , (b) 2.5x10" atoms cm™ Au
(E=81 eV) and (c) 6.2x10'* atoms cm™ Au on Cu(100) (E = 75 eV).
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Fig 4.24(b) real space of overlayer is
ao =la, + 0bs equation 4.2
b, = G

in Fig 4.24(c) real space of overlayer as follows
Hence

a, = la, + 1b; equation 4.3
b,

=vo=laige ¥ Dl

Fig 4.25 Possible real space structures of Au (a) p(1x1) (from fig 4.24(b)) and {b)

l\)

(2 % J2 ) R45° or ¢{2 x2) (from Fig 4.24(c))on Cu(109) substrate.

- s e e o

rrom ihe real space siructure, Au might be grown on square unit cell of Cu
r

substrate directions as a monoatomic layer. Therefore, the growth mode of Au

(2.5%10" atoms cm™ ) on clean Cu is layer by layer (Frank van der Merwe). The line
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profile shows Au islands with 2.75-3.0 A high indicating Au atomic diameter. The
images are noisy but it is clear that only one atomic layer of Au is on the Cu surface.
The Au growth on Cu could be layer growth by island coalescence (2 dimension
growth). In this type of growth, the nucleation of islands is more rapid than terrace
diffusion. This growth mode is decided by the extent of interlayer transport.

An STM image of Au with a surface concentration 6.2x10™ atoms cm™ on a
Cu(100) surface is shown in Fig 4.27. Larger squares of Au terraces 2.8-3.0 A high
indicate layer by layer growth of Au on the Cu surface. Au would rather grow on Cu
terrace than grow on step edge of Cu due to a big mismatch of atomic distances of
overlayer Au and the Cu substrate.

4.7 Conclusion

Au clusters supported on iron oxide Fe;0,, oxidized Cu and clean Cu were
studied. The clusters were vapor-deposited on the substrate in a UHV system. It was
found that the clusters grow in 3D growth mode (Stranski-Krastanov) on the oxidized
substrate but layer-by-layer mode (Frank van der Merwe) on the clean Cu. Iron oxide
islands are 4.8 A high while Au nanoparticles have an average diameter of 40-50 A
and are ~15 A high. Annealing experiments show that Au clusters are rather stable in
the UHV system and form microcrystals with well-defined hexagonal shapes. STS
results show that Au clusters on oxide substrate exhibit nonmetallic properties. Au
wets a clean Cu surface as LEED and STM show Au epitaxial grown on clean Cu.
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Fig 4.26 STM of (a) 2.5<10" atoms cm™ of Au films on clean Cu in area
3200x3200A% (0.4V, 0.6nA) and (b) line profile of island in (a) , (c) closer image in
760x760 A%( 0.3 V, 0.4 nA) and (d) line profile of Au square island in (c).
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Fig 4.27 STM images of 6.2 x10"* atoms cm™ Au on Cu(100) in a large area (a)
5000x5000 A? and (b) 4000x4000 A% (0.5 V, 0.2 nA), (c) closer image in 2000x2000
A? (0.6 V,026 nA) and (d) a line profile of Au films from image (c).
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Chapter 5

Reactions on iron oxide surfaces

5.1 Introduction to reactions on iron oxide surfaces

Understanding the interaction between organic molecules and metal oxide
surfaces is very important in a theoretical context as well as a functional one (e.g.
catalysis, corrosion) [1]. A significant knowledge about simple molecules adsorbed on
well-defined single crystals of metal, and metal particles on a support material, has
been developed over the last decade.

Iron oxide is used in many industries as a heterogeneous catalyst support but
there is not a detailed understanding about structure-reactivity relationships and
reaction mechanisms on this surface at the atomic scale. The understanding of
molecular events during the reaction and chemical information are crucial for catalyst
development.

In this Chapter we examine the adsorption of acrylic acid, CO, and NHj; at
iron oxide, predominantly Fe;O4 and modified oxide surfaces.

5.2. Literature review of reactions on iron oxide surfaces

The delocalized electrons in pure metal catalysts can be transferred easily
between surface and reactants, resulting in redox reactions, whereas redox chemistry
is less likely on oxides because electronic states are separated by the band gap. Acidic
and basic sites in a metal oxide are a characteristic of ionic compounds, and could
control the surface chemical mechanism. Metal oxides with a small band gap allow a
combination of acid-base and redox chemistry whereas highly ionic oxides with large
band gaps become pure acid-base reactions [2]. Iron oxide has a low metal-oxygen
bond strength [3] and the bulk oxide has pH 7 [4]. It would be good to control the
surface chemical processes as a combination of acid-base and redox reactions. A
number of molecules have been used to study and reveal reactions on iron oxide
surfaces.

The surface structure of iron oxide films on a Pt(111) substrate was studied by
Weiss et al [2, 5]. LEED and STM reveal that the FeO(111) film is oxygen-terminated
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resulting in basic oxygen sites. The surfaces of the Fe;04(111) films are terminated by
hexagonal %oxygen layer which cover a -‘limonolayer of iron cations while the

nature of the Fe,O3(0001) surface is still under discussion. However, Fe cations on
both Fe;04 and Fe,Os films are Lewis acidic in character. Studies of the adsorption of

SN
oxide can be understood in terms of the acid-base properties of the surface [5]. On the

Fe-terminated Fe;O4 (111) and a-Fe,03(0001) surfaces, ethylbenzene and styrene are
chemisorbed via the n-electron system of the phenyl ring, the molecules adsorbed in

CH,CH,

ethylbenzene  ( ) and styrene ( ), soft bases, on the

an almost flat configuration (n’-like ring adsorption geometry). At monolayer
saturation, the aromatic ring tilts to greater than 40°. In contrast, O-terminated
FeO(111) surfaces only weakly physisorb ethylbenzene and styrene. In this system,
the molecules are tilted due to adsorbate-adsorbate interactions.

H,O is one of the soft small bases that researchers have been interested in.
Molecularly adsorbed H,O binds as a base via the O atom to a metal or cation site
(Lewis acid). The Lewis acid of the substrate can interact with the oxygen lone pair
orbital of H,O. The interaction of water with well characterized epitaxial FeO(111)
and Fe;04(111) films on Pt(111) was studied by Joseph et al [6]. O-terminated
FeO(111) surfaces did not undergo reaction with the water. Physisorption of water
forms a hydrogen-bonded bilayer with an ice-like structure at saturation point and
consequently ice multilayers are condensed. Adsorbed hydroxyl and hydrogen species
from the dissociative adsorption of the water are obtained on the Fe-terminated
Fe;04(111) surface exposing both Fe and O atoms. It is proposed that OH™ groups are
bound to Fe cations and H' species to O anions exposed in the topmost layer of
Fe;04(111).

CCl, adsorption at iron oxide is one of useful relevance to the degradation of
chlorinated compounds in soil, sediments and the catalytic destruction and corrosion
of metal surfaces [7]. Degradation of CCl, on a single crystal a-Fe,03(0001) surface
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was studied by Rim et al [7]. STM revealed that 85 % of surface Fe;04(111) is a 2x2
termination and 15% terminated by a 1x1 and superstructure phase. It was found that
Cl atoms are adsorbed only on the Fe;04(111) 2x2 termination after CCl, dosing at
room temperature and subsequently flashing to 600 K. Both CCl; and Cl; dissociative
reaction occurs at iron atoms in the surface as revealed by AES, LEED, TPD and
XPS.

Finely dispersed Au on a metal oxide support has been discovered to be highly
reactive for a number of catalytic reactions such as hydrochlorination of acetylene,
propene epoxidation, hydrogenation of unsaturated aldehydes and CO oxidation {8].
For many applications using Au catalysts, the understanding of molecular processes
during the reaction is little known and therefore the reactions of molecules with model
systems of Au deposited on an iron oxide surface are one of the targets of researchers
recently. CO adsorption on Au deposited on a thin FeO(111) film grown on a Pt(111)
has been studied by Lemire et al [9]. It was found that the small Au clusters strongly
adsorb more CO at low temperature. However, after 500 K the CO desorbed. The
interaction of CO at low Au coverage on the iron oxide surface is similar to that at
high coverage. They proposed that CO adsorption involves low coordinated atoms
and is consequently independent of particle dimensions. Therefore, the controlling
factor in the CO adsorption on Au nanoparticles is not quantum size effects as
postulated by some researchers, but the presence of highly uncoordinated Au atoms in
very small particles. Not only Au but also Pd is used to modify iron oxide films for
reaction study. Meyel et al [10] have studied CO adsorption on Pd deposited on a thin
FeO(111) film grown on a Pt(111) substrate. It was found that typical CO adsorption
occurred after Pd particles were deposited on FeO(111) surface at 70-100 K. After
annealing to 600 K, a complex CO adsorption behavior was observed. Hence, there
are several factors for surface reaction such as final temperature, heating and cooling
rate, annealing time etc.

The experiments reported in this chapter are an attempt to investigate the
possibility of reactions on oxide surfaces and Au nanoparticles on Fe;O4 films grown
on a Cu (100) surface with (1) acrylic acid, (2) CO; (acid) and (3) NH; (base). Further
information about the preparation of the iron oxide film and Au nanoparticles

deposited on oxides has been discussed in Chapter 3 and 4, respectively.
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5.3 Reaction of acrylic acid on thin iron oxide (Fe;Oy, 3-4 A) and thick iron oxide
(Fe304’ 7-14 A)

5.3.1 Introduction

Aldehydes are widely used in the food and chemical industries. The
hydrogenation of carboxylic acid is one of the important catalyzed reactions for
aldehyde synthesis. Ponec et al [11, 12] studied acetaldehyde formation from acetic
acid using various metal oxide catalysts, and iron oxide showed the highest
selectivity. Therefore, it is fascinating to study the reaction on this oxide surface.
Acrylic acid is used for studying the reaction on the surface due to the vinyl group
associated with the carboxylic group in the molecule being a good leaving group for
further reaction studies.

This work studies the adsorption of acrylic acid on prepared iron oxide and
oxide supported Au nanoparticles at 295 K and desorption of acrylic acid on those
model catalyst at 500 K in UHV system. The investigations are carried out by XPS,

LEED and STM to characterize those reactions on surfaces.

5.3.2 Experimental details

Thin iron oxide films (3-4 A) were produced by oxidizing an iron multilayer
deposited on a Cu(100) surface. The substrate was exposed to oxygen at the pressure
of 10 mbar at room temperature and simultaneously the sample was heated at a high
rate to 850 K and cooled down to room temperature in O,.

Thick iron oxide films (7-14 A) were produced by oxidizing iron multilayer
deposited on Cu(100) in a presence of oxygen at a pressure of 10® mbar at room
temperature and simultaneously, the sample was heated at a slow rate to 850 K,
maintained at this temperature for 10 min, then cooled in O,.

Au nanoparticles were deposited by passing a current through a Mo filament
wrapped with Au wire. The Mo wire was resistively heated resulting in the
evaporation of gold.

Acrylic acid was purified by several freeze-pump-thaw cycles before
admission to the vacuum chamber. The sample was exposed to purified acrylic acid at
the pressure of 1x10° mbar (1 Langmuir = 10° torr s) at room temperature.
Desorption of acrylic acid was performed at 500 K.
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C(1s) and O(15s) signals in the XP spectra (Fig 5.1). The presence of C(1s) and
signals is indicative of acrylic acid adsorption. An extra O(ls) peak at 531.
appears. The binding energy of lattice oxygen in an iron oxide film surface is
eV while that of the oxygen in the adsorbed acrylic acid molecule is 531.4 eV (F
and OH adsorption) in Fig 5.1(b). 2 species of carbon appear at binding en
284.9 and 288.3 eV with an intensity ratio 2:1. There might be H dissociation

the acid on oxide surface shown in equation 5.1
RCO:H (g) —_—> RCO,(a) + H(a) equatio;

The ratio of the C(1s) peak at binding energy 288.3 eV to the shoulder
at a binding energy of 531.4 eV, corrected for photoionisation cross-sections, is
2 consistent with carboxylate formation on the iron oxide catalyst surface. F.
shows overlay of O(1s) XP spectra to quantify the surface concentration. An in¢
of O(1s) at 531.4 eV is observed after acrylic adsorption while the O(1s) at 526
decreases; after acid desorption the O(1s) at 529.6 eV increases. The total st
concentration of C and O (531.4 eV) are 1.2x10" and 3.7x10" atoms
respectively, the ratio of C: O ( 3.2:1) being consistent with the molecular fo
(Fig 5.3) suggesting no species were lost from the surface during the
adsorption. Annealing to 500 K resulted in the decrease of an O(1s) signal (531.
and C(1s) at 284.9 and 288.3 eV, through desorption of stable species such as
and C,H, etc.

Fig 5.3 shows acrylic formula giving different binding energy in dif

environments in the observed XP spectra in Fig 5.1.

154



Chapier 5 Reactions of iron oxide surfaces

Fig. 5.4 shows the proposed adsorption geometry of acrylic acid on the oxide
surface. It is assumed that the exposed basic O anion and acidic Fe cation in the film
surface would be a host for acid adsorption. Acid could possibly be adscrbed on a

single atom of Fe and O or 2 atoms of Fe and O. Eith

er the vinyl group ( -C=C-)
reacts with the O terminated oxide film as the addition reaction of an alkene or the
carboxylic acid group (<COOH) reacts with Fe cations resulting in carboxylate
formation. The possibility also exists for long range interactions (such as H-bond

interaction) between molecular adsorbates (Fig 5.4(a) and (d)).

1 o FC304
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Fig 5.2 Overlay of O(1s) spectra of Fe;0,4, acrylic acid adsorption (295 K) and

desorption (500 K).
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Fig 5.3 Acrylic acid formula and binding energy at different environments.
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Fig 5.4 Proposed adsorption of acrylic acid on iron oxide.
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5.3.3.2 LEED results

Fig 5.5 LEED patterns at E = 98 eV of (a) 3 A iron oxide (Fe;O;4) film (b) after

o

a
cid (c) afier heating the sample ic 500 K;
7

pattern of the surface. The pattern of spots is rather similar to before dosing the acid.
After heating at 500 K for 3 min, some spots disappear. The blue-spot unit cell (Fig
5.5(a)) represents the Cu(100) substrate and the red-spots additional structure from the
oxide film. The disappeared red spots could be either Fe cation or O anion from the

oxide surface. XP spectra show that C and O intensities are reduced. The desorbed

species could be e.g. CO,, CHCH; CH;CH,CH or CH;GH eic. Therefore, the

‘

5.3.3.3 STM results
Fig 5.6 depicts the dramatic change after exposure of the iron oxide surface to
acrylic acid. The population of acid clusters is concentrated on the edge of the iron

oxide steps due to high surface free energy (Fig 5.6(a)). Acrylic acid clusters were

also obvious on the edges of iron oxide strips in different directions, as shown in Fig
5.6(b}). The gap between acid cluster rows is ca. 50 A (Fig.5.6(d)), which is the same

157



Chapter 5 Reactions of iron oxide surfaces

as the oxide strips in Fig 5.6(c). The clusters of acrylic acid could be formed via long
range interaction between molecular adsorption of acid as proposed in Fig 5.4.

A magnified image of the acid cluster is shown in Fig 5.7. The cluster size is
about 25-30 A. An Fe cation on the surface would react with oxygen from acrylic acid
to form carboxylate oxygen on the surface while oxygen from iron oxide film could
react with ethylene part of acid parallel to the surface. The long range interaction
between adsorbed molecules on the surface resulted in a big clusters as shown in STM
image.

Another structure frequently observed were the strips 25 A wide in Fig 5.8;
however the height can not be measured on the defective area. These are not
consistent with the iron oxide structure; therefore the product of acid adsorption could
be on the Cu substrate itself. I-V analysis was not performed on this image.

Fig 5.9 shows the molecular structure of acrylic acid together with the atomic
distances in Table 5.1 [14]. Fig 5.10 and Fig 5.11 show models of the iron oxide
Fe304(100) and (111) surfaces. Adsorption of acrylic acid could take place in either of
those models. As proposed mechanisms in Fig 5.4, the acid might be adsorbed on
single Fe atom, O atom, 2 Fe atoms or 2 O atoms on oxide surface. The maximum
atomic distance for whole molecule of acid is 4.95 A. From the size of clusters in Fig
5.7, they would consist of 3-6 molecules of acrylic acid. Table 5.1 shows atomic
distances between O(1) and O(3) (2.39 A) and C(5) and C(7) (1.35 A). The shortest
atomic distance of O-O atoms in the Fe304(111) surface is ca. 2.8-3.0 A and Fe-Fe ca.
2.9-3.4 A (in Fig 5.10). In the Fe;04(100) surface (Fig 5.11) the atomic distance of O-
O atoms is 2.8-3.0 A and Fe-O atoms is 2.0 A. Therefore, adsorption of the acrylic
acid may take place on single atoms of Fe or O on the surface rather than bond on
double atoms.

The step edges of the strips are fully covered by acid clusters as shown in Fig
5.7. The cluster height is ca. 3-4 A, similar to the height of the acid molecule. From
Table 5.1 the maximum atomic distance is 4.95 A between H(2) and H(9). This
implies single layer adsorption of acrylic acid on the oxide surface. The acrylic acid

clusters of size 30 A indicate long range interaction between acid molecules.
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25nnt.*
[r—r——

(©) (d)

Fig 5.6 (a) Clusters of acrylic acid on iron oxide step edges in surface area
1100x1100 A* (0.6 nA, 1 V) (b) rows of acrylic acid clusters on oxide strips in
different directions (c) on iron oxide strips (50 A wide) before acrylic acid adsorption
(1.5 nA, 1 V) and (d) after 120 L of acid clusters on the oxide surface in 1240x1240
A? (0.7 nA, 0.63 V).
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Fig 5.7 (a) A closer STM image of acrylic acid clusters in an area 510x510 A% (1 nA,
1V) and (b) line profile of acrylic acid clusters with 3-4 A high and 30-40 A wide.
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Fig 5.8 STM image shows (a) strips 25 A wide in an area 840x840 A? (0.3
nA,0.25 V) after acrylic acid adsorption (b) line profile of the strip structure.
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Fig 5.9 Molecular structure of acrylic acid with atomic numbering.

Table 5.1 Atomic distance (A) in acrylic acid molecule [14]

Ol H2 Q3 C4 CS Hé6 C7 H& H9
Ol 105 | 239 } 145 | 246 | 3.45 | 2.83 | 248 | 3.93
H2 1.04 232 |1 193 | 330 | 4.16 | 3.84 | 3.52 | 4.95
03 239 | 2.32 1.27 | 252 | 2.76 | 3.73 | 4.09 | 4.67
C4 145 | 1.93 | 1.27 1531223 256 [ 2.8 3557
C5 246 | 3.29 | 2.52 | 1.54 LT T L3S ZaliST PRelS
H6 345 ) 415 ) 2.76 | 2.23 | 1.10 2.15 | 3.14 | 2.51
C7 | 282 | 384|374 | 256 ] 135 | 2.15 1.11 | i.11
H8 248 | 3.52 | 4.09 | 2.81 § 2.15 | 3.14 | 1.11 1.88
H9 393 | 495 | 467 | 3.57 | 2.15 | 2.51 1.11 | 1.88

(@) (b)

Fig 5.10 Model of Fe;O4(111) termination with (a) topmost O atems with atomic
distance 2.8-3.0 A and (b) topmost Fe atoms with atomic distance 2.9-3.5 A.

C—h



Fig 5.11 Model of Fe;0.{100) termination show O-0 atomic distance with 2.8-3.0 A

and Fe-O atomic distance with 2.0 A.

In conclusion, adsorption of acrylic acid results in either the formation of
carboxylate or ethylene adsorption laying flat and parallel on the surface. Heating to
500 K results in acid desorption from the surface as illusirated in XPS. LEED show
that O atoms on the oxide surface are involved in desorption, and STM images shows

that the edge of iron oxide strips are more reactive to acrylic acid cluster formation.

5.3.4 Reaction of acrylic acid on thick iron oxide (Fe; Oy, 7-14 A)

A thick iron oxide film might better mimic the iron oxide powder used often in
catalysis. Mismatch of a thin iron oxide structure on the Cu(100) surface results in a
distorted oxide structure. The thick oxide film more closely resembies the bulk. The
reaction of acrylic acid on the thick oxide might also be similar to bulk iron oxide.
This thick film might have different character and react via a different pathway.
Therefore, the reactions of acrylic acid on thick iron oxide films has been studied.

Exposures of 10 A thick iron oxide to 120 L acrylic acid resulted in XP
spectra shown in Fig 5.12. The C(1s) signal shows peaks at binding energies of 284.3
and 287.8 eV (FWHM = 2.0, 2.5 eV) while the O(1s) peak position is fairly constant

at a binding energy of 529.4 eV. The ratio of Cjg4 1 to Cas75 is ~ 1.8: 1.1. Compared to

the O(1s) peak before dosing acrylic acid, the XP intensity of O(ls) is rather
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constant due to lattice oxygen from thick oxide surface dominating the whole peak
area. The FWHM of the O(1s) signals before and after acid adscrption are 1.9 and 2.0
eV, respectively. The surface concentration of C is 1.4x10" atoms cm™. After heating
to 500 K the carbon concentration at both positions decreased consistent with CO»

and CH>CH, desorption. The broad carbon peak at a binding energy of 283.7

o o

(FWHM= 3.7 ¢V) is the only carbon species of carbon left on the surface. The O{1s)
intensities are constant suggesting that the oxygen in bulk might emerge to replace

the desorbed oxygen on the surface for the reason of keeping the surface being stable.
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Fig 5.12 (a) C(1s) and {b) O(1s) XP spectra of clean Cu , 10 A Fe;0O, , 120 L acrylic
acid adsorption (295 K) and desorption at 500 K, respectively

STM images (Fig 5.13) show the surface of the thick iron oxide surface after
exposure to acrylic acid. As in Chapter 3, the high densities of round structures of iron
oxide are observed, the bright islands scattered around the surface indicating either
oxide islands decrease or acid clusters adsorbed on oxide surface. STS was not
obtained in the experimeni. Compared with the case of the oxide fiim and Au
modified oxide substrates in Chapters 3 and 4, the bright islands 2-3 A high in Fig

5.13 should be acid moiecules or iron oxide, however hexagonal microstructure

—
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1.

with ca. 5 A high indicate Fe;04(111) termination.

Fan’
§
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T
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2
-

Z[A]

Fig 5.13 STM image of catalyst surface before (a) and (b) after exposure the surface
to 120 L acid in about 10001000 A” (1 nA,1 V) and (c) line profile show 7 A Fe;O;
with 4.5 A high and acrylic acid with 2-3 A high.

A magnified image in Fig 5.14 shows the round structures 25-30 A diameter
as iron oxide character in Chapter 3 but the population of round structures are not as
much as before the reaction. This suggests that the round particles could be due to the

oxide surface or acid adsorption. The height of the round structures is about 2-3 A.
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Fig 5.14 (a) A magnified STM image (700x700 A?, 1.4 nA, 1.9 V) after exposure iron
ur

also obtained after exposure of the thick iron oxide to acrylic acid. As mentioned

above some round

177]

tructures disappeared indicating that the disordered round
structures of oxide {in Chapter 3) are involved in the reaction while the pseudo
hexagonal structure which are present are not involved. This pseudo structure area is
indicate the structure on disordered area and hexagonal structures. The profile in Fig
5.15(d) shows the spacing between hexagonal structures of about 40-5¢ A as long as
before the reaction.

STM images of rows of acrylic acid clusters acquired in Fig 5.16(a) are similar
to acrylic acid on thin iron oxide film, as are the gaps between the rows which are an
average 50 A. Fig 5.16(b) shows another area of the sample surface. Acid rows on

iron oxide strips and disordered structures are observed.
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Fig 5.15 STM images of sample surface (a) after acrylic acid adsorption (600 L)

=

760%1760 A? (1 nA, 0.81 V) and (b) a magnified image in 370x370 A% (1 nA, 1.4V)
d

and line profile of (¢) the round structure and (d) arranged hexagenal pattern.

The iron oxide strips are shown in Fig 5.16(c) are for a wide area and (d) in a
magnified area. Note that in some areas acid forms as a cluster on iron oxide strips
while in some areas iron oxide strips are destroyed. It is possible that the thick oxide
survives due to the loss of surface O being replaced by O from the bulk. This may
explain why destructive strips were only obtained for the thick oxide film. However,

the destructive iron oxide strips were not found on the thin ircn oxide due tc a
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limitation of available O on this iron oxide surface. Lattice O atoms in thin iron oxide

tend to react with the coming acrylic acid which is adsorbed on the surface.

@ | (b)

() (d)

Fig 5.16 STM images of surface show strips of acrylic acid rows (a) 1800x1800 A2
(0.9 nA, 0.8 V) and (b) 350x350 A” and (c) destroyed iron oxide strips in 850x850 A>
(1.1 nA, 0.99 V) and (d) a closer area of strips in 380x380 A? (1.2 nA, 1 V).
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5.4 Reaction of acrylic acid on thin and thick iron oxide films in the presence of
Au nanoparticles

Au modified thin and thick iron oxide films were used to study the adsorption
of acrylic acid. Previous research [8] shows that Au particles can enhance or facilitate

the reaction on the surface of metal oxides.

5.4.1 Reaction of acrylic acid on thin iron oxide supported Au nanoparticles

0.47 ML Au deposited on a 4 A iron oxide (Fe;0,) film surface was used as a
model catalyst. After exposure of the oxide substrate to 120 L acrylic acid (Po; = 10
mbar), XP spectra of C and O(1s) show acrylic acid components on the surface
(section 5.3.3.1). Thin iron oxide supported Au nanoparticles also adsorbed acrylic
acid molecules, as XP spectra results show in Fig 5.17. C(1s) peaks are at binding
energies of 284.2 and 288.0 eV (FWHM = 2.3, 2.5 eV, respectively) and a shoulder
to the O(1s) peak appears at higher binding energy (530.6 eV), showing oxygen atoms
in covalent molecules of acrylic acid on the surface of iron oxide. The lattice oxygen
in the iron oxide film has a binding energy of 529.5 eV. Surface concentrations of C
and O are 1.3x10"° and 3.4x10'* atoms cm?, and the ratio of Cpg42 to Casso is 2.1: 1
and ratio of Cas30 to Os306 is 1.3:1. Note that the surface concentrations and C(1s) and
O(1s) binding energies on Au oxide surface and iron oxide are comparable. Au
nanoparticles do not enhance acid adsorption on the oxide surface.

After annealing to 500 K, the C(1s) signal at 288.0 eV shows a reduction,
signifying CO, is lost as the carboxylate decomposes; the peak at 284 eV is shifted
toward lower binding energy and broadened. This would suggest that no = electron
delocalization between C=C and COO in the molecules. The ethylene molecule left
on the surface gave a C(1s) peak at lower binding energy which was broad (FWHM
3.0eV).

The binding energy of the Au(4f;,) (Fig 5.18) signal is rather constant at 83.4
eV after acrylic acid adsorption and desorption; however annealing to 500 K resulted
in reduction of the Au(4f;,) intensity possibly due to sintering of the particles.

In conclusion, acrylic acid is adsorbed on the Au modified iron oxide surface
(295 K). Carboxylate formation and ethylene adsorption were found at this surface
similar to the reaction on thin and thick iron oxide films. Acrylic acid desorption (at
500 K) indicate that some C-C remains though CO, has left. Surface concentrations
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and C(1s) and O(1s) binding energies on the Au supported oxide surface and thin and
thick iron oxide films are similar. Therefore, Au nanoparticies do not enhance acid

adsorption on Au modified oxide surface.
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Fig 5.17 (a) C(1s) and (b) O(ls) XP spectra of clean Cu, Fe;O; , 0.47 ML Au

modified thin iron oxide surface, acrylic acid adsorption and desorption at 500 K on a
Cu substrate, respectively.

5.4.2 Reaction of acrylic acid on thick iron ¢xide supported Au nanoparticles
Exposure of a 0.4 ML Au modified 14 A thick iron oxide film to 120 L acrylic
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ergies of 284.1 and 288.1 eV (3.1: 1.5) while a small

_____ gies ©
C-(ls shoulder is obtained at binding energy of 530.2 eV. The reason for that
observed C ratic might be CO, formation and desorption. The surface concentration

~ 18

of C after acrylic acid exposure is 1.2x10"° atoms cm™. After heating to 500 K, the

C(1s) components decrease in intensity while the O(ls) intensity seems to be
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unchanged. The broadened C(1s) peak remaining indicates at least 2 species at a

binding energy of around 284 eV on the surface.
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Fig 5.18 Au{4f) XP spectra of 0.47 ML Au modified thin Fe;O,4 acrylic acid
adsorption and desorption (500 K) on Cu substrate.

Distinct changes in the structure of particles can be seen. Fig 5.20 shows a
large surface before and after exposure of Au modified iron oxide to acrylic acid.

Fig 5.21 (b) z-image and (c) current image show a closer picture at the step
edges of the modified oxide surface. Small round structures are on the top of distorted
Au nanoparticles. Some Au nanoparticles have 2-3 round structures on the top
suggesting adsorbed acrylic acid. 3 D images of the sample surface are also shown in
Fig 5.21(d) which demonstrates more clearly Au nanoparticles are involved in acrylic

acid adsorption.

A 3 o

u nanoparticles disiribuie around the iron oxide surface. Some areas are fully
covered by Au nanoparticles while elsewhere they are located only on the edge of
oxide areas. Interestingly many Au nanoparticles are arranged in straight lines e.g. in
Fig 5.22(a). The surface underneath those Au nanoparticles would be iron oxide
strips, which would direct the Au nanopaiticles growth. Fig 5.22(b) shows distorted

Au nanoparticles and acrylic acid clusters inserting between Au clusters and on the

B S e Ther e e " - 2 2 - 2 a1 . 2 .
edge of big siep. The small round structures are similar tc those seen on the thin iron
oxide with the same size and assigned to acrylic acid cluster
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Fig 5.19 (a) C(1s) and (b) O(1s) XP spectra of clean Cu(100) , 14 A Fe;0; film, 0.40
ML Au modified iron oxide surface, acrylic acid adsorption and desorption at 500 K,

respectively.
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-
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Fig 5.20 The current image of Au modified iron oxide surface (a) before acrylic acid
adsorption (1500x1500 A%) (1 nA, 1V) (b) after acrylic acid adsorption (2000x2000
A% (0.9 nA, 1V).
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21nm
FreT—s

Fig 5.21 STM images of 0.4 ML Au modified iron oxide (14 A) after exposure the
surface to 120 L acrylic acid (a) in large area 3000x3000 A? (b) z-image in
1000x1000 A? (0.9, nA, 1V) (c) i- image in 1000x1000 A? and (d) 3D image of
surface in (b).
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In conclusion, the adsorption of acrylic acid on the thin and thick iron oxide

a° 1

Au modified thin and thick iron oxides show similar carbon surface

.

an
concenirations (by XPS) suggesting that the reaction on the surface of those catalysts
is possibly the same. However, there are differences in the thermal desorption of the
adsorbed acid: at the thick oxide and Au modified thin oxide desorption was mainly

CO; while at the surface of thin iron oxide and Au modified thick iron oxide some

Jrapra, [pipn Iy ou- U | R [T e [ . 1 4L a
carboxylate is left on the surface. It was also f that ( i

at O atems in the thick

e’
m

involved in the acid adsorption on the surface and form a leaving species from the
oxide films resulting in the destructive strips. Distorted Au nanoparticles indicate
these nanoparticles are also involved in the acid reaction as the round structure

adsorbed on the top of Au clusters in STM image. Note that the Au oxidation state
5.5 Reaction of iron oxide and Au modified iron oxide surfaces with CO-
5.5.1 Intreduction and literature review

CO; is used mainly in 4 industrial processes [15] : CO, interaction with (1)

NH; leading to the nitrogen containing nutrient, urea; (2) salicylic acid in the
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production of pharmaceuticals and pesticides, (3) epoxides in carbonate formation
and (4) methanol synthesis in water gas-shift reaction. This has led to interest in CO,
surface chemistry. CO, is also one of the most suitable acidic molecules to
characterize the basicity of a surface. Interaction of CO, on single crystal surfaces of
metal oxide substrates has been studied for many years. A variety of substrates such
as BaO (poly), CaO(100), CrO3(111), MnO(100) and (111), Nay(100) and (111),
NiO(100), TiO»(110) and ZnO have been investigated. At low temperature CO; is
physisorbed on all substrates. In general chemisorption of CO, on metal oxide
surfaces leads to carbonate formation but CO, formed CO,” (carboxylate structure) on
a ZnO surface [15]. Carboxylate structures are formed by coordination of a bent CO,>
molecule to a metal, whereas carbonate (COs>) structures could be formed by
coordination of CO,> to an oxygen atom. This configuration may lead to a
monodentate carbonate; however, it has not been confirmed yet. Kuhlenbeck et al [16]
have found carbonate formation at low temperature by bidentate coordination for CO,
adsorption on Cr,0O3(111). This carbonate forms at 100 K and is stable above room
temperature. At above room temperature, CO, is chemically adsorbed at the surface
defect sites of alkaline earth oxide and forms carbonate (CO;). Fukuda et al [17]
stated that mono- and bidentate carbonate are formed from CO, adsorption on MgO at
room temperature. Idriss et al [18] reported that carbonate formation does not only
reflect the titration of surface Lewis base sites but also the ability of a surface to share
or donate oxygen atoms to adsorbates. Moreover, cations on metal oxide surfaces
should be considered especially for bidentate carbonate formation.

There has been discussion about the chemisorption of CO, on Cu surface
which is insignificant at room temperature and even pressures up to 5 atm; however,
partially adsorbed O on a Cu surface will react with high pressures of CO, to form
carbonate [19]. XPS spectra show O(1s) and C(1s) binding energy at 530.8 and 288.2
eV indicating carbonate formation. Moreover, it was found that the use of CO,-rich
CO,-0, mixtures also give rise to carbonate formation. The mixture is another
promising target for carbonate formation on prepared iron oxide systems.

In the present work, exposure of iron oxide and Au modified iron oxide films
on Cu(100) to CO, rich CO,-O, mixtures were studied. The formation of carbonate
compound species on oxide and modified oxide surface was investigated by XPS,
LEED and STM.
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5.5.2 Experimental details

Oxide films were prepared according to the recipe described in Chapter 3. In
brief, Fe is evaporated onto Cu(100) single crystal at 300 K and subsequently
oxidized at 10° mbar of O, at 850 K.

Au particles were deposited on iron oxide film by passing current through the
Mo filament wire to heat the Au drop.

At a back ground pressures of less than 5.0x10° mbar, exposures of the
sample to mixtures of CO, rich CO,-O, mixture (ratio 3-10 :1) were performed at the
pressure 1x10° mbar at 295 K. CO, (99.999%) and O, (99.999%) are from gas
cylinder. The gas was introduced into P chamber and controlled by a leak valve
connected to the gas line. The CO, and O, gas were mixed in the gas line the
composition checked by mass spectrometer. The ratio of the mixture was determined
by the intensities of peaks the in the mass spectra at 44 (CO,) and 32 (O;) amu. The
ionization probabilities of CO, and O, are 1.4 and 1.0 respectively.

The sample chemical composition was examined using X-ray photoelectron
spectroscopy followed by low-electron diffraction (LEED) and scanning tunneling
microscopy (STM) for surface structure.

5.5.3 Results and discussion

3 different experiments will be discussed in this section. The reaction of thick
iron oxide, regenerated thick iron oxide and iron oxide in the presence of Au
nanoparticles with CO; rich CO,-O, mixtures. The regenerated iron oxide films were
annealed to desorb carbonate and other adsorbed species and their subsequent
reactivity studied without further treatment. All reactions were performed at room
temperature. Molecular adsorption can lead to the formation of CO, and COs*
species [20]. Carbonate, a stable species, is supposed to be the main product on the

iron oxide surface.

175



Chapter 5 Reactions of iron oxide surfaces

5.5.3.1 Reaction of iron oxide surfaces with CO; rich C0O,-0O, mixtures
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For the reaction of iron oxide film

contaminaticn (surface concentration, 2.0><1014 atom.cm'z) was observed on the

surface of oxide film before dosing the mixtures. E.x__,»osucs of the oxide surface (10
A) to CO, were carried out at room temperature. There are no additional C(1s) and
O(1s) XP peaks.
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Fig 5.23 C(1s) XP spectra after exposure of the Fe;O, surface to CO- rich C0O,-0O,
(~8:1):420L, 840 L and 1220 L of the mixture.
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Chapter 5 Reactions of iron oxide surfaces

Since there is no CO, reaction it may be that the prepared iron oxide surface
lacks oxygen species for carbonate formation. Therefore, exposure to CO, rich CO,-
O, mixtures was an interesting option for studying carbonate formation. Fig 5.23
shows the result of a thick iron oxide surface after dosing the CO, rich CO»-O;
mixture.

Carbon atoms in carbonate species should give a C(Is) peak at a binding
energy of 286-290 eV. 2 species of C(1s) from carbonate and graphitic carbon
resulted in broad carbon signals developing in the C(1s) region at binding energies of
283.7 and 287.3 eV with an intensity ratio 2.4: 1. Further dosing increased the
intensity of the peaks. After the 420 L exposure, the observed binding energy of C(1s)
at 283.8 eV indicates graphitic carbon (high intensity) and 287.3 eV carbonate (very
low intensity). Exposure of the surface to 840 L mixture resulted in an increase in
intensity at high binding energy. The C(1s) signal at binding energy 287.5 eV became
slightly prominent. Following an exposure of 1220 L the intensity of this high binding
energy peak does not significantly increase. The maximum total carbon concentration
was 3.2x10" atoms cm?. Again, the intensity does not increase much indicating
saturated adsorption on the surface after further dosing of the mixtures.

In the experiment, the O(1s) spectra before and after exposure are unchanged.
It was not obvious that O(1s) exhibits a two-component peak. It was observed that the
O(1s) signal in carbonate compounds shows a two-component O(1s) peak indicating
observable different oxygen-containing species [21]: a low-energy component at 528-
529 eV from lattice O species and a high-energy component at 530-531 eV from a
chemisorbed O, species(carboxylate form). O(ls) binding energies at 532-533 eV
are frequently assigned to carbonate species. In our work, there is very little CO;
produced on this surface and the small oxygen peak is not seen against the large oxide
substrate.

LEED patterns show only an increase in background after exposure to the
mixture suggesting disordered adsorption on the sample surface. More LEED
discussion will be described in the reaction of COs-rich CO,-0O, mixture with Au
modified iron oxide surfaces.

Fig 5.24(a) shows STM images after exposure of the iron oxide surface to the
CO; rich CO,-0O, mixture. Magnified images are in Fig 5.24(b) and (c).
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Bright structures are located around on the top of oxide terrace being possibly both
graphitic carbon and some carbonate (as XP spectra confirmed). The square paiterns

8‘

low the bright lumps could be Moire’ patterns from the iron oxide surface.
Interestingly, the edges of iron oxide have been roughened signifying reaction is

e .

occurring here. The line profile of the lumps are 1<A high indicating the small

structures on the surface.

Z[A]

© Ximm] (d)
Fig 5.24 STM image of iron oxide surface after dosing a mixture of CO, rich CGy-O5:
{a) a large area in 1000x1000 nm~ (0.2 nA, -0.7 V), (b) i-image and (c) Z-image in
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5.5.3.2 Reaction of Au modified iron oxide surface with CO, rich CO,-O;

mixtures
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Fig.5.25 shows XP spectra of the Au modified surface after exposure toc a

CO,/0, mixture. At room temperature, exposure of the oxide surface (10 A) to 300 L
oxygen resuited in an O(1s) intensity which was unchanged and LEED pattern was
also the same as before dosing. Exposure of the 0.2 ML Au deposited iron oxide
surface to 300 L of a CO;-rich CO,-0; mixture (CO,: O, ~8 : 1) resulied in a broad

carbon signal developing in the C(1s) region. The O(1s) XP signal did not change due
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After exposure to a further 420 L, the intensity of the carbon signal increases
at binding energies 283.7 and 287.6 eV indicating graphitic carbon and carbonate are
formed on the surface

After 900 L, the C(1s) spectrum shows at least 3 components. In Fig 5.25, the

fitting of 3 peaks (FWHM ~ 2.5 eV) is possible, at binding energies 282.1 (carbide),

284.6 (carbon) and 287.6 (carbonate) eV with an intensity ratio (1 : 5.9 : 3.8). Total

~

surface concentration of carbon is ca. 3.1x10'* atoms cm™.

Further dosing did not increase the C(1s) peak intensities. There are possibly 2

factors for the lower activity of this model surface to CO»; (1) the surfaces of prepare

)
r

L and (2) some active sites
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o a CO; rich CO,-0, mixture (Fig 5.26) are similar to those afier reaction on the iron
xide surface. Fig 5.26 shows exposure to the mixture degrades the LEED pattern of

the surface. There are only blurred ]

the clean Cu lattice. It could be the twin unit cell of the Cu substrate as sguare unit

cell with 2.55 A on the surface. The disappearance of additional spots for iron oxide

explains that the gas mixture reacted with atoms on iron oxide surface.
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Fig 5.27 (a) STM image of Au modified sample surface after dosing of a CO, rich
CO,-0, mixture {470x470 A? ) and (b) line profile of features on the surface.
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Fig 5.27 shows STM of the surface after exposure to a C
mixture. The topography image is similar to the surface of Au modified iron oxide
before the reaction, although, oxide hexagonal-like shaped isiands become round
while the Au nanoparticles are not changed. This suggests that the reaction might be
happening on the edge of iron oxide islands. The line profile of Au particles and oxide

islands on the surface are similar to the surface before the reaction.

5.5.3.3 Reaction of regenerated thick iron oxide surface with CO, rick C0,-O,
mixtures
It is of interest to know if the iron oxide catalyst could react with the mixtures

irst used and the regenerated. Heating the sample in an O,
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(a) (b)

Fig 5.28 LEED of (a) iron oxide at E
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After an experimeni dosing a CG, rich O./ CO, mixture, the surface was
heated in the presence of O, (110  mbar) at 500 K for 3 min. The LEED pattern in
Fig 5.28 shows that surface of the catalyst could be recovered. The LEED pattern

after re-oxidization is similar to that for the ‘fresh’ oxide surface. However, th

(¢}

xide as XPS results in Fig 5.29. Th

[d]

S

C(1s) signal shows that there was some carbon left after regeneration. The C(1s
ignal left after re-oxidizing resulted in a low activity for carbonate formation. I is
possible that the carbon shown in Fig 5.29 is more likely to be carbon from the bulk

otherwise the LEED pattern from the iron oxide could not have been observed.

o

Carbon in the oxide tilm might t nate the reaction on the surface. The ratio of Fe

to O is about 0.72 indicating iron oxide Fe;0s. The surface concentration of C is fairly

-

constant at about 1x10"* atoms cm™. It is interesting that regenerated iron oxide

here is not even additional C graphite at a C(1s) binding

energy of 284 eV afier further dosing the mixture.
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Fig 5.29 C(1s) XP spectra of the regenerated iron oxide film reacted with CO, rich
CO0O,-O, mixture : exposure the surface to 300 L and 900 L of the mixture.

In summary, carbonate formation can be observed on the iron oxide surface
(Fe;0,) surface, although in very small quantity. Au deposition enhances the reaction.
Studying this reaction at low temperature would be interesting and worthy to

understand the reaction mechanism.
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5.6 Reaction of iron oxide and Au modified iron oxide surfaces with NH;

5.6.1 Introduction

NH; represents a useful basic molecule for characterizing the acidity of the
surfaces. Iron oxide is one of the well-known supports for catalyst as its surface
consists of both acidic and basic sites. Studying the reaction of NH; on iron oxide
would provide some further information for understanding catalysis development.

The ammonia oxidation reaction at metal surfaces is one of the model systems
used to develop the role of oxygen and precursor states in reaction pathways [22]. The
conditions of temperature and composition of the NH; and O, mixtures direct the
reaction pathway. It has been reported that the oxidation of ammonia on Cu(110)
surfaces could result in the formation of chemisorbed amide (NH;), imide (NH) or
nitride (N) species. At 295 K, with ammonia-rich NH; and O, mixtures, a monolayer
of imide species was formed while with the same gas phase composition at 475 K,
nitride was obtained.

5.6.2 Experimental details

Iron oxide and Au modified oxide surface were prepared following the recipe
in Chapter 3 and 4.

At background pressures of less than 5.0x10”° mbar, exposures of sample to
mixtures of NH; rich NH;-O, (ratio 5-15 :1) were performed at the pressure 1x10°
mbar at 300 K. NHj; (99.999%) and O, (99.999%) are from gas cylinders. The gas
mixtures were introduced into the P chamber and controlled by a leak valve connected
to the gas line. The NH; and O, gas were mixed in the gas line and the composition
checked by a mass spectrometer. The ratio of the mixture was determined by the
intensities of peaks in the mass spectra at 17 (NH3) and 32 (O;) amu. The ionization
probabilities of NH3 and O, are 1.3 and 1.0, respectively.
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5.6.3 Reaction of iron oxide with NH;-rich NH;-Q; mixtures
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NH molecule) (Fig 5.30). It has been reported in previous work [23, 24] that NO,,
NH; a4, NHags and Ny have binding energies of 400.0, 399.0, 397.5 and 396.6 eV
respectively. Moreover, it was suggested that NH; 5 is a very unstable intermediate
that decomposes instantly after formation on the way to NH.s. The N(Is) spectra

could prove that NH; or NH can be adsorbed on the surface of iron oxide. Surface

reaction with nitrogen indicates that the iron oxide surface are partially acidic and

basic (react with CCy(acid) in the previous topic).
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un

Iﬁ-

surface did n

CO,). This shows either an epitaxial N species adsorption on iron oxide catalyst
model or the small N compound species is not high enocugh to damage the pattern of

iron oxide LEED pattern.

shown are clearly the rough edges of square terrace 4 A high. The 4 A high square
00) termination. Interestingly, the edges of the flat
oxide islands have developed rims up to ~1.5 A high above the plane. This indicates
that the step edge of the oxide is more reactive than the terraces. However, the
surfaces of the big terraces are also roughened indicating that reaction has also taken

place. Unfortunately, no atomically ved image was acquired.
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Z[A)

(d)

Fig 5.32 STM image of iron oxide surface after exposure the surface to a NH;-rich
mixture of NH; and O; : (a) z-image, (b) i-image, (c) 3-D image in 1200x1200 A% and

(d) line profile in image (a).
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Fig 5.33 N(1s) XP spectra of Au modified 14 A iron oxide surface and reaction of

oxide surface with NHa rich NH3-O, mixtures.

0.1 ML Au deposited on an 12 A iron oxide films was used to study NH;
adsorption and reaction. Fig 5.33 shows the N(is) spectra peaks with binding energies

of ca.397.8-398.0 eV were obtained indicating either NH;, NH, or NH compounds

~L 4 EEysiEe S 7
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located on the surface. Au(4f;;) signals are observed at a binding energy o

r=r
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3.4
before and after reaction. The carbon surface concentration is about 2x10'* atoms cm”
% at a binding energy of 284 eV (graphitic carbon) indicating impurities on the

surface.
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The maximum nitrogen surface concentration is about 1.1x10'* atoms cm™.
The N(1s) spectra show that the Au modified iron oxide surface is more reactive than
the iron oxide surface. The peaks are more prominent as depicted in Fig 5.33. N
compounds vanished after heating to 520 K. N, and H>O could be the main desorption
produ s from the aU['IdLC Moreov €I, €Xposure ¢

u
surface to the mixture of NH; rich NH;-O, gave an increase in N(1s) signal intensity

ing that N compounds could

\

0.6

Z[nm]

04-

X[nm]
(a) (b)

Fig 5.34 STM image of Au modified iron oxide surface after dosing the surface to

The STM image in Fig 5.34(a) was acquired afier exposure of the Au modified
sample to the NH; rich NH;-O, mixture. Interestingly, a reduction of the height of Au
nanoparticles height (iess than 6-8 A in Fig 5.34(b)) was observed. It could be that the
tunnelling characteristics have changed due tc adsorption on the Au clusters involved

in the reaction; however NHy adsorption is unlikely on Au, and an alternative

e:x:plzmati-vn is that for adsorption on the iron oxide surface has modified its imaging

therefore it is hard to see the structure change of oxide surface.
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Fig 5.35(a) shows a magnified image of the sample afier exposure of Al
deposited iron oxide to the mixtures. The 3D i mage in Fig 5.35(b) shows a noticeable
topography of surface. The Au ciusters are 6 A high in Fig 5.35(c) indicating that Au

eaction or a changed in tunnelin
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Fig 5.35 (a) STM image and (b) 3 D image of Au deposited iron oxide surface

exposed to NH; rich NH;3-0; mixture (640x640 A?), (c) line profile of structure in (a)

y ¥

and (d) IV curve of Au modified iron oxide surface afier the mixture dosing.
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Au nanoparticles were involved in the reaction. The IV curve still shows the
semimetal behavior of Au nanoparticles with band gap of 1.0 eV.

In conclusion, the formation of N species was observed on iron oxide and Au
modified iron oxide surfaces. Au nanoparticles enhance the number of N species
formed on the iron oxide surface. The LEED pattern of the oxide was not destroyed
by N species adsorption.

5.7 Conclusions

Iron oxide(Fe;04) and Au modified iron oxide surfaces were used to studying
the reaction with acrylic acid, CO,-rich CO,-O, mixtures and NH;-rich NH3-O,
mixtures at room temperature.

The adsorption of acrylic acid on thin and thick iron oxide surfaces and Au
modified thin and thick iron oxide surfaces resulted in carboxylate formation and
vinyl adsorption and desorption at 500 K as CO, and ethylene. Au nanoparticles on
the oxide did not enhance the acid reaction on the surface.

However, Au clusters on oxide films improve the surface reaction of small
molecule such as CO, and NH;. The iron oxide film reacted with CO, and NH;
reflecting the combination of basicity and acidity on the prepared iron oxide surface.
The surface concentration of C and N species are not significant on iron oxide alone,
while carbonate and N species formation (NH;, NH, and NH) are prominent on Au
modified iron oxide films. Moreover, NH; can react with the Au modified oxide
surface again after it was regenerated.

From the STM results, the edges of the iron oxide islands and the top of Au
nanoparticles are most reactive as their rims turn rough after adsorption.

Au modification of iron oxide enhances the reaction of CO, and NH; as
intensities of C(1s) and N(1s) XP signals increase; however, the reactivity of the
surface with both gases is small. Therefore, the prepared iron oxide Fe;O, surface
(100) and (111) planes are not really reactive to small molecules e.g. CO, and NH;
but they are more reactive to big molecules such as acrylic acid at room temperature.

Studying the reactions at low temperature would be interesting.

191



Chapter 5 Reactions of iron oxide surfaces

References:

[1] F. Bournel, C. Laffon, Ph. Parent and G. Tourillon, Surf. Sci. 350(1996) 60.

[2] W. Weiss, W. Ranke, Progress in surface Science 70 (2002) 1.

[3] R. Pestman, A. van Duijne, J. A. Z. Pieterse, V. Ponec, J. of Molecular Catalysis
A : Chemical 103 (1995) 175.

[4] S. R. Leadley, J. F. Watts, J. of Electron Spectroscopy and related Phenomena, 85

(1997) 107.
[51 Y. Joseph, M. Wiihn, A. Niklewski, W. Ranke, W. Weiss, C. Woll and R. Schigdl,
Phys. Chem. Chem. Phys. 2 (2000) 5314.

[6] Y. Joseph, W. Ranke and W. Weiss, J. Phys. Chem. B, 204 (2000) 3224.

[7]1 K. T. Rim, J. P. Fitts, T. Miiller, K. Adib. N. Camillone III, R. M. Osgood, S. A.
Joyce, G. W. Flynn, Surf. Sci. 541 (2003) 59.

[8] G. J. Hutchings, M. S. Hall, A. F. Carley, P. Landon, B. E. Solsona, C. J. Kiely, A.
Herzing, M. Makkee, J. A. Moulijn, A. Overweg, J. C. Fierro-Gonzalez, J.
Guzman, B. C. Gates, J. of Catal. 242 (2006) 71.

[9] C. Lemire, R. Meyer, Sh. K. Shaikhutdinov, H. —J. Freund, Surf. Sci. 552 (2004)
27.

[10] R. Meyer, D. Lahav, T. Schalow, M. Laurin, B. Brandt, S. Schauermann, S.
Guimond, T. Kliiner, H. Kuhlenbeck, J. Libuda, Sh. Shaikhutdinov, H.-J. Freund,
Surf. Sci. 586 (2005) 174.

[11] R. Pestman, A. van Duijne, J. A. Z. Pieterse, V. Ponec, J. of Molecular Catalysis
A : Chemical 103 (1995) 175.

[12] T. Yokoyama, N. Yamagata, Appled Cat. A : General 221 (2001) 227.

[13] F. Bournel, C. Laffon, Ph. Parent and G. Tourillon, Surf. Sci. 350 (1996) 60.

[14] http://srdata.nist.gov/cccbdb/geom3.asp?method=13&basis=20

[15] H. -J. Freund and M. W. Roberts, Surface Science Reports 25 (1996) 225.

[16] H. Kunlenbeck, C. Xu, B. Dilmann, M. Hafel, B. Adam, D. Ehrlieh, S. Wohlrab,

H.-J Freund, U. A. Ditzinger, H. Heddermeyer, M. Neuber and M. Neumann,
Ber. Bunsenges, Phys. Chem. 96 (1992) 15.

[17] Y. Fukuda. Y. Tanabe, K. Bull. Chem. Soc. Jpn. 46 (1973) 1616.

[18] H. Idriss, E. G. Seebauer, Catal. Lett. 66 (2000) 139.

[19] A. F. Carley, A. Chambers, P. R. Davies, G. G. Mariotti, R. Kurian and M. W.
Roberts, Faraday Discuss 105 (1996) 225.

192



Chapter 5 Reactions of iron oxide surfaces

[20] R. G. Copperthwaite, P. R. Davies, M. A. Morris, M. W. Roberts and R. A.
Ryder, Catal. Lett. 1 (1988) 11.

[21] H. M. Ismail, D. A. Cadenhead, and M. 1. Zaki, J. of Colloid and Interface
Science, 194 (1997) 482.

[22] A. F. Carley, P. R. Davies, K. R. HArikumar, R. V. Jones, G. U. Kullkarni and
M. W. Roberts, Topics in Catalysis 14 No.1-4 (2001) 101.

[23] A. C. M. van den Broek, J. van Grondelle, R. A. van Santen, J. Catal. 185 (1999)
297.

[24] C. ). Weststrate, J. W. Bakker, E. D. L. Rienks, S. Lizzit, L. Petaccia, A. Baraldi,
C. P. Vinod, B. E. Nieuwenhuys, Phys. Chem. Chem. Phys. 7 No. 13 (2005)
2629.

193



Chapter 6 Conclusion

Chapter 6

Conclusion

As iron oxide is an important catalyst component in many applications and Au
has been shown to enhance reactions of this oxide surface, the preparation of iron
oxide and Au modified iron oxide surfaces were made and then the reactivity of the
catalyst models were also studied. In the experiments, the iron oxide and Au modified
iron oxide films were made on a Cu(100) substrate and their reactivity with acrylic
acid, CO, and NH; studied. This Chapter will summarize the results and discussion
from those experiments.

Fe was deposited on the Cu(100) substrate using an evaporator with a small
flux of Fe evaporation resulting in layer and island growth mode (Stranski-
Krastanov). A step height of the topmost island shows monatomic steps ~2 A high.
An Fe overlayer grew epitaxially on the substrate with 2 domains with a square unit
cells of sides 2.55 A and 3.61 A signifying domains p(1x1) and c¢(2x2) on the
substrate surface.

The oxide is prepared by oxidizing Fe multilayers at temperature 850 K using
a high and low heating rate. A low heating rate gives a thick film (10-14 A) while a
high heating rate gives a thinner (3-5 A) film. Both conditions give a well-ordered
surface. However, the Cu substrate was not oxidized in this low-pressure/high-
temperature oxidation treatment. Fe;04(100) and (111) surfaces are identified by the
chemical composition of the surface from XP spectra and LEED and STM images.
Excellent long-range expitaxy, antiphase domain boundary strips and hexagonal
superstructures were observed.

The Fe 2ps.; core level of the iron oxide film is 710.5 eV binding energy while
Ols appears at 529.5 eV. The ratio Fe: O was about 0.74 - 0.78 from XPS data
indicating Fe;O4. The spectra of Fe;O4 are made complicated by the presence of two
oxidation states (Fe>* and Fe*") of Fe. The O 1s binding energy is fixed at 529.5 eV
because the O 1s binding energy is in general not sensitive to the oxidation state of the
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iron. The observed broad Fe 2p;, peak (FWHM ~4.3 eV) of the prepared oxide also
suggests Fe304.

Iron oxide having a complicated structure would produce additional spots
compared with LEED pattern of the Fe multilayer. LEED structures of both
hexagonal and square lattices were observed which is well-oriented relative to the
Cu(100) substrate. Three possible diffraction structures corresponding to Cu(100)
are: (1) real space structure Cu(100)<(¥2x¥2)R45 or Cu-(100)- '} 1—1] with a square

2
unit cell 3.61 A, (2) real structure Cu(100)-c(4x2) or Cu-(100)- l:z :

] with a
hexagonal unit cell 5.7 A and (3) the real space structure Cu(100)-(+/5 x /5 )R26.6°

2 1
or Cu~(100)- { . 2] with a square unit cell 5.1 A. The nature of these domains

could be exploded in a detailed LEED study of structure and Fe coverage.
STM images show domain boundary strips and hexagonal superstructures with

the antiphase domain boundary strips of Fe;04(100) underneath the hexagonal
Fe;04(111) structures. Strips might be formed in the first layer of oxide formation on
Cu(100) surface and the next layer could be either strips or hexagonal structure. The
pseudo-hexagonal superstructure has 50 A hexagonal spacing with atomically flat ~5
A high corresponding to Fe;O4(111) termination. Strips grown and aligned with the
Cu(100) substrate structure with the size ca. 50 A wide and 2.1 + 0.2 A high. More
detailed studies of the structures of layers and their reactivities would be useful.

Au was deposited on the substrates to study the electronic, geometric and
chemical properties. Au clusters were vapor-deposited on iron oxide Fe;Os, oxidized
Cu and clean Cu surfaces. It was found that the clusters grow in a 3D mode (Stranski-
Krastanov) on the oxidized substrate but in a layer-by-layer mode (Frank van der
Merwe) on clean Cu. On iron oxide the Au nanoparticles have an average diameter of
30-50 A and are ~10 A high. Annealing experiments show that the Au clusters are
stable in the system to at least 600 K and form well-defined hexagonal microcrystals.
STS showed that the Au clusters on the oxide substrate have nonmetallic properties
(0.5-1 V). The development of STS with concentration would be worth studying. The
LEED patterns before and after depositing Au on iron oxide surface are the same.
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The epitaxial Au films on Cu are strained because of lattice mismatch. Two domains
of Au on Cu(100) surface: Cu<(1x1)-Au and c(2x2)-Au were observed. STM images
show square Au islands with 2.75-3.0 A high.

Iron oxide (FesO4) and Au modified iron oxide surfaces were used for studies
of the chemistry of acrylic acid, CO,-rich CO,-O, mixtures and NHj-rich NH3-O,
mixtures at room temperature. The adsorption of acrylic acid on thin and thick iron
oxide surfaces and Au modified thin and thick iron oxide surfaces resulted in
carboxylate formation and vinyl adsorption together with the desorption of CO, and
ethylene at 500 K. Au nanoparticles on the oxide did not enhance the acid reaction on
the surface.

However, Au clusters on oxide films increased the surface reaction of small
molecules such as CO, (acid) and NH; (base). STM results show the edges of the iron
oxide islands and the top of Au nanoparticles are more reactive as their rims turn
“uneven” after adsorption. Carbonate is a main product of reaction of Au modified
iron oxide with CO, whereas for NH;, NH, and NH compounds are adsorbed on those
modified oxide surfaces. N, and H,O could be the main desorption products but these
were not measured directly. Moreover, exposure of the regenerated Au modified iron
oxide surface could react to NH; as shown by an increase in N(1s) signal intensity at
the same binding energy. Therefore, N compounds could react on the regenerated
oxide catalyst surface but CO, could not. STM images also show a reduction of the
height of Au nanoparticles height after reaction and annealing.

For future work a study of the reactivity of oxide and Au modified iron oxide
at low temperatures might aid surface science characterization. Also, as Au
nanoparticles are relatively high, a study of the reactivity of those nanoparticles with a
macromolecule (bulky molecular structure) will be able to provide more clues to the

mechanisms and the reaction on the nanoparticles surfaces.
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