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used in this thesis. Specifically, transition metal nanoparticles, prepared by wet-chemical
synthesis which allows control of the size of the particles, were investigated to determi-
ne their electronic and geometric structure. For Co nanoparticles, prepared in presence of
aluminumtrialkyl compounds, a detailed model of metallic core formation and further sta-
bilization under different synthesis conditions can be established. The size of the particles
is sensitive to the initial molar ratio of precursor to aluminium organics and the surfactant
used for stabilization. Using a molar ratio of Cos(CO)g:Al(oct)s = 10:1 and KorantinSH as
a surfactant leads to the production of 10 nm H.C.P. nanoparticles, whereas the addition
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1 Motivation

Nanoparticulate metals are generally defined as isolated particles between 1 and 50 nm in size. The main
interest for potential applications of these materials stems from their huge surface areas, relative to bulk. It
has been calculated that e.g. an iron cube of 10 nm size exhibits 10% of the atoms at the surface, whereas
downsizing these particles to 2.5 nm exposes 60% of the atoms at the surface [Bra94].

Nanoparticulate metal materials can be obtained in the form of metal nanopowders, where the grain size
ranges between 5 — 50 nm, and metal nanoparticles of 1 — 10 nm size having a relatively narrow size
distribution. Nanoparticulate metal colloids are isolable particles with sizes between 1 nm and 15 nm where
the metal cores are prevented from agglomeration by protecting shells. Metal colloids can be redispersed in
organic solvents [Kre01].

Nanostructured metal particles can be obtained either by so called ‘top down methods’, for example by the
mechanical grinding of bulk metals, or via ‘bottom-up methods’ which rely on the wet chemical reduction of
metal salts or, alternatively, the controlled decomposition of metastable organometallic compounds such as
metal carbonyls. For the production of nanoparticulate metal particles a large variety of organic compounds,
e.g. donor ligands and polymers are used to control the growth of the initially formed nanoparticles and to
prevent them from agglomeration. This approach has become one of the most common and powerful
synthetic methods in this field [Bon01]. Alternatively, the modified glass crystallization method is another
promising technique for producing nanoparticles with a complex structure [Miil03b].

Nanoparticles and colloids form the bridge between atoms and molecules on the one hand and bulk material
on the other hand. The geometric and electronic structure of nanoparticles with even 1000 atoms still differs
significantly from the bulk material [Mar91]. Also the macroscopic chemical [Car02, Mod03], physical:
electrical [Muk03], optical [Sal02], thermal and magnetic properties are dependent on the particle size and
differ from those of the corresponding bulk material.

Because of their unique properties, nanosized particles are found to be suitable for numerous applications.
Ferrofluids, for example, obtained using iron coated nanoparticles are promising candidates for magnetic
drug delivery [Loc02]. PtRu nanoparticles are promising electrode materials for Polymerelectrolyte —
Membrane fuel cell (PEMFC) heterogeneous catalysts, which can be used in commercially important
reactions [Sch94, Pau00, and Cro00]. The high values of magnetic anisotropy and saturation magnetization
ensure a wide application of the magnetoplumbite (M-type) ferrites as permanent magnets and for high-
density magnetic recording applications [Tur93].

Geometric and electronic information is necessary to characterize nanoparticles in a wider sense and to
understand their properties as there is a strong correlation between their composition and structure on the one
hand, and physical and chemical properties on the other. For each particular case the following information
is important:

=  Geometric structure - size of the particles, crystallographic phase, composition;

= Electronic structure — valency, band structure, size dependence of these properties;

= Interaction of the metal core with the protective shell and/or possible support;

= Consequences of the above mentioned properties on the macroscopic chemical properties.

Among the numerous experimental techniques available for obtaining some part of this information, X-ray
Absorption Spectroscopy (XAS) turned out to be very powerful, as no long range order is required, in



1 Motivation

contrast to X-ray Diffraction (XRD) measurements. X-ray Photoelectron Spectroscopy (XPS) and Ultraviolet
Photoelectron Spectroscopy (UPS) provide information about surface composition and oxidation states but
fail to determine the geometric structure. Infrared Spectroscopy (IR) provides information of surface
composition but no direct access to the interaction between the core and the surfactant. In contrast to that, the
mechanism of interaction which takes place during particle formation and further stabilization can be
understood from in-situ X-ray Absorption Fine Structure (XAFS) measurements. They provide the necessary
information, as this technique allows the experiments to be performed in a protective gas atmosphere, to look
at the nanoparticle in dispersion or fluids, and to apply heat treatment, as well as offering many other
opportunities for monitoring changes which might occur during particle preparation and conditioning.
Providing size information is of great importance as numerous types of size-dependent changes in properties
of nanoparticles have been observed [Voi00, Jon01, Zha03, and Chr04]. However, the techniques which are
generally used for size determination do not always provide complete information on a given system. For
example, in the case of size investigation of magnetic nanofluids the hydrodynamic and magnetic diameters
observed from Transmission Electron Microscope (TEM), Small Angle Neutron Scattering (SANS) and
magnetic measurements (Temperature-dependent magnetorelaxometry — TMRX, zero field cooled
magnetization — ZFC and low-temperature coercivity) are different. The hydrodynamic diameter, in case of
magnetic fluids, derived from viscous measurements or indirectly from SANS measurements is the sum over
core, shell and polymer average chain length diameters. TEM provide a core plus shell diameter and
magnetic measurements reveal the magnetic/core diameter. Combinations of these techniques with
information which can be obtained from XAFS make it possible to distinguish between core and shell
diameters.

To show the importance of size and surfactant effects, two illustrative (non-magnetic) cases are discussed in
this thesis. These effects have the most significant influence on extremely small nanoparticles with an
average diameter about 1 nm. Studies on the syntheses and properties of magic size (chapter 5.1) transition-
metal (TM) nanoclusters have attracted significant attention for a long time. Such materials display novel
physical properties owing to their large surface areas and/or quantum size effects [Gue76, Boa95], and they
can be used to develop new optical [Hag05] and electronic devices [Bar00, Sch98]. Platinum clusters are of
particular interest and the subject of intense study, because of their unique electronic and catalytic properties
[Sch94]. It has been shown [Wen04] that, following the wet-chemical approach, it is possible to produce
single shell Pt nanoparticles. The second interesting research topic is that the size and shape of resulting
nanoparticles can be controlled during the synthesis by the addition of ‘seeds’ (i.e. Pt nanoparticles with an
average size of ~ 1 nm.), which accelerate the nucleation and prevent particles from further growth. Thus,
another size and shape controlling parameter is introduced into the preparative procedure. The ‘seeding’
method of synthesis has been developed to control the mode of particle formation from the same precursor
and with the same precursor to stabilizer K,PtCly: [C4HoNO] , = PVP ratio regulated only by the amount of
seeding. The dramatic influence of seeds on the resulting nanoparticles and their interaction with the
surrounding environment were investigated by XANES measurements. Several models of stabilization are
suggested based on EXAFS analysis.

Magnetic fluids, where the magnetic particle core is covered by mono- or bilayer of a suitable surfactant, are
very sensitive to even slight differences in the preparative conditions and parameters. Here, magnetic
nanoparticles and ferrofluids were prepared by a size-selective route, established by Bonnemann AG
(chapter 4.1.3), which leads to air stable monodisperse colloidal cobalt nanoparticles via the thermolysis of
C0,(CO)g in the presence of aluminum alkyl. Previous work has shown that aluminum trialkyl can be used
successfully to prepare colloidal mono- and bimetallic nanoparticles by ‘reductive stabilization’. Two major
advantages of this methodology are: (1) a surfactant is required for the preparation of nearly monodisperse
transition metal colloids and (2) these nanoparticles have highly reactive organo-Al groups as colloidal
stabilizers, which can be chemically modified to tailor their dispersion characteristics and even to develop 2-
D or 3-D nanoparticle networks [Buc02, K6h01]. The importance of surfactants which are used during
preparation of nanoparticles became an intensive topic of scientific discussion during the last few years. The
study of the stabilization mechanism provoked by different surfactants is an important issue which has to be
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taken into account in order to understand the changes in the magnetic properties of nanoparticles.
Stabilization of the nanoparticles can be done through two mechanisms, via formation of surface
coordinations or a core-shell system. This study shows that the resulting nanoparticles are sensitive to small
differences in the synthesis condition, especially when nanoparticles have been produced using a wet-
chemical approach. In particular, by applying a ‘smooth oxidation’ procedure, in the stage of the wet colloids
developed by Bonnemann et.al, it is possible to modify the protection shell in a way that the metallic core of
the particles is no longer affected by exposure to air. Based on X-ray Absorption Spectroscopy
measurements presented in this thesis, it is possible to conclude that the oxidation of the metal core by air is
inhibited by the presence of a shell consisting of organic compounds such as CoCQOj3, and not the formation
of cobalt-oxides, as would be expected. Thus, the novel ‘smooth oxidation’ procedure can be treated as an
additional type of protection of nanoparticles against oxidation.

Ferrites are magnetic materials with a quite complex structure. Hexagonal ferrites with magnetoplumbite
structure have attracted the attention of scientists for a long time [Col90, Cab95]. Barium hexaferrites
nanoparticles, which have been investigated in this thesis, have been prepared by Dr. R. Miiller IPHT Jena.
Recent research within the DFG Priority Program SPP104 ‘Colloidal Magnetic Fluids: Basics, Preparation
and Application of New Ferrofluids’ show that the powders prepared by means of a modified glass
crystallization method [Miil94] can be a suitable base for magnetic ferrofluids with higher anisotropy and
lower magnetic losses than iron oxide—based fluids. Over time, for the iron oxide ferrofluids, the
transformation from magnetic magnetite or y—Fe,O; into diamagnetic a—Fe,O; phase is likely to occur. Thus,
they are not very suitable for a long—term application. In contrast to iron oxide—based ferrofluids, the barium
hexaferrites ferrofluids have magnetic properties comparable with iron oxide, and show long—term stability.
However, it has been observed that magnetic properties change in unexpected ways. There are competitive
explanations in the literature: changes in the magnetic properties of hexaferrites nanopowders in comparison
with the bulk can be understood as so-called ‘dead layer’ formation, oxidation of y—Fe,O; towards a—Fe,O3
during synthesis or order-disorder effects. These mechanisms will influence the orientation of magnetic
moments, and thus determine magnetic properties. The XAS measurements in combination with theoretical
calculation of XANES spectra using FEFF8 code can provide the necessary information to confirm one or
the other model. The Ba Ly-, Fe K-, Ti K-XANES and EXAFS results, presented in this thesis, support the
idea that in this system not only a geometric rearrangement of the atoms as a function of particle size and
thus surface energy occurs, but also a chemical de/recomposition. However, this does not lead to the
observed deviation of magnetic properties, which are expected for a certain size.

Understanding size and surfactant effects on magnetic nanoparticles using the X-ray Absorption
Spectroscopy have been the main aim of this thesis. Finally, it turned out that XAS is a powerful technique
which provides enough information for detailed explanations of size dependent changes in the properties of
nanostructured materials.



2 Theory of X-Ray Absorption Spectroscopy

Over the last decades X-ray Absorption Spectroscopy (XAS) has emerged as a highly informative probe of
the local structure around selected atomic species in solids, liquids, and molecular gases [Che02, Mor98].
Foremost among its strengths are its applicability to amorphous materials, as no medium or long range order
is necessary within the sample, and the ability to probe the environments of different elements individually in
the sample by selecting the incident x-ray energy.

Although the phenomenon and its basic explanation in terms of a quantum mechanical interference effects
have been known since the 1930’s (Kronig), the phenomenon did not become a practical experimental tool
until two events occurred: the developing of a theory of the essential physical aspects of the processes
leading to the standard EXAFS equation, by Stern, Sayers, and Lytle [Say71], and their proposal of a simple
method of data analysis. The amount of information available from a single XAS spectrum from a well-
chosen experiment is inaccessible in many cases by any other technique.

2.1 Interaction of photons with matter

Throughout the history of modern physical science, X-rays have been used as a powerful tool in analytical,
physical, chemical, and structural characterization of matter. The interactions of photons with matter will be
described in this chapter.

When a beam of monochromatic photons travels though matter, it loses intensity via interaction with matter.
According to the Lambert-Beer‘s Law, the linear absorption coefficient — u;, which consists of coherent

(Rayleigh) and incoherent (Compton) scattering coefficient (L), as well as photoelectric (u,,) and pair
production coefficient (L), can be described as:

I=1,-e """ @2.1)

where [, is the incident intensity, ¢ is the sample thickness, and [/ is the intensity transmitted through the

sample, as shown in Figure 2.1.
L
b I .

Figure 2.1: Simple scheme of x-ray interaction with matter

At most X-ray energies the dominant attenuation process is photoabsorption. The linear photoabsorption
coefficient increases rapidly with the atomic number Z and decreases with increasing photon energy E. The
dependence is given by:

2.2)



2.1 Interaction of photons with matter

Another effect which takes place when X-rays interact with matter is scattering. The scattering process
relates to the fact that X-ray photons can be deflected from their original direction of propagation, either with
or without loss of energy, by scattering an electron. The scattering can be categorized into coherent
(Rayleigh scattering), when the photon scatters elastically at the atom cores with no loss of energy, and
incoherent interference (Compton scattering), where the wavelength is shifted slightly to a higher value as
part of the incident energy is transferred to the electron as the photon changes its direction. According to the
Klein-Nishina formula, the Compton linear attenuation coefficient — iycon is:

In( E)

7 2.3)

H incoh

Besides these two effects, pair production might take place. Pair production is the process in which a high-
energy photon is completely transformed into an electron — positron pair. Therefore, this is a process
whereby energy is transformed into matter. The rest mass energy of an electron is 0.511 MeV, so the
threshold for electron-positron pair production is 1.02 MeV. Thus, pair production becomes one of the most
important interactions with matter for X-ray energies well above 1 MeV, but is of no importance in XAS
experiments. The total linear attenuation coefficient can be written as the sum over contributions from the
principal photon interactions as:

lu[ = /uph + /usc + /upair (24)

where p,;, is the atomic photoabsorption effect linear attenuation coefficient , pge =peon + Hincon, are the
coherent (Rayleigh) and the incoherent (Compton) scattering attenuation coefficient, respectively, and pip,ir
corresponds to electron-positron pair production.

The linear attenuation coefficient is related to the linear cross sections by 4, :&.io—_ , where N, is the
4 S

Avogadro number, A the atomic weight and o; represent photoabsorption, scattering and pair production,
described above. Cross section usually expressed in the barns, 1barn=10* cm”. Figure 2.2 contributions from
different interaction to the total cross section are shown for Cobalt.

During an X-ray absorption experiment, the energy dependence of the photo-absorption cross section is
measured. As the wavelength of the X-rays is gradually decreased (or energy of the photons is increased), the
linear attenuation coefficient p; generally decreases until a certain wavelength is reached where the linear
attenuation coefficient increases by several fold. For this rising to occur, the photons must have enough
energy to excite the core shell electrons. This effect leads to the appearance of so-called absorption ‘edges’.
The minimum photon energy required to eject an electron out of a particular atomic state to the continuum is
called ionization energy, E,=hvo=hc/i,, where h is the Planck’s constant, ¢ the speed of light, and 4, the
wavelength for which the photon energy is equal to the absolute value of the binding energy of the electron.
Further decrease in A causes a decrease in y,; until another edge is reached. In Sommerfelds notation these
edges are classified as K, L, M, etc. according to the values of the main quantum number n=1, 2, 3, etc.,
respectively. Latin numbers characterize the different suborbital of the exited shell; L;- Ly-, Ly-edge for
ionization of 2s-, 2p;.-, 2pss-electrons, respectively. Each shell has a degeneracy of n® and is capable of
housing 2n” electrons. Pauli’s exclusion principle forbids any two electrons in an atom to have the same set
of quantum numbers, n, /, m, and s, which are the main, the orbital, the magnetic and the spin quantum
number, respectively.
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Absorption of a photon leads to the excitation and the following relaxation of the atom via fluorescence or
Auger effects. Schemes of these processes are shown in Figure 2.3.

photo- : %
electron Continuum Continuum

W G-s-o-P-voos-e M
—di-o-m

X-ray

L]
L]
L)

L
O—@ Oo—@ O—@ K

Figure 2.3: The photoelectric effect, in which an X-ray photon is absorbed and a core-level electron is excited into the
continuum (left). X-ray fluorescence (middle) and the Auger effect (right), [New03]



2.2 Extended X-ray Absorption Fine Structure: EXAFS

The filling of an inner shell vacancy by an outer shell electron produces X-ray fluorescence. For example, an
L shell electron dropping into the K level gives the K,, fluorescence line. Fluorescence yield is defined as the
ratio of emitted X-ray to the number of primary vacancies created. Alternatively, the Auger effect occurs in
which the core vacancy is filled by an electron dropping from a higher shell while the energy gained is
transferred to another electron that is excited into the continuum. The dependence of the linear-attenuation
coefficient y, in fluorescence X-ray or Auger emission can be estimated as:

If
oo L (2.5)
10

where I is the intensity of a fluorescence line associated with the absorption process and I is the incident X-
ray intensity. The Auger effect plays an important role in surface studies and X-ray fluorescence is used in
case of low concentrated samples.

2.2 Extended X-ray Absorption Fine Structure: EXAFS

Normally, X-ray Absorption spectra are divided into two regions, the so-called X-ray Absorption Near Edge
Structure (XANES), which usually goes to about 40-50eV above the absorption edge (more detailed
description is given in chapter 2.3), and the Extended X-ray Absorption Fine Structure (EXAFS). These two
regions are shown in Figure 2.4.

EXAFS refers to the oscillatory variation of the X-ray absorption as a function of the photon energy 40-1000
eV above an absorption edge. In this chapter, a brief description of various aspects of the EXAFS technique
will be given. EXAFS is best understood in terms of the wave — like behavior of the photo-electron created
in the absorption process when it travels as a wave with a wave number k given by (2.6). Generally, for the
further data evaluation, the X — ray energy is converted to k, the wave number of the photo-electron, which
has dimensions of 1/distance
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Figure 2.4: X-ray absorption spectrum for Cobalt foil with indication of the XANES and EXAF'S regions
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k:JS’ife-(E—EO) (2.6)

where E, is the ionization edge energy, m. is the electron rest mass and h is Planck’s constant. The
absorption process for an isolated atom is schematically shown in Figure 2.5.

X-ray Absorption

—1/2
photo-electron A~ (E - EO)

AVAYAVAVAVAVAN
AVAYAYA

Energy

X—ray

core-level Absorption

Absorbing Atom Probability

Figure 2.5: Qualitative explanation of an absorption process for an isolated atom [New03a]

When neighboring atoms are included in the absorption process, the outgoing photo-electron wave is
scattered from these neighboring atoms, thereby producing an incoming electron wave which interferes
either constructively or destructively with the outgoing wave. The final wave is then the sum of the outgoing
and all the incoming waves, one from each neighboring atom. This interference between the outgoing and
the incoming waves gives rise to a oscillation of the absorption coefficient which is illustrated in Figure 2.6.

X-ray Absorption Fine-Structure
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Figure 2.6: EXAFS oscillations as a result of scattering of the photo-electron wave at neighboring atoms [New03a]



2.2 Extended X-ray Absorption Fine Structure: EXAFS

A typical EXAFS spectrum is shown in Figure 2.7. The sharp rise in u(E) at 7709 eV (Co K—edge) is clearly
visible in the spectra, as are the oscillations in p(E) representing the fine structure.
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Figure 2.7: u(E) for Co-foil and smooth background function py(E)

The oscillations well above the absorption edge are described by the EXAFS fine-structure function y(E), as

H(E) — 4y (E)

P =N (B)

2.7)

where u(E) is the measured absorption coefficient, uo(E) is a smooth background function representing the
absorption of an isolated atom, and Ap, is the measured jump in the absorption u(E) at the threshold
ionization energy E, which is equal to 7709 eV in the case of a Co-foil [ThoO1]. The oscillations in y(k),
which are shown in Figure 2.8, represent the sum over frequencies corresponding to different near-neighbor
coordination shells which can be described according to the EXAFS equation (2.8).

5

K’y (K)

k [A]

Figure 2.8: Extracted y(k) function of the Co-foil measurements, where y(k) is weighted by k¥’ to emphasize the quickly
decaying features in the high k region



2 Theory of X-Ray Absorption Spectroscopy

;((k):ZAj(k)-sin[ZkRj +5j(k)] (2.8)

where A4;(k) is the amplitude, J(k) the phase shift and R; the distance to neighboring atoms of type j. The
amplitude becomes:

-2R,
NS E () e o)
2
kR

4,0 =

where N; is the coordination number of the identical atoms of type j at a given distance from the central atom.
Sy’ is the so-called amplitude reduction factor, which takes into account losses caused by multiple excitation
of the absorber atom from shake-up (excitation of an electron to a bound state) and shake-off (excitation to
272
continuum) processes. Fj(k) is the backscattering amplitude of atoms of type j. The e_zaf L term describes
thermal and static disorder causing an additional damping of the EXAFS amplitude, especially at large k. ¢
is a Debye-Waller type factor, defined as the root mean square displacement of the average nearest neighbor
distance. The Debye-Waller approximation, assuming that the vibrational/thermal motion is harmonic and
the static disorder is Gaussian-like. 4;(k) is the mean-free-path of the photo-electron, which is the average
distance traveled by a photo-electron before it scatters inelastically or the core-hole is filled. The //(kR;) —
term describes the decreasing of the amplitude of an outgoing spherical wave with the distance R; from its
origin.

The frequency of each EXAFS wave depends on the distance between the absorbing atom and the nearest
neighbors, since the photo-electron wave from the absorber and the scatterer interfere, resulting in EXAFS
oscillations. During this process, the phase of the wave is shifted twice at the absorber and once at the
scatterer. It has to be mentioned that these phase shifts are k-dependent and thus, the function of the energy
E, as a difference in E-E, will lead to a different k and thus a different phase shift. As the amplitude depends
on the number and backscattering amplitude of the neighboring atoms, by analysing the EXAFS spectra, one
can access structural information around the absorber. Structural determinations can be accomplished by the
Fourier Transform technique, which isolates the contribution of the different shells as a function of the radial
distance from the absorber. In such a radial distribution function, the positions of the peaks are related to the
distances between the absorber it’s and nearest neighbors and the amplitudes are related to the coordination
numbers and types of neighboring atoms.

2.2.1 UWXAFS programs package

The analysis of the EXAFS spectra is done using the UWXAFS program package, developed at the
University of Washington. The data evaluation is based on simulation results done by the FEFF-code
(Version 8.20) and uses the AUTOBK and the FEFFIT program. The experimental data were energy
calibrated by the position of the first inflection point for the corresponding metal foil. AUTOBK removes the
background and extracts the EXAFS-function y (k). For normalization of the absorption-edge, the pre-edge is
fitted in the region from -200 to -50 eV, relative to the edge position, using a Victoreen function and is then
extrapolated to E,. After the edge, a piecewise polynomial function (spline) is used to approximate py(E).
The spline is adjusted so that the low-R components of the resulting PRDF (Pseudo Radial Distribution
Function) signals are minimized and the atomic-like absorption contribution is removed. The number of
independent points in the fitting-region is given by
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2-Ak-R,,,

T

Ny, =1+ (2.10)
where Ry, is the maximum distance over which the background function po(E) is fitted. This value is not
phase corrected and chosen in AUTOBK by the user. 4k is the interval of the experimental data in the k-
space. Further information is given in the corresponding manual [New93].

As an example, the Fourier transformation and fit result (left) of a y (k) — function of a Cobalt-foil
measurement is presented in Figure 2.9. For the further analysis of the y(k)-function the program FEFFIT is
used. The goal of an EXAFS analysis is to fit the sum of simulated y(k)-functions to the y(k)-function given
by the experimental results either in R- or in k-space. The reduced y(k),’-function which primarily
characterizes the quality of the fit

Nidp ul 2 2
T -;{[Re(f,-)] +[Im(/)]*} Q.11)

x(k),” =

is minimized in the fit. In this equation € characterizes uncertainties in the measurement, f; the difference of
the experimental and the theoretical (k) — or y(R) — function, N; = Nig-N,, — the number of degrees of
freedom in the fit, and N, the number of variables in the fit. N,4,, the number of independent data points in a
spectrum, is given by:

2-Ak-AR
==+
T

N 2 (2.12)

where N;,qrepresents the number of knots in the low-R range of y(R)-between R =[0.0;Ry,].
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Figure 2.9: Fourier Transformation and back transformed signal fro Cobalt foil experimental data (solid) and fit (dot)
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2 Theory of X-Ray Absorption Spectroscopy

In the fitting procedure variations of the distance to the scattering atom AR, the coordination number N, the
Debey-Waller-Factor o° and the shift from the energy E, are taken into account for each path. The
parameters can either be fixed to a defined value or varied during the fit after setting a starting value. If the
number of variables provoked by the amount of scattering paths reaches the limit of the degrees of freedom,
defined variables have to be combined to reduce the number of parameters. Uncertainties of the variables as
well as correlations between variables are calculated by FEFFIT. The results of the fitting procedure in R —
and q — space for Co — foil are shown in Figure 2.9. It must be pointed out that the amplitude-reduction factor
So* is slightly energy-dependent, but assumed as a constant value for the calculation within the fit. The
coordination-number and distance for the first coordination shell were set as a fixed parameter for the Co-foil
data evaluation, then the amplitude reduction factor So* was calculated and kept constant for every following
EXAFS-analysis at the respective edge. The results of the Co-foil evaluation are shown in Figure 2.9 and
summarized in table 2.1.

Global variables

Sy 0.825 E, 4.64+0.75 eV
Paths variables

Path j Nu Degeneracy N; R; [A] Ry [A] o J- [4%]
Feff0001.dat 12 11.2+0.7 2.51£0.01 2.50 0.0063
Feff0003.dat 6 2.7£0.7 3.52+0.02 3.55 0.0063
Feff0010.dat 12 10.8£1.7 4.3620.01 4.34 0.0063
Feff0028.dat 12 7.844.3 4.77+0.05 5.01 0.010
Feff0031.dat 6 5.8£2.6 4.954+0.02 5.01 0.010

Table 2.1: Used paths and fit parameters for analysis of Cobalt foil

Only the five most important paths with relative amplitudes of at least 40% were used for this fit; non-
relevant paths were skipped. These five dominant paths represented the first three single-scattering-paths, a
double—and triple—scattering-paths. For parameter reduction, the energy-shift E, was set to the same value for
every scattering path. Only two Debye-Waller-Factors have been used in the fitting routine, one for the
single scattering paths (1, 3 and 10) and another for the multiple scattering paths. The y(k)-function (not
presented) was weighted by k’ and fitted in the region from 2.35 to 12.8 A in k—space and from 0.9 till
5.2 A in R—space. Figure 2.9 (right) shows the back-transformed y (k)-function of the first three coordination-
shells and demonstrates once more the good agreement in phase and amplitude between the experimental
data and the fit.

23 X-ray Absorption Near Edge Structure: XANES

The region of the X-ray Absorption Near Edge Structure is approximately 40 — 50 eV above the absorption
edge [Aga91]. The limiting energy which separates XANES from EXAFS is by no means exactly defined,
since the transition from the one regime to the other is smooth. The XANES region consists of strong
absorption features. This is due to the fact that in the XANES region, the electron’s kinetic energy is small,
compared to the EXAFS region and the multiple scattering resonances on the neighboring atoms tends to be
dominant. Thus the energy range of XANES is the region where the single scattering approximation is not
valid. This is true for the wave length (A = 27/k) grater than the interatomic distance d. Hence in XANES the

wave vector is k < 27/d, then the energy (E = h2k2/2m) range is given by, E[eV] < 151/d* -V, where V is the

12



2.3 X-ray Absorption Near Edge Structure: XANES

Fermi energy in metals. As the energy depends on d and V, the XANES energy range is different for the
different substances. As can be understood from the interpretations of XANES spectra close to the beginning
of the absorption edge, in most cases a strong rising of the absorption is found. This strong structure is the
so-called ‘white line’. Features of absorption spectra, which are below the ionization energy, are attributed to
transitions to unoccupied orbitals, following the dipole selection rule. Since the density of the final states
(states into which excitation can occur) change, and thus the charge density, the profile of the absorption
spectrum of the same element is different in different chemical environments. Also, the electron binding
energies change dependent on chemical environment around absorbing atom, which results in a shift of the
absorption edge towards higher energies and an increase of the ‘white line’ intensity, in case of 3d metals.
Thus, the XANES region provides information of local characteristics of absorber such as formal oxidation
state, and the type of bond.

It is possible to extract information on a given sample based only on comparison with suitable reference
compounds. This approach is called ‘fingerprinting’. As an example, the XANES spectra for different cobalt
oxides and bulk Cobalt are shown in Figure 2.10 .

From Figure 2.10 it is clearly seen that the position of the absorption edges are shifted for different cobalt
oxides compounds to the higher energy with the increasing of formal oxidation state; this trend is known as a
‘chemical shift’.
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Figure 2.10: K-edge XANES spectra of Co metal and several cobalt oxides

In addition to XANES ‘fingerprint’ analysis, the qualitative determination of oxidation states of transition
metal oxides assuming a linear dependence of the energy position of absorption edge has been widely
reported [Aga70, Cap95, NieOl, Bre04]. Capehart et. al. propose a quantitative method to determine the
oxidation state of unknown compounds based on comparison with reference compounds. The edge shift, i.e.
the difference between the sample and the reference absorption edge energies, has been determined from
integrals of the normalized absorption spectra. The area under the XANES spectra is calculated as an integral
absorption for the reference and unknown compound till the some energy Es (sample) and Er (reference).
The area under the XANES spectra is assumed to be the same, so the samples edge shift is defined as:
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2 Theory of X-Ray Absorption Spectroscopy

OE = E —E, [Cap95]. In particular cases [Bre04] it is possible to use the linear dependence of oxidation

state on edge position, and thus determine the oxidation state of more complex compounds (chapter 7).

In particular, for K edge absorption where the initial state is a 1s state, the photo-electron has t o end up in a
p state according to the dipole selection rule (Al = £1, Am =0, +1). In this notations 1=0, 1, 2, 3 correspond to
s—, p—, d—, f-subshells, respectively. The presence of characteristic features like pre-edge shoulder in the case
K—edge of 3d transition metals is understood by transition from /s to hybridized p — d orbitals.

In addition to the electronic information, XANES provides information about the binding geometry around
absorbing an atom as the multiple scattering processes, which depends strongly on the angle between
scatterers, dominates in this region. As an example, the spectra of Chromium compounds are shown in
Figure 2.11, for which formal oxidation states and coordination geometries are summarized in table 2.2.

In the case of the Chromium oxides, appearance of the pre-edge shoulder allows one to distinguish between
the coordination geometry, either tetrahedral or octahedral coordination geometry with oxygen, around the
absorbing atom. With increasing formal oxidation state, the width of p — and d — band decreases, as does the
possible overlap between p and d, leading to a decrease in the intensity of the pre-edge structure. At the same
time, the reduction of the bandwidth of the p band leads to a concentration of p — states in the white line
region, thus the increasing of intensity of this feature is understood.

Reference Oxidation state Coordination geometry
Chromium 0 cubic
Cr,03 111+ octahedral
CrO, v+ distorted octahedral
CrO; VI+ tetrahedral

Table 2.2: Summary of oxidation states and coordination geometry for different Cr-oxides

Two main features have to be mentioned in the Cr-oxides XANES spectra: the position of the Cr-K edge
(5989 eV) itself and the so-called pre-edge shoulder. An effect of coordination geometry on the fine structure
in the K-edge region of transition metal compounds, which has often been observed, is that the pre-edge
features appears only in the XANES spectra of tetrahedral coordinated transition metal compounds

(spectrum of Cr'""” in Figure 2.11).

In CrO;, chromium is tetrahedrally coordinated with oxygen, lacking an inversion centre, exhibiting a single
intense pre-edge shoulder at about 5993 eV in Figure 2.11, which can be assigned to a dipole allowed
transition of 1s electron to an unoccupied antibonding orbital.

Comparison with the XANES spectra of compounds with octahedral coordination geometry Cr,O; (doted
line in Figure 2.11) immediately reveals to the absence of discussed spectral features.

Cr0, is a Cr"™"containing compound with a slightly distorted octahedral coordination geometry (rutile-
structure). Hence, it is not surprising that the structure in the near-edge region of the CrO, absorption
spectrum is similar to that of Cr,O;, which also contains octahedrally coordinated chromium atoms. The
Cr,0; XANES spectrum can be regarded as a reference spectrum for compounds where chromium is
octahedrally coordinated. On the other hand, the small absorption features in the CrO, spectrum before the
absorption edge can be explained by the changes in symmetry, a slightly off-centre position of the Cr"™
atoms. Since the pre-edge line is interpreted to be dipole-forbidden for coordination geometries that possess
an inversion center (octahedral), a weak intensity is indeed expected for CrO,.
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2.3 X-ray Absorption Near Edge Structure: XANES

Thus, the XANES can be used as a probe for determining local geometry, formal oxidation state and valence
for various different compounds.
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Figure 2.11: Cr K-edge XANES of Cr metal and several Cr oxides

2.3.1 XANES calculation using FEFF8 code

Most of the calculations presented in this thesis have been performed using the FEFF8 code. The code is
based on a full multiple scattering (FMS) formalism of Real Space Green’s Function (RSGF) theory.
Consequently, three ingredients play an important role: the spherical self consistent muffin-tin (MT)
potential, relativistic dipole matrix elements between core and continuum states and two center matrix
elements of the free propagator. For the construction of the scattering potential, the total electron density is
first approximated by overlapped free atom densities. This is done using a relativistic Dirac-Fock code
assuming an existing core—hole in the excited level of the absorbing atom. The scattering potential then is a
result of solving the Poisson equation, with addition of local exchange and imposing spherical symmetry in
MT form. Thus, a new potential is calculated, which leads to the new density of states and this process is
iterated until self—consistency is reached. It is also possible to calculate the ground state DOS. The FEFF8
code contains several approximations. For example, many—body effects are incorporated in terms of
complex, energy dependent self—energy, the Heldin-Lundqvist electron—gas self—energy [Ank98, Ank02].
This self-energy adds important final states broadening and self—energy shift but does not contribute any
new features to the spectra. The self-energy together with core—hole lifetime builds in both loss factor
encountered in X—ray absorption spectra of ideally ordered system (0 Kelvin). In the FEFF8 code potential
with spherical symmetry is considered. Finally, as a SCF (self—consistent field) scattering potential is
calculated, the parameters of interest (phase shift, matrix elements, etc.) are obtained. Full multiple scattering
XANES calculations are done for a specified cluster size.
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2 Theory of X-Ray Absorption Spectroscopy

As an example, the calculation of a hexagonal-closed-packed (hcp, a—phase) Cobalt reference foil is
presented in Figure 2.12. The XANES spectrum of bulk o—Co displays a pre-edge feature at approximately
7712 eV, usually assigned to an electron transition from /s to a hybridized p—d orbital, and a white line
consisting of two well resolved peaks at about 7727 and 7733 eV. Good agreement with the experimental
spectrum is achieved, with respect to the characteristic pre—edge structure and double-peak white line, where
the second peak amplitude is higher than that of the first peak. The profile and position of the shape-
resonance in the theoretically calculated spectrum match the experimentally taken spectra. Differences
between intensities and the position of the pre—edge features in calculated and experimental spectra can be
explained as a consequence of the core hole treatment. In FEFFS calculations the threshold or Fermi energy
of isolated atomic system is calculated in the presence of a screened core hole, in accordance with the final—
state rule. In this interpretation, it corresponds to a fully relaxed core hole. However, if the atomic system is
not isolated, the relaxation of states is different and thus a systematic energy shift of the pre—edge feature, as
a function of exchange potential (real part of self—energy) and a core hole life time is observed.
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Figure 2.12: Experimental spectrum from Cobalt foil (solid) and calculation using FEFFS code (dashed)

Finally, one can conclude that the FEFF8 code is a good tool for both XANES and EXAFS calculations, as
the characteristic features in the calculated spectra show good agreement with experimental data. It may be
helpful in understanding the geometric and electronic structure of an absorbing atom not only if no suitable
reference compounds can be found for fingerprint analysis, but also to get an impression about features of
absorption spectra for complex compounds.
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3

Experiment

In this chapter the two Synchrotron Radiation (SR) facilities the Electron Stretcher and Accelerator (ELSA)
at the Institute of Physics Bonn, Germany and the Center of Advanced Microstructures and Devices
(CAMD), Baton Rouge, USA, at which the measurements presented in this work have been performed will
be briefly described. The main parameters of the ELSA and CAMD SR facilities are summarized in
table 3.1.

3.1 The synchrotron radiation source ELSA and CAMD

Schematic diagrams of ELSA and the CAMD storage ring are shown in Figure 3.1 and Figure 3.2. Basic
component of these storage ring are:

Particle source and acceleration

Typically, storage rings operate with electrons, and the electron source is an electron gun. The power of
the emitted synchrotron radiation is proportional to the inverse of the mass of the accelerated particle to
the fourth power (3.1).

2 4
P e -c-E 3.1)
6-7m-g,-1" - (my-c’)* '

where e, mpand E are the charge, mass and energy of the electron, respectively. c is the speed of light &

is the permittivity of free space and » the radius of the bending dipole magnets. The electrons are chosen
for synchrotrons as they are the lightest, most readily available particle. To obtain SR, electrons have to
be pre—accelerated; for this purpose, a linear accelerator (LINAC) is in use in both the ELSA and CAMD
ring. In the LINAC, electrons are accelerated in a straight line by an electric field and further acceleration
of electrons is provided by a booster ring.

Vacuum system

The lifetime of the electron beam is limited by e.g. scattering from residual gas particles. Therefore, a
good ultra-high vacuum (UHV) within the beampipe is required. Typical pressure at ELSA and CAMD
ring is in the range of 10”7 and 10™'° Torr, respectively.

Bending and focusing magnets

The beampipe of the storage ring does not follow a circular path, but consists of a number of straight
sections joined together by bends. At each bend the path of the electron beam is changed by a dipole
magnet. Magnetic fields at ELSA and CAMD are typically at around 0.74 and 1.48 Tesla, for 2.3 GeV
and 1.3 GeV ring energy respectively. The necessary magnetic field is achieved by conventional
electromagnets. For accelerated electrons the bending of the electron beam using the magnet is described
by:

1 0.2998-B

; I (3.2)
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3 Experiment

where 7 is the radius of the bending dipole magnets in meters, £ is the energy in GeV and B is the field in
Tesla. The focusing of the electron beam is done by quadrupole magnets at CAMD which are placed at
appropriate points around the ring. At ELSA, a special arrangement of focusing/defocusing quadrupole
magnets, known as FODO structures, are used to focus the beam.

Operating energy and ring current

The most important parameters, which characterize a storage ring are the ring current and the operating
energy. ELSA usually operates at energies of 1.6 GeV, 2.3 GeV and 2.7 GeV for SR experiments.
Maximal currents for the ELSA ring are 65 mA and 35mA for 2.3 GeV and 2.7 GeV, respectively. The
operation energy at CAMD is 1.3 GeV and the corresponding maximum current is 250 mA. Spectral
distributions for different operation energies at the ELSA and CAMD ring are present in Figure 3.3.

Beam position and lifetime stability

For XAS experiments , especially in-situ and time resolved measurements, it is vital that the beam does
not move significantly on the surface of the sample. For this purpose, beam position monitors and
steering magnets are used at the ELSA and CAMD ring. The beam current in a storage ring decays
exponentially and the time of this decay is an important parameter, as it determines how rapidly the
photon flux (see Figure 3.3) will change during an experiment and how long it will last before the flux is
insufficient to be useful, so the beam has to be dumped and the ring refilled. Average lifetime for the
Bonn synchrotron in 2.3 GeV and 2.7 GeV operation modes are 120 and 80 minutes respectively. For the
1.3 Gev operating energy at CAMD the average lifetime is 720 min.
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Figure 3.1: Scheme of ELSA at the University of Bonn
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3.1 The synchrotron radiation source ELSA and CAMD

100"

Figure 3.2: Floor plan of the CAMD Experiment Hall, Port 1 is noted and the remaining seven ports are at bending
magnets and are numbered sequentially from Port 1 in clockwise fashion

Figure 3.3 contains a plot of the radiation characteristics of the CAMD and the ELSA synchrotron radiation
emitted from the ring when operated at the typical parameters of 1.3 GeV and 2.3/2.7 GeV, respectively. The
(simulated) flux curves (0.1% energy band width) are calculated using LITOP2 program [Dan92].
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Figure 3.3: Simulated flux for synchrotron radiation at the CAMD (dash-doted) and the ELSA ring operating at 2.3
GeV (solid) and 2.7 GeV (doted) calculated using LITOP2 [Dan92].
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Parameter ELSA CAMD
Ring energy [GeV] 2.3/2.7 1.3
Maximal current [mA ] 65/35 250
Lifetime [min] 120/80 720
Dipole magnets bending radius [m] 10.84 2.928
Dipole magnet field [T] 0.74 1.48
Characteristic wavelength [A] 5.0/3.1 7.45

Table 3.1: Main characteristics of the ELSA and the CAMD rings

3.2 The BN3 and XMP beam lines

The principal scheme of the beam lines BN3 (ELSA) and XMP (CAMD) is shown in Figure 3.4. At the
beam line BN3, as well as in XMP beam line, for which a more detailed scheme is shown in Figure 3.7, a
modified Lemmonier-type double-crystal monochromator [Lem78] is used to monochromatize the incident
photon beam. Then monochromatic light passes through a window which is separating the pressure within
the ionization chambers and the monochromator. In both set-ups this window is made out of 12.5 pum
Kapton. The sample is then placed between two ionization chambers and oriented perpendicular to the beam.
The signals from the first and second ionization chamber are detected by electrometers (Balzers QM311 and
Keithley 617 in Bonn and Baton Rouge, respectively), which detect the current generated by the incident and
transmitted radiation. Following the Lambert — Beer’s law, the absorption coefficient can be determined
from the currents by the two ion chambers.
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Figure 3.4: Schematic representation of a beam line for XAS experiment in transition mode
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The energy of the monochromatic beam is given by

h-c

E,=—1" . ,
" 2.d-sin@ " (3-3)
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3.2 The BN3 and XMP beam lines

This is the Bragg equation (n being an integer), where € is the angle between the X-ray beam and the crystal
plane, c is the speed of light, d is the interplanar spacing between the planes in the atomic lattice, and 4 is a
Plank constant. When the incident angle is at the Bragg angle, monochromatic X-rays will remain in phase
after reflection and the reflected wave will have a high intensity. Bragg’s law allows determining the energy
depending on the incident angle of the X-rays which are falling onto the crystals.
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Figure 3.5: Illustration of Bragg’s Law

At both beamlines, 0 can be varied from 15° to 65°. Bragg’s Law holds for an idealized case, as the
monochromatic radiation is provided with a double set of crystals and the only factors taken into account are
the incident angle and the crystal spacing. In reality, the closeness of the atoms in the crystal lattice
contributed to a loss in the intensity of the refracted radiation by scattering processes. Thus, in a real crystal
system, the same crystal spacing that provides the monochromatic light influences the intensity of the
radiation that is provided. This limits the range of monochromatized radiation that can be provided at high
intensity. In practice, for the given crystal set, there is a finite angular width, 6 — 05, (0 is the actual angle of
incidence and 05 is the angle calculated from Bragg’s Law) where reflection can occur in. This angular range
is the so-called Darwin-Prinz curve. The Darwin-Prinz curve for Ge (220) crystal is shown in Figure 3.6. The
Darwin-Prinz curve for a given crystal set defines the range of energies and the intensity of the reflected
radiation that is provided.
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Figure 3.6: Darwin-Prinz curve for Ge (220) crystal, from [Mat80]
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2
Equation (3.4) is the Darwin-Prinz curve of a double crystal monochromator [Mat80]. 7, =€ 41 o2 Vis

the unit cell volume of the crystal, A is the reflected monochromatic wavelength, C is a polarization factor,
e ™ is the Debye-Waller factor for the crystal, and Fy is the structure factor of the crystal for the H = (h, k,
1) reflection for the unit cell of volume V.

In a double-crystal monochromator, the first crystal serves as a direct monochromator and the second crystal
can be used to filter higher harmonics within the Darwin-Prinz width of the reflection curve. As can be seen
from Figure 3.6, the reflection curves for the second and third orders is shifted by several seconds of arc and
have a decreased reflection width.

At the Co K—edge using Ge (220) crystals energy change is 0.6 eV with every motor step of 0.002°. In
comparison to this, at the Pt Lj;—edge using Ge (422) crystals energy change is 0.77 eV with every motor
step.

Another selection criterion for a crystal set is the energy resolution. According to Bragg’s Law the energy
bandwidth SE of the photon beam is determined by the angular divergence 60. The angular divergence of the

photon beam is determined by:
2 1 2
§9=1/‘PV +§§a 3.5

where .’ is a vertical divergence of synchrotron radiation, 8o is the spread of the reflection profile from the
crystals. The angular spread of SR can be reduced by using optical slits. By considering a point source, the
energy resolution due to 66 is given by

OF = E -cot@-00 (3.6)

Thus, for the different absorption edges one has to find a suitable pair of crystals as it can be crucial for
energy resolution. The characteristics of different crystals, which have been used in this work, are
summarized in table 3.2.

Interplanar spacing

Crystal Energy region [eV] Absorption edge

2d [A]
Ge 220 (ELSA) 4.0 3430-12000 3d transition metals,
Ge 422 (ELSA) 2.304 5938-20794 Pt Ly
Si311 (CAMD) 3.276 4000-20000 3d transition metals,

Table 3.2: Different crystals used in this work and their characteristic

The scheme of the XMP beamline is presented in Figure 3.7. The Kapton window is fixed downstream of the
monochromator (number 8 on the scheme) for the same reasons as at the BN3 beamline. Beamline vacuum
valving and pumping system allows rapid crystal changes. The differential ion pump is set immediately
upstream of the monochromator for keeping UHV upstream of DIF with no Be-window. The flux of incident
beam is detected by the electrometers of type Keithley 617.
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3.2 The BN3 and XMP beam lines
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Figure 3.7: XMP beam line at the CAMD — (1) ion pump, (2) gate valve, (3) ion pump, (4) slits, (5) fast shutter,
(6) differential ion pump, (7) gate valve 3 (manual), (8) Lemmonier-Bonn double-crystal monochromator,
[CAMD]

For the experiments described in this thesis, the XMP beamline at CAMD was operated in fluorescence
mode, using a Canberra single element Ge diode as fluorescence detector. The set-up of a fluorescence
experiment is different from transmission mode. A scheme of this operation mode is present in Figure 3.8.

Tonization-Chamber Fluore scence
(Reference) or electron yield
detector

Double-crystal _l Sample

monochromator

Synchratron

radiation K apton

window I0 I
Figure 3.8: Representation of a XAS experiment operated in fluorescence mode

For all samples, which were investigated in this thesis, the XANES spectra were scanned three times from
-50 eV to +150 eV, relative to the corresponding edge [ThoO1], with 1000 ms integration time per step and
then averaged. Afterwards, the EXAFS spectra were recorded twice and then averaged, the energy range of
the EXAFS scan was from -200 eV to +1000 eV, with the same, as for XANES, 1000 ms integration time
per step. Standard XANES data handling routines were applied, including the subtraction of a linear
background fitted to the pre-edge region. For EXAFS evaluation, the UWXAFS program suit was used.
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3 Experiment

33 Sample preparation

The thickness of a sample plays a crucial role in X-ray absorption experiments as it can affect the intensity of
the white line and the EXAFS oscillation. Every set of samples require a specific and suitable method of
preparation. For example, the sample has to be prepared as homogeneous as possible to exclude the so-called
pin-hole which leads to a damping of the spectral features. As a rule, the optimal thickness of the sample is
related to the maximum absorption value (Ag-d ) which should reach approximate 1.5 a.u. For the

experiments at higher energies, for example Pt-Lj; edge at 11564 eV, one has to prepare relatively thick
samples in order to get a sufficient edge jump. For all pellets, with a radius of 13 mm, which are made by
pressing the powder, polyethylene (-CH,CH)n can be used as binding material. Air stable powders are
prepared as follows: grind the sample to a fine powder, disperse the powder onto adhesive Kapton tape, stick
the tape on a frame made of stainless steel, cover the frame with another layer of Kapton tape and place the
frame on to the sample holder as shown in Figure 3.9 (middle).

3.3.1  Fluid cell

Very often X-ray experiments deal with a liquid medium such as a colloidal solution and, for this purpose, a
fluid cell, was used. The liquid carrier part made out of Teflon with various thicknesses and a hole for the
syringe injection was placed between two VA-steel rings with an inner diameter of 12 mm. These three parts
are bound by 6 screws. Two Kapton windows are placed between the O-rings of the steel ring and the Teflon
part. To prevent air sensitive solutions from getting into contact with air, they were injected in a glove-box
and the hole for the syringe injection was covered with Kapton tape, as can be seen in Figure 3.9 (left).

3.3.2  Holder for air sensitive samples

In this work metallic nanoparticles, which are highly air sensitive, were measured. If an oxidation takes
place, it can generally be seen in the region of the white line of the absorption spectra (chapter 6.1) In this
case, the transportation to the beamline is a very crucial procedure. Depending on the sample concentration,
powders were mounted in a glove-box filled with argon to a specially constructed sample holder [Rot97]
shown in Figure 3.9 (right). The pellet is pressed with the help of a mini-press and then fixed into the sample
holder or by using two screwdrivers, which fit to the gap of sample holder for air sensetive samples, which is
12 mm in diameter. Then the holder could be sealed and safely transported from the glove-box to the
beamline. After evacuating the beamline and filling the ionization chambers with protection gas, the sample
holder can be opened and the sample position can be adjusted so it will be perpendicular to the center of the
beam.

Figure 3.9: Sample holder for liquids (left), powder (middle) and air sensetive (right) samples
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4 Synthesis of nanoparticles

Nanoparticles whose particle size deviates less than 10% from the average value are generally addressed as
‘monodisperse’. A deviation from the mean particle size of approximately 20% is described as showing a
‘narrow size distribution’. During the last few decades considerable knowledge has been gained about these
materials [Sch94, Sch03].

The synthesis is expected to be a crucial point in producing nanoparticles with defined properties. It is
known that metal colloids can be obtained via so-called ‘top-down’ methods, e.g., by the mechanical
grinding of bulk materials and subsequent stabilization of the resulting nanoparticles by the addition of
polymers [Gaf96, Amu98]. The application of metal vapor techniques [Bla79, Kla80] has provided chemists
with a very versatile route for the production of a wide range of metal nanoparticles. However, the
installation of metal vapor machines is demanding and it is difficult to adjust them to obtain a narrow particle
size distribution.

The wet-chemical ‘bottom-up method’ of nanoparticle preparation basically relies on the chemical reduction
of metal salts, electrochemical pathways or the controlled decomposition of metastable organometallic
compounds. In the framework of this thesis the ‘salt reduction’ wet-chemical synthesis has been used by
Bonnemann et. al. for Co and Pt nanoparticle preparation. It is well known that properties of nanoparticles
are strongly dependent on their size and shape. Thus, the influence of parameters and conditions of the
synthesis has become a topic of many scientific discussions. In practice, the tools used by the preparative
chemist to control the particle size are size selective separation and size selective synthesis [Ree99, Ter98,
and Maa99]. However, size selective separation does not fulfill all demands, as nanoparticles tend to
decompose after the protection shell is removed, as in the case of chromatographic separation [Ant97], or it
leads to the milligrams of sample after separation, as in the case of ultra-centrifuge separation [Sch00]. Thus
efforts have mainly been devoted to the development of size selective synthesis.

In general, two types of mechanisms are considered for the nanoparticle growth, in presence of reducing
agent and/or surfactants. The first is a general LaMer [LaM52] mechanism, which suggests nucleation
through super—saturation, and then diffusion growth for separating the time parameters of nucleation and
growth. The second mechanism, The second mechanism, occurring e.g. when hydrogen is used as a reducing
agent, is the Finke mechanism [Wat97]. In this mechanism, a slow continuous low level nucleation, which is
far from super — saturation, takes place followed by an autocatalytic growth for obtaining monodispersity of
nanoparticles. In the embryonic stage of nucleation [Lei96], the metal salt is reduced to give zero valent
metal atoms. These can collide in the solution with further metal ions, metal atoms or clusters to form an
irreversible ‘seed’ of stable metal nuclei. Depending on the strength of metal/metal bonds, the difference in
the redox potential between the metal salt and the reducing agent applied the diameter of the seed nuclei can
be well below Inm. For silver, it has been experimentally verified [Lei96] that a stronger reducing agent
produces smaller nuclei in the ‘seed’. These nuclei grow during the ‘ripening’ process to give colloidal metal
particles in sizes between 1-50 nm which have a narrow size distribution. It was assumed that the mechanism
for the particle formation was an agglomeration of zero valent nuclei in the ‘seed’, or-alternatively—the
collision of already formed nuclei with reduced metal atoms. Nowadays it is generally accepted that the size
of the resulting metal nanoparticles is determined by the relative rates of nucleation and particle growth. This
mechanism of nanoparticle formation was first suggested by Turkevitch [Tur70, Tur85]. The two way
scheme of nanoparticle formation is shown in Figure 4.1.

25



4 Synthesis of nanoparticles

In order to control the growth of the preliminary formed nanoparticles and to prevent them from
agglomeration', a wide variety of stabilizers, e.g. donor ligands or polymers, are used.

Buffer action of the stabilizer leads to formation of nanoparticles with a different stable shape and a narrow
size distribution. The influence can be described as follows:

* A strong absorption of stabilizer would occupy the nanoparticle growth site, thus reducing the
growth rate of nanoparticles.

= A full coverage of stabilizer would hinder the diffusion of growth species from the surrounding
solution to the surface of the growing particle.

* Moreover, different reducing agents affect the shape and size of nanoparticles as well. A stronger
reducing agent causes abrupt concentration of the growth species, resulting in a very high super-
saturation, thus resulting in a large number of nuclei [Kin04].
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Figure 4.1: Formation of colloidal metal nanoparticles via the ‘salt reduction’ method, according to Turkevitch
[Bon04]

4.1 Wet-chemical synthesis of transition metal nanoparticles: seeding and
‘salt reduction’ method

The chemical reduction of metal salts in the presence of organo aluminum compounds is a well known
method for the preparation of metal nanoparticles of elements of group 6-11 in organic solvents. Here a brief
description of the wet-chemical methods, which were applied by Bonnemann et. al. to produce metallic
nanoparticles, will be described. In addition to the standard wet chemical method, a modified (‘seeding’)
method of producing the platinum nanoparticles will also be presented.

4.1.1 Formation of small Pt nanoparticles

Small Pt nanoparticles, about 1.2 nm in diameter, have been prepared via so-called ‘ship-in-a-bottle’
[Wen04] methods, such as incipient wetness impregnation [Ich99] and chemical vapor deposition. Nearly

"If two particles are allowed to directly touch each other without any interlaying matter, they will spontaneously form
one larger particle by exothermic coalescence, in order to reduce the total amount of surface.
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4.1 Wet-chemical synthesis of transition metal nanoparticles: seeding and ‘salt reduction” method

monodispersed Pt nanoparticles were obtained by reducing platinum acetylacetonate with trimethyl
aluminum [Ang02].

A simple one-pot procedure was recently developed by Bonnemann et.al. to synthesize dimethyl (1,5-
cyclooctadiene) platinum (II)-[1.5-(COD)Pt(CH3),] by introducing 1.5-COD in the beginning of the
reduction. The preparation and isolation of Pt clusters by the decomposition of [1.5-(COD)Pt(CHj),] was
done in presence of trialkyl aluminum. The precursor was first dissolved in toluene and then Al(CgH,;); was
introduced into the mixture under protection of argon. The reaction mixture was stirred at room temperature
for one day, and the resulting black colloidal solution was diluted by a large amount of toluene to obtain a
precipitate. After removing the supernatant, further drying under vacuum gave a black powder. Transmission
Electron Microscope (TEM) investigations show that very small Pt nanoparticles were generated. After the
full decomposition, the size of the Pt clusters was found to be, within the errors of TEM measurements, at
about 1 nm. This is related to the one layer Pt cluster — the Pt;3 cluster. It must be noted that this is the first
time that a Pt;; cluster has been prepared using a wet-chemical approach. The use of aluminum organics as
the compounds preventing the spontaneous agglomeration of the nanoparticles, as well as the novel ‘smooth
oxidation’ procedure (see section 1.1.2), plays an important role in stabilizing small Pt cluster [Wen04].

4.1.2  PVP stabilized Pt nanoparticles

The size and shape controlled synthesis of Pt particles is schematically presented in Figure 4.2. For the shape
controlled synthesis, K,PtCl, (potassium tetracloroplatinate) had been chosen as a precursor. It was dissolved
in water with the protecting agent (surfactant) PVP (polyvinylpyrrolidone), in 10:1 molar ratio. To reduce
the Pt precursors, hydrogen was passed through. After complete reduction, it is supposed that the Pt particles
are stabilized by the PVP molecules. From the TEM analysis which is present in Figure 4.3 (left) it can be
seen that the nanoparticles have a narrow size distribution —8+1 nm and —tetrahedral shape.

Pt precursor : Surfactant

Slow reduction / H, & Fast reduction / Methanol
Type of surfactant / PVP \
‘% %\/\

High surfactant Low surfactant
concentration concentratlon @

2.5 nm tetrahedral Pt
particles

~3f,

8 nm tetrahedral Pt
particles

TO — truncated octahedral

Figure 4.2: Simple scheme of size and shape selective synthesis of Pt-PVP stabilized nanoparticles
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4 Synthesis of nanoparticles

To perform the size selective synthesis of nanoparticles, the seeding method was applied for the same set of
precursor/surfactant compounds. Before reducing the colloidal solution by hydrogen, Pt particles with an
average size of 1 nm were added. These particles act as seeds or nuclei for the particle formation process in
this synthesis. After reduction, the TEM picture, Figure 4.3 (right), shows that the size of the particles is
reduced dramatically to 2.5 nm. The shape of the nanoparticles stays tetrahedral. Thus, with an addition of
nano-seeds, size of the nanoparticles might be varied during particle preparation. The seeds are P—REWO
nanoparticles, where REWO is Lauryldimethylcarboxamethylammonium, which can be prepared directly by
reduction under Hydrogen in aqueous medium [Kin04]. REWO is an amphiphilic surfactant and can be
removed by 1:1 mixture of acetonitrite and water. After several washings, the Pt nanoparticles are settled
down in water and cannot be further redispersed. Thus, the coating shell is completely removed. The reaction
of Pt — REWO NP’s production can be presented as follows:

PtCl, +5- LiBet, + REWO — Pt — REWO +5- LiCl \ +5- Bet,H + % H,T

Consequently, a kinetic of the nanoparticle growth with and without an addition of the seeds is different, and
result in nanoparticles with different properties, which can be monitored using XANES and EXAFS
techniques (chapter 5.2).

g4 TR

Figure 4.3: TEM picture from tetrahedral Pt particles produced with (2.5 nm left, scale bar 50 nm) and without (8.0 nm
right) seeding

4.1.3 ‘Wet-chemical’ approach to producing cobalt magnetic powders and fluids

For the preparation of nanoscopic Co(0) particles, the thermolysis of Coy(CO)g is a very convenient and
generally applied method [Pap83]. Co(CO)s is a crystalline solid with three isomeric forms in solid, gas and
liquid phases [Sum64, Swe77]. It is soluble in organic solvents, sublimes readily, is thermally unstable and
undergoes a wide range of reactions, and existence of unstable mononuclear cobalt carbonyls has been
studied as well [Han75]. The improved thermolysis of Co,(CO)s in presence of aluminumorganic compounds
such as Al(C;Hs); and Al(CsH;7); had been recently developed by Boénnemann et.al. [Bon04], and
monodispersed magnetic cobalt nanoparticles and fluids have been obtained.

Magnetic fluids (MF’s) with a narrow size distribution exhibit useful properties for a number of technical
[Ber96, Zub02, Ode03] and biomedical applications [Rog98, Kim02, Lan03, Par04]. The magnetic
properties of ferrofluids depend strongly on the size of the particles and the concentration of the magnetic
material in the dispersion. Thus, for every particular application a specific and reproducible synthesis has to
be developed. The well known magnetite MF’s, for example, have good stability; however, the magnetic
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4.1 Wet-chemical synthesis of transition metal nanoparticles: seeding and ‘salt reduction” method

properties of these fluids are not as good as for cobalt based ferrofluids [Kim01, Mor01]. Consequently,
stable MF’s on the bases of nanosized zero valent colloidal cobalt are a material of interest.

The general procedure of ‘wet—chemical’ approach to producing Cobalt nanoparticles investigated in this
work consists of several steps which are illustrated in Figure 4.5:

Thermolysis: in a necked flask fitted with a mechanical stirrer and a reflux condenser, Co,(CO)g was
introduced under a flow of argon. Then Al(CsH;;); dissolved in toluene was added at once (initial ratio
Co:Al=10:1) and the mixture was stirred and heated. With CO evolution, the color of the solution changed to
dark brown and than a black precipitate was formed from the clear solution.

Smooth air oxidation: the resulting mixture was slowly oxidized as synthetic air (80% O, and 20% N,)
bubbled through a capillary into the mixture. The supernatant was decanted and the core-shell particles were
isolated in wet form. Afterwards, the particles were dried in a vacuum and the Co powder was obtained.

Peptization’: in this particular synthesis, this has to be done to bring nanoparticles into colloidal solution. Co
particles (wet or dried powder form) were peptized using suitable surfactants.

Using this general procedure, the thermolysis of Coy(CO)g in the presence of Al(CgH;;);, followed by
peptization with KorantinSH led to a cobalt organosol of 10.0 + 1.1 nm size. In Figure 4.4 the result of wet-
chemical approach of nanosized particles production in powder and solution is shown.

Figure 4.4: Co-based magnetic powder (left) and magnetic fluid (right)

? the process of converting to a colloidal solution, where dispersing phase is solid and dispersed media is liquid.
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4 Synthesis of nanoparticles
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Figure 4.5: Schematic representation of wet-chemical synthesis of Cobalt nanoparticles and magnetic fluids.

Note that the particles resulting after slow thermolysis in presence of AIR; (stage of the wet colloids
nanoparticles in suspension) are different from one resulting after application of ‘smooth oxidation’
procedure (pre—stabilized nanoparticles). Even slight changes in preparative procedure will significantly
influence the electronic and geometric structure of nanoparticles, as will be shown later in chapter 6.
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4.2 Modified glass crystallization method

4.2 Modified glass crystallization method

The magnetic Barium hexaferrites powders have been prepared by means of a modified crystallization
method [Miil94]. Nanocrystalline Ba-ferrites were prepared from BaO and Fe,O;, and for CoTi substituted
samples the CoO and TiO, were used. Numerous investigations have been done to modify the magnetic
properties through the substitution of Fe™ ions. This can be accomplished in two ways: direct substitution by
trivalent ions (Al”, Ga™) or by a combined substitution of divalent and tetravalent ions, here Co’" and Ti*".
Different BaFe;,,,Co,TixO9 powders have been prepared with a mean particle size variation: 9 nm, 14 nm,
29 nm and 170 nm. The particles grow during a temperature treatment in a glass matrix and are leached out
by dissolving the matrix. The phase composition and the particle size can be influenced by the melt
composition as well as the temperature treatment. In order to get very small particles by glass crystallization
of the hexaferrites three possibilities should be mentioned: (i) suitable chemical glass compositions, which
favor nucleation of barium hexaferrites during annealing of the amorphous flakes, (ii) short enough
annealing times, and/or (iii) annealing temperatures as low as possible.

In the glass crystallization synthesis very short annealing times of flakes are not convenient because
nucleation and crystal growth by diffusion proceeds at higher temperatures (700 °C) in less then 100 s and at
lower temperatures iron oxide compounds are formed. Time intervals in the order of 100 s are too small for
the formation of a homogeneous temperature distribution within the flakes. Nanocrystalline particles grow
during annealing for longer times at temperatures around 560-580 °C, depending on the chemical
composition of the flakes. A reduction of the mean particle size by roughly a factor of four is achieved by
Co/Ti substitution.

The substitutions decrease the temperature necessary for the formation of the hexaferrites phase. A step-wise
way of the bariumhexaferrite production is shown in Figure 4.6. The size effects in metallic magnetic
nanocrystals results in particles with unique properties that are strongly dependent on size, shape,
crystallographic structure, and defect distribution [Li00, Les96]. As the particle size decreases, the coercivity
decreases until thermal fluctuations overcome pinning of the spins to energetically favorable easy axes. At
this point, the original ferromagnetic particle becomes superparamagnetic and the spins can rotate freely
between the easy axes [Née49]. The barrier for this transformation is dependent on particle structure.

In the framework of the DFG-Priority Program SPP1104: “Colloidal Magnetic Fluids: Basics, Preparation
and Application of New Ferrofluids“, Co/Ti doped bariumhexaferrite particles with an average particle size
<15 nm were considered as a suitable base material for MF’s with supermagnetic fraction and
anisotropy/magnetic losses higher than those which are based on iron and iron oxides, as magnetite, and with
less toxicity than Co(CO)g based ferrofluids.
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Figure 4.6: Step-wise scheme for producing magnetic nanosized Bariumhexaferrite powder
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5 XAFS on Pt nanoparticles

Two cases of Pt nanoparticles, prepared via wet-chemical synthesis, will be discussed in the present work in
an attempt to understand the importance of the surface and surface coordination effects. First of all, the
XANES investigation of very small Pt nanoparticles provides an access to the information of surface bond
and/or coordination, as the contribution from surface atoms to XANES is strongest. Secondly, under
assumption that the binding mechanism between the formed nanoparticles and stabilizer is not size-
dependent, XAFS investigation on Pt nanoparticles of different size, prepared using the same stabilizer,
allows monitoring of the potential spectral changes as a function of a surface contribution. The results of
studies on such ‘ideal’ systems are discussed in this chapter to create a basis for further analysis, where more
complicated systems have been probed by XAS.

5.1 XANES investigation of Pt;; cluster

In the present chapter, a special case of organosol preparation via controlled complex decomposition of
dimethyl (1,5-cyclooctadiene) platinum (II), (CH;),PtCOD, whose molecular structure is depicted in Figure
5.1, in the presence of trialkylaluminum have been investigated by XANES. The nanoparticles prepared in
such a way are considered to be one of the most important materials for the heterogeneous catalysis of
hydrogenation because of their small hydrogenation energy compared with other metal nanoparticles
[Bal87]. In this respect, the determination of electronic and geometric structure of Pt nanoparticles is
important because it is a major feature in controlling the catalyst’s activity. In particular, it is possible that
very small metal nanoparticles have unusual structures and therefore unusual properties. In the case of
platinum, Pt;5 is one of the smallest clusters matching a magic number [Ech81], where a central nucleus is
surrounded by an icosahedron of 12 equivalent nuclei. To our knowledge no wet-chemical method has been
reported for synthesizing free Pt;; clusters with uniform particle size distribution. Often the cluster size
distribution is not uniform, but so-called magic numbers of nuclei are strongly preferred since they allow for
a maximum coordination of atoms, resulting in various close-packed polyhedron.

LH
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CH,

Figure 5.1: ORTEP’ diagram of (CH3)2Pt(COD), molecular (left) and schematic (vight) representation

3 Oak Ridge Thermal Ellipsoid Plot program for crystal structure illustration (ORTEP) had been used for scheme of
(CH;)2Pt (cod), molecular.
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5 XAFS on Pt nanoparticles

It has to be emphasized that small (0.75 + 0.12 nm) Pt clusters are of particular interest since they can be
represent by the icosahedral (ICS) and cubo-octahedral (COS) structures depicted on Figure 5.2. Formation
of icosahedral or cubo-octahedral structure depends on energetic, thermodynamic and kinetic effects [Bal05].
The energetic effects are referring to the most favored structure of a nanoparticle. Generally, the most
favored structure is the global minimum of the potential energy as the function of the coordinates of the
electronic cores, the potential energy surface (PES). The sizes of the most stable structure are called magic
sizes. Magic sizes may correspond either to the completion of a geometrically perfect structure, like
icosahedral or cubo-octahedral structure. Both ICS and COS structures consist of 13 atoms [Bal05, Apr03,
Yan97], including the center, and 12 are on the surface. Both structures are found for Pt;;. The energetic of
small Pt clusters has been investigated by several groups employing density—functional study [Gro00,
For99]. The simulated calculations gave preference to the icosahedral structure at N=13 [Doy98, Bal02,
Mas02]. Therefore, for further analysis the icosahedral structure is assumed for very small Pt nanoparticles.
The thermodynamic effects are mostly related to temperature dependent changes on structure, which can
induce phase transition. The kinetics effects are strongly correlated with different growth models. In the
context of the present work the influence of surface and thus energetic effects on the properties of resulting
nanoparticles is the most interesting aspect.

Figure 5.2: Icosahedral (ICS — left) and cubo-octahedral (COS — right) structures of Pt;; first closed shell [Apr03]

The Pt Li;—XANES spectra of nanoparticles prepared as described above, kept and measured under Argon
are presented in Figure 5.3. It is evident from the Figure 5.3 that the Pt Ly; spectra of small Pt nanoparticles
are very different from Pt reference foil as well as bigger Pt nanoparticles [K6hO1]. In order to
unambiguously identify the presence of a 13-atom Pt cluster, the Pt Ly XANES spectrum of Pt nanoparticles
dried under vacuum and stored under Argon, was measured and compared to theoretical model obtained
using the FEFF8 code. As can be seen from the calculations, the location and the intensity of shape
resonances in these spectra turn out to be sensitive criteria for the completeness of shell structures. Bearing
in mind that any of the atoms in the nanoparticles can act as the absorber atom, calculations were run for
both the coordination geometries present. The resulting site—dependent spectra were then weighted according
to their multiplicities and added to produce the theoretical spectrum. At first sight, the agreement between
the calculation done for pure Pt nanoparticles and experimental data, where the influence of stabilizer or/and
bond formation has to contribute into the spectral features, is astonishing. In the white line region, this
observation can be explained if one assumes that physisorption or even van der Waals interaction rather than
chemisorption occurs. These ideas are supported by the fact that the alkylaluminum can be completely
removed by repeated washing with toluene or/and acetone. In the multiple scattering region the similarity
can be understood as follows: first of all, the scattering power of Pt is much higher than the one of the low
Z—atoms, contained in the alkylaluminum or it’s the so-called by-products, octane, octane, COD or alkyls
group which can be presented in the protection shell [Wen04]. Secondly, the coordination via physisorption
or van der Waals interaction results with less defined atom position than one in which chemisorption is
involved; thus no significant change in XANES spectra of Pt nanoparticles, induced by the protection shell,
are found. Small deviations between calculations and experimental data may either reflect that cluster size
distribution is not described by a delta-function or reveal some slight influences of the stabilizing molecules.
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5.1 XANES investigation of Pt13 cluster

Sample # Precursor/Stabilizer Form Modification Storage
WNF-WA-210-08 [(1.5-COD)Pt(CHs;),]/Al(oct); powder argon
WNF-WA-210-08* [(1.5-COD)Pt(CHs;),]/Al(oct); powder uncontrolled oxidation argon
WNF-WA-269-01 [(1.5-COD)Pt(CHj3),])/Al(oct);  solution argon
WNF-WA-269-02 [(1.5-COD)Pt(CHj3),]/Al(oct)s powder ‘smooth’ oxidation argon
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Table 5.1: Modifications which were applied on Pt13 clusters and/or their protection shell and theirs storage condition
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Figure 5.3: Pt Ly - XANES spectra of (top to bottom): Pt foil (experiment), 2-shell cluster (theory), 1-shell cluster
experiment (solid line) and theory (doted line), 9-atom cluster, 7-atom cluster

The comparison of as prepared Pt nanoparticles in a carrier solution and in powder form measured under
Argon is shown in Figure 5.4, and displays extreme similarities of the main spectral features. At the same
time, experimental spectra of Pt nanoparticles in solution and powder are in total agreement with the
calculated spectra of complete first shell platinum Figure 5.4. This reinforces that the organoaluminum
compounds have no significant influence on the metal core of the Pt nanoparticles, as long as the resulting
particles were kept under protection gas and no further modification of the protection shell, e.g. ‘smooth’
oxidation or/and exposure to air , has been applied.
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Figure 5.4: Pt Ly - XANES spectra of Pt13 cluster in solution (dashed line) and powder (solid line) in comparison with
1 shell Pt cluster spectrum (grey dash-dot-dot line) calculated using FEFF8 code

The only notable change between the spectra of Pt nanoparticles in solution and dried form is the intensity of
the shape resonance located at about 11613 eV, which is more pronounced in the case of Pt NP’s in solution.
This observation may reflect the influence of removal of unreacted organoaluminum groups, e.g. Al —
CHs/Al — CgHy from the starting material during drying, which are still present in the stabilizer and have
been detected by quantitative protonolysis experiments [Bon04]. It is also known that organoaluminum
groups can be modified while bringing the solution into powder form [Wen04], which is why the shape
resonance is more pronounced for Pt nanoparticles in solution.

In contrast to this, the changes in the stabilizing shell, which are induced by ‘smooth oxidation’, i.e. slow and
controlled exposure to air, influence the XANES spectra significantly. Figure 5.5 shows the Pt Ly spectra
before (WNF-WA-269-01) and after modification (with applying the ‘smooth oxidation’ procedure (WNF—
WA-269-02), and after uncontrolled exposure to air (WNF-WA-269-03). All modifications of as-prepared
Pt nanoparticles are denoted in table 5.1. The observed increase of the white line intensity is directly
correlated to the more electrons drawing enviroment around Pt nanoparticles. Intuitively one would assume
formation of a Pt oxide phase, however, the X-ray Photoelectron Spectroscopy (XPS) measurements on the
same sample show that the formal valency of the Pt remains zero [Wen04]. As shown in Figure 5.7,
deconvolution of the XPS spectrum reveals binding energies of Pt 4f;, and Al 2p;, of 71.3 and 74.1 eV,
respectively, which correspond to Pt(0) and AI*". These results support the idea of Pt nanoparticles dispersed
regularly in an aluminum oxide matrix, formed as a result of a protection shell modification (Figure 5.8(c)).
Thus, observed changes in the spectral features A and B in Figure 5.5 of sample WNF-WA-269-02 in
comparison to the nanoparticles WNF-WA-269-01 must be explained by interaction of aluminum organics
and its by-products with oxygen, which leads to the charge transferring from Platinum to Al-O&AI-CgH,
coordination, during ‘smooth oxidation’. A possible mechanism of replacement of octyl group by oxygen
during the ‘smooth oxidation’ procedure is shown in Figure 5.8 (b). One would assume that after particles
have been exposed to air, the complete replacement of Al-CgHy coordination by Al-O, as shown in Figure
5.8 (c) take place. This replacement would lead to the systematic changes: further increasing in the spectral
features A and decrease of the intensity of spectral feature marked B. However, the observed changes in
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5.1 XANES investigation of Pt13 cluster

spectral features A and B of the resulting Pt nanoparticles after the application of the ‘smooth oxidation’
procedure (WNF-WA-269-02) and further exposure to air (WNF-WA-269-03) cannot be explained within
this hypothesis. An additional mechanism has to be considered to understand the changes in spectral features
observed for sample WNF-WA-269-03. Bearing in mind high reactivity of the alkyl group and oxygen, one
can imagine that with increasing amount of oxygen available for reaction and the rate of oxygen available,
e.g. exposure to air (fast and uncontrolled oxidation), the Al-CgH can oxidized to the Al,Os.In this case the
Al-CgHy network is no longer protecting Pt nanoparticles from direct interactions and the coalescence of
supported Pt;; nanoparticles can occur. This process can also be initiated by the introduction of external
energy extracted in the reaction of alkyl group with oxygen. The coalescence of supported nanoparticles has
been reported for a variety of metal nanoparticles. E.g., Hendy et al. simulated the coalescence of free lead
nanoparticles [Hen03]. In this work it has been reported that when two small (magic size) nanoparticles
come into contact, many new bonds form, causing a considerable release of surface energy and further
increase in temperature. The increase in temperature makes the coalescence process much faster, by
enhancing surface diffusion. The reaction of the alkyl group with oxygen leads to the increase of temperature
and thus increases the probability of coalescence for Pt nanoparticles. Following this idea, the observed
changes in a XANES spectrum of sample WNF-WA-269-03 can be understood by releasing the small Pt
nanoparticles from the Al-CgH, matrix as it is oxidized towards Al,O;. Therefore, surface coordination to
electron drawing neighbors is reduced and resulting spectral features are more similar to the Pt foil.
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Figure 5.5: Pt Ly;— XANES spectra of Pt13 cluster in solution (dashed line) after applied ‘smooth oxidation’ procedure
(doted line) and after exposure to air (solid line) in comparison with Pt-foil (dash-dot-dot line)

A similar observation was found from comparison of Pt Li;-XANES spectra of nanoparticles exposed to air
(WNF-WA-269-03) and those which were accidentally oxidized in the beam line or during the
transportation to the beam line caused by the use of non air tight sample holders (WNF-WA-210-08%), i.e.
the slow leak of O,, Figure 5.6. The slightly higher intensity of the white line in the case of particles
measured after exposure to air in comparison with WNF-WA-210-08* may be due to a larger amount of
oxygen available for reaction and the faster rate of oxidation of Al-CgH, surrounding the metallic Pt core as

37



5 XAFS on Pt nanoparticles

well as decrease of the reaction time. Here, increasing the time during which the protection shell may be
modified, leads to a slight increase of the white line intensity. One can conclude that with increasing time
and amount of oxygen which is introduced into the system the ratio of Al-CgH,, substitution into Al-O is
increased. Differences in the spectral features for particles treated by the ‘smooth oxidation’ procedure,
where the oxidation progressed in a slow rate, and particles exposed to air, may be understood if one bears in
mind the possibility of the coalescence/agglomeration of Pt nanoparticle, induced by the increase of

temperature due to reaction of alkyl groups with oxygen.
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Figure 5.6: Pt Ly — XANES spectra of Pt;; clusters obtained in the powder after exposure to air (black solid line) and
uncontrolled (grey solid line) oxidative process in comparison with reference foil and PtO,

Binding Energy [eV]

Figure 5.7: X-ray photoelectron spectra of Pt 4f (dashed line) and Al 2p (dotted line) for Pt cluster in powder
(Referenced to C 1s: 284.5 eV) [Wen04]
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5.1 XANES investigation of Pt13 cluster

Unfortunately, due to the operation condition of the ELSA ring, it was not possible to carry out EXAFS
measurements, which would be very helpful in understanding the complete picture of nanoparticles
stabilization and differences caused by further conditioning, e.g. applying the ‘smooth oxidation’ procedure.
However, XANES measurements tend to be very sensetive for investigation of surface effects in case of very
small Pt nanoparticles. Several ways of Pt;3 stabilization and further modification of the protection shell may
be done based on findings observed from these analysis. Possible schemes of these processes are presented in
Figure 5.8.
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Figure 5.8: Possible schemes of Ptl13 formation (a), stabilization after applying of ‘smooth oxidation’ procedure (b)
and modification of protection shell after exposure to air(c).
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5 XAFS on Pt nanoparticles

5.2 Size and shape controlled synthesis of Pt nanoparticles stabilized by
polyvinylpyrrolidon (PVP)

Pt—PVP stabilized nanoparticles with different sizes are another system on which the surface effects can be
studied in detail. Moreover, the crucial aspects of nanoparticle production such as the kinetics of growth and
parameters of synthesis which induce changes in the process of nanoparticle formation can be monitored in
this system. As a consequence, more detailed understanding of nanoparticle formation can be extracted from
XAS analysis.

5.2.1 XANES analysis

The Pt Ly —XANES spectra of Pt-PVP ([CcHgNO],) stabilized nanoparticles produced with
(KGE.KA.144.03, 2.5 nm) and without (KGE.KA.144.02, 8.0 nm) addition of seeds during the synthesis are
shown in Figure 5.9, along with Pt reference foil. Size information was extracted from the TEM
measurements, presented in Figure 4.3. Under the assumption that the interaction between the surface of the
nanoparticles and the stabilizer is defined by the stabilizer, one would expect a systematic size dependent
change in the spectral features of nanoparticles, which would correlate to the number of surface atoms. As
seen in Figure 5.9, the changes in the spectral features of Pt nanoparticles can only partly be described as a
function of size. Obviously, for 2.5 nm and 8.0 nm nanoparticles the multiple scattering region is dominated
by contribution which can be assigned to the F.C.C. Pt structure, as the position of the shape resonances
remains more or less the same. However, the local electronic structure undergoes dramatic changes. Which is
follows from the ratio of the white line to edge jump, that is for 8.0 nm nanoparticles is comparable with Pt
foil, but significantly smaller for the 2.5 nm Pt nanoparticles. Thus, in contrast to the intuitive explanation,
no clear and systematic size dependent trend in the data is found.
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Figure 5.9: Pt Ly — XANES spectra of Pt-PVP stabilized nanoparticles prepared with (solid grey line) and without
(dashed line) addition of seeds in comparison with Pt-foil (solid line)
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5.2 Size and shape controlled synthesis of Pt nanoparticles stabilized by polyvinylpyrrolidon (PVP)

In order to understand the unexpected behavior of the spectral features of Pt nanoparticles it is helpful to
consider in detail the possible mechanisms of Pt nanoparticles and PVP stabilizer interaction. The PVP has a
back bone of polyvinyl as hydrophobic [N—C,H;]n and hydrophilic pendant groups Figure 5.10. The studies
of the PVP protective mechanism on nanosized silver particles done by Z. Zhang et al. [Zha96], show that
the ligand of C-N and C=0 in PVP contribute more electronic density to the sp orbital of silver ions than
H,O0; the silver ions in the Ag—PVP complex may obtain electrons from oxidizing or C-N agent more easily
than those in Ag—H,0. This model can be transferred directly to the case of the Pt nanoparticles. The
mechanism of PVP interaction with Pt nanoparticles may be divided into three stages. Firstly, PVP donates
lone pair electrons of oxygen or nitrogen atoms to sp orbitals of platinum atoms, thus forming the
coordinative complex of Pt atoms and PVP in aqueous solution. It has to be stressed that the influence of
nitrogen and oxygen on nanoparticles is hard to separate and monitor in the XANES spectra, as they have
very similar electronegativity following the Pauling scale. Secondly, PVP promotes the nucleation of the
metallic platinum because the Pt atoms—PVP complex is more easily reduced by hydrogen than the pure Pt
atoms. Thirdly, PVP prohibits Pt nanoparticle aggregation and grain growth as a result of its steric effect.

The schematic representation of different ways of interaction between the PVP functional polymer and Pt
nanoparticles is shown in Figure 5.10. Even if stabilization of Pt nanoparticles by PVP is assumed to be
dependent on the particle size, a change of these configurations cannot resolve the question why the dramatic
changes in electronic structure are encountered for the 2.5 nm particles at the Lj; edge which probes mostly d
states, whereas charge donation occurs in s and p states.

1] (om,-cn) cm - cm,)

R

7

Figure 5.10: The schematic representation of interaction between the PVP functional polymer [CsHoNO],, and
precursor for the Pt NP’s — K,PtCl,

Here, the mechanism of nanoparticle formation can help understand observed changes in spectral features of
2.5 nm Pt nanoparticles. Generally, the formation of monodispersed nanoparticles poses two major
challenges. Firstly, the morphology and shape selection of particle formed by interplay of nucleation and
aggregation processes. Secondly, the size-selection mechanism, i.e., the kinetics of generation of narrow
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5 XAFS on Pt nanoparticles

particle size distribution. In the initial induction stage, solutes are formed to yield a supersaturated solution,
leading to nucleation. The nuclei then grow by diffusive mechanism to form the primary particles (singlets),
which in turn aggregate to form secondary particles. The secondary particles are sufficiently sparsely
positioned in solution to conclude that their evolution is largely independent. It is also possible that singlets
forming secondary particles may undergo restructuring and rearrangements resulting in more compact
structures and leading to the shape selection. It was found that, in many systems, nuclei produced rapidly in a
supersaturated solution, grew to nanosized singlets, which then coagulated to form much larger final
nanoparticles in a process dominated by irreversible capture of these singlets [LaM52, Bal05]. In the case of
Pt—PVP nanoparticles, addition of the seeds may lead to the faster rate of nucleation, and thus the growth by
aggregation of singlets must be considered coupled to the process of formation of these singlets, which is
time dependent. Due to the fact that Pt:PVP molar ratio has been kept the same, addition of the seeds may
also cause that the precursor is in abundance and will not fully react/decompose to the Pt(0), during the
particle formation. In this scenario, seeds can be treated as stable centers of growth thus the time of the
growth which is needed for Pt—PVP nanoparticle is reduced. Bearing in mind the slow rate of reduction
caused by H,, some amount of the precursor can still be unreacted. Thus, pure Pt nanoparticles can be
trapped in an unreacted K,PtCl, droplet, to result in the double phase nanoparticle. This can explain the
reduction of the white line intensity in the case of 2.5 nm Pt nanoparticles (KGE.KA.144.03), as the
combination of XANES spectrum of K,PtCly compounds, calculated using FEFFS, and the Pt foil will result
in the decrease of the white line intensity and first shape resonance located at about 11574 eV. Comparison
of 2.5 nm Pt nanoparticles L;;—XANES spectra with Pt foil and calculated K,PtCly is shown in Figure 5.11
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Figure 5.11: Pt Ly XANES spectra of 2.5 nm Pt nanoparticles in comparison with Pt foil (dashed) and precursor
K>PtCly (solid grey)

Additional information, which can either prove or reject this hypothesis, can be extracted from the EXAFS
analysis.
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5.2 Size and shape controlled synthesis of Pt nanoparticles stabilized by polyvinylpyrrolidon (PVP)

5.2.2  EXAFS data analysis

The raw EXAFS spectra and calculated background functions are shown in Figure 5.12 for the samples
prepared with and without the addition of seeds. The data were Fourier transformed from 3.05 A™ to 10.8 A™
in k-—space. To perform a two shell fit, a region from 1.2 A to 4.9 A has been used in R—space. The filtered
and weighted (k’) EXAFS data are shown in Figure 5.13, and show that the EXAFS signals from 8.0 nm and
2.5 nm Pt nanoparticles are different already in a third maximum, where a well resolved double peak shape is
observed for small nanoparticles. The discrepancy is becoming more pronounced with the increase of k and,
at k above 9 A”', the oscillation is even shifted in phase. These findings suggest that another backscatterer
contributes to the EXAFS signal, in case of 2.5 nm Pt nanoparticles, which is also reproduced in the Fourier
transformed EXAFS data, as a clear shift of the center of the first pronounced peak is observed. The MFT of
samples KGE.KA.144.02 and KGE.KA.144.03, along with MFT of Pt foil data present in Figure 5.14. The
larger EXAFS amplitude of the particles prepared without addition of seeds points to a larger Pt-Pt
contribution and bigger particle size, which is confirmed by TEM analysis Figure 4.3.
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Figure 5.12: Pt Ly — EXAFS spectra of 2.5 nm tetrahedral Pt nanoparticles (short dot) and 8 nm Pt nanoparticles
(dashed line) in comparison with Pt-foil. Background is shown in grey

To obtain the amplitude reduction factor SO2 and Debye-Waller factor correspondent to metallic Pt, Fourier

transformation with the same weighting (k°) and over the same k range was done for the EXAFS data of Pt
foil (Figure 5.14 solid grey line). For better illustration, the magnitude of the Pt foil MFT was adjusted until
the first well pronounced peak in the Fourier transformation scaled with the corresponding peak derived from
the samples KGE.KA.144.02. As mentioned above, the first Pt—Pt peak in Fourier transformation of 2.5 nm
nanoparticles appears at lower (2.2 A) R—distance, in comparison with Pt—Pt distance characteristic for bulk
platinum (2.4 A). This shift of the maximum to lower value can be explained by the presence of the lighter
backscatterer in a first coordination shell.

As expected, it turns out that the single Pt—Pt contribution is not enough to obtain a reasonable fit of the first
coordination shell (Figure 5.14), especially in the case of smaller nanoparticles (Figure 5.16). At the
distances around 2 A contributions of several light backscatterers, such as nitrogen, carbon, oxygen or
chlorine, can be presented. To clarify the nature of the soft backscatterers at low R, the fit parameters
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5 XAFS on Pt nanoparticles

characterizing the Pt and N/O/Cl contribution were optimized in both k' and k> weighting to avoid
overestimating or underestimating either the high-Z (Pt-Pt) or low-Z (Pt-N/Pt-O/Pt-Cl) contribution. Once a
good fit has been obtained to estimate the EXAFS parameters with k' and k’ weightings, the fit was
optimized by allowing a few of the parameters to be varied (R, N, E, in table 5.2, KGE.KA.144.02 ), while the
others were kept fixed.

Whereas the MFT of 2.5 nm Pt particles shows almost no structures at distances higher than 4.8 A, MFT of
8.0 nm particles data shows the presence of higher coordination shells which are quite identical to the ones
presented in the MFT of Pt foil data. The double structure of the peak at about 4 A represents second shell
coordinated Pt—Pt. Shape and magnitude of the peak in FT for 2.5 nm are very different from those of bigger
particles. The well pronounced peak at 4 A in case of MFT of sample KGE.KA.144.03 does not correspond
to the characteristic peak of pure Pt—Pt coordination. However, the position of the calculated EXAFS signal
of the Pt salt used as a precursor, corresponded reasonably well with the particles where additional
contribution are needed for the adequate description of the data. The MFT of K,PtCls, using the same range
in R—space is presented in Figure 5.16. In fact, using an additional Pt-Cl and Pt-FK path, a good EXAFS fit
can be obtained. Therefore, one can conclude that the two phases are supercomposed to give the resulting
profile of NP’s prepared with addition of the seeds. Further improvement may be obtained by the addition of
another soft backscatterer, but the number of the free parameters available for the fit is insufficient for this
inclusion. After all, for both samples, the distances and coordinations number resulting from the fit are in
agreement with one of the references compounds.
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5.2 Size and shape controlled synthesis of Pt nanoparticles stabilized by polyvinylpyrrolidon (PVP)

N Pt foil
7 — — KGE.KA.144.02
N ceeeeesee KGE.KA.144.03

Mod.FT
N

0 2 4 6 8

Figure 5.14: Modified Fourier transforms of Pt-PVP stabilizes nanoparticles prepared with (short dot line) and without
(dashed line) addition of seeds, along with FT of Pt-foil (grey). The same k- and R-range have been used
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Figure 5.15: Modified Fourier transform of Pt-PVP stabilized 8 nm nanoparticles (dashed line) with two shell fit results
(grey line) and used paths contributions
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Figure 5.16: Modified Fourier transformation of 2.5 nm Pt-PVP nanoparticles (solid line)in comparison with Pt foil
(grey solid line) and K,PtCl, (dashed line) transforms
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Figure 5.17: Modified Fourier transforms of 2.5 nm nanoparticles (solid line) with two shell fit results (grey dash-dot
line) along with paths contribution, used in the fit
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5.3 Conclusions

These results confirm the hypothesis of the bi-phase character of 2.5 nm. The Pt-Cl (2.39 A) and Pt-K (4.43
A) distances are in agreement with one of the K,PtCl, complex, which are 2.35 A and 4.1 A, respectively. In
the case of Pt nanoparticles KGE.KA.144.02, EXAFS analysis confirms the presence of nitrogen or oxygen
as a light backscatterer in a first coordination shell. The typical Pt—O and Pt-N distances are about 2.02 A
(Pt0)/2.05 A Pt(NS), respectively, and thus can hardly be distinguished in EXAFS analysis. The
electronegativity of nitrogen and oxygen is comparable, which is why under assumption that the interaction
between Pt and N or O is weak (physisorption or van der Waals), no significant influence of this interaction
is observed in XANES. From the distance results after the fit (2.17 A), one can conclude that nitrogen or
oxygen is found on the surface of the Pt nanoparticles as it is larger than the typical Pt—N/Pt—O distances.
The Pt-Pt coordination number decreases from 11 to 7.2 and from 6.9 to 1.9 for the first and second
coordination shell, respectively. On the one hand, these results are consistent with the size obtained from
TEM. On the other, the significant decrease of second shell Pt-Pt coordination number in case of 2.5 nm
nanoparticles, a consequence of the fact that smaller nanoparticles exhibit less order. Moreover, the
decreasing of Debye-Waller factor is consistent with increasing particle size. However, the first and second
shell Pt-Pt distances of 2.79 A and 4.0 A, respectively, are consistent with the presence of metallic Pt
particles even in the case of 2.5 nm Pt nanoparticles.

Sample (k=3) Backscatterer R [4] N o [4] Ey[eV]
KGE.KA.144.02 N/O 2.17+0.02 1.2+0.3 0.0032 8.7+2.1
(8 nm without Pt 2.79£0.01  11.0£0.6 0.0054 12.5£3.9
seeds) Pt 40+0.04  69+18 00046  8.7+2.1
Cl 2.39+0.02 1.2+0.2 0.0030 9.3+2.9
KGE.KA.144.03
Pt 2.79+0.02  7.2+0.4 0.0094 9.3+2.9

(&5 e 959 Pt 4.0£0.05  1.9+0.1  0.0016  13.6+3.5

Table 5.2: Structural parameters of two shell fit for Pt-PVP stabilized particles prepared with (KGE.KA.144.03) and
without (KGE.KA.144.02) additions of seeds

Therefore, based on the EXAFS analysis, contamination of the system with unreacted precursor material
seems to be probable.

5.3 Conclusions

To summarize, the decomposing complex (CH;),Pt(COD) in the presence of trioctylaluminum, leads to the
formation Pt nanoparticles stabilized by alkylaluminum groups via van der Waals or physisorption
interaction. The size of the particle is not changing drastically after modification of storage condition such as
‘smooth oxidation’ process. TEM micrographs of Pt colloids in powder show monodisperse Pt particles of
0.75+0.10 nm and 0.82 + 0.16 nm, respectively, before and after oxidative processes have been applied,
which are identical within the error limits of TEM measurements. In particular, the particle size can be
frozen at 0.75 nm when trioctylaluminum is used. These results confirm the weak interaction between Pt
nanoparticles and stabilizer, as either formation of the core-shell nanoparticles or chemisorption that would
lead to an increase of particle size.
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5 XAFS on Pt nanoparticles

Comparison of the XANES spectra with theoretical calculations confirmed the presence of Pt structure in
case of Pt nanoparticles in solution and powder, if they were kept strictly under argon. XPS reveals that the
as-prepared Pt nanoparticles are truly zerovalent and the signature out of Al-oxide can be detected once they
were exposed to air. Exposure to air leads to dramatic changes in the electronic structure of Pt;;
nanoparticles, as the rest of the alkyl aluminum group will react with large amount of air, resulting in the
formation of Al,O; matrix on the one hand and agglomeration of the Pt nanoparticles on the other, initiated
by loosing coordination with Al-CgHy active groups. The XANES analysis on this system establishes the
step-wise model of the surface modification in dependence to time and amount of oxygen available for
reaction. This is the first example of a Pt;; nanoparticles prepared by a wet-chemical method.

The XAFS investigation on Pt—PVP nanoparticles with different size has been carried out in order to obtain
more understanding of the surface effects on resulting electronic and geometric structure. The surplus of
precursor, which occurs due to addition of the seeds, leads to the presence of some unreacted amount of
precursor. As a sequence, resulting nanoparticles are not contamination free, thus the monitoring of the pure
surface effects is no longer possible. Instead of this, more detailed understanding in the kinetic of
nanoparticles growth can be indirectly obtained from the XAFS analysis. For example, the difference in
coordination geometry of resulting nanoparticles was proved by EXAFS analysis. Stabilization of Pt
nanoparticles via Pt—N or Pt—O weak interaction found to be more preferable in case of 8.0 nm particles. In
contrast to that, supercomposition of two phases, bulk Pt and one of precursor, was found in case of 2.5 nm
particles. High similarity of the main spectral features between Pt reference foil and Pt nanoparticles
observed by XANES fingerprint comparison, suggest that we are still dealing with F.C.C. platinum. These
results confirm the presence of zerovalent platinum, this is in consistence with statement that once the Pt
oxidation state is formed, the addition of PVP cannot change it drastically, as no regular chemical bond
between Pt nanoparticles and N or C=0 lone pair is formed.
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6 Co-nanoparticles and their properties

One important scientific topic is to understand size effects on the physical and chemical properties of
materials which become crucial, especially in the nanoscopic size region [Cal04, Nie03, and Gam03].

Nanometer size particles (NP’s from 1 nm to 50 nm) display many properties which are both quantitatively
and qualitatively different from the respective bulk materials. As will be shown below, it is possible to tune
specific properties of NP’s, such as geometric and electronic structure, by varying the particle size. Recently,
the study of size effects of metal NP’s has intensified with the promise of utilizing novel properties in new
materials and devices [Sun99]. The magnetic properties of NP’s, for example, depend strongly on the size of
the particles. Typically, nanosized particles show superparamagnetic properties and magnetic materials, such
as cobalt, become very important for their applications in magnetic storage technology. Moreover, cobalt
nanoparticles are found to be a suitable base for producing magnetic fluids (MF’s). These magnetic fluids
with a narrow size distribution of the corresponding NP’s exhibit properties useful for a number of
applications, e.g. magnetic fluids are used for the cooling of loudspeakers in high performance HiFi systems,
which allow increasing maximum power of the system [Ode03]. Besides this thermal application, ferrofluids
are used in mechanical systems like bearings as frictionless sealing [Ber96] or in biomedical applications for
drug targeting [Ale01] and for magnetic hyperthermia [Her98] in cancer treatment.

The thermolysis of Co(CO)s is one of the convenient and frequently applied methods for the preparation of
nanoscopic Co(0) particles (chapter 4.1.3). Unfortunately, the Co particles obtained by this procedure show a
broad size distribution. However, it has been found by Bonnemann et. al. [Bon04] that in the presence of
organo aluminum compounds it is possible to control size and ‘monodispersity’ of the zerovalent magnetic
nanoparticles resulting from the thermolysis of Co,(CO)g [Pap83]. Another important aim of nanosized
particles synthesis is to achieve stability against air and moisture. A novel ‘smooth oxidation’ procedure has
been developed and applied to the synthesis of transition metal nanoparticles in order to modify the
protection shell. The influence of the ‘smooth oxidation’ procedure on the resulting nanoparticles will be
described in more detail in chapter 6.1.3 of the present thesis. Peptization of nanoparticles using a suitable
surfactants leads to the modification of the protection shell formed around the metallic core during the
‘smooth oxidation’ procedure. The formation of different crystallographic phases can also occur during this
synthesis (chapter 6.1.2). For the cobalt nanoparticles investigated in this thesis, main parameters of the
synthesis are summarized in Appendix A.

6.1 Stabilization of nanoparticle against agglomeration

In the previous chapter it was shown that in the case of small particles the changes in the electronic and
geometric structure can be understood as a function of surface—induced effects. In contrast to the bulk
materials, where metallic surfaces have a large supply of electrons, the electron supply in the case of
nanosized particles is finite. As a consequence, the influence of surfactant becomes more important and even
dominates on the nanoscale. For practical implementation of cobalt NP’s, for example in biomedical
applications, nanoparticles with a narrow size distribution have to be prepared. For this purpose,
monodisperse nanoparticles are desired. It should be mentioned that stabilization of nanoparticles against
agglomeration by a protection shell of surfactant molecules is one of the most common approaches.
Understanding the changes in electronic and geometric structure of nanoparticles caused by chemical
interactions at the surface is critical in the detailed characterization of nanoparticles.

49
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One of the possible starting points in the wet-chemical approach used for the production of nanoparticles is
thermolysis,—dissociation by heat. It must be mentioned that decomposition of Co,(CO)s, the precursor for
Co nanoparticles, can take place even at room temperature. Co particles resulting after thermolysis show a
wide size distribution and have a tendency towards agglomeration and oxidation [Kre01].

Figure 6.1 shows the TEM image of Co particles obtained after slow thermolysis in toluene (left, the scale
bar is 200 nm) and in the presence of Al(R); (right, an average size is 10.0 £1.1 nm). As can be seen in
Figure 6.1 (left), thermolysis in the absence of Al(R); leads to the formation of dense agglomerates, whereas
in the presence of Al(R); and KorantinSH well defined particle size can be reached—Figure 6.1 (right). In
addition to this, recent investigations of the synthesis parameters and conditions, by Bonnemann et.al., reveal
that the presence of surfactant not only prevents particles from agglomerations, but also has a significant
influence on the electronic structure of the resulting particles [Chi02, Yu03 and B6n03].

Figure 6.1: TEM image of NP's resulting after thermolysis in toluene (left)
and in the presence of Al(CsH,7); (vight) [Boen]

Before one starts to derive some information from the XANES and EXAFS data, it is always good to test the
reliability of the results which can be extracted. For this purpose a set consistent of two samples prepared
following the same synthesis procedure, but in at different times, will be discussed below. The main
information on synthesis condition, as well as the size of the nanoparticles, can be found in Appendix A. It
should be mentioned that spectra of these two samples have been taken during different beam—times at beam
line BN3, providing an opportunity to verify the reproducibility of the synthesis and, in addition to that, the
independence of data generation with respect to operating conditions of the ring.

Figure 6.2 shows the Co K—edge XANES spectra of samples labeled MTV-MA—-053 and MTV-MA-084—
01 along with their difference. As can be seen, the spectra are identical to each other and the highest
discrepancy in absorption is less than 0.03 a.u. in the energy region of the absorption edge and the white line.
This value can be used as an error in the XANES ‘fingerprint’ analysis. This ‘fingerprint’ comparison also
proves a high sensitivity of the XANES spectra to even small changes in the electronic and geometric
structure of investigated materials, which is independent of operating conditions.
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Figure 6.2: Co K-XANES spectra of samples MTV-MA-053 and MTV-MA-084-01 with their distinction

For the EXAFS analysis a fitting procedure was done following the standard data evaluation routine. Data
range varies from 2.8 A” to 12 A and from 0.9 A to 2.8 A, in k— and R— space, respectively. The amplitude

reduction factor was fixed at the value of S; =0.825, extracted from fit of a Co foil. For simplification,

only the MFT are presented in the Figure 6.3 with a fit of the first coordination shell. However, the profile of
the MFT’s is somewhat different the resulting values of nearest Co—Co distance (2.5 A) match the typical
values known from the crystallographic data. The value of coordination number obtained from the fit
(CN=5) is lower than the calculated if one assumes that for 3.5 nm nanoparticles about 60% of atoms are on
the surface (CN=8.4).

Sample Backscatterer R[A] N ¢’[A% Eo[eV]
MTV-MA-053 Co 2.51+0.03 4.94+0.1 0.0076+0.0002 3.9+0.2
MTV-MA-084-01 Co 2.49+0.01 4.94+0.3 0.0076+0.0001 2.6£1.5

Table 6.1: Fit results of nanoparticles MTV-MA-053 and MTV-MA-084-01 obtained from the EXAFS analysis

The deviation in the values resulting after fit which have the same level of error with the one presented in
table 6.1, will be considered as identical for further EXAFS evaluations.
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Figure 6.3: Modified Fourier transforms of nanoparticles MTV-MA-084-01 (A) and MTV-MA-053 (B)

6.1.1  Surfactant influence on Cobalt nanoparticles

In Figure 6.4 and Figure 6.5 the Co K-XANES spectra of particles dispersed in vacuum oil L9 with addition
of KorantinSH (MTV-MA-033) and dispersed with a combination of KorantinSH and LP4 (MTV-MA—49)
are shown in comparison with reference Co foil. It has to be stressed that these nanoparticles have been
prepared following the same synthesis procedure and were strictly kept and measured under Argon. In this
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6.1 Stabilization of nanoparticle against agglomeration

case the only parameter which can influence the electronic and geometric structure of the resulting
nanoparticles is the additional LP4. Main parameters of the synthesis are summarized in table 6.2.

Initial ratio AlR);
Sample # Form Size chain Surfactant
Co:Al
length
MTV-MA-049  magnetic fluid  10.0 = 1.1 nm 10:1 Al(CsH )3 KOTSSH’
MTV-MA-033 magnetic fluid  10.0£ 1.1 nm 10:1 Al(CsH7)3 KorantinSH

Table 6.2: Main parameters of the synthesis for nanoparticles MTV-MA-049 and MTV-MA-033

For the XANES ‘fingerprint’ comparison the spectra were normalized at 7825 eV and the energy scale
calibrated to the first inflection point of bulk Cobalt 7709 eV [ThoOl]. As can be seen from Figure 6.4,
spectral features of the nanoparticles MTV-MA—49 are identical with the Co foil spectra. As a consequence,
it is possible to conclude that the produced particles have an H.C.P. structure and the surrounding
environment of the absorbing atom is not different from the one in the bulk material. The shape resonances
are less pronounced in comparison with Co foil due to the small particle size.
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Figure 6.4: XANES spectrum of Co foil (doted) and nanoparticles MTV-MA-049 (solid), produced following the general
procedure

In contrast to results observed for nanoparticles MTV-MA-049, the XANES spectrum of MF MTV-MA—
033 is significantly different from a Co foil spectrum, as can be seen in Figure 6.5.
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Figure 6.5: XANES spectrum of Co foil (doted) and nanoparticles MTV-MA-033 (solid), produced following the general
procedure

The Co K—XANES spectrum of the MF MTV-MA-033 shows that the intensity of the pre—edge peak is
comparable with Co foil while the height of the white line increases and its maximum is shifted towards
lower energies. One possible way to understand these changes is to assume that a partial oxidation of
nanoparticles occurs. However, the storage and measurements have been performed in Argon atmosphere
and, therefore, even a partial oxidation is unlikely to occur. Moreover, the position of the shape resonances is
extremely similar to the metallic Cobalt. Further on it can also be seen that the EXAFS analysis does not
support the possibility of partial oxidation. On the other hand, the spectral features for sample MTV-MA—
033 can be interpreted as an influence of the surfactant which leads to a charge transfer between the surface
of the nanoparticles and COOH- groups of the surfactant. Virtually all vapor-liquid—solid interfaces acquire
charge by dissociation or adsorption of ionic constituents. In addition to electrostatic interactions, short-range
chemical interactions between ions and the surface can lead to pronounced effects, resulting in a decrease of
the intensity of the pre—edge shoulder. However, the contribution from metal-metal interaction is dominated
upon metal-surfactant interaction as the positions of the shape resonances are identical with Co foil. Besides
this, in nanosized scale, contribution of the surface energy term includes a complete or partial phase
transition. Therefore, the change in intensity of the white line peaks might be correlated with the formation
of a phase different from elemental Co phase (H.C.P.) structure [Qad01].

6.1.2  Phase formation during preparation

To gain an understanding of the observed changes in spectral features of sample MTV-MA—-033, the K—edge
XANES spectra of different crystallographic phases known for elemental Cobalt has been calculated using
FEFF8 code. In the literature, four phases are reported for cobalt. The stable forms for elemental bulk cobalt
are hexagonal-close-packed (H.C.P./a-phase) below 425 °C and face-centered-cubic (F.C.C./B-phase) at
higher temperatures. Apart from these forms, two other structure types of cobalt are described: a ‘forced’
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6.1 Stabilization of nanoparticle against agglomeration

body-centered-cubic (B.C.C.) phase was postulated by Prinz [Pri85]. Dinega and Bawendi [Din99] reported
formation of addition crystal structure, the epsilon-phase (e-phase). The e-phase has the complex cubic
symmetry of the B-phase of manganese. Sun and Murray confirmed the existence of e-phase [Sun99]. To
illustrate the coordination geometry for the above phases their crystal structures are presented in Figure 6.6.

CN=12

CN=8

Figure 6.6: H.C.P. (A), e-phase (B), F.C.C (C) and B.C.C. (D) crystal structures which are known for elemental cobalt
and corresponding coordination numbers (CN)

Different bonding geometry leads to the appearance of different features in the XANES spectra. Theoretical
XANES spectra for F.C.C., B.C.C and e-phase structures are shown in Figure 6.7 and plotted along with the
experimental spectrum of a cobalt foil for the ‘fingerprint’ comparison of the positions and intensities of the
main spectral features. As mentioned previously (chapter 2.3.1), the XANES ‘fingerprint’ comparison can be
used to determine the crystal structure of the Co nanoparticles. The main XANES spectral features of bulk
H.C.P. cobalt are: the pre-edge feature at approximately 7712 eV with an inflection point at 7709 eV, usually
assigned to an electron transition from /s to a hybridized p-d orbital, the white line consisting of two well
resolved peaks at about 7727 eV and 7733 eV. The intensity of the second peak is higher than for the first
peak.

Two well resolved peaks in the white line region are characteristic for the F.C.C. structure as well. In
contrast to the H.C.P. phase, intensity of the second peak is lower than the intensity of the first peak and
position of the peaks is shifted to higher energies, relative to corresponding peaks of H.C.P. phase. The
calculated spectrum of the epsilon cobalt not only shows a reduced pre-edge intensity, but also a larger
energy splitting between the pre-edge structure and the main absorption edge. The slight reduction of the
intensity of the pre-edge structure might thus be interpreted as a result of a complex cubic geometry (P4;32)
where Co atoms populate two different sites, which are marked as 1 and 2 in Figure 6.6(B). As can be seen
from Figure 6.7, the deviations in calculated spectra of different phases are significant. The suitability of the
FEFF8 code to obtain detailed information on the electronic and geometric structure has been shown in a
number of previous studies [Mod03b, Gil03 and Hal02].
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Figure 6.7: Experimental spectrum for metallic Cobalt foil (solid) compared to spectra calculated using FEFF$8 code:
F.C.C. (dashed), H.C.P. (dash-dot line) and e-phase (doted)
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Figure 6.8: XANES spectra of nanoparticles MTV-MA — 033 (solid) and calculated (from top to bottom) F.C.C.
(dashed line), H.C.P., B.C.C. and ¢ — phases

56
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The position of the maximum of the white line in the calculated XANES spectrum for F.C.C. cobalt is
consistent with the one of the sample MTV-MA-033 and located at about 7727 eV; the second peak is found
at about 7734.5 eV. The position of the first and second peaks (see enlarged inset of the white line region in
Figure 6.8) is consistent with values obtained from FEFFS8 calculations for F.C.C. phase of Cobalt. As a
consequence, one can conclude that using the combination of KorantinSH and LP4 surfactants during the
synthesis leads to the formation of 10.0 nm F.C.C. nanoparticles. The formation of a different phase induced
by surfactants and/or size effects has been widely reported for Cobalt nanoparticles by different groups
[Qad01, Gui02, and Gui04].

To verify the idea of a cubic structure formation during nanoparticle production, an EXAFS analysis was
performed for the samples MTV-MA-049 and MTV-MA—-033. The Co K—edge absorption spectra of
nanoparticles, Co reference foil and background are presented in Figure 6.9. MFT of nanoparticles MTV—
MA-049 and MTV-MA—-033 with fit results are presented in Figure 6.10 and Figure 6.11, respectively. Fit
parameters and result are summarized in table 6.3.

As can be seen from Figure 6.10 and Figure 6.11, the maximum of the MFT appears at around 2.3 A that is
lower than the true bond length, which is usually 2.49 A for nearest Co-Co. Distances in the FT EXAFS
spectra are not phase-shift corrected and thus shifted to lower values compared to the true bond length.
Theory predicts that for the H.C.P. phase the first shell consists of two subshells of 6 atoms at 2.50 A and
2.51 A, respectively. In contrast to that, the F.C.C. phase has a single coordination shell at 2.51 A and in the
epsilon phase the 12 nearest neighbors are distributed over a range of 2.28 A to 2.58 A. In addition to
distances, the profile of the higher coordination shell is different for different Co phases and can thus be used
as a criterion for the phase determination.
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Figure 6.9: The raw EXAF'S spectra, from top to bottom, of Co-foil, sample MTV-MA-049 and MTV-MA-033 with
background-function (grey)
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Figure 6.10: Modified Fourier transforms of sample MTV-MA-049 (solid line) in comparison with MTF of H.C.P.
phase of Cobalt (dashed line) and first shell fits result (grey)
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Figure 6.11: Modified Fourier transform of sample MTV-MA-084-02 (solid line) and Co-foil F.C.C. (dashed line) and
first shell fit results (grey)
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Even from a quick visual analysis of the MFT profile of samples MT-MA-033, it can be concluded that the
profile of higher coordination shells has only two well resolved maxima which refer to the F.C.C.
crystallographic phase. Whereas, the MFT of sample MTV-MA-049 shows three quite pronounced peaks in
higher coordination shell which is similar to MFT of H.C.P. Co-foil. It has to be mentioned that without the
information obtained from XANES ‘fingerprint’ analysis Figure 6.8 it would be hard to distinguish different
crystallographic phases, as the differences in the MTF are within the error level discussed in case of samples
MTV-MA-053 and MTV-MA-084-01.

It must be stressed that in contrast to the intuitively expected partial oxidation or presence of chemical
interaction, no contribution from a soft backscatterer is observed by EXAFS analysis. The best fit results
confirm the presence of only metal-metal bond in the first coordination shell of cobalt nanoparticles. From
the fitting results which are shown in table 6.3 it can be seen that the distance for NP’s MTV-MA—049 and
MTV-MA-033 fit to the typical distance for H.C.P. or/and F.C.C. phase. The coordination numbers for
nanoparticles are reduced in comparison with bulk Co, which, on the one hand, can be explained by the small
particle size. For nanoparticles with an average size of 10.0 = 1.1 nm, 10% of atoms are on the surface, and
thus the expected coordination number should be about 11.4. The reduced values of coordination numbers
achieved from the fit in comparison with the expected values may be due to partial disorder in nanoparticle,
which is also supported by the increased Debye—Waller factor (MTV-MA-033).

Sample, k=3 Backscatterer R [A] N o’ [A%] E,[eV]
MTV-MA-049 Co 2.50+0.01 6.7+0.2 0.0060-0.0002 4.5+0.9
KorantinSH&L P4
MTV_M.A_O3 . Co 2.504+0.01 5.140.3 0.0076+0.0005 3.841.9
KorantinSH
Co foil Co 2.51£0.01  11.240.7  0.0063%0.0002 4.6+0.8

Table 6.3: Fit results for MTV-MA-049 and MTV-MA-033 Co nanoparticles in comparison with first shell fit of Co foil

The partial disorder in the structure of resulting nanoparticles can be understood if one bears in mind that as
synthesized particles may display a multiple twinned crystal structure and chemical contamination from
stabilizing agent (surfactant), that may influence their electronic and geometric properties. From solid-state
physics, it is known that Cobalt H.C.P. to F.C.C. transformation can occur by a/6 [1 IE] displacement on
alternative planes [Wal03]. In order to explain the H.C.P. and F.C.C. formation of nanosized cobalt the
thermodynamic properties and the stability of grain boundaries in nanometric metals and the concept of the
lattice stability, described in [Ros84, Fec90], was used. Following this approach, from the thermodynamic
point of view, a nanopowder is in a metastable state if its Gibbs free energy is greater than that of the bulk
state.

The Gibbs free energy, for the isothermal process, is given by AG(V,T) =AHV,T)-TAS(V,T), AV =0
corresponding to the bulk state, where AH, AS and AV are the Enthalpy, Entropy and volume gradient,
respectively. The existence of activation energy is suggested during thermolysis as additional heat is
introduced into the system. Using the concept of lattice stability, it is possible to estimate the Gibbs energy
of F.C.C. and H.C.P. phases. The lattice stability parameter of an element is taken as the difference between
the free energy of the phase that is being described (F.C.C.) and the free energy of the other phase, used as a
reference (H.C.P.) [Kau70]. The lattice stability parameter for cobalt (H.C.P.) with respect to cobalt (F.C.C.)

is Co™™" = [— 460+ 0.628T ](Jmol_l) [Lim00]. At 300K (room temperature), the value of the lattice

stability parameter is about -271.6 Jmol' or —28-10*eV/atom,— i.e., a very small value. As the
temperature increases during the synthesis, the lattice stability parameter becomes even smaller. The Gibbs
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free energies of the H.C.P. and F.C.C. phases thus become almost equal, so both phases can be formed
during the production of NP’s. In order to transform to the F.C.C. phase, the Co atoms belonging to the
interfacial component of the H.C.P. phase have to overcome activation energy. J.C. de Lima et al., have
calculated the activation energy for nanosized cobalt at 300 K to be equal to the 0.059 eV/atom. The authors
believe that the value of activation energy depends on the average temperature and the time when
nanoparticles were formed.

In addition to phase transition which can be explained in terms of Gibbs free energy, the influence of
surfactants on the phase formation has to be considered. The surfactant can occupy the growth sites and thus
will block the formation of complete H.C.P. phase. It is known that the H.C.P. packing geometry has the
primitive cell, which can be occupied by surfactant. The free Co atoms, which are still available after
thermolysis, can be absorbed in a primitive cell to form the F.C.C. structure [Sun99]. These facts together
with results obtained from XANES and EXAFS analysis in the case of Co nanoparticles labeled MTV-MA-
033, support the idea of the F.C.C. phase formation.

Another issue which can be indirectly derived from the XAS analysis performed on magnetic ferrofluids
MTV-MA-049/033 is related to the role of aluminumorganic in the synthesis. As will be shown later, the
molar ratio of Co,(CO)s to Al(R); as well as the chain length R; influences the size of nanoparticles. At this
point, main attention is paid to the strength of interaction between formed nanoparticles and Al(R);. Any
strong (chemical) interaction should be observed in the XANES spectra as it leads to changes in the
electronic structure, as well as a weak interaction via physisorption on the surface or van der Waals
interaction can be monitored in XANES measurements. Therefore, it is possible to conclude that the Al(R);
plays a more catalytic role in the slow thermolysis of Co,(CO)s and does not react directly with formed Co
nanoparticles, but rather detaches the CO from the Co,(CO)s. Thus the rate of nucleation and formation of
the free Co atoms is increased. Stabilization of the so-prepared nanoparticles is done by the surfactants which
can be adsorbed on the surface of the nanoparticles. Here it must be stressed that formed nanoparticles are
not necessarily ‘naked’, as some CO can be still adsorbed on the surface of nanoparticles. The schematic
sketch of Co nanoparticle including their surfactant is presented in Figure 6.12. It has to be mentioned that in
this ‘brush like’ model, some amount of Al(R); could also be present. The stability of the particles against
agglomeration holds for so-prepared nanoparticles unless there is introduction of oxygen into the system.
The Al(R); is highly reactive with oxygen and once it is introduced into the system one should expect a
reaction, and thus changes in the electronic enviroment around nanoparticles and/or theirs partial
agglomeration, as had been shown in the case of small Pt nanoparticles in chapter 5.1. It is then possible that
these changes can be traced in XANES measurements.

Figure 6.12: Schematic sketch of Co nanoparticle including their surfactant
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6.1.3  Stabilization of nanoparticles against oxidation:
novel ‘smooth oxidation’ procedure v.s. exposure to air.

It is known that nanosized (3-10 nm) colloidal Co'® particles cannot be redispersed after exposure to air
because they are immediately oxidized both in solution (toluene) and in powder form. The exposure to air
which leads to the immediate oxidation of Co nanoparticle hereafter is called uncontrolled oxidation. If the
addition of oxygen is precisely controlled, for example by using synthetic air, then the process will be called
controlled oxidation. An example of uncontrolled oxidation is N(oct), Br “stabilized Co'” particles, which are
oxidized in air to give colloidal CoO nanoparticles [Ree96]. The process was followed by HRTEM, UV-
visible spectra and magnetic susceptibility measurements. The resulting CoO particles were supported on
alumina. Small CoO and Co;0;, particles have been obtained in polymer matrix dispersion by solid state
oxidation of 1.6 nm Co” particles. The structural changes which occur during the oxidation process were
monitored using physical analytic methods, such as Infrared spectroscopy (IR). It was shown that oxidation
at room temperature leads to surface passivation, and resulting particles have a metallic core which is
surrounded by an oxide surface layer. [Ver99].

A new process of controlled oxidation was recently reported for stabilizing magnetic cobalt nanoparticles by
Bonnemann AG. This is the so-called ‘smooth oxidation’; here the synthetic air (80% of O, and 20% of N,)
was added to the carrying medium after thermolysis (Figure 4.5), through a capillary. Synthetic air was
slowly bobbling into the medium and the medium was continuously stirred. The practical representation of
this novel procedure is pictured in Figure 6.13. The main difference is that synthetic air is added in the stage
of Cobalt nanoparticles in suspension which has not been decanted. The as pre-stabilized particles then have
been left to settle down in the carrying solution over night and after that the process of decantation and
vacuum drying is applied for these particles. No direct signal from CoO or Co;0O4 was detected by IR
measurements before and after introducing oxygen to the system. In contrast to that, a CoCOjs signal is found
in the IR spectrum of cobalt nanoparticles after the ‘smooth oxidation’ procedure had been applied.

— ——
Mechanical stirrer I

Gas outlet

Capillary inlet for _

synthetic air
-

Figure 6.13: Practical representation of ‘smooth oxidation’ process invented by Bénnemann AG
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Thus, one assumes that the process of smooth oxidation plays a crucial role in the formation of a shell
surrounding the metallic core of nanoparticles. The selections of the synthesis stages, which allow
monitoring of the influence of ‘smooth oxidation’ procedure v.s. exposure to air with a list of correspondent
samples, are presented in Figure 6.14.

Washing Washing

‘Toluene/Ethanol‘ hToluene/Ethanol‘
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Peptization Peptization
KorantinSH KorantinSH
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Exposure to air
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Figure 6.14: Selection of synthesis stages for illustration an influence of ‘smooth oxidation’ procedure on resulting
nanoparticles

The knowledge which has been collected in a previous investigation of nanoparticles resulting after
thermolysis of Co,(CO)s in presence of Al(R); show that even slight modifications of the synthesis condition
or the order, through which nanoparticles are obtained, lead to different products. Thus, the nanoparticles
obtained via routes A and B presented in Figure 6.14, should exhibit different properties. The only difference
in the synthesis is the addition of the ‘smooth oxidation’ procedure to samples MTV-MA-77-02. It has to be
mentioned that a different molar ratio of Co,(CO)s to Al(oct)s, which was 10:1 and 8:1 for samples MTV—
MA-18 and MTV-MA-77-02, respectively had been used. However, the size of nanoparticles determined
by TEM reveals the same values of 10.0 nm; thus, the size effects, induced by use of different molar ratio
can be neglected.

XANES measurements

Figure 6.15 shows the Co K-XANES spectra of nanoparticles resulting after thermolysis in the presence of
Al(CgH,7); with (black) and without (grey) application of ‘smooth oxidation procedure’ after they were
exposed to air. As can be seen, the nanoparticles resulting after thermolysis and peptized using KorantinSH,
exhibit spectral features which are identical to reference CoO spectrum, after exposure to air. Previous XAS
investigations done on the Co NP’s prepared in presence of Al(R); [Buc02] show the presence of interaction
between of metallic Co and Al-(R); compounds. Moreover, following these findings exposure to air would
cause fast reaction of Al(R); and the instantaneous oxidation of Co nanoparticles. The precise procedure of
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interaction cannot be explained in a trivial way, as different energetically preferable reaction channels occur
simultaneously. Presence of the surfactant (KorantinSH, LP4, etc.) on the surface of NP’s can potentially
slow down the oxidation reaction after peptized particles are exposed to the air. However, the presence of the
surfactant only is not sufficient to prevent particle from oxidation. The oxidation of the nanoparticles
stabilized only by KorantinSH, exposed to air, is clearly seen in XANES measurements of sample MTV—
MA-018. The significant increase of the white line intensity (B) in combination with decrease of pre—edge
feature A as well as presence of only one broad shape resonance (C) which is located at higher energy in
comparison to Co foil, indicates that nanoparticles became more CoO like.
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Figure 6.15: Co K — XANES spectra of nanoparticles MTV-MA—018 (grey) and MTV-MA—077—- 02 (black) measured
after exposure to air in comparison with Co foil (doted) and CoO (doted)

Based on these observations, the reaction between Co,(CO)g and AI(R); can be imagined in the following
way: (i) once Co,(CO)g and Al(R); are added into the toluene and stirred the decomposition of Co,(CO)g
occurs. This decomposition undergoes different stages and some intermediate compound such as Co4(CO);,
can be formed. The AI(R); is used as a catalyst and detaches the C—O groups from dicobaltoctacarbonyl, thus
becoming more metallic. The complexity of the reaction allows formed Co nanoparticles to have some C-O
coordination which adsorbed on the surface; at the same time some amount of CO can be vaporized. The
coordination between Co nanoparticle and CO is weak and that is why it is hardly observed in the XANES
spectra (Figure 6.4); (ii) one of the Al(R); radical group can either replace one of C-O bond or react with the
present one, thus preventing further particle growth. This gives a hint as to why the type and amount of
AI(R); determines the size of the resulting nanoparticles. These two stages will be considered as basic and Co
nanoparticles resulting after thermolysis are stabilized via physisorption of AI(R);, which are still highly
reactive. Further peptization of nanoparticles using suitable surfactants not only stabilized them against
agglomeration but also leads to the replacement of some AI(R); coordination by surfactant radical group or
molecular itself.

In contrast to sample MTV-MA-018, the XANES spectrum of sample MTV-MA-077-02 reveals that slow
and controlled access of the oxygen, e.g. ‘smooth oxidation’ procedure, caused different reactions with AIRj.
The reduced intensity of the pre—edge feature B, as well as shift of the shape resonance C to a slightly higher
energy position relative to the one of the Co reference foil, indicates the presence of partial oxidation.
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6 Co-nanoparticles and their properties

However, the position of the inflection point, which is identical to the Co foil, reveals that we are still
dealing with nanoparticles for which the contribution from the Co” dominates in the spectral features.
Observed changes in the spectral features of the sample labeled MTV-MA—-077—-02 can be understood if one
bears in mind the possibility of a shell formation around the metallic core and the influence of the surfactant
which had been added in order to obtain magnetic ferrofluids. As will be shown later, a CoCOj; shell can be
modified during the peptization process and thus spectral features become comparable to one which could be
attributed to the nanoparticles which partially oxidized. The main difference is that in case of the sample
MTV-MA-077-02, the same trend in the spectral features as for oxidation process is due to modification of
the protection shell and not oxidation of the metallic core of the nanoparticle.

EXAFS analysis performed on this sample confirms the presence of a light backscatterer in the first
coordination shell and thus the possibility of shell formation. Fitting was done in the data range from 2.8 A™
to 12 A" and from 0.9 A to 2.8 A, in k- and R- space, respectively. The amplitude reduction factor was fixed

at the value extracted from fit a of a Co foil S; =0.825. The MTF of sample MTV-MA-077-02 is

presented in Figure 6.16. As can be seen in Figure 6.16 an additional contribution from light backscatterer is
found at about 1.6 A. In this case one intuitively assumes formation of CoO layer on the surface of
nanoparticles and nearest coordination with oxygen. Moreover, bearing in mind the possibility of CO
adsorption on the surface of the nanoparticles, one would assume the presence of a carbon phase as well. The
distance between cobalt atoms and the soft backscatterer varies from 1.92 A to 2.13 A depending on what
compounds are taken as a reference. From the crystallographic data it is known that the nearest distances for
CoO (only oxygen), Co,C (only carbon) and CoCO; (carbon and oxygen) are 2.13 A, 1.92 A and 1.96 A,
respectively. The best fit values, which are presented in table 6.4 show a distance of 2.1 A, which is within
the level of error in EXAFS analysis, and can be correlated with both Co—O/Co—C coordination from the
compounds listed above. It has to be stressed that scattering phase and amplitude are too similar to allow one
to distinguish these types of atoms.
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Figure 6.16: Modified Fourier transform of sample MTV-MA—077-02 with fit result and Co-C/O paths contribution
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6.1 Stabilization of nanoparticle against agglomeration

Sample Backscatterer R[A] N ¢’[A% Eo[eV]
Co 2.49+0.1 4.5+0.4 0.006+0.0001 3.2+0.8

MTV-MA-077-02
C/O 2.10+0.1 2.9+1.4 0.020+0.0001 2.1+0.7

Table 6.4: EXAFS fit results of sample MTV-MA—-077-02

Assuming a CoO shell formation around the metallic core, it should be possible to reproduce the XANES
spectra of nanoparticles by linear combination of foil spectrum and CoO. However, it has turned out to be
impossible to achieve a reasonable linear fit of sample MTV-MA—077-02 based on Co foil and CoO as can
be seen in Figure 6.17.(upper panel). Surprisingly, the linear fit is improved significantly if one uses in
addition the CoCOs; as a reference compounds, and shows 27% of CoCOs contribution, whereas only 7% of
CoO is determined from the fit. Thus, for this sample instead of the assumed CoO shell, a CoCOs; shell is
formed during the ‘smooth oxidation’ procedure. A small contribution from CoO can be understood if one
bears in mind the influence of the surfactant, after ‘smooth oxidation’ nanoparticles had been peptized. In
this case, the surfactant radical group (COOH-R) can interact with the protection shell (CoCO;) of
nanoparticles, which would lead to the additional contribution of CoO in the spectral features.
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Figure 6.17: Linear fit results (doted) of samples MTV-MA—077-02 based on Co&CoO (right) and Co&CoO&CoCO;
(lef)

The process of peptization leads to the change of surface coordination. Schematically, peptization of core-
shell nanoparticles can be illustrated as shown in Figure 6.18 (lower panel). In the upper panel of Figure 6.18
(from left to right), prestabilized magnetic nanoparticles and ferrofluids are shown. To verify the idea of
CoCO; shell formation linear fit based on Co and CoCOs has been done for the sample MTV-MA-077-01,
which is identical to the MTV-MA—-077-02, the only difference is that the resulting nanoparticles have been
achieved in a powder form. Fit results are present in upper panel of Figure 6.19 and completely support the
idea of the carbonate shell formation. The contribution of CoCOj is identical to the one obtained for the same
nanoparticles in the magnetic fluid. That reveals that we are dealing with core—shell particles.
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Figure 6.18: Simple representation of modification of the protection shell during the peptization process

The EXAFS analysis performed for the sample MTV-MA-077-01 using the fit range identical to the one
used for MTV-MA—077-02, supports the idea of the CoCO; formation. The MFT of the powder sample is
presented in Figure 6.19 and the fit results are summarized in table 6.5. Whereas the coordination number of
Co0-C/0O and Co-Co bonds are very similar to one obtained from the fit of magnetic fluid, the distance to the
nearest neighbor is somewhat different and contradicts the 2.10 A distance obtained from sample
MTV-MA-077-02. A typical Co-C/O distance characteristic for CoCOs is 1.96 A. The fit results obtained for
sample MTV-MA-077-01 are further evidence which supports the idea of Carbonate formation during

‘smooth oxidation’ procedure.
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Figure 6.19: Linear fit results (left grey) and MFT (right grey) of sample MTV-MA-077-01 based on Co&CoCOj3

Sample

Backscatterer

Co

MTV-MA-077-01

C/O

R[A]
2.49+0.1
1.96+0.1

N

4.5+0.7
2.6=0.8

¢’[A%]
0.006:£0.0001
0.020-0.0002

Table 6.5: EXAFS fit results of sample MTV-MA-077-01
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6.1 Stabilization of nanoparticle against agglomeration

As has been shown in the XANES and EXAFS analysis, the CoCOj; is the most likely candidate for the
protection shell around the metallic core of Co nanoparticles. Coordination on the surface of nanoparticles
with C-O in a stage of wet suspension is also confirmed by IR measurements as well as carbonate
coordination after ‘smooth oxidation’ has been applied. IR spectra and possible surface coordination for Co
nanoparticles before and after ‘smooth oxidation’ process are shown in Figure 6.20.
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Figure 6.20: Schematic representation of core-shell formation (right) and IR spectra taken before (top right) and after
(bottom right) applying ‘smooth oxidation' procedure
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6 Co-nanoparticles and their properties

Based on the observed results, the CoCOj; shell formation can be understood as follows: (i) after thermolysis
the Co NP’s with some CO adsorbed on the surface and Al(R); can weakly interact; (ii) addition of the
synthetic air in a very slow and controlled rate leads to reactions between Al(R); and CO, which mechanism
depends on the type and concentration of AIRj. In the presence of oxygen, AIR; will oxidize to result in, for
example, Al,O;. At the same time, CO will also react with O,, bearing in mind the presence of active Co
centers on the surface of the nanoparticle and some amount of free Co atoms the formation of CoCO; occurs.
It is difficult to establish the precise mechanism of this reaction, but formation of CoCO; seems to be more
preferable with a slow inlet of oxygen.

In the following example, for all samples prepared using ‘smooth oxidation’, a core-shell system is
considered where the shell consists of CoCOs;. Next, it is useful to study the influence of the ‘smooth
oxidation’ procedure on nanoparticles with a different size. Figure 6.21 shows a set of two samples prepared
with variation of aluminum organics and with applying the ‘smooth oxidation’ procedure, after they have
been exposed to air. The ‘smooth oxidation’ process was applied at the stage of Co nanoparticle in
suspension, e.g. having some C-O as well as Al(R); interaction. The main difference in producing
nanopowder is the stage on which the ‘smooth oxidation’ procedure has been used. For samples
MTV-MA-052/055, it has been done before decantation and further washing, and for samples
MTV-MA-050/51, after it. It has to be stressed that in this scheme, drying with air is a process similar to
‘smooth oxidation’. In both cases the slow inlet of air is added in the suspension.

=]

Washing

Exposure to air
e ——
MTV — MA - 052 MTV — MA - 050
MTV — MA - 055 MTV — MA - 051

Figure 6.21: Selection of the synthesis stages in which the ‘smooth oxidation’ procedure can be applied with
corresponding samples
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6.1 Stabilization of nanoparticle against agglomeration

As can be seen in Figure 6.22 Co K-XANES spectra show almost identical features independent on stage at
which ‘smooth oxidation’ has been applied. Slight increase of the white line intensity in the case of
nanoparticles prepared in the presence of Al(eth); MTV-MA-050/55 is mainly due to the size (5.0 £1.6 nm)
effect, as smaller particles have larger contribution of the surface into the spectral features in comparison
with bigger particles. For the size of the nanoparticles see Appendix A. However, more attention has to be
addressed to the spectral features itself. For samples MTV-MA-051/052 (10.0 + 1.1nm) the intensity of pre—
edge shoulder is identical to the one observed for Co foil. This observation refers to the fact that the cobalt
core is not directly affected after exposure to air but protected by a shell. Thus, the increased intensity of the
white line for the 5.0 nm particles in comparison to the 10.0 nm NP’s is understood as a contribution from
the shell dominates in smaller particles. Another important feature that has to be mentioned is the position of
shape-resonances which stay at a quite similar energy position with Co foil, especially in the case of
nanoparticles prepared in the presence of Al(oct); and a shift of the shape resonances towards slightly higher
energy is correlated to the size effects, which will be discussed in more detail in the next chapter.
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Figure 6.22: Co K-XANES spectra of NP’s prepared with (grey solid) and without ‘smooth oxidation’ procedure in
samples 050 (dashed line, upper panel) and 051 (dotted line, lower panel) in comparison with Co-foil

Before one starts to discuss changes in the electronic and geometric structure caused by size effects, it is
useful to summarize the results, which have been presented here. Two aspects of stabilization have been
probed by XAS measurements. On the one hand, the surfactants importance is clear for the quest of
stabilization against agglomeration. The weak interaction of Co core with either surfactant or/and Al(R);
used in the synthesis is confirmed by XANES and EXAFS analysis. In this case the so-called ‘brush like’
particles are formed. One the other hand, stabilization of nanoparticles against immediate oxidation, once
they are exposed to the air, can be done by application of the ‘smooth’ oxidation procedure. In this case, the
core-shell particles are formed and the shell consists of CoCO; which follows from the XANES and IR
spectra.

Only one sample from the system MTV-MA-050/055 and MTV-MA-051/52 will be used below for
EXAFS analysis (chapter 6.2.2), as from the XANES it follows that the application of either ‘smooth
oxidation’ or drying with air results with an identical core—shell nanoparticles, once Co:Al ratio and type of
AIRj3, have been kept the same.
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6 Co-nanoparticles and their properties

6.2 Size effects on nanoparticles

6.2.1  Molar ratio Co,(CO)s:Al(R);

The size and monodispersity of the Co particles can be controlled by the initial molar ratio of
aluminumorganic to Co precursor, between 1.4 nm and 10.0 nm. The aluminumorganic is noted as Al(R)s,
where R-is a radical or the functional group. The sizes of nanoparticles, according to TEM analysis, as a
function of the Co,(CO)s to Al(CgH;;); ratio, are given in table 6.6. The question of stabilization of
nanoparticles has been described in detail in chapter 6.1. The ‘smooth oxidation’ procedure has been applied
for all samples which will be presented in this chapter.

C0,(CO)5:Al(CsHy7)3 d [nm]
10:1 (MTV-MA-051) 10.0 £ 1.1
5:1 (MTV-MA-053) 3.5+1.6

1:1 (MTV-MA-073-02) 1.4+02

Table 6.6 Dependence of the size of nanoparticles from molar ratio Co,(CO)s:AI(R);

Figure 6.23 shows the Co K-XANES spectra of samples produced with three different ratios of
Co0,(CO)s:Al(CgH17)s/Al(oct)s, presented in table 6.6. Notable and systematic changes can be observed
comparing the spectra of samples MTV-MA—-(073-02 and MTV-MA—-051: with increasing the molar ratio
and thus particle size, the pre—edge structure gains intensity and the white line intensity is reduced
significantly. The case of nanoparticles prepared with Co:Al(oct); molar ratio 5:1 (MTV-MA-053) seems to
be quite different from nanoparticles labeled MTV-MA—051 and MTV-MA-073-02. Moreover, as has been
shown before, the EXAFS analysis on sample MTV-MA-053 did not support the presence of a soft
backscatterer in the first coordination shell as one would expect for the core-shell nanoparticles. As was
discussed above, even the spectrum of the largest particles (MTV-MA-051) is significantly different from the
one of bulk H.C.P. cobalt. The deviations in the spectral features are understood via the formation of core-
shell particles, independent of size. If one assumes the formation of the same crystallographic phase during
the synthesis of nanoparticles, then it should be possible to obtain a reasonable linear fit for sample MTV-
MA-051 (10.0 nm nanoparticles) based on bulk H.C.P. crystallographic phase and the smallest nanoparticles
(MTV-MA-073-02). The experimental spectrum of samples MTV-MA-051 can be fitted to a good
agreement using the spectra of the smallest nanoparticles and sample MTV-MA—-053, as can be seen in
Figure 6.24 (C).

The formation of a shell around the metallic core of nanoparticles is a nontrivial process which goes through
different stages depending on the synthesis parameters and conditions. The fact that, in the case of sample
MTV-MA-053, no significant contribution of the shell is present is not understood. At the moment, the
formation of some protective layer on the surface of the particles is assumed. Following this assumption,
further investigations should aim an answer the question: can this layer be considered as a shell which
protects the nanoparticle from oxidation?

To answer this question, let’s first gather the information which can be obtained by an other technique,— the
SEM (Scanning Electron Microscope) measurements that are shown in Figure 6.28 for nanoparticles
MTV-MA-051 (top right), MTV-MA-053 (bottom right) and MTV-MA-055 (will be discussed in chapter
6.2.2, left panel). The presence of an additional layer on the surface of nanoparticles MTV-MA-051 and
MTV-MA-055 can be seen in SEM pictures, whereas SEM of nanoparticles MTV-MA-053 doesn’t show
this presence so clearly.
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Figure 6.23: Co K-edge XANES spectra of magnetic nanoparticles prepared with varies molar ration of Coy(CO)s to
Al(oct); in comparison to Co-foil (grey solid line), CoO (grey dashed line) and CoCOj; (grey doted line)

A CoCQOs; shell would react with oxygen, as the oxidation of CoCOj; towards CoO is known for bulk CoCOs
reference even at room temperature. In this case, changes related to the presence of an oxidation process
should be notable when comparing as-prepared nanoparticle and nanoparticle after long term exposure to air.
Figure 6.27 shows the Co K-XANES spectra of samples (MTV-MA-051/053) exposed to air for 18 months
in comparison with Cobalt oxide and Cobalt Carbonate. For the nanoparticles MTV-MA-053, one can see
that after long-term exposure to air the spectra of the particles become more and more similar to the
spectrum of CoO, whereas the spectra of NP’s MTV-MA-051 are almost identical. Decrease of the intensity
of the pre-edge shoulder in the case of the particles MTV-MA-051 can be understood as a slow oxidation of
the protection shell. Thus, one can assume that the protection shell is oxidized slower than some CO layer on
the surface, which was suggested in case of nanoparticles MTV-MA-053. According to this observation, the
answer to the question, if the layer on the surface on nanoparticles can be considered as a protection shell, is
negative but only in case of nanoparticles prepared with molar ration of Coy(CO)s to Al(oct); = 5:1.
Obviously, formation of the shell around the metallic core is not just a function of application of the ‘smooth
oxidation’ procedure but also of the molar ratio which had been used in the synthesis.

Now one has to answer the question of whether the shell consists of CoCO; or CoO in the case of the
smallest particles. From the ‘fingerprint’ comparison, shown in Figure 6.23, it is hard to conclude if the shell
consists of CoO or CoCO; as the spectral feature of 1.4 nm NP’s are similar to both (CoO and CoCO;)
compounds. If CoO is what formed the shell, it should be possible to reproduce the XANES spectrum of the
smallest particles by a linear superposition of bulk Co and the Co oxide, which fails for CoO as the white
line intensity of the oxides is too high relative to its spectral contribution, Figure 6.24 (F). If one bears in
mind that for smaller particles the surface contribution in the spectral features is dominant, the intensity of
the pre-edge shoulder should be reduced in the case of smaller particles in comparison with bigger ones,
which is clearly seen in Figure 6.23.
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6 Co-nanoparticles and their properties

On the other hand, one has to remember that the Co,(CO)s precursor, for which the molecular structure is
schematically present in Figure 6.25 (left), decomposes in a non trivial way via the formation of several
intermediate compounds. One possible candidate to be formed in this reaction channel is CoxC,0,, in which
Co is coordinated with carbon or/and oxygen. The linear superposition of bulk Co and the Cobalt Carbonate
(CoCO0s) is intuitively expected, as both Co-C/Co-O bond are presented in the CoCO; compound. In the case
of MTV-MA-073 nanoparticles the linear fit works pretty well with respect to fitting the white line region
and the characteristic pre-edge shoulder. From the linear fit presented in Figure 6.24 (B), the CoCOs; is about
71%. The linear fit of 10.0 nm nanoparticles (MTV-MA-051) based on bulk Co and CoO shows about 27%
of CoO contribution, Figure 6.24 (A). These fits and TEM results indicate the presence of the shell around
the metallic core, which consists of CoCOy. The error range for these numbers can be estimated to be = 5%.
From this, one can assume that the nanoparticles described in this chapter can be schematically imagined as
shown in Figure 6.25 (right). In this scenario, 1.4 nm particles would have a larger effect of shells in
comparison to the 10.0 nm nanoparticles. The most interesting result in this respect is a behavior which
shows 3.5 nm nanoparticles produced with molar ratio 5:1, as the spectral features cannot be reproduced by
any linear superposition, applied to the other particles Figure 6.24 (D). Here the so-called ‘naked’, without
protection shell, but weakly coordinated with carbon or/and oxygen on surface, were produced. If one
assumes the same nature of the forming shell, it has to be possible to reproduce the spectrum of the
nanoparticles with a thinner shell (MTV-MA-051), based on a spectra of ‘naked” (MTV-MA-053)
nanoparticles, and one with a thicker shell (MTV-MA-073-02). The results of the fit are shown in Figure
6.24 (C).
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Figure 6.24: Linear fit results (dashed) of sample MTV-MA-051 (solid, left panel) and NP’s MTV-MA-073-02 which
have thick shell (solid, right panel) and assumed to be ‘naked’ MTV-MA-053 (dashed, right panel)
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Figure 6.25: Schematic representation of dicobaltoctacarbonyl molecular (left) and possible core-shell formation
during synthesis with different Co,(CO)s:Al(oct); ratio (right)

Additional structural information, which can be derived from EXAFS analysis, can be very useful in
understanding the core-shell formation during NP’s preparation. For the EXAFS analysis, extracted (k) was
weighed by k for these samples. For the analysis of the first coordination shell of nanoparticles with molar
ratio 5:1 and 10:1, the data fromk =2.7 to 12 A and R = 1.2 to 2.7 A, respectively, were used. Intervals
from 4.1 to 12.7 A" and 1.2 to 3.5 A were used in k-and R —space, respectively, to perform a higher
coordination shell fit, in case of NP’s prepared with Co:Al(oct); =1:1 ratio. The amplitude reduction factor

was fixed at S; = 0.825.

Fourier transformed EXAFS spectra of NP’s, prepared with a different molar ratio, are presented in Figure
6.26 (left). As can be seen, the maximum at about 2.3 A in case of NP’s MTV-MA-053 (Figure 6.26 (B)) and
MTV-MA-051 (Figure 6.26 (C)) corresponds to the nearest Co-Co bound (shifted to the lower R values
compared to the true bond value 2.5 A, due to the fact that no phase correction was applied). In contrast to
that, the first maximum in FT of NP’s MTV-MA-073-02 (Figure 6.26 (A)) is located at a lower value of 2.1
A, and in addition to this it has a quite pronounced second maximum at about 3 A, which is not present in FT
neither of NP’s MTV-MA-053 produced with 5:1 ratio nor H.C.P. Co.

As a first approach, determination of the NP’s structure was attempted by fitting each experimental spectrum
with an H.C.P. structural model. This approach only worked pretty well for NP’s MTV-MA-053; there the
single Co-Co contribution is located almost at the exact distance which is characteristic for H.C.P. structure.
It has to be mentioned that the information which can be derived from EXAFS evaluation is quite similar for
H.C.P and F.C.C. structure. In the other cases, only Co is not sufficient to achieve a reasonable fit, but a soft
backscatterer is needed. Its presence can be explained by assuming the presence of a shell which consists of
CoCO; compounds. The low-R shoulder expected to be caused by Co-C or Co-O interaction in the spectra of
the biggest particles. One would assume that during the synthesis, some amount of precursor or intermediate
compounds, such as CoCOj are still presented. Therefore, the next step is modeling the sample structure with
two different types of nearest neighbors: C atoms at ~ 2 A and the Co atoms in the first coordination shell of
the F.C.C. phase. The use of this second model resulted in a dramatically improved fit for 10.0 nm NP’s and
more convincing results are obtained also for 1.4 nm NP’s. The maximum in MFT of samples MTV-MA-
073-02 found to be at a lower position than in the MTV-MA-051/053 samples. Moreover, the additional
peak at about 3 A can not be interpreted as a standard Co-C bound. That becomes clearer if one plots
together the MFT of CoCO; which has a second maximum at exactly the same position Figure 6.26 (A).
Cobalt Carbonate has a trigonal symmetry (R-3 C) and, thus, has 6 carbon and oxygen atoms located at 2.97
A and 3.23 A, respectively. Using shell-by-shell approach a quite reasonable fit is achieved for the 1.4 nm
particles. As can be seen from table 6.5, results show that both C/O and Co coordination numbers depend on
the nanoparticles sizes.
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Figure 6.26: Modified Fourier t transforms (right panel) and extracted y(k)-functions (left panel) with fits (black dashed
line) of NP’s prepared with varied molar ratio of Co,(CO)s to Al(CsH,7)s, 1:1 (top), 10:1 (middle) and 5:1
(bottom) sections
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6.2 Size effects on nanoparticles

Sample, k=3 Backscatterer R [A] N o’ [Az] E[eV]
MTV-MA-051 Co 2.52+0.02 5.8+1.2 0.0070+0.0020 3.8+0.4
o/C 2.10+0.03 3.4+0.8 0.0110+0.0012 3.8+0.4
MTV-MA-053 Co 2.51+0.01 4.9+0.1 0.0076+0.0002 3.9+0.2
(0) 2.12+0.01 0.5+0.2 0.0036+0.0002 6.5+£5.9

MTV-MA-073-02
Co 2.47+0.02 1.3+0.1 0.0034+0.0002 9.9+3.6
o/C 3.12 £0.03 3.3+0.8 0.0030+0.0001 9.94+3.6

Table 6.7: Fit result for Co nanoparticles prepared with three different Co:Al(oct); molar ratios

From these results, it becomes clear that the molar ratio is an important parameter which influences not only
the size of resulting nanoparticles, but also acts on the shell formation around the metallic particles core. The
presence of aluminum organic thus determines chemical interactions of the particle shell with the
surrounding environment.
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Figure 6.27: Co K-XANES spectra of NP’s prepared with different Co:AI(R); molar ratio (lower spectra set) as
prepared and after 18 month stored under air (black solid) in comparison with CoO (doted upper panel) and
CoCO:; (grey solid upper panel)
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6 Co-nanoparticles and their properties

Figure 6.28: SEM picture of Co nanoparticles MTV-MA-051 (right top) and MTV-MA-053 (right bottom) and MTV-
MA-055 (left top & bottom)

6.2.2  Chain length of —R in AI(R)3

In order to find an optimum condition of synthesis in order to obtain magnetic nanoparticles and ferrofluids,
different types of Al(R); were used during thermolysis of Co,(CO);g in toluene. The size results presented in
table 6.5 show that there is a clear influence of the alkyl chain length on the size of the resulting Co
nanoparticles. Here, influence of two different alkyl groups on the electronic and geometric structure of
nanoparticles will be studied by X-ray Absorption Spectroscopy. The molar ratio of Coy(CO)s to Al(R); has
been fixed to 10:1 for all samples, which will be discussed in this section.

Type of Al(R); d [nm]
Al(C;Hs); (MTV-MA-055)  5.0+1.6
Al(CsHy7)s (MTV-MA-051)  10.0+1.1

Table 6.8: Dependence of Co nanoparticles on the type of AI(R);
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Figure 6.29: Co K-XANES spectra of NP’s prepared with Al(oct); and Al(eth); in comparison to Co foil (grey solid);
CoO (grey dash-dot line) and CoCO3 (dashed)

In Figure 6.29, Co K-XANES spectra of particles produced in the presence of different kinds of aluminum
organics are displayed. The spectrum from particles with aluminumtriethyl addition during the thermolysis
exhibits a slightly increased intensity of the white line and reduced pre-edge shoulder in comparison to the
spectra of aluminumtrioctyl. For better illustration, the difference in the intensity of the pre-edge shoulder is
shown in inset of Figure 6.29. There are several ways to interpret this observation: with decreasing particle
size, the surface contribution to the spectral features increases significantly. Bearing in mind the core-shell
nanoparticles, which have been produced with molar ratio of Co,(CO)s:Al(oct); =10:1/1:1, displayed in
Figure 6.23, the changes in the spectral features is understood as follows: (i) using the Al(eth); s smaller, in
comparison with Al(oct);, particles are produced, (ii) the shell which is formed around 5.0 nm particles is
thicker, than in the case of 10.0 nm NP’s, due to the chain length of aluminium organic compounds, (iii)a
shell consists of CoCOj; as it was proved above for NP’s prepared with molar ratio of Co,(CO)s:Al(oct);
=10:1 (chapter 6.2.1). Another important observation is the position of the inflection point. 7709 eV: is the
same as for Co-foil, which indicates a dominant contribution of Co” in samples MTV-MA-051 and
MTV-MA-055.

Further evidence that the particles have a significant contribution of zerovalent Co are the shape resonances
located at about 7758 eV and 7807 eV, respectively, which are almost at the same positions as for bulk
Cobalt. Fingerprint comparison of nanoparticles spectra with Co-oxide displays a significant difference in
the white line intensity, which is much higher in case of CoO, and the position of the maximum absorption is
shifted to higher energy (7728.5 e¢V) in CoO spectrum, in comparison with spectra to nanoparticles (7726
eV), whereas the CoCO; spectrum has a maximum of absorption at about 7725e¢V. Moreover, the positions
of shape resonances are strikingly different in the case of CoO from the ones of the nanoparticles. Thus, from
the XANES analysis, one can see that substitution of long octyl chains by short ethyl chains lead to notable
changes in the spectra. Additional information of shell formation and further modification can be extracted
from the XANES ‘fingerprint’ comparison of spectra as prepared NP’s with those which have been kept
under air, —Figure 6.30 (dashed). To complete the picture of core-shell formation and modification the
sample labeled MTV-MA-053 will be discussed along with samples MTV-MA-051&055. The schematic
representation of core-shell formation/modification is displayed in Figure 6.31.
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Figure 6.30: XANES spectra of as prepared nanoparticles (solid) and after the exposure to air for 18 months (dashed)
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Figure 6.31: Schematic representation of shell modification after NP’s has been kept under the air

Fourier transformed EXAFS spectra of NP’s prepared with different chain lengths are presented in Figure
6.31. As can be seen, the maximum at about 2.3 A in the case of NP’s MTV-MA-055-(eth); and
MTV-MA-051-(oct); corresponds to the nearest Co-Co bound. Best fit values for distances in case of Co-051
and Co-055 nanoparticles are the same, 2.52 A and 2.53 A, respectively. The coordination number is reduced
in the case of nanoparticles prepared in presence of aluminumtriethyl groups. This can be understood if one
keeps in mind that particles prepared with this type of aluminum organics have smaller sizes than those
prepared with Al(oct); compounds. In both cases, EXAFS analysis indicates the presence of ‘soft’
backscatterers in the first coordination shell near to the Co atoms. Two candidates, oxygen and carbon, can
both be assumed as backscatterers. In the fitting procedure, the scattering phase and amplitude are too similar
to distinguish these types of atoms. As well as the case of nanoparticles prepared in presence of Al(oct)s,
molar ratio 1:1 (MTV-MA-073), the FT of MTV-MA-055 has a maximum which is located at about 3 A.
This maximum is more pronounced for Al(eth); particles. From the distance comparison, this does not
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6.2 Size effects on nanoparticles

correspond to any known Co-oxides distance, as it is far too close to be the second Co-O shell, which is
located at 3.4 A and 3.7 A for Co;04 and CoO, respectively. It may correspond to Co-C distances, which are
characteristic for CoCO; and found at around 2.97 A. This also explains why this maximum is more
pronounced for smaller particles, as they should have thicker shells in comparison to the bigger particles and
thus the contribution of this shell is more obvious in MFT for smaller particles. These results may refer to the
fact that around smaller particles CoCO,,— CoCO; is formed as a preferable protection shell. Bigger
particles, however, have no direct indication of CoCO; but some other CoCO, compounds. The presence of
Co-oxide has a low probability, as no trace of oxidation of the nanoparticles after exposure to air is observed.

12 -
8 |- ﬂ MTV-MA-055 “ MTV-MA-051

Mod. FT

R [A] R TA]

Figure 6.32: Modified Fourier transform of Co nanoparticles prepared in presence of Al(eth); (left) and Al(oct); (right)
(dashed lines) and Fit (grey solid line)

Sample, k=3  Backscatterer R [A] N o’ [A%] Eo[eV]
MTV-MA-051 Co 2.524+0.02 5.8+1.2 0.007+0.002 3.8+0.4
C/O 2.10£0.03 3.4+0.8 0.011+0.001 3.8+0.4

MTV-MA-055 Co 2.5340.01 4.3+0.4 0.009+0.001 6.5+0.8
i Atiinan 1cinn A AnoLn nna 7 Ain <

Table 6.9: Fit result for Co nanoparticles prepared with a three different chain lengths in aluminium organic
compounds
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6.3 Conclusions

With decrease of the size of the nanoparticle the reactive contribution of the surface increases and also the
magnetic properties become more influenced by surface effects. It is known that nanoparticle can be
protected from agglomeration by, for example, a layer of surfactant surrounding the metallic core. The
presence of a protection layer on the one hand potentially reduces the magnetic properties of the particle due
to the nonmagnetic surface composition. On the other hand, it prevents the particles from agglomeration. As
a result, monodisperse particles, favourable for several applications, are formed. To elucidate the effect of
the surfactant on the structural properties of Cobalt nanoparticles and ferrofluids prepared as described in
Appendix A were examined by XAS. The nanoparticles prepared resulting after thermolysis in presence of
aluminumorganic can be stabilized against agglomeration via CO adsorption on the surface and Al(R);
physisorption. These nanoparticles are very air sensitive and oxidize immediately once exposed to air
(MTV-MA-018). It has been shown that surfactant effects influence nanoparticle properties notably or even
drastically, as in small particles the electron supply is finite; consequently the entire particle can be affected
by surfactants as shown for particles stabilized with KorantinSH (MTV-MA-033) and KorantinSH&LP4
(MTV-MA-049) dispersed in vacuum oil L9. In this sample set a surfactant induced phase transformation
occurs, as H.C.P. and F.C.C. crystallographic phases are determined by XAFS analysis for 10.0 nm
nanoparticles, labels MTV-MA-049 and MTV-MA-033, respectively. It must be stressed that the protection
of the particles by the surfactant alone is not enough to stabilize particles against oxidation.

In order to obtain air stable nanoparticles, the ‘smooth oxidation’ procedure has been introduced to the
preparative routine. After thermolysis of Co,(CO)s in the presence of Al(R); the Co—C/O bonds are formed,
which can still be modified to a complete shell by applying the ‘smooth oxidation’ procedure. After the
‘smooth oxidation’ procedure, a shell consisting of CoCOj3, is formed. The novel procedure can be seen as a
stabilization routine against oxidation and moisture. The slow supply of oxygen, which is introduced into the
system, leads to a complex reaction, which follows a significantly different way compared to exposure to air.
The presence of the CoCO; shell inhibits oxidation and allows the particles to be air stable for a sufficiently
long time. The presence of CO and carbonate on the surface of nanoparticles has been detected by IR spectra
before and after application of the ‘smooth oxidation’ procedure, respectively.

A model of the core-shell particle formation and further modification is presented in Figure 6.33. Only four
main steps are displayed as follows: (1) thermolysis—formation of the metallic core with CO adsorbed on the
surface and weak interaction with AI(R);, 2) ‘smooth oxidation’—formation of a CoCO; protection shell
around the magnetic core, (3) peptization—modification of the surface coordination and (4) long term
exposure to air—-modification of the CoCO; towards the CoO shell.
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Figure 6.33: Schematic representation of the core — shell particle formation theirs and further modification in different
preparative steps of synthesis
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7 Co/Ti doped Bariumhexaferrite

7.1 The nature of size dependent magnetic properties

The ferrites with hexagonal magnetoplumbite structure, so-called M-type ferrites whose unit cell is shown in
Figure 7.1, have attracted the attention of researches for a long time [Ami25, Smi60, Koj82, Col90, and
Cab95]. One reason for this is the great potential of this material for applications which are based on the high
values of magnetocrystalline anisotropy, in combination with high saturation magnetization. The ordering of
the magnetic moments of ferric ions and the strong superexchange interactions explain the excellent
magnetic behaviour of this material [Gor57]. In the past few years, a renewal of the interest in hexagonal
ferrites has been induced by the arrival of new application, e.g. magneto-optical storage [Tur93], millimetre
wave devices [Ric70], and magnetic recording [Yok84]. At the same time, these new applications have
increased the requirements to ferrite with respect to homogeneity, morphology (hexagonal plates) and to a
better control of particle size (from 10 nm tol um and larger) and shape of the materials. Many efforts have
been devoted to the development of new synthesis procedures, since the conventional ceramic method no
longer fulfils these demands. Recently, BaFe,,0;9 has been produced by hydrothermal synthesis [Kiy76], salt
melting method [Var91], aerosol pyrolysis [Cab94], or sol-gel method [Zho97]. The bariumhexaferrite
nanoparticles which will be described in this chapter have been produced by the modified glass
crystallization method [Miil94].

The new methods of preparation provide smaller and smaller nanoparticles for which size dependence of the
magnetic properties can be observed. As an example of size dependent effects, the main characteristics of
BaFe;;0,9 nanoparticles which were derived from magnetic measurements (Institute fiir Physikalische
Hochtechnologie Jena) are summarized in table 7.1. As can be seen from the table, for some of the physical
entities it does not seem surprising that the size dependence is observed, as in case of coercivity He. The size
dependent character of coercivity is known for magnetic materials [Sor01]. In fact, the expected reduction of
coercivity, which is favourable for fast read-write processes in recording devices, is one of the reasons for
the desire to create smaller particles.

In addition to that, size dependent changes are observed for the parameter such as saturation magnetization
(M;) which is normally assumed as a material constant. The size dependent character of saturation
magnetization cannot be explained in a trivial way. From the literature it is known that doping can reduce the
anisotropy, i.e. H. and saturation magnetization, in comparison with the one of bulk material [Gu94]. Besides
which, the influence of the annealing temperature on the morphology and thus the magnetic properties of
nanoparticles has to be considered. To produce the series of Ba-ferrites NP’s with a different size
investigated in this chapter, the annealing temperature was varied from 500 °C to 800 °C. Particles with an
average size of 29nm, 14nm and 9nm were obtained. From the magnetic measurements it follows that a
particle with a size bigger than 20 nm exhibits magnetic properties closer to the doped bulk than undoped
nanoparticles to undoped bulk [Miil04]. This is explained by the fact that the critical diameter for
ferromagnetic to superparamagnetic transition for Ba-ferrites NP’s at about 10 nm. Thus, one can conclude
that particles above 10 nm are ferromagnetic with crystal structure characteristic for Ba-ferrites. Although
several researchers have investigated the causes for the observed reduction in saturation magnetization with
decreasing size of nanoparticles using a variety of techniques, the common knowledge which has been
collected is not enough to explain the size dependent changes in a specific saturation magnetization.
Commonly, the change in geometric structure for M-type Ba ferrite is known, as the shape of the crystallites
is no a longer hexagonal platelet once the particle size is smaller than a critical value (< 10 nm).
Macroscopically, the deviation from bulk BaFe;,0;9 properties manifests itself by a significant reduction of
the magnetization of the material, the cause of which is not completely understood. Although different
hypotheses conflict and remain debatable, three of the most common approaches can be found in the
literature.
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From one point of view, the so-called ‘dead layer’ caused by an asymmetric environment effect of the
surface atoms, leading to a reduction of magnetic properties, has been reported [Sat87, Gro81, Miil94, Gaj02
and Pan04]. From the other point of view, the transition from magnetic y—Fe,O; structural subunits within
the BaFe ;0,9 matrix, to antimagnetic a—Fe,O3; phase might occur [Cho99, Kuz01, and An02]. This should
go along with a decomposition of the type BaO:6-Fe,O;. In this case, a linear dependence of saturation
magnetization (Ms) on a particle size is expected and has been reported by several research groups [Mol77,
Mor99]. The deviation from the linear trend is assumed to be due to the amorphous nature of NP’s. Another
way to explain the decrease of magnetic properties with the decreasing of particle size is an order-disorder
characteristic of the particle structure. The order-disorder characteristic can be investigated by XRD. Morales
et. al. investigated the structural effect of magnetic properties of iron oxide NP’s, synthesized in different
ways [Mor99]. The XRD and IR results suggest that particle surface defects and order-disorder structural
characteristics both influence the magnetic properties. There also exists some proposals to correlate such
effects and changes in magnetic properties, e.g. by broken exchange bonds at the particle surface which can
induce surface spin disorder [Kod99]. The intrinsic nature of the mentioned effects makes it difficult to
incorporate the size dependence magnetic properties into a generalized theory [Pop95].

Additional information, which can explain the nature of size dependent changes in magnetic properties and
possible geometrical rearrangement of Bariumhexaferrite structure, can be extracted from XAS analysis. For
the sample set presented in table 7.1 the XANES and EXAFS measurements were performed for Ba Ly—,
Fe K—; and Ti K—edges at the XMP beam line at CAMD (chapter 3.2). Herein sample 2717 has been used as
a reference of nanosized BaFe ;0.

& Iron (4f,, tetraed., spin down)
(O Tron (41, oktaed., spin down)
Q TIron (12k, oktaed., spin up)

@) Tron (2a, oktaed., spin up)

Figure 7.1: Unit cell of Bariumhexaferrite based on two formula units of BaFe ;09

Before one starts to discuss the results obtained from XAS measurements it is worth summarizing further
results of different methods of nanoparticle characterization performed on a series of Co/Ti doped
Bariumhexaferrite samples. The particle size was determined by TEM and the Brunauer, Emmett and
Teller— BET method, assuming a spherical shape, which is true only for the 9 nm nanoparticles [Miil04].
According to the BET method, the surface of a (ceramic) powder can be calculated from the Nj-isotherm,
which is observed at the boiling point of liquid nitrogen. By the analysis of the adsorption curves within the
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7 Co/Ti doped Bariumhexaferrite

relative pressure ranges p/po ~ 0,05 and p/py ~ 0,2 the volume V is determined which, according to the
theory of Brunauer, Emmett and Teller corresponds to the quantity of nitrogen which is necessary for a
monomolecular layer. The surface needed for one nitrogen molecule is 16.2 A% From this value the specific
surface of the sample can be determined in m?*/g [Bru38]. The results achieved from TEM agree with the
mean values calculated from the specific surface, the BET method for 9 nm and 14 nm NP’s, respectively
(see table 7.1).

Besides TEM, the particle size distribution was reconstructed from magnetization data at room temperature
by solving the Langevin integral equation (7.1) under the assumption of a lognormal particle size distribution
[Cha78, G6r91].

c M, -V
MZMS‘IP(V)‘L'(#o‘mJ‘dV (7.1)
0 B

where M; is the measured saturation magnetization and M; ., is the theoretical bulk saturation
magnetization. Kz is Boltzmann’s constant, T is the temperature at measurement, V is the particle volume
and p(V) is the lognormal distribution function, p, is the magnetic permeability and L is the Langevin
function. Typical size distribution curves, derived from Langevin integral equation (a, b) and from Small
Angular Neutron Scattering (SANS) measurements are presented in Figure 7.2.
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Figure 7.2: Lognormal core size distribution calculated from magnetization data for 9nm (a) and the 14 nm (b)
nanoparticles using the saturation magnetization. For comparison the SANS curve (single particle) of 9nm
particles is added (c), (taken from [Miil02])

It has to be mentioned that SANS experiments on NP’s lead to a bimodal size distribution consisting of
single magnetic particles (mean diameter, 9 nm) and aggregated magnetic particles (mean diameter, 22 nm).
That is why the size distribution for 9 nm particles observed from SANS technique (marked (c) in Figure
7.2) is shifted to a somewhat higher diameter value in comparison with the lognormal size distribution curve
for 9 nm nanoparticles (marked (a) in Figure 7.2). The mean particle size, which can be derived from the
lognormal distribution, is not the maximum value of the size distribution curve. The mean diameter is the
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7.1 The nature of size dependent magnetic properties

arithmetic average particle diameter of the distribution, which is usually located on the right side of the

distribution.

A linear dependence of the specific saturation magnetization with the size of Ba-ferrites NP’s prepared by
the modified crystallization method and size is shown in Figure 7.3: Linear dependence of the specific
saturation magnetization (Ms) of Ba-ferrites NP’s on size. The constant value of specific saturation
magnetization above 100 nm corresponds to transition from a single domain (ferromagnetic) to multidomain

(ferrimagnetic) nanoparticles [Lax62].

sp. Saturation

Number Specific active Size Coercivit
surface (BET) Magnetization y
(m*/g) (nm) Ms/m (Am’/kg)  H.(kA/m) Mexp/Mun (%)
2717* 6.7 170 69.1 322.0 97
2230 40 29 57 80.8 99
2730 81 42.6 44.5 74
4064 120 9 22.8 1.1 40

Table 7.1: Size dependent changes in magnetic properties of BaFe;,.,,Co.Ti.O,9 nanoparticles. The substitution rate for
all samples was x=0.8. * x=0, used as a reference for pure Bariumhexaferrite structure
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Figure 7.3: Linear dependence of the specific saturation magnetization (Ms) of Ba-ferrites NP’s on size

Before one starts to discuss the spectral features it is useful to mention that, from stoichiometric point of
view, the BaFe,09 unit cell can be represented as BaO-6(Fe,0s) or divided to spinel-like BaFe,O, structure
and Fe (0,5, without disturbing the stoichiometry. The order and completeness of the unit cell of Ba-ferrites
will influence the orientation of the magnetic moment within the cell and thus magnetic properties. In the
hexagonal Ba-ferrites structure, each Fe ** contributes 5us, where g is a Bohr magnetons; according to the
spin orientation (see table 7.4) the total saturation magnetization of the formula wunit is
Suy x (I[Fel] +1[Fe2]—2[Fe3]—2[Fe4]+ 6[FeS]) =20u,. This value is in excellent agreement with
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corresponding experimental measurements of magnetization at low temperatures [Lax62]. Distortion from
the stoichiometry, caused by either substitution or structural re-/decomposition, will lead to the reorientation
of the single magnetic moments and thus to the reduction of the total magnetization.

7.1.1 Ba Ly — XANES and EXAFS analysis

Figure 7.4 shows the Ba L;;; XANES spectra of a series of Co/Ti doped Barium M-type ferrite nanoparticles
with varying particle size and BaO and BaO, reference spectra. As can be seen from table 7.1, the specific
surface is increased by a factor of three, when one compares the values of 29 nm and 9 nm Co nanoparticles,
respectively. Thus the surface contribution is growing in the spectral features of smaller particles in
comparison with bigger Ba-ferrites nanoparticles. Overall, with the decrease of particle size, a clear shift of
the white line towards the energy position of the Ba(Il) oxide reference spectrum is found. These
observations can be interpreted as an indicator for a partial decomposition of the BaFe;;,,CosTi,O, into a
Barium oxide phase on the surface and/or surface—induced segregation process.

i |
[}
4.5 |- :
- l
4,0 | :
- 1
[}
T 3T . BaO
E‘ |' [ ..~ ’..’90-—00—..
c 3,0 " ‘\ S
o ’ [N 9
= . ' \ nm
e- - / 'I ‘\ N\ -- ..o aq
5 25 ,}I o -
.” 4 \ ~~---- ---” 14
8 b o 0o == "/:/ ‘\ - nm
< 20 ¢ ~ - - -
’ L /’//ql \‘ =~ = e - = - 29nm
,a” l: N ./'—.5..
15 fr===- /) ‘. .-
X s S Se=--
- |
10F =~ /
R ./ :
—” |
0,5 E-S ] A ] 1 ] A ] A ] A ] A ] A
5235 5240 5245 5250 5255 5260 5265 5270 5275

Energy [eV]

Figure 7.4: Ba Ly-edge XANES spectra of 9 nm, 14 nm, 29 nm, 170 nm bariumhexaferrite particles, and the reference
compounds BaO (dash-dot-dot line) and BaO, (grey solid line).

The trend towards the BaO phase with decreasing of size can also explain the decrease of magnetic
parameters, as a paramagnetic BaO phase (or so-called ‘dead’ layer) formed on the surface will lead to a
decrease of the magnetic properties.

To obtain additional structural information on this system, EXAFS data were analyzed. The raw Ba Ly

EXAFS spectra along with background subtracted py(E) functions from the nanosized BaFe;,0;9 reference
(2717) and Co/Ti doped Ba-ferrites samples are shown in Figure 7.5.
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Figure 7.5: Normalized EXAFS spectra of pure and CoTi doped Ba-ferrites nanoparticles with background function
to(E) (grey)

In spite of the fact that the k—space which can be used for evaluation is limited to 7.0 A™ by the onset of the
barium Lj—edge (5624 eV), the inspection of EXAFS data presented in Figure 7.6 support the hypothesis of
size dependent surface—induced segregation processes. The amplitude of y(k)-function oscillations is
decreasing with decrease of particle size, which is attributed to a less ordered structure around the barium
absorber atom (see the amplitude of peak located at about 4 A™"). The trend towards the BaO phase is more
pronounced for 9 nm Co/Ti doped Ba-ferrites nanoparticles, as can bee seen from Figure 7.6 (marked with an
arrow for better illustration), and it points out the existence of re-/decomposition towards the BaO phase in
dependence of particle size. This trend is further seen in the MFT of EXAFS data presented in Figure 7.7. As
the Fourier transformation is sensitive to the k range used for calculation of radial distribution function, the
same k range has been used for comparison of theoretically calculated spectra of BaFe ;09 and BaO with
experimental data.

Already a glance visual inspection of the non—phase corrected MFT of the samples clearly shows that the
Ba—Fe coordination is reduced significantly with decreasing particle size. Following the crystallographic
information of BaFe;;,0,9, it is known that in its complex structure, consisting of five iron sites, octahedral
and tetrahedral coordinated, the average Ba—O bond distance is located at about 2.9 A. The Ba-Fe, and Ba—
Fer is located at about 3.3 A and 3.6 A, respectively. Here Ba—Fe,, corresponds to octahedral and Ba—Fe; to
tetrahedral coordinated iron. Beyond 4 A, the peak in FT represents higher Ba—O bond. These distances and
correspondent backscatterers are added to the Figure 7.7. The reduction of the Be—Fe coordination in
dependence of the particle size is further fully supported by the analysis; the best fitting results are presented
in table 7.2.

In contrast to the position of the Ba—Fe peak, which remains to be the same for different particles size, the
position of the Ba—O peak has a tendency to be shifted towards the barium oxides phase as was expected.
These observations are clearly seen in Figure 7.8, where the dotted lines, corresponding to the Ba—O and Ba—
Fe distances are shown. The Ba—O and Ba—Fe peaks have amplitudes 2 to 3 times smaller than one of the
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7 Co/Ti doped Bariumhexaferrite

references, indicating a smaller Fe—O coordination number and greater atomic disorder around the Ba ions in
the ferrites nanoparticles.
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Figure 7.6: EXAFS y(k)-function of pure (170 nm) and CoTi doped Ba-ferrites nanoparticles along with BaO standard
x(k)-function (grey
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Figure 7.7: Fourier transforms of the Ba Ly — edge EXAF'S oscillations of the theoretically calculated barium
hexaferrites — BaFel2019 (black solid line), barium oxide — BaO (dash-dot-dot line) in comparison with
BaFe;;.5,.Co,Ti, nanoparticles of 29 nm (dash-dot line) and 9 nm (short dash line) size
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7.1 The nature of size dependent magnetic properties

In order to achieve quantitative information about the local structural environment around the Ba ions, the
EXAFS analysis have been performed in R range from 3.3 A to 3.95 A. A single scattering fit for Ba-Fe path
with an average distance was used in k range from 2.1 to 7.0 A™. The ¢ was fixed at the value of 0.0042 A’
for each sample. The experimental EXAFS signal (k) was weighted by k’ for each sample. As can be seen
from Figure 7.8, the fit of Ba-Fe contribution is broadened due to an attempt to fit the double peak feature
with a single backscatterer Ba—Fe path. From the structural point of view, in the BaFesCo,Ti,0;9 compounds,
the only Ba-Ti/Ba—Co bond is found at the distance about 3.7 A, similar to the Ba—Fe contribution. A good
agreement of theoretically predicted distance and coordination number, R =3.6 A and CN = 15, for Ba—Fe
bond in crystalline BaFe;;0;9 undoped sample 2717 is gained from the fit and the observed reduction of
coordination is even in a smallest particle too big to be explained just by under coordination of the outmost
shell of Ba atoms. At the same time, the Ba—Fe bond contribution is still present in MFT for 9 nm particles,
which means that the decomposition of Bariumhexaferrite is not complete.

Sample Backscatterer CN’s R [A] o’ [AY] E,
2717 (170 nm) Ba-Fe 15.1+4.8 3.71+0.11 0.0042 10.3£7.9
2230 (29 nm) Ba-Fe 11.4+£3.9 3.71+0.02 0.0042 9.9+8.8
2730 (14 nm) Ba-Fe 10.1£1.9 3.72+0.02 0.0042 10.6£0.1
4069 (9 nm) Ba-Fe 3.9+1.3 3.70+0.03 0.0042 9.5+0.1

Table 7.2: Fit results for Ba-Fe coordination, performed at Ba L — edge of undoped (sample 2717 only) and CoTi
doped Ba-ferrites nanoparticles

Mod.FT

R[A]

Figure 7.8: Fourier transforms of the Ba Ly — EXAFS of BaFe;,.,,Co,Ti, nanoparticles of 29 nm (dash-dot line), 14 nm
(dashed line) and 9 nm (short dash line) size as well as undoped BaFe;,0;9 nanoparticles (solid) with fits
obtained for Fe-Ba contribution (grey)
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7 Co/Ti doped Bariumhexaferrite

7.1.2 Fe K- XANES and EXAFS analysis

A trend towards a notable reduction in Ba—Fe coordination, which is clearly seen in Ba L;;—EXAFS data, is
also confirmed when analyzing the Fe K—edge EXAFS. The modified Fourier transforms of undoped and
Co/Ti doped nanoparticles, along with the fits, are presented in Figure 7.9.

The problem in the precise qualitative analysis of Fe—O bonding is that the local coordination of a given Fe
atom varies notably; there are three different Fe—O distances present in the crystal structure of the bulk
material (found at about 1.8 A, 2.2 A and 3.5 A). Due to the multiplicity of the iron sites in the Ba-ferrites
structure (table 7.3), the EXAFS evaluation of Fe—O coordination is nearly impossible. The multiplicity of
the Fe—O bounding also influences the Fe—Fe and Fe-Ba coordination, which is contributed in the second
pronounced peak in MFT.

5 6

Mod.FT

Mod.FT

Figure 7.9: Modified Fourier transformation with k3 weighted y (k) — function of undoped BaF'e;;0 9 nanoparticles
(black solid line) 170 nm (A), 29 nm (B), 14 nm (C) and 9 nm (D) with the fit of second coordination shell
(grey solid line) with Fe-Fe (dashed line) and Fe-Ba (doted line) paths
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7.1 The nature of size dependent magnetic properties

According to the crystallographic data, the first averaged Fe—O peak is expected to be located at about 1.8 A.
The first Fe-Fe distance can vary between 3.0 A and 3.4 A depending of which Fe ion site was used as
central atom. Although only Fe2 and Fe4 central sites are coordinated to Barium at distances of 3.35 A and
3.62 A, respectively, the Fel site was used as central for the fitting procedure. It has to be noted that
amplitude and position of peaks are different for different Fe central sites which can be used in the analysis.
As can be seen from Figure 7.9, the Fe—O peak has nearly the same amplitude and R value for all samples in
the investigated system. Thus, the nearest Fe-O environment must be nearly the same independent on the
size of nanoparticles. Still, looking at the changes in the MFT presented in Figure 7.9, one recognizes a
systematic reduction of the relative intensity of the second coordination shell, which consists of a mixture of
Fe and Ba atoms. A fit of this structure using one single Fe—Fe and one single Fe—Ba path can not be
expected to produce correct coordination numbers due to the notable oversimplification of the model. Yet
even using this crude approach, the trend towards a reduced Fe—Ba coordination is found. The Fitting results
are summarized in table 7.3.

Sample Backscatterer CN R [A] o’ [AY] E,

2717 (170 nm) Fe-Fe 0.8+0.1 3.13 £0.02 0.008 -2.7£1.5
Fe-Ba 0.9+0.2 3.73+0.01 0.0046 -3.65+1.5

2230 (29 nm) Fe-Fe 0.8+0.05 3.14+0.01 0.0075 12.4+£3.3
Fe-Ba 0.6£0.2 3.74+0.03 0.0070 10.9+0.6

2730 (14 nm) Fe-Fe 0.6+0.05 3.15+0.01 0.008 10.5+£0.8
Fe-Ba 0.5+£0.2 3.7+0.01 0.0036 10.8+0.8

4069 (9 nm) Fe-Fe 0.6+0.06 3.1+0.01 0.008 6.9+1.2
Fe-Ba 0.36+0.05 3.66+0.04 0.0046 8.1+0.9

Table 7.3: Fit results for Fe-Fe and Fe-Ba coordination, performed at Fe K — edge of undoped (sample 2717 only) and
CoTi doped Ba-ferrites nanoparticle

Iron site in CN of Bond Relative direction of multiplicity/geometry
BaFe ;09 nearest distance A magnetic moment
oxygen
Fel 6 2.05 T 2a/octahedral
Fe2 5 1.87 0 2b/ trigonal bipyramidal
Fe3 4 1.78 l 4f)/tetragonal
Fed 6 2.02 s 4f,/octahedral
Fe5 6 2.07 0 12k/octahedral
a-Fe,O; 6 1.95 4c/trigonal
v-Fe,0; 4 2.15 8b/tetragonal

Table 7.4: Metal sites exist in M-type Ba-ferrite, hematite and maghemite phase of iron(Ill) oxide
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7 Co/Ti doped Bariumhexaferrite

At first sight, the results presented so far seem well suited to support the idea that a magnetically dead layer
is formed, as one may assume that a decomposition into BaO:6-Fe,O; occurs, which could then render two
phases with interior magnetic properties, BaO and Hematite (0—Fe,O5).

Following this assumption, in the Fe K-XANES spectra of these particles, indications for a Fe,O3
contribution should rise. However, there are two possibilities which could be found: Hematite or Maghemite
phase, the o—Fe,O5 and y—Fe,Os respectively. The presence of one or other of these phases would have a
crucial influence on magnetic properties of nanoparticles. Hematite is a stable form of iron (III) oxide, but
not magnetic, and the presence of this phase on the surface of the particles would lead to reduction of
magnetization or, in other words, a ‘dead layer’. In literature, contradicting statements with respect to the
transition into a-Fe,O; phase are found. The X-ray diffraction investigation for magnetic properties of
Barium M-type ferrites prepared by sol-gel method, annealed at 950°C, revealed no o—Fe,O; phase [Sun02].
However, X-ray diffraction measurements on Co/Ti-doped M—type ferrites, prepared by Self-propagating
High-temperature Synthesis (SHS), identify Hematite as impurities [Kuz01]. In contrast to that, Maghemite
will not quench the magnetic properties as drastically as Hematite.

The Fe K-XANES presented in Figure 7.10 were background subtracted and calibrated to the first inflection
point of bulk iron, 7112 eV [ThoOl]. Surprisingly, the comparison of Fe K—edge XANES spectra with
reference Fe oxides does not support the hypothesis that Hematite is formed. In general, the variation
between the spectra of particles with different size is small. This is true even for the comparison between the
9 nm and 170 nm nanoparticles. The seemingly paradoxical situation is resolved, when recalling that the y-
Fe,05 phase can be found as a building block in the BaFe,019. This fact also explains the extreme structural
similarity between the Fe K—edge XANES spectra of this material and bulk Bariumhexaferrite.
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Figure 7.10: Fe K-XANES of BaFe;,.;,Co,Ti,O,¢ particles with different size and the reference compounds Magnetite-
Fe;0,(grey short-dash line), Hematite-a-Fe,O; (grey dash-dot-dot line) and Maghemite-y-Fe,0; (grey solid

line)
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7.1 The nature of size dependent magnetic properties

In this thesis the different iron and later titanium oxides spectra along with respective bulk spectra have been
used as a reference spectra to determine the oxidation states of Fe and Ti in Co/Ti doped Be-ferrites NP’s.
Following the calculation which has been previously described in chapter 2.3, the edge shift, relative to the
iron foil edge position, for different iron-oxides is presented in Figure 7.11 (right panel). The edge shift for
different Ba-ferrites NP’s are not systematic and within the level of error, that is why an average result is
displayed as lines in Figure 7.11 (right panel). As can be seen, the oxidation state of iron in Ba-ferrite is (3+)
and is closer to the y-Fe,O; phase.
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Figure 7.11: Determination of the oxidation states of iron for Ba-ferrites NP’s based on the main edge shift calculations
(right) .Derivatives of Be-ferrites in comparison with y— Fe,0j; (left)

In addition to the edge shift calculation, the derivative of Fe K-XANES, displayed Figure 7.11 (left panel),
shows the size dependent tendency towards y-Fe,O; phase of iron oxide. As a consequence, the magnetic
properties of the material which are mainly determined by these building blocks should be preserved; even a
complete BaO shell is not sufficient to lead to the observed reduction of magnetic properties.

Bearing in mind the exclusion of Hematite and Magnetite phase formation for Ba-ferrites, which follows
from XANES analysis, the maghemite phase is preserved in Co/Ti doped Ba-ferrites nanoparticles. The
formation this phase also explains the relatively good magnetic properties even for the smallest Ba-ferrites
NP’s. The crucial point now is the understanding of the factors which would stabilize the metastable phase.
In this respect the role of the dopant atoms in the system has to be discussed. In the literature, a recent
investigation on tin- and titanium-doped maghemite by XRD and EXAFS prove that the doping of the
Bariumhexaferrite materials by Co and by tetravalent Ti improves the magnetic performance [HelO1]. These
results are of great interest as they show that by the substitution of tetravalent ions y—Fe,O5 can be stabilized
against transformation to o—Fe,Oj3, even at high temperatures [Ber99, Ste92]. In addition to that, barium ions
are able to stabilize the maghemite structure at temperatures above 400 °C [Sar93]. The most important
question now associated with the structural and physical properties of Co/Ti doped Ba-ferrites concerns the

occupation by the dopant. In the earlier works the homogeneous distribution of Co and Ti was assumed
[Miil03].

93



7 Co/Ti doped Bariumhexaferrite

To have a complete picture of the influence of dopant atoms cobalt and titanium K—edge XANES analysis is
needed. Experimentally, the occupation of Fe sites by Co atoms could not be analyzed using X-ray
absorption because on the one hand the dopant concentration is too low to allow for measurements in the
transition mode, whereas in fluorescence mode the Co Ka line is strongly superimposed by the Fe Kf
emission. However, because of the co—doping of Co and Ti, indirect information about Co is also accessible
from the Ti K—edge spectra which could be measured.

7.1.3 Ti K- XANES analysis and FEFF8 calculations

Figure 7.12 displays the Ti K-edge XANES spectra for 9nm, 14nm and 29nm BaFe,,,,Co,TiO}9 particles
along with different titanium oxides.
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Figure 7.12: Ti K-XANES spectra of BaFe;;.,,Co,Ti.O,9 nanoparticles with varied size along with different titanium
oxides spectra

The first step of the analysis consists in the determination of the formal valency of Ti in the system by
comparison with a systematic series of reference spectra. The notable difference in the spectral features of
Ba—ferrites particles and titanium oxides are clearly seen, especially with respect to the edge position. The
XANES ‘fingerprint’ analysis provides no evidence of possible recomposition to the TiO or Ti,O; phase, as
the spectrum of Co/Ti doped Ba—ferrites nanoparticles is very different from TiO and Ti,O3 reference
spectra. This suggests, that the Ti atoms should have formal valency 4+.

In addition to observations from fingerprint analysis results, the absorption edge shift calculations have been
done to confirm that the formal valency of the Ti absorbing atom is the same as for the initial compounds
TiO, and independent of the size of the particles. The enlarged Ti K-XANES spectra of 9 nm, 14 nm and 29
nm Co/Ti doped Ba-ferrites are shown in Figure 7.13 (left). The notable difference in the spectral features
which are seen for 14 nm nanoparticles are due to the fact that, only this data has been taken at the BN3
beam line. The absorption edge shift analysis for determination of oxidation states confirm that, for the
investigated nanoparticles, the oxidation state is close to 4+, Figure 7.13 (right). These results suggest charge
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7.1 The nature of size dependent magnetic properties

compensation via the presence of Co (2+). Variation in Ti valency between the individual samples is not
systematic and within the level of error, that is why the averaged result is presented in Figure 7.13 (right).
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Figure 7.13: Determination of the oxidation states of iron for Ba-ferrites NP’s based on the main edge shift calculations
(right) .Enlarged Ti K — XANES spectra of Co/Ti doped Ba-ferrites NP'’s (left)

Next, one can try to identify the position at which the Ti atoms are located using FEFFS8 calculations. The
calculated Ti K-XANES spectra for different site occupation are shown in Figure 7.14. The splitting of the
two dominant structures labelled 1 and 2 is 14.1 eV in the experimental data, but it is 16.7 eV for the Fe2,
18.7 eV for the Fe3 and 16.3 eV for the Fe4 site, respectively. Also, sites Fe2 and Fe4 feature a very intense
pre—edge peak, which is not encountered in the experimental data. The only site which remain as candidates
for the substitution site are those of octahedral symmetry. Potentially, the Fel site seems to be a more
promising candidate because of the position of the shape resonance at about 5040 eV, but this spectral
feature does not appear in sufficient clarity in the experimental data to make this assignment binding.
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Figure 7.14: Experimental Ti K-XANES of 29 nm Ba-ferrites nanoparticles (black solid line) in comparison with
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7 Co/Ti doped Bariumhexaferrite

Further evidence for the site selective occupations for Ti and Co can be better understood from the magnetic
investigation performed on Co/Ti doped BaFe;,019 nanoparticles. The structure of y—Fe,O; which, preserved
by Co/Ti doping, contains one tetrahedral iron site and tree octahedral iron sites. Two of the octahedral iron
sites are fully occupied and the third is only 1/3 occupied [Fle96]. Following these facts, one can conclude
that the substitution is taking place in y—Fe,O; substructure, where iron exhibits octahedral coordination with
oxygen to complete the structure.

In addition to that, recent determination of magnetic moment of Co/Ti doped Ba-ferrites NP’s using
Mossbauer spectroscopy shows that magnetic properties of nanoparticles can be stabilized if the substitution
of Fe ions by Co and/or Ti is taking place in the octahedrally coordinated sublattice [Bat91 and Wil00]. The
substitution into the tetrahedral structure will lead to the reorientation of magnetic moment in a particular
plane (2a, 4f,, or 12k) and thus, the decrease of the resulting magnetic properties of nanoparticles. There are
three iron sites which have octahedral coordination with oxygen: Fel, Fe4 and Fe5. Better magnetic
properties would result if the substitution is taking place in the sites with a same relative orientation of
magnetic moment. The only possibility is then site selective substitution of Fe atoms in Fel and Fe5 sites.
Thus, a site selective substitution of Fe ions by Co and/or Ti is taking place in the Fel and FeS5 sites.

7.2 Conclusion

The result for the site selective occupation in the matrix provides an explanation for the increased stability of
magnetic properties of the doped particles, as it is known from previous studies that the maghemite phase is
stabilized by inclusion of other 3d metal atoms [Gen04, Har 02 and Tou98]. To summarize, it is possible to
unite the seemingly divergent reports encountered in literature. In fact, the formation of a surface layer, due
to surface decomposition towards BaO and Fe,0s, is observed. However, the decomposition leaves the y—
F,0; building block contained in bariumhexaferrite unit cell quite intact. The stability of such a building
block is increased by partial substitution of Fe atoms by 3d metals. As the magnetic properties of BaFe ;019
are mainly determined by these building blocks, the decomposition itself is not suitable to explain the
massive effects on magnetic properties, thus identifying surface effects like defects. Surface reconstruction
and spin disorder as the relevant cause of the observed changes in magnetic properties of Co/Ti doped
Bariumhexaferrite materials.
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8 Summary and Conclusions

The results of the X-ray Absorption Spectroscopy investigations presented in this thesis contribute to the
DFG-Priority Program SPP1104:’Colloidal Magnetic Fluids: Basics, Preparation and Application of New
Ferrofluids’. Here, the influences of size effects on the electronic and geometric structure of transition metal
nanoparticles, resulting after size and shape selective synthesis, have been studied. In addition to that, the
influence of the stabilizing procedure and surfactants on the structural properties of nanoparticles and
ferrofluids has been probed in order to complete the set of parameters which determine the properties of
nanoparticles.

The importance of the surface and surface coordination effects has been clearly shown in the case of small
Pt;; nanoparticles. In the Pt—PVP system crucial aspects of nanoparticle formation such as the kinetics of
growth have been traced. In addition, the changes in the electronic and geometric structure of nanoparticles
as a function of a surface contribution have been studied in detail. The knowledge extracted from the XAS
investigation of the Pt nanoparticle created a basis for further analysis, where more complicated systems
have been probed. In the case of the magnetic Cobalt nanoparticles and ferrofluids, the size and surfactant
effects had to be considered simultaneously in order to develop a detailed model of the nanoparticles
formation, resulting in particle stable against agglomeration and oxidation. For the series of Co/Ti doped
Bariumhexaferrite nanoparticles, the size dependent changes in the magnetic parameters, which are normally
assumed to be a material constant, have been understood. The main results, which have been obtained on
these three systems, can be summarized as follows:

1. The importance of the Al(CgH;7); compound, which stops the growth of metal cluster, has been
confirmed for the synthesis of small Pt clusters. TEM micrographs of Pt nanoparticles in powder
depict monodisperse Pt particles of 0.75+0.10 nm. To our knowledge, this is the first time a
monodisperse Pt cluster with a mean diameter less than 0.8 nm was obtained by wet—chemical
methods.

2. Pt nanoparticles of this size are supposed to form a single shell structure. The presence of Pt;; cluster
structure has been confirmed by XANES ‘fingerprint’ comparison of experimental spectra and
calculated ones using the FEFF8 code. The structure remains the same for Pt nanoparticles in
solution as well as in powder form, when kept strictly under argon (chapter 5.1).

3. Exposure to air in case of Pt13 nanoparticles leads to dramatic changes in the electronic structure of
the Pt;3 cluster. XANES measurements allow tracing time dependent changes in the electronic and
geometric structure of small Pt clusters as well as the influence of the amount of accessible oxygen.
On the one hand, large rates of oxygen available for the reaction with Al —(C;H,g); lead to the
formation of an AlL,O; matrix in which Pt nanoparticles are homogeneously distributed and the
agglomeration of the Pt nanoparticles on the other hand. The XPS measurements reveal that as—
prepared Pt nanoparticles are truly zerovalent and the Al oxide signal can be detected once they were
exposed to air.

4. In contrast to that, application of the ‘smooth oxidation’ procedure results in a somewhat different
reaction of oxygen with aluminumorganic. Slow rate of oxygen access leads to the reaction in which
only some Al-CgHy coordination is replaced by Al-O. A step—wise model of the surface
modification in dependence on time and the amount of oxygen available for reaction (Figure 5.8) has
been developed based on the results achieved from XANES analysis.

5. The stabilizing character of one surfactant (PVP) has been investigated in case of the Pt-PVP
stabilized nanoparticles with different sizes (chapter 5.2). XANES measurements of 2.5 nm and 8
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10.

11.

12.

13.

nm tetrahedral Pt nanoparticles confirm the presence of zerovalent platinum nanoparticles. Thus, the
non aggressive character of the PVP stabilizing, in contrast to Al(C;H,g), has been confirmed in the
way that once the Pt oxidation state is formed, addition of PVP cannot change it any more.

The Pt particle size varies inversely in relation to the amount of the seeds. This has significant
impact in catalysis as shape and size control of nanoparticles determine their electronic, as well as
catalytic, properties due to imposed boundary conditions.

Stabilization of Pt nanoparticles via Pt—N or Pt—O weak interactions is found to be preferable in the
case of 8 nm particles. In contrast to that, a mixture of metallic Pt and K,PtCl, phases is found for
2.5 nm nanoparticles. The faster rate of nucleation, caused by addition of the seeds, and the fact that
the amount of the precursor is in surplus, leads to the presence of impurities, which can be
determined as unreacted precursor. As a consequence, the presence of a contamination in case of 2.5
nm Pt nanoparticles makes it impossible to study the pure surface effects. Alternatively, a more
detailed understanding in the kinetics of nanoparticle growth was indirectly extracted from XAFS
analysis.

The use of the AI(C;H;5); and Al(C,Hs); compounds in ‘bottom-up’ wet-chemical approach for the
preparation of magnetic Cobalt nanoparticles prevents them from agglomeration and leads to a quasi
monodisperse size distribution. Moreover, it has been found that the particles resulting after
thermolysis in presence of aluminumorganic compounds have a weak surface coordination with Co—
C and Co—0. The presence of the CO bonds on a surface is also supported by IR measurements.

The stabilizing of magnetic nanoparticles, after thermolysis in the presence of Al(R); compounds,
can be done by using suitable surfactants or by applying the novel ‘smooth oxidation’ procedure. In
the first case, the stabilization against agglomeration is achieved. A surfactant induced phase
transition has been observed for Co nanoparticles. Application of the ‘smooth oxidation’ leads to the
formation of a core—shell system and the shell consists of CoCO;. In this case, stabilization of
nanoparticles against oxidation is reached.

Further peptization of the particles, pre—stabilized by ‘smooth oxidation’, by surfactants, e.g.
KorantinSH, LP4, oleic acid, surrounds the particle with an additional dense organic shell. In the
process of peptization, the CoCOj; shell is modified. It has been shown (chapter 6.1.1) that surfactant
effects influence nanoparticle properties notably. Additional contribution from CoO bonds, which
are the result of interactions between the CoCOj; protection shell and active (COOH-R) groups, is
detected by XANES measurements and proved in EXAFS analysis.

The thickness of the protection shell depends on the chain length of the aluminumorganic
compounds used during the synthesis, and the molar ratio of Co,(CO)s to AI(R);. Long term
exposure to air leads to transformation of the shell into CoO. However, the presence of the shell
inhibits further oxidation and allows the particles to be air stable for a long time.

The phase transformations are easily induced in nanostructured systems due to the influence of the
surface energy term. Formation of the F.C.C. phase of metallic cobalt seems to be preferable during
the synthesis of magnetic cobalt nanoparticles in presence of Al(C;Hg); compounds. This
observation is also supported by FEFF8 theoretical calculation of different phases, which are known
for metallic cobalt (chapter 6.1.2).

As a third system, the size dependent changes in the local geometric and electronic structure of
BaFe;,0,9 nanoparticles, prepared by the modified crystallization (chapter 4.2) method have been
investigated by XANES and EXAFS techniques (chapter 7). A size dependent re-/decomposition
towards the BaO phase is observed for Co/Ti doped Bariumhexaferrite particles in XANES
measurements and confirmed by EXAFS analysis. These observations suggest the formation of a
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magnetically ‘dead layer’ (BaO and o—Fe,0;) causing a decrease of the magnetic properties with
decrease of the particle size. Surprisingly, even for the smallest nanoparticles, the magnetic
properties are better, than one would expect, assuming formation of o—Fe,0;.

14. Even for the particles beyond the supermagnetic size limit (10 nm), no a—Fe,O3 phase was detected
using the ‘fingerprint’ comparison of XANES spectra with different Iron oxides. The results
obtained from XANES analysis conclude that in this system, Fe’* in a Magnetite phase is stabilized.
The stabilization of y—Fe,0s is a function of doping.

15. In contrast to the homogeneous distribution of Cobalt and Titanium ions in the hexagonal structure
of ferrite, which was previously suggested, the site selective occupation of Fe sites for Ti and Co
were obtained from XANES analysis. FEFF8 calculations done for Fe and Ti K-XANES confirm
that Fel and Fe5 — octahedral sites in the crystalline structure of ferrites, are preferable candidates
for Co/T1i substitution.

16. The results for the site selective occupation in the BaFe;,0;9 matrix provides an explanation for the
increased stability of magnetic properties of the doped particles Thus, it is possible to unite the
seemingly divergent reports encountered in literature. Surface reconstruction towards BaO and spin
disorder remains a relevant cause of the observed changes in magnetic properties of Co/Ti doped
Bariumhexaferrite materials.

Summarizing all that has been mentioned above, one can conclude that XAS is a suitable technique which
allows tracing of the size and surfactant effects on magnetic nanoparticles and ferrofluids, prepared by
different synthesis methods. The search for new magnetic materials with unusual chemical and physical
properties pushes the need for particles with a smaller and smaller size. However, as the particle size
decreases the reactivity of the particle increases and the magnetic properties become affected more by
surface effects. The nature of size — and surface — effects and the influence of these effects on the resulting
properties of transition metal nanoparticles has been clarified in the case of two magnetic nanoparticle
systems by means of X-ray Absorption Spectroscopy.
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A Appendix

Sample #

MTV-MA-018
MTV-MA-028
MTV-MA-033
MTV-MA-049
MTV-MA-050
MTV-MA-051
MTV-MA-052
MTV-MA-053
MTV-MA-055

MTV-MA-073-02

MTV-MA-077-01

MTV-MA-077-02

MTV-MA-084-01

MTV-MA-084-02

Form

magnetic fluid
magnetic fluid
magnetic fluid
magnetic fluid
powder
powder
powder
powder
powder
powder
powder
magnetic fluid
powder

Magnetic fluid

AIR; chain
length

Al(CgHi7)3
Al(CgHi7)3
Al(CgHi7)s
Al(CgHi7)3
Al(C,Hs);
Al(CgHi7)s
Al(CgHi7)s
Al(CgHi7)3
Al(C,Hs);
Al(CgHi7)s
Al(CgHi7)3
Al(CgHi7)3
Al(CgHi7)s
Al(CgHi7)3

Co : AIR;
ratio

10:1
10:1
10:1
10: 1
10:1
10:1
10:1

10:1

|
|

L L 0 ©o©
—

Surfactant

KorantinSH
KorantinSH
KorantinSH

KorantinSH, LP4

KorantinSH

KorantinSH
KorantinSH

KorantinSH, LP4

Carrier
medium

Toluene
Toluene
L9
L9

Toluene

L9

Protection shell
modification

air during drying

air during drying
‘smooth oxidation’
‘smooth oxidation’
‘smooth oxidation’
‘smooth oxidation’
‘smooth oxidation’
‘smooth oxidation’
‘smooth oxidation’

‘smooth oxidation’

Table 1: Main parameters and conditions of the magnetic nanoparticles and ferrofluids synthesis

Size
[nm]

10.0*
10.0*
10.0*
10.0*
5.0%*
10.0%*
10.0*
3.5%%*
5.0%*
1.4%%%
10.0*
10.0*
3.5%*
3.5%*

All samples have been prepared according to the general procedure, described in chapter 4.1.3. * = 1.1 nm, ** £ 1.6 nm, *** + 0.2 nm

Storage
condition

Air
Argon
Argon
Argon

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air
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