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CHAPTER 1 

INTRODUCTION 

1.1 Extended X-ray Absorption Fine Structure 

In many scientific disciplines certain phenomena are caused by processes on 
an atomie scale. Research into these phenomena requires understanding on an 
atomie level. Unfortunately fundamentallimitations do not allow the use of the 
most direct way to which people are best accustomed: sight. Indirect methods 
studying the results of interactions of a probe with the structures on the atomie 
level have to be used. Probes can range from electromagnetic radiation and par
tiele beams to macroscopie needie tips. On the atomie scale the interactions are 
largely limited to electromagnetic interactions. A variety of results can he stud
ied: lossof probe (e.g., absorption), change of specificaspects of the probe (e.g., 
scattering, diffraction, changes in polarization), the generation of products (e.g., 
secondary electrons, fluorescence radiation) and even certain aspects of the gen
erated products (e.g., direction, energy). However, none of the methods directly 
show the structure and interpretations have to be used. Furthermore the applied 
methods only study certain aspects of the structure and a combination of tech
niques must be used to resolve a complete and consistent picture. Also most 
of the probes are limited in applicability because they require certain conditions 
(e.g., long range order in x-ray diffraction or the presence of specific isotopes in 
Mössbauer spectroscopy). 

If the electromagnetic interaction of high energy photons is used as a probe and 
the transition of bound electrous in atoms of a specific type of element to unbound 
states is stuclied as a function of energy of the photons, the technique is called 
EXAFS. Mono-energetic photons interact with the electron eloud of an atom. If 
the energy of the photons is smaller than the binding energy of an electron
i.e., below an absorption edge of the element-~the chances for a transition are 
minimaL If the energy exceeds the binding energy of the electron the possibility of 
such a transition exists. Furthermore the chancesof transition are modulated with 
energy-via an intricate process-by the atomie environment of the atom and can 
therefore be used to acquire information about this environment. A transition of 
an electron is induced by the absorption of a photon, but will also result in the 
emission of a secondary partiele (Auger electron or fluorescence photon). Therefore 
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the transition rate can he measured via the rate of absorption of the primary 
beam and via the number of secondary particles. The most common of these 
is the measurement of the absorption. EXAFS spectroscopy is the study of the 
modulation (fine structure) in the x-ray absorption above the absorption edge 
of a specific type of element. Since other processes intervene near the edge the 
modulation is only used in an extended energy region of about 30 eV to lOOQ-
2000 eV above the edge. 

Since an absorption edge is specific for one type of element, EXAFS studies 
the transition rate of electrous of only that type of element and therefore can 
provide information on the local environment of that type of atom in the sam
ple. Information about the average distauces of immediate neighbors to the target 
atoms, the number of neighbors at eertaio distances, the type of neighbors and 
information about the static (e.g., lattice deformation) and dynamic (thermal vi
brations) disorder can be obtained from EXAFS. Since all the atoms of the target 
element are involved in the measurement, the information derived is an average 
for all these atoms. Therefore a prerequisite for EXAFS experiments is the fact 
that the sample should at least have a certain degree of short range order. In a 
totally amorphous sample the fine structure of individual atoms will average out 
and no EXAFS will he observed. However the urge to study the structure of a 
system minimally implies short range order. 

The normal operating region of EXAFS is in between 3 ke V and 30 ke V. 
X-rays in this region have high penetrabie power. EXAFS can therefore study 
the structure of samples in an environment closely resembling the normal operat
ing environment of the sample (in-situ). Especially in research fields like biology 
and chemistry this is an advantage, explaining the interest of these disciplines in 
EXAFS. 

In section 2.1 of this thesis the theoretica} basis of EXAFS is presented. Al
though most of this section was derived from literature some new viewpoints are 
provided and scattered bits and pieces are joint to complete the overall picture. 
Section 2.2 explores methods to acquire high quality EXAFS data. Both trans
mission and fluorescence techniques are discussed and criteria for optimization of 
these techniques are derived. An EXAFS spectrum is a cryptical representation 
of the structural information. Extensive data analysis must he performed to ex
tract the information. In section 2.3 partkulars on data analysis-common to all 
problems dealt with in the rest of the thesis-are discussed and . the me rits of a 
new metbod for decoupling certain coordination parameters, are demonstrated. 
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1.2 Catalysis 

In chemistry, reactions very often do not take place because certain steps in the 
reaction~.g., dissociation of molecules-require large amounts of energy. These 
steps sametimes can be facilitated by the presence of chemica! species ( catalysts) 
which do not directly participate in the reaction. Although involved in the reaction 
they are returned to their initial state when the reaction is completed. If the 
catalyst and the reactants are present in different phases the specific scientific 
discipline is called heterogeneons catalysis. Molecules are adsorbed to the surface 
of a catalytic particle. This process can influence the bonding in the molecules 
and can make them accessible to other molecules. From this it is dear that a large 
catalytic surface in contact with the reaetauts phase is beneficia! to the operation 
of the catalytic system. Furthermore the elements used in the catalyst often are 
precious, implying the necessity of optimizing the ratio surface ( active) molecules 
to bulk (in-active) molecules in the catalyst. One of the methods to improve this 
ratio is to apply smali-in the nanometer range-particles on an inert support 
materiaL Optimizing the recipes for the manufacturing of supported catalysts 
is one of the topics of heterogeneons catalysis. The size of the particles is the 
important parameter. Another large research effort is given to the analysis of the 
interaction between support and particle. To maintain dispersion of the particles 
under operating conditions ( elevated temperatures) the particles must be anchored 
to the support. Furthermore the interaction of partiele and support can influence 
the catalytic properties of the system. 

Small particles do have short range order and EXAFS can be used to study 
them. Moreover with EXAFS these systems can be stuclied in-situ in the oper
ational state and the influence of the presence of reaetauts can be observed [1]. 
In a small partiele the ratio of the number of surface atoms to bulk atoms is 
large. The average local environment will then notably he influenced by the sur
face atom environments. Consequently surface processes such as physisorption and 
chemisorption of molecules on the particles can be studied. Furthermore atoms in 
the bulk are completely surrounded by atoms of their own kind whereas atoms on 
the surface are not. Since EXAFS can provide an average number of neighbors the 
ratio surface to bulk atoms can he derived and an indication of the partiele size he 
obtained [2]. In extremely small particles (a few atoms) a relatively large number 
of atoms is in contact with the support and EXAFS can provide information on 
the partiele/support interface. 
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1.3 Instrumentation 

In EXAFS experiments an extensive amount of sophisticated apparatus is in
volved. First of all an x-ray souree must be provided. In most EXAFS studies syn
chrotron radiation is used, because of its brightness, high degree of collimation and 
polarization. The experiments described in chapters 6 and 7 were performed using 
synchrotron radiation from SRS (Daresbury, UK). Conventional x-ray sourees such 
as (rotating anode) x-ray generatorscan also be use1. Easy access and availability 
are the major advantages of radiation from these generators. The EXAFS spectra 
of chapter 5 have been obtained using the bremsstrahlung from a rotating anode 
x-ray generator (Elliot, GX-21). 

Secondly, measuring as a function of energy obviously requires a monochro
mator to determine the wavelength of the x-rays. Usually a crystal is used in 
Bragg reftection mode to filter out the required energy component. Because the 
incidence angle of the radiation determines the energy of the reftected radiation, 
the crystal must be mounted on a highly accurate rotation stage. In the case of 
synchrotron radiation a second crystal maintains the horizontalness of the beam. 
With conventional radiation the monochromator crystal has a second function of 
focussing the divergent beam emitted by the source. Changing energy by changing 
the incidence angle in this case requires a precision spectrometer. 

During the EXAFS measurement the sample should be cooled to 77 K to 
decrease thermal vibrations which in turn decrease the EXAFS amplitude. This 
requires a sample mount that can be cooled with liquid nitrogen. Ice-which 
absorbs radiation-will be deposited on the cold sample if it remains exposed to air. 
The sample should therefore be contained in an airtight campartment preferably 
in some kind of inert gas atmosphere. Naturally the cell must be transparent 
to x-rays. EXAFS experiments on catalytic samples require cells in which the 
catalysts can be pretreated to convert them to the normal operating chemical 
states. The pretreatment usually involves heating to several hundred °C in a 
special atmosphere (e.g., H2). During the measurement itself any oxygen leaking 
into the cell will destray the chemica! state of the sample and will make the data 
useless. 

Lastly the absorption of the monochromatic radiation by the sample must be 
determined. This is done by measuring the intensity of the radiation before and 
after the sample. Detectors for this purpose must generate a signal proportional 
to the intensity of the x-ray beam. If secondary products are used to specifically 
determine the transition rate of the process that contributes to EXAFS, these 
products have to be detected. 

Many of these topics will be discussed in this thesis. Chapter 3 deals with 
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the Iabaratory EXAFS system of the Eindhoven University of Technology. Major 
improvements have been made in the operation of the rotating x-ray generator 
and the performance of the linear spectrometer in combination with a new de
sign of monochromator crystals. In section 3.2 a necessary extensive re-alignment 
procedure for the spectrometer is discussed. 

In order to be able to perfarm reliable in-situ EXAFS experiments a new 
type of transmission cell had to he developed for the Eindhoven catalytic group 
(section 4.2). The performance of these cells has attracted worldwide attention 
from several EXAFS groups involved in catalytic research, which has lead to the 
commercialization of the cells. However, since great research effort is being directed 
to the lowering of the weight fraction of active element (commercial available 
catalysts have fractions below the 1 wt% level) it was also necessary to imprave 
the sensitivity of EXAFS experiments by changing to fiuorescence detection. In 
fact the objective of the work which has lead to this thesis was to develop an in
situ cell suitable for the measurement of EXAFS in fiuorescence mode. The design 
of the fiuorescence cell in combination with the detection system is discussed in 
section 4.3. 

The author has participated in an Anglo-Dutch collaboration to solve specific 
problems in the operation of a state of the art monochromator [3,4] incorporated 
in station 8.1 at SRS (Daresbury, UK) [5-8]. On completion the results will he 
reported in literature and have therefore been omitted from this thesis. 

1.4 Applications 

lt was pointed out insection 1.2 that EXAFS can provide information on the 
average partiele size and on the interface between a small catalytic partiele and 
the support. Apart from these aspects of catalytic interest the structure of the 
partiele can he derived from the comparison of measured neighbor distauces with 
data of bulk substances in combination with knowledge of the types of neighbors. 
In chapters 5, 6 and 7 this is demonstrated on different systems derived from 
catalysis or catalysis related fields of research. 

In chapter 5 the photodeposition processof copper on a Ti02 substrate from an 
electroless salution as a first step in the posit.ion controlled autocatalytic electroless 
copper deposition was studied. The strengtbs of EXAFS as a structural tooi 
combined with the fact that in-situ measurements are possible has been used to 
complete the picture obtained from ex-situ (high resolution) transmission electron 
microscopy. Since the measurements were done with the laboratory EXAFS system 
this section also demonstrates the applicability of laboratory EXAFS. 

Zeolites have. a structure of cavities and interconnecting tunnels in a very 
specific pattern. The diameter of the channels prohibits large moleculestoenter 
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or exit the zeolite structure. If catalytic active elements can be deposited inside 
the zeolite the product distribution of the system will be changed by the sieve 
function of the zeolite. Chapter 6 reports on EXAFS measurements on ZSM-5 
zeolite in which platinum partieles were introduced. Two different methods of 
preparation were used to study the influence of preparation on the partiele size 
distribution. 

In analogy to rhodium on alumina [11] van Zon and Koningsberger [12] have 
shown that for iridium on a~umina-if the metal particles are measured after reduc
tion and under H2-a long metal-oxygen bond is also present in the metal support 
interface. Theoretica! calculations performed by Martens et al. [13] suggest that 
long metal-oxygen honds originate from an interaction of the metal atoms with 
(OH)- groups terminating the surface of an oxidic support. Hydroxyl groups can 
easily be removed by a high temperature evacoation treatment. Consequently af
ter such a treatment, the metal-oxygen bond must have changed from M0-(0H)
to M0-Q2-. Small iridium particles (0.8 wt% Ir) deposited on 1-Al20a were used 
in chapter 7 to check this hypothesis. 

1.5 Raferences 

1. R. Prins and D.C. Koningsberger, in X-ray Absorption, D.C. Koningsberger 
and R. Prins (eds.), Wiley & Sons, New York (1988), p. 321. 

2. B.J. Kip, F.B.M. Duivenvoorden, D.C. Koningsbergerand R. Prins, J. Catal. 
105 (1987) 26. 

3. M.J. van der Hoek, W. Werner and P. van Zuylen, Nucl. Instr. Meth. Phys. 
Res. A246 (1986) 190. 

4. M.J. van der Hoek, W. Werner, P. van Zuylen, B.R. Dobson, S.S. Hasnain, 
J.S. Worgan and G. Luijckx, Nucl. Instr. Metb. Pbys. Res. A246 (1986) 380. 

5. B.R. Dobson, Internat SRS Reports, December 1985, February 1986, May 
1986. 

6. C. Morrell, B.R. Dobson, and S.S. Hasnain, Internat SRS Report. 
7. F.W.H. Kampers, K.l. Pandya and D.C. Koningsberger, Report, December 

1987. 
8. K.I. Pandya, F.W.H. Kampers, D.C. Koningsberger, B.R. Dobson, C. Morreil 

and S.S. Hasnain, Report, February 1988. 
9. K.I. Pandya, F.W.H. Kampers, B.R. Dobson, C. Morrell, S.S. Hasnain, 

M.J. van der Hoek, P. van Zuylen and D.C. Koningsberger, accepted for the 5th 
International Conference on X-ray Absorption Fine Structure, Seattle, 1988. 

10. B.R. Dobson, S.S. Hasnain, C. Morrell, F.W.H. Kampers, K.l. Pandya and 
D.C. Koningsberger, accepted for the Synchrotron Radiation and lnstrumen
tation Conference, Japan, 1988. 



INTRODUCTION 7 

11. J.B.A.D. van Zon, D.C. Koningsberger, H.F.J. van 't Blik, D.E. Sayers, J. 
Chem. Phys. 82 (1985) 5742. 

12. F.B.M. van Zon and D.C. Koningsberger, J. Chem. Phys., submitted. 
13. J .H.A. Martens, R.A. van Santen, D.C. Koningsbergerand R. Prins, J. Chem. 

Phys., submitted. 



CHAPTER2 

PRINCIPLES OF EXAFS 

EXAFS is an acronym for Extended X-ray Absorption Fine Structure spectroscopy. 
Structural parameters of the local atomie surroundings of a type of atom can 
be derived from the fine structure in the x-ray absorption coefficient above an 
absorption edge of the element in question. Since the energy of an absorption 
edge is specific for an element an EXAFS experiment can focus on one element in 
the sample and determine the average coordination of that element. 

In this chapter the basic principles of EXAFS will be discussed. Since in 
recent years a number of reviews about this subject have been publisbed [1-4] the 
discussion bere will he limited to those issues which need to be nuther explored 
and discussed in order to realize a better evaluation of the subjects dealt with in 
this thesis. In section 2.1 the physical principlesof the phenomenon and a brief 
outline of the theory will be given. Section 2.2 describes the x-ray absorption 
experiment itself while section 2.3 deals with the metbod of extrading meaningful 
parameters from experimental data. Although most of the derivations are based 
on literature, especially the calculations regarding optimization of data acquisition 
procedures and the metbod of data analysis are new. 

2.1 Tbeory of Extended X-ray Absorption Fine Structure 

If a parallel beam of monochromatic x-ray photons traverses a infinitesimally 
small thickness dz of an amorphous absorber the decrease in the intensity I is 
statistically determined and proportional to the intensity [3,5] 

dl= -p.I dz. (2.1) 

The proportionality constant p is the linear absorption coefficient which is a func
tion of the energy of the photons nw (n: Planck's constant divided hy 21r, w: 
angular frequency of the radiation, w = 21rcj À with À the wavelength of the radi
ation and c the speed of light). Integrating this equation over the total thickness 
of the ahsorher z gives Lamhert's law 

(2.2) 
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(I; is the intensity of the incoming beam, lt the transmitted intensity). 
In the energy region of normal EXAFS experiments (3 keV < E < 30 keV) 

the predominant absorption processes are elastic or Rayleigh scattering, inelastic 
or Campton scattering and the photoelectric effect [6,7]. From these processes 
only the photoelectric effect in which the total energy of the pboton is transferred 
to an electron is of interest for EXAFS. The other processes only contribute to 
the absorption background. In the photoelectric absorption process part of the 
photon energy is used to overcome the binding energy of the electron to the atom, 
the rest is given to the electron as kinetic energy. The linear absorption coefficient 
(proportional to the probability of a photoelectric event) can-according to Fermi's 
Golden Rule-within the dipale approximation be expressed in the initia) (bound) 
electron state I i) and the final state IJ) at the absorbing atom 

(2.3) 

( e: elementary charge, c: speed of light in vacuum, Na: number of atoms per unit 
volume, ê: polarization vector of the electric field of the photon, r the coordinate 
vector of the electron and q(EJ ): density of final states). 

The major part of the final state is the spherically symmetrie wave function 
of the ejected electron. The wave number k, defined as k = 21rj>., of this wave 
function is a function of the kinetic energy Ek of the electron 

{2.4) 

in which m is the mass of an electron. Since the kinetic energy of the electron is 
the difference between the incident photon's energy E and the binding energy Eb 
the wave number of the electron can be expressed in these quantities 

(2.5) 

The outgoing electron wave will he backscattered by neighboring atoms. The 
final state IJ) in (2.3) is the superposition of the wave functions of outgoing 
and backscattered electron waves. Depending on the phase difference between 
these waves the superposition can be constructive and destructive. The phase of 
a backscattered wave has experienced several changes: on traversing the atomie 
potential of the absorbing atom, by the potential of the backscattering atom and 
on re-entering by the potential of the absorbing atom. These phase factors, which 
are a function of k, are specific for the types of absorber and backscatterer and 
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Figure 2.1 
A spherically emitted electron wave is backscattered by a neighboring atom. 

can he accounted for by one phase function 6J(k). The subscript j is added to 
discriminate between different absorber-backscatterer pairs. In the backscattering 
process itself the electron wave undergoes a phase shift of i. The total phases of 
the backscattered electron waves at the central atom are determined by 6i ( k) and 
by the pathlengths ri relative to the electron wavelength. From this it can he seen 
that if 

11' 
6;(k) + 2kri- 2 = 0 (mod 211') (2.6) 

the superposition of outgoing and backscattered wave functions is constructive and 
for k values were 

(2.7) 

the interference is destructive. The interaction of outgoing and backscattered 
electron waves causes a modulation of the final state I/) at the absorbing atom 
and through (2.3) also a modulation in the linear absorption coefficient p.. 

The oscillatory part in p., the EXAFS function x(k), is defined as 

x(k) = p.(k)- P.o(k) 
p.o(k) 

(2.8) 

in which p.0 (k) is the absorption of the isolated atoms. The amplitude of the 
modulation x(k) is determined by the amplitude of the backscattered waves at 
the absorhing central atom. The amplitude of an outgoing spherical wave is pro
portional to Jrl-1• The amplitude of the backsca.ttered electron wave will he 
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proportional to the product of the amplitude of the outgoing wave at the neighbor 
distance and lr-ril-1 in which ri is the coordinate vector of neighbor j (fig. 2.1). 
The backscattering power f of a neighbor, which will influence the amplitude of 
the backscattered electron wave, is element dependent. Furthermore it is also a 
function of k (! = /j(k)). x(k) is proportional to the amplitude of IJ) at the 
origin, which is proportional to /j(k).rj 1fj 1. 

In ordered systems a number of neighbors tend to be located at the same dis
tance. If these neighbors are of the same type they form a particular coordination 
shell. Since IJ) is the superposition of all wave functions the amplitude of the 
EXAFS function will be proportional to the number of atoms Ni in the coordina
tion shell. Coordination shells at a different distance Ri will also contribute to the 
EXAFS. The total variation in p. will be a superposition of the interierences caused 
by all the atoms in different coordination shells. The basic EXAFS equation can 
now be given: 

x(k) = L k~?Fi(k) sin(2kRj + 6j(k)) 
j J 

(2.9) 

in which summatien is over all coordination shells j and in order to comply with 
conventions Fj(k) bas been substituted for k.fJ(k). 

There are a number of effects that also affect the EXAFS function which 
have not been incorporated in (2.9). Their origin and specific modification of the 
EXAFS will he discussed now. Essentially (2.3) is not correct. Instead of only 
consiclering the initialand final states of the photoelectron, the tot al initial state of 
the absorbing atom and the fin al states of the ionized atom and the photoelectron 
should be considered. The passive electrans not directly involved in the x-ray 
absorption process will sense a different potential when the atom has been ionized 
and will relax to different wave functions. This will modify the total final state of 
the atom and thus the EXAFS function by a factor S~ with 

s5 = rr !{P~ , Pi)l2 

j 

(2.10) 

were !Pi) and !PD are the wave functions of the ith electron respectively before and 
after the x-ray absorption. Since lP;} and I~} are normalized, S6 will be equal to 
or smaller than 1 (usually 0.7-0.8). 

So far it is assumed that the backscattered electron wave is coherent with the 
outgoing wave which is essential for the interference to take place. This is only 
true during the lifetime of the core hole. Furthermore the final state I/} has a 
finite lifetime before the electron scatters into a different state and thus looses 
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its coherence. Both lifetime effects can be incorporated in the EXAFS function 
by introducing a mean-free-path À for the electron wave which is the average 
distance the electron can travel before it has lost coherence. However, chances 
of loss of coherency through Coulomb interactions with the Z - 1 other electrous 
on traveling throngh the electron cloud of the absorbing atom have already been 
incorporated in ~. Forthermore F1 ( k) accounts for coherency loss when traveling 
through the potential of the backscattering atom. Therefore a correction 6. on 
the pathlength has to be made. This correction-equal to the sum of the radii 
of absorbing and backscattering atom-can often be approximated by the nearest 
neighbor distance Rt. Therefore the mean-free-path correction results in a decrea.se 
of higher shell amplitudes with exp( -2(RJ- 6.)/À). 

As was mentioned above, a coordinatiou shell is made up of atorns of one 
type at the same distance Rj from the absorbing atom. Unfortunately due to 
deCormation of the lattice or thermal vibration the distance of partienlar atorns 
in one shell to the central atom, Rji can be perturbed around Rj. Generally 
atorns i and i' are considered to be in one coordination shell if the experimental 
accuracy does not allow distinction between Rji and Rji'· Since the measured 
EXAFS is an average over all absorber-backscatterer atom pairs, disorder, both 
static and dynamic, will srnear out the EXAFS until, in the ultimate case-e.g., 
a manatomie gas-no EXAFS can be observed. Assuming a Gaussian distribu
tion of Rji around Ri the disorder can be accounted for by a Debye-WaHer type 
correction term exp( -2k2uJ). 

Incorporating all these corrections into (2.9) yields the commonly used EXAFS 
equation 

x(k) = ~ ~JS~(k) FJ(k) exp (-2k2uJ) exp ( -
2
(Ri- 6.)) sin(2kR1 + 6j(k)) 

(2.11) 
in which the summation is taken over different shells j. Equation (2.11) is correct 
for an unoriented sample with Gaussian disorder [8]. Systerns with non-Gaussian 
disorder can be treated using cumulant expansions [9]. In the derivation of the 
EXAFS formula it is implicitly assumed that in the backscattering process the 
electron wave can be approximated by a plane wave (plane wave or smal! atom 
approximation). This assumption is notcorrect forsmalt k values [10). Basically 
this limitation can be overcome with curved-wave theory [11,12] resulting in pha.se 
and backscattering function which are not only k dependent but also a function 
of R. In this thesis low k values (k < 2.5 A-l) will not be used for analysis. 

The EXAFS function (2.11) is basically a. superposition of sine functions with 
a modulation in the amplitude. As was first pointed out by Sa.yers et al. [13] 
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contributions of different coordination shells can be separated by Fourier transfor
mation of x(k). Consider the Fourier transform pair H(k) and h(r) where H(k) 
is the Fourier transform of h(r) and vise versa: 

00 

H(k) = J;r j h(r)ei'2kr dr (2.12) 
-oo 

00 

h(r) = J;r j H(k)e-i'2kr dr. (2.13) 
-oo 

Assume a special h(r): 

(2.14) 

in which 6(r- R;) is the delta function, defined as 

for r = Rj 
(2.15) 

for r :f. Rj 

and f~oo 6(r)dr = 1. Substituting this h(r) into (2.12) and taking the imaginary 
part yields the EXAFS equation (2.11). Therefore the EXAFS equation can be 
seen as a special case of (2.12) and the radial distribution function h(r) can be 
found from (2.13), i.e., by Fourier transformation of x(k). 

From equation (2.11) it can beseen that the structural parameters (Nj, Rj 
and a}) can be derived from x(k) if S5(k) F;(k) exp( -2(RJ- A)/>.) and Ój(k) are 
known. Methods to do this will be discussed in section 2.3. 

2.2 Data acquisition 

EXAFS is a variation of the absorbance above a particular absorption edge. 
Data acquisition therefore is the measurement of the absorbance of a sample as a 
function of x-ray energy. The absorbance can be measured using equation (2.2) but 
also via secondary processes initiated by the absorption event. Since both methods 
have been used in this work both will be discussed in this section but first aspects 
of data acquisition common to all EXAFS experiments will be reviewed (section 
2.2.1). An overview of data acquisition techniques is given by Heald [14]. 
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2.2.1 General considerations 

Because the noise is inversely proportional to the square root of the number of 
counts, the quality of EXAFS data is strongly dependent on the number of photons 
collected per data point. The more photons per unit time the better data can he 
obtained in a certain period of time. The intensity of the monochromatic beam 
is correlated with the brightness of the x-ray source. Most EXAFS experiments 
are therefore performed with synchrotron radiation [15] which is highly collimated 
in a small solid angle. Conventional, less bright x-ray sourees such as (rotating 
anode) x-ray tubes can also be used [16]. 

In order to he able to measure the absorption as a function of x-ray energy, 
monochromatic radiation must he available. All x-ray monochromators used in 
EXAFS data acquisition to date are based on crystal diffraction. The energy of 
the radiation reflected by certain crystal planes as a function of the incidence angle 
is given by the Bragg relation 

n ;; = 2dsin0;. (2.16) 

in which Eis in eV, dis the lattice spacing of the crystal planes, 0;. the incidence 
angle and n is the order of reflection. The exit angle of the monochromatic radia
tion is equal to the incidence angle 0;.. Usually the first order reileetion is used since 
the reflectivity is high est. In the case of synchrotron radiation a second crystal is 
normally used to maintain horizontal direction of the reflected beam (fig. 2.2). 

Figure 2.2 
A simple double crystal x-ray monochromator. 

The reflected beam is not perfectly monochromatie but also contains other 
energies. In the first place the energy distribution of the first order reflected 
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radiation is not an înfinitely sharp peak but is best described by a Gaussian. The 
energy resolution of an EXAFS measurement is determined by the wîdth of the 
Gaussian. Secondly, if the maximum energy of the souree radiation is sufficient, 
higher harmonies of the selected energy will also be present in the reflected beam. 
The higher harmonie content of the beam from a conventional x-ray souree can be 
controlled by keeping the tube voltage below the higher harmonie energy. With 
synchrotron radiation, decreasing the harmonie content of the beam can be done by 
slightly offsetting the incidence angle of the secoud crystal. Higher order reflections 
have a smaller acceptance angle than the fundamentaL So while the acceptance 
augles of the two offset crystals for the fundamental still have a large overlap, the 
overlap of the acceptance augles for the higher order reflections is negligible and 
the reflectivity of the monochromator for higher harmonies is small. 

Because of refiectivity losses in the crystal due to competing reflections from 
different crystal planes (glitches) and peaks in the intensity especially in conven
tion al sourees (excitation lines of the anode materialand impurity lines), the in
tensity of the monochromatic radiation can vary strongly with energy. If detection 
schemes have not been optimized these variations may show up in the spectrum 
as dips and lumps and can make entire spectra useless. 

In order to be able to use allocated beamtime efficiently the measurîng time per 
sample needs to be optimized. For this the data-range, the number of points and 
the counting time per point must be evaluated. The usual raw EXAFS spectrum 
includes about 200 eV of pre-edge, the edge itself and the XANES (20-60 eV 
wide) and EXAFS (500-2000 eV wide) regions. These regions all have different 
requirements concerning number of points and signal-to-noise ratio. In the pre
edge region only about 25 points with low S/ N ratio are needed. The edge is used 
to calibrate the energy scale, so the edge position has to be determined accurately 
a.nd many points are required (dE RJ 1 eV) but not with high S/N ratio. The 
XANES and EXAFS regions should be scanned with suilleient signal-to-noise ratio. 
From the EXAFS equation (2.11) it can heseen that the amplitude of the EXAFS 
signal decreases with k. To maintain sufficient Sf N ratio the number of counts per 
data point must be increased towards the end of the spectrum. From (2.11) it is 
also apparent that the wavelength of the EXAFS oscillation is constant in k. The 
N yquist sampling theorem dictates a sampling rate of at least twice the highest 
frequency component in the signal. In the case of EXAFS, the highest frequencies 
are determined by the maximum distance at which shells ca.n still be observed 
which is about 8 Á resulting in a minimal sampling rate of 16 points per Á -l. 
To be on the safe si de 20 points per Á -l has been used in this work. According 
to (2.5) E ex: k2 , so the stepsize in E space increases towards the end of the 
spectrum. It is therefore advantageous to divide the XANES/EXAFS region into 
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4-6 subregions with optimized counts per data point a.nd stepsize. An example 
of a. raw EXAFS spectrum with different regions is given in fig. 2.3. In the data 
acquisition throughout this work these same regions have been used. 
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Figure 2.3 
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A raw EXAFS spectrum with different regions which have own measurement parame
ters. 

2.2.2 Transmission mode 

The most commonly used way to perform an EXAFS experiment is to have 
a. beam of monochromatic x-ra.ys tra.versing the sample a.nd detect the intensity 
of the tra.nsmitted bea.m lt. Usua.lly a. second, partia.lly transparent detector is 
used to monitor the incidence intensity I,. Because the energy ca.libration ma.y 
not be exact and sma.ll edge shifts ca.n conta.in va.lua.ble informa.tion it is wise to 
use a referenee sample a.nd a third detector bebindthelt one (fig. 2.4). Using the 
signals of the second a.nd third detectors a rough spectrum of the referenee sample 
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can be obtained. From the position of the edge in this spectrum, the energy scale 
of the spectrum of the sample can be calibrated. The absorbance of the sample is 
readily obtained from (2.2) 

( Ii) p.x =In ft • (2.17) 

I i 
Pi I i 

,u x 

si Sr 

Figure 2.4 
Normal transmission mode set-up with-from left to right-1; detector, sample, lt de
tector and the optiona.l reference sample with a. third detector. 

In an optimized detection scheme the signals of the detectors monitoring 1; and 
lt are proportional to the intensities. The measured absorbance is given by 

~ 1 (s') p.x = n St . 

The signals of both detectors can be calculated: 

S; = t:l; (1 - e-p;t;) 

St= êl; e-p;l; e-px (1- e-p,l,) 

(2.18) 

(2.19) 

(2.20) 

The EXAFS signa! x is the variation l:l.p. of (p.x )a, with (p.x )a the speci:fic 
photoelectric absorbance of the target atoms. The measured x is the variation I::J.p.x 
in the spectrum. 

- A- Op;t; A( ) 
X= up.x = a(p.x)a u J.LX a· (2.21) 

Since the differential quotient is unity, the variation of p.x is equal to the EXAFS 
signal, showing the correctnessof deriving x(k) from the variation in ln(Si/St)· 

Noise in absorption experiments is statistically determined [17]. This means 
that the uncertainty in the determination of the intensities Ii and lt is equal to 
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the square root of the counts in the corresponding detectors. The noise in jii can 
be expressed in noises in S;. and St from both detectors: 

(2.22) 

were ~ and ~ are obtained from partial differentiation of (2.18). The signa.l
to-noise ratio using two ionization chambers can therefore be given by 

S/N = ..{i../ÏiA.(px)a 

J 1- el-p;l; + e p;l;e-~~~(t- e-p,l,) 

(2.23) 

Optimum values for the absorbances can be found by partially differentia.ting (2.23) 
with respect to px, p;.l!.;. and P,tl!.t. This results in 

1 1 - e-~' 1 '-• 
-px- 1 = e-11:e 
2 e~'•t• - 1 

(2.24) 

e11't' = 1 + Je-!Jr(t- e-p,l,) (2.25) 

(2.26) 

Combining these yields pz = 2.557, p;.li = 0.246 and P,tlt = oo. 

Very often radia.tion leaks occur. Radiation is not attenuated by the sample as 
expected because it conta.ins higher energy radiation (higher harmonies) or follows 
a path that ha.s less or no sample at all (pinholes, non-uniform samples). Also 
fluorescence ra.diation emitted by the sample or otherwise sca.ttered radiation may 
enter the I;. and/or It detectors. This will result in a decreasein the amplitude of 
the EXAFS signal [18]. This so-called thickness effect can be minimized by choos
ing the edge jump 8px smaller than 1.6. Especially in concentrated samples-i.e., 
reference compounds-tbis often means devia.tion from the optimum absorbance 
of 2.6. The effects of higher harmonie radiation can be decrea.sed by deviating 
from the optimum value P,tl!.t since it makes the I1 detector more transparent for 
higher harmonie radiation. Usually exp( -ptlt) = 0.2 is a reasanabie compromise. 
Using (2.25) best values for the absorbance of the lï detector can be calculated. 
Metallic foil reference compounds are likely to conta.in pinholes since their thick
nesses usually are only a few microns. In powder samples the chances of pinholes 
can be lowered by using pressed samples in selfsupporting wafers. 
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The mass absorption coeflicient of a compound sample can be calculated from 
the weight fractions Wi and the mass absorption coeflicients (i!. )i [19} of all ele

P 
ments i present in the sample using 

( !!:_) - I: w· (!!:.) 
P &ample - i t P i • 

(2.27) 

With the area A of a sample known, the weight amount of sample corresponding 
to an optimum absorbance (J.lx )opt can be determined: 

(2.28) 

With strongly x-ray absorbing samples the amount of sample to get the desired 
absorbance sometimes is too low to press. Low x-ray absorbance powders (BN or 
A}z03 ) can he used to dilute the sample. The weight fraction w. of sample can 
be calculated from the weight required for pressing Wr and the mass absorption 
coeflicients of sample ( (; )6 ) and dilution powder ((; )d) with 

(2.29) 

The uniformity of the wafer is assured hy thoroughly grinding and mixing the 
powder prior to pressing. 

lonization detectors-mostly used for Ia and It detectors-are gas filled and 
usually have fixed length 1!. The gas filling is optimized for a partienlar energy 
range by mixing weakly absorbing (e.g., helium) and strongly ahsorbing (e.g., 
argon, krypton or xenon) gases. Equation (2.27) can he used to calculate the 
partial pressures of both gases f:com the required transmission Tr (Tr = e-Pi): 

P1 
Patm 

(2.30) 

and Pl + P2 = Patm (Patm is atmospheric pressure, V mol is the mol ar volume and A, 
is the atomie weight of element i). 
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2.2.3 Fluorescence mode 

Only photoelectric absorptions by the target element atoms exhibit EXAFS. 
But, if the weight fraction of target element in a sample is low, x-ray absorption 
is dominated by absorption from the matrix. In that case the EXAFS signal will 
he small and a large number of counts per data point in transmission mode is 
required for suflident signal-to-noise ratio. Every EXAFS exhibiting photoelectric 
absorption produces a core hole in an atom of the target element. These core 
holes instantaneously will he tilled by electrans from outer shells, by which process 
the energy difference of the outer and inner shell is emitted as secondary radiation 
(fig. 2.5). The total number of secondary radiation productsis equal to the number 
of photoabsorptions while the energy of the products is element specific. By using 
secondary radiation to measure the chance for a pboton to he photoelectrieally 
absorbed by the target element atoms, the background absorption by the matrix 
will not contribute to the spectrum as was first pointed out by Jaklevic et al. [20]. 
The noise will solely he determined by the number of target element absorption 
processes. 

a 

nw 

nw 

\ 
Figure 2.5 
Core hole relaxation via emiss.ion of a fluorescence pboton (a) and via an A uger electron 
(b). The energiesof both fluorescence pboton and Auger electron are well defined. 

Although Auger electrans can also he used for the detection of EXAFS, the 
most commonly used secondary radiation is fluorescence radiation. The energy 
of the fluorescence pboton ean he used to discriminate against other radiative 
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A beam of monochromatic x-rays traverses a sample. In the infinitesimally small thlck
ness dx fluorescence rad.iation is created w hich is proportional to the number of photons 
a.bsorbed in dx. 

processes, such as elastic scattering, Campton scattering, fluorescence radiation 
from other elements, etc. 

Assume Jl = Jla + Jlr (Jla: the linear attenuation coe:fficient for photoabsorption 
by the target element atoms a and Jlr: the attenuation coe:fficient of all other 
processes). The number of incoming photons photoabsorbed by target atoms in a 
infinitesimallayer dz (fig. 2.6) is given by 

dx 
dl= Jla(E) I(x) -. -. 

SlnO:' 
(2.31) 
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I(z) is the intensity at depth z and can be calculated with (2.2). If the efficiency 
of generating fluorescence photons is denoted r ,, ' the number of photons emitted 
in an infinitesimally small angle d/3 is equal to 

d2I1, = r ,, di df3 (2.32) 

Again equation (2.2) can be used to calculate the attenuation of the fluorescence 
radiation by the sample itself on its way to escape the sample. Integrating over 
the total thickness of the sample yields the intensities of fluorescence radiation 
emerging from the front and the back of the sample in the solid angle d/3 

d 

diJIJ = rJrP.a(E)I[/exp (- (p..(E) + p.fEtr)/3}) z) ~z d/3 (2.33) 
' ~a ~a- · ~a 

0 

di11 11 = r tr P.a(E)I; exp (- p.~E11 )~)) · 
' cosa-

d 

/
exp (- (p(E) - p.(EJI) ) z) ..!!!..._ df3 (2.34) 

sin a cos( a - {3) sin a 
0 

(Etl is the energy of the fluorescence radiation and I[ is the incoming radia.tion 
after the It detector. The other symbols are explained in fig. 2.6). The detectable 
fluorescence intensity is given by 

(2.35) 

With equa.tions (2.33) and (2.34) and under the assumption that detectors on both 
si des of the sample subtend the same solid angle this leads to 

fJm..., 1- exp (-p.{E)d) exp (- p.(EJz)d ) 
I _ r P.a(E)d I' J sin a cos( a- {3) 
11 - 11 sin er i p(E)d p(Etl)d + 

Pmi3 sincr + eos(cr-{3) 

(2.36) 

The optimum sample thickness dopt which gives the maximum fluorescence 
ra.diation intensity can be found from differentiating the integra.nd of (2.36) and 
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assuming that ljt is proportional to diJt in a certain direction p0 . With similar 
detectors on hoth si des of the sample dopt must satisfy 

exp (-~-'_(E) dopt) (E ) . 1 + exp (-~'_(E) dopt) 
--:--~-s~m_a-:--.!..-...,- _ IJ 11 sm a sm a 

( 
p(E11 ) ) - p(E) cos( a- Po) 1 ( p(EJt) d ) · 

exp --···( (.1 )dopt + exp - ( {3) opt cosa-1-'o cosa- o 
(2.37) 

When detecting only radiation from the front of the sample the optimum sample 
thickness ohviously is infinity. From fig. 2. 7 it can he seen that an improverneut 
of about 50% can be reached by detecting fluorescence radiation from hoth sicles 
of the sample. 
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The fluorescence intensity emitted in the in:finitesimally smallsolid angle d/3, ...... : only 
from the front of the sample, -- : only from the back and -: from the front and back. 

Apart from fluorescence radiation, elastically and inelastically scattered back
ground radiation will also he emitted by the sample (fig. 2.8) and contribute to S1l. 
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Figure 2.8 
The usual ftuorescence set-up with Ii detector, sample under 45° with the incoming 
bea.m and a ftuorescence detector perpendicular to the incoming bea.m. 

Tbe integral in (2.36) can be viewed as a geometrical efficiency ê(O) whicb-since 
/JIJ is small compared to P.r-is only weakly dependent on /JIJ· A similar deduction 
can be used to calculate tbe background radiation emitted by tbe sample. Here 
also an efficiency r11 of background pboton generation and ê'(O) which expresses 
the chance of a background pboton to escape the sample in a direction within 
the solid angle of detection can be introduced. If a partially transparent detector 
again is used to measure ft, tbe signals from the ft and fluorescence detectors are 
given by 

(2.38) 

(2.39) 

witb é'i, ê& and e 11 tbe efficiency with whicb an absorbed incoming pboton, a 
background photon and a ftuorescence photon, respectively is converted to signal. 
The best approximation of the absorbance is p.x = SJt/Si. In that case the signal 
tlp.x, using (2.21) is given by 

(2.40) 
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Applying (2.18) the noise in Ll.jiX is given by 

(2.41) 

in which a.n effective absorbance J.l.ed has been introduced for 

(2.42) 

From this it can beseen that maximizing the signal-to-noise ratio S/ Nis equivalent 
to 
1. minimizing e'(O)/e(O). This was done by choosing an optimum sample thick-

ness; 
2. optimizing the absorbance of the Ii detector; 
3. minimizing rb; a.nd 
4. minimizingeb/éJI· 

The optimum lt detector absorbance is readily found by differentiating S/ N 

e1,r 
1 
t:(n) d 

éi 1 sinaJ.I.e 

which is strongly dependent on experimental conditions. 

(2.43) 

In the case of polarized incoming monochromatic radiation the background is 
not emitted isotropically. Perpendicular to the beam, in the direction of polar
ization the intensity of scattered radiation is lowest. By placing the detectors in 
this direction rb is minimized. Minimizing êb/ê.Jl can he done by using detec
tors which can discriminate against background radiation. Fluorescence radiation 
has a specific energy E,,, while the energy of most of the background radiation 
is equal to the energy of the incoming beam ( elastic scat tering) or only slightly 
lower (Compton scattering). Using energy discriminative detectors such as solid 
state [20] or to a lesser extent scintillation [21,22] detectors has the disadvantage 
of limited counting rate. Since the background usually is much larger than the 
fluorescence radiation, the detection limit of these devices is quickly reached. Sat
uration is enhanced by the fact that synchrotron radiation is not continuous but 
comes in bunches with the intensity in the bunch an order of magnitude higher 
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than the time averaged intensity. Elimination of the background radiation befare 
detection is usually preferred, even with energy discriminative devices. Crystal 
monochromators for the rejection of background in front of the :lluorescence detec
tors have been proposed [23] but have very small solid angles even if bent crystals 
are used. Furthermore changing the :lluorescence energy by going to a different 
target element requires changing incident angles for the :lluorescence radiation and 
a different bending radius. The experimental set-up to perfarm all this accurately 
is extensive. A good campromise was affered by Stern and Heald [24]. A Z- 1 
filter which bas low absorption for tbe fluorescence radiation but large absorption 
for the background effectively reduces eófeJI· Solier slits in between tbe filter and 
detector limits the background from the radiation generated by the filter itself. 
The reader is referred to section 4.2 for more details on this method. 

2.3 Data analysis 

The major part of an EXAFS study is the analysis of the experimental data. 
The x function bas to he isolated from the spectrum by data reduction techniques. 
In order to derive structural information from the isolated x, phase and backscat
tering amplitude functions have to be found. Structural parameters of a number 
of shells constitute a large number of free parameters. Finding reliable values 
for all of them is a tedious task, especially since they are not uncorrelated. A 
comprehensive review of data analysis techniques is given in [25]. 

2.3.1 Data reduction 

X-ray absorption of other elements in a sample, different absorption processes 
and absorptions by electrans of other shells of the target element make the EXAFS 
a relatively small variation of the total absorbance. The EXAFS function bas to 
be extracted from the experimental spectrum befare analysis can be performed 
and coordination parameters can he derived. 

An example of a raw EXAFS spectrum is given in fig. 2.9a. Three regions can 
he distinguished: The pre-edge region (E- Eedge < -30 eV) in which the energy 
of the photons is not large enough to excite or ionize the electrans in the target 
shell of theelementof interest. The absorbance in this region can he approximated 
by a Victoreen expression: 

(2.44) 

were C and D have to be determined by least squares fitting of the data. 
The second part is the edge region in which the steep increase in the ab

sorbance takes place ( -30 eV < E- Eedge < 30 eV). Apart from the edge this 
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region also incorporates features corresponding to electron transitions from the 
care level to a bound state (E < Eedge) and the features of X-ray Absorption 
Near Edge Spectroscopy (XANES) (E > Eedge)· Both types of featurescan give 
valuable additional information about certain aspects of the coordination of the 
target element [26-28]. The last part of a spectrum is the actual EXAFS region 
(E- Eedge > 30 eV). The oscillations in the absorbance in this region can be 
described by the EXAFS formula (2.11). To he able to use the EXAFS formula 
the oscillatory part has to he isolated from the smooth background with data 
rednetion procedures. 
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Figure 2.9 
a: Ra.w EXAFS spectrum, b: pre-edge subtraction, c: background subtraction. 

The background subtradion is performed in two stages. First contributions of 
all other than the photoelectric absorption by target electrans (electrons in the ap
propriate shell of the target element) will he approximated by fitting the pre-edge 
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region with (2.44) or, as bas been done throughout this work, with a quadratic 
polynomial. This approximation is then extrapolated over the full energy range 
of the data and subtra.cted from the data (fig. 2.9b). In studies using theoretica} 
phase and backscattering amplitude functions this step in combination with nor
malisation described below is important. If experimental phase and backscattering 
amplitude functions are used it is superfluons and only used to facilitate certain 
steps in the data rednetion procedure. The accuracy then required is not large 
since the actual background subtraction will correct abberations. 

At this stage artefacts in the spectrum can he removed from the data. Special 
deglitching and dejumping routines are implemented in the data rednetion software 
for this purpose. Deglitching is done by substituting a (preferably) small number of 
points (assigned by the experimenter) with points calculated from interpolation of 
a polynomial of ma.ximally 4th order fitted through reliable datapoints just before 
and a.fter the glitch. Elimination of a jump in the spectrum is done by subtrading 
the jump height from the rest of the datapoints. Because these corrections mutilate 
the original data and add subjective informa.tion to the measured spectrum they 
should he avoided if possible. Thoughout the work presented bere dejumping was 
not necessary and deglitching was limited to a few points. 

The data is obtained in E space. Since the EXAFS is most conveniently 
analyzed in k space, equation (2.5) bas to he used to couvert the spectrum to 
k space. At this stage a choice bas to he made regarding the determination of Eb. 
Usually Eb is chosen ha.lfway down the edge jump. Other options are: the first 
point in the edge were J.2 p.f dE2 = 0 or a characteristic feature in the edge. The 
choice is fairly arbitrary as long as all related spectra are treated in the same way. 
In a later stage of the analysis an inner potential correction Eo will he introduced 
which accounts for core level shifts due to different valency states. Eo will also 
account for errors in the choice of Eb. In the copper data (Chapter 5) the feature in 
the edge originating from the ls - 3d transition bas been chosen as Eb reference, 
in all other data half the step height was used. 

The secoud step in the background subtradion is to remove low frequency 
components from the spectrum which do not arise from the EXAFS phenomenon. 
This is done by least squares fitting a number of cubic polynomials through the 
EXAFS data with the constraint that both function value and first derivative 
of two adjacent polynomials should he equal in the point were they meet ( cubic 
spline). The number of polynomials and their distribution over the data. range 
determines the degree of freedom with which they are allowed to follow the back
ground. The valnes of the two cubic spline cantrolling parameterscan be optimized 
in two ways. The first derivative of the spline with respect to k should just start to 
show oscillations also encountered in the EXAFS, or the strength of low frequency 
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components in the Fourier transform of the data minus the proposed spline are 
minimized while the height of the first peak is hardly affected. In the work in 
this thesis both optimization procedures were used in different stages of the pro
cess. The optimized spline is subtraded from the data (fig. 2.9e) and the EXAFS 
fundion is isolated. 

The EXAFS fundion as obtained after the background subtradion is a super
position of EXAFS signals from all target element atoms in the irradiated volume 
of the sample. Therefore the amplitude is proportional to the con centration of the 
element. To be able to compare the average local atomie environment of target 
element atoms in the sample and in samples with known structure, the EXAFS 
has to be normalized with the concentration. This can be done with equation (2.8) 
in which po(k) can be approximated by the spline fundion. This is the correct 
metbod if theoretical phase and backscattering amplitude fundions are used in the 
analysis of the data. However since the edge step height of the measured data is 
also proportional to the concentration, normalization can simply be done by divi
sion of the EXAFS by the edge jump which is approximated by Jlo( Ej ump- Eed ge). 
This approximation negleds the fad that the background shows a steady decline. 
If experimental phase and backscattering amplitude fundions are used errors in
troduced by this approximation are compensated. The first node of the EXAFS 
function beyond 30 eV is chosen to calculate JJ.o(E;ump- Eedge)· 

If necessary the EXAFS fundion x( k) can he smoothed by Fourier filtering of 
high frequency components. It should be clear that this adds another subjective 
alteration of measured data and can only be a cosroetic improvement of x(k). 
Smoothing was not used in the work stated in this thesis. In fig. 2.10 the result 
of the data rednetion of the EXAFS spectrum of fig. 2.94 is shown. The isolated 
EXAFS oscillations of fig. 2.10 can bedescribed by (2.11). 

2.3.2 Fourier transformation 

The objective of EXAFS analysis is to extract meaningful parameters descrih
ing the average local atomie environment of the target atoms in the sample from 
the experimental data. EXAFS can determine the average number of atoms in 
the first coordination shells, the radius and disorder of these shells and, through 
the phase and characteristic backscattering behavior, the type of backscattering 
element. The most convenient way of presenting EXAFS results is in a radial 
distribution function. Peak positions give coordination shell radii, peakheights 
correspond to coordination numbers and peakwidths are indicative of disorder. 
As was pointed out in 2.1 the radial distribution function can be found by Fourier 
transforming the EXAFS function x(k). Fourier transfarms presented in this the
sis are complex transfarms ofthe type of (2.12) and (2.13). The radial distribution 
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fundion is given by the square root of the sum of the imaginary part of the Fourier 
transform squared and the real part squared. Phase information is contained in 
both real and imagina.ry parts. Since the pha.se function is chara.cteristic for the 
type of absorber-ba.ckscatterer pair, either imaginary or real part must he included 
into the presentation of a radial distribution function. Usua.lly the imaginary part 
is used. 

Tbe Fourier transfarm of an EXAFS fundion should be viewed as a. different 
way of presenting the data., it does not a.dd informa.tion. However it does provide 
a. means of isolating information from different coordination shells. From the 
EXAFS formula it can be seen that in k spaee the total x is a sum of x's of 
the different coordination shells. Since the Fourier transfarm of the sum of two 
functions is equal to the sum of the transfarms of the individual functions, it 
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is apparent that the Fourier transfarm of x is the sum of Fourier transfarms of 
the x's of the individual shells. It is therefore in principle possible to isolate the 
data of one shell from data of other shells by inverse Fourier transformation of the 
corresponding peak in the radial distribution function. 

Unfortunately the concept of 2.1 is only valid for ideal x functions, i.e., ex
tending from k = 0 to k oo. The combination of noise and the decrease of 
the amplitude with k due to the k- 1 and e- 2k~"; termsin (2.11) limits the data 
range in k space at the high k end. XANES and white line features, the plane 
wave approximation and possible superposition of shifted edges originating from 
mixed valency states of the target element in the sample limit the usability of 
measured data at the low k end. Non-infinitesimal data ranges can be treated as 
a multiplication of x(k) with a window function W(k) 

W(k) = c for k < kmin or k > kmax 
(2.45) 

The result of this in R space is the convolution of the radial distribution function 
with the Fourier transfarm of W(k), giving broadened peaks with sidelobes. To 
minimize truncation effects kmin and kmax are usually taken in nocles of X· All 
k dependent amplitude fundions (like Fj(k), k- 1 , e-2k~"l) of x can he viewed 
as a multiplication of the elementary x with an appropriate envelope function. 
Convolution of the Fourier transfarm of such functions with the radial distri bution 
function can have dramatic consequences for peak- and overall shapes of the radial 
distribution function. Consequently the Fourier transform of one shell extends 
beneath the peaks of the other shells and vice versa. Especially if shells are close 
together, reliable isolation of one shell is impossible. 

Because of the decrease of the amplitude of x with k it is often advantageous 
to multiply the EXAFS function with k;, were i = 1, 2 or 3. k Weighting is also 
used to emphasize certain parts of the EXAFS function in order to enhance or 
decrease contributions, de pending on backscattering performance of corresponding 
neighbors. As will heseen laterit can also be used to decouple the effects of certain 
coordination parameters. 

In practice Fourier transformations will he performed as discrete transfarms 
on sampled EXAFS functions. If the sampling rate is sufficiently large this does 
not pose a limitation. 
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2.3.3 Phase and backscattering amplitude functions 

Phase shifts Ój ( k) cause peaks in the radial distri bution function to shift to 
lower R valnes whereas the k dependent backscattering amplitude functions Fj(k) 
can result in peak broadening and/or sidelobes. In order to find correct coordina
tion parameters it is therefore essential to determine these functions and to correct 
for them. This can be done theoretically [29] and experimentally. Throughout this 
thesis phase and backscattering amplitude functions have been· determined from 
experimental data of suitable reference compounds. 

If the structure of a compound is known from other techniques (e.g., crystal 
diffraction) and coordination shells are sufficiently separated to be able to back
transfarm one shell from the radial distri bution function, phase and backscattering 
amplitude functions of partienlar absorber-backscatterer pairs can be derived from 
the experimental data of the reference compound. For this purpose an EXAFS 
experiment is performed on a suitable reference compound sample which resembles 
the expected coordination in the unknown sample as closely as possible. Because 
the reference sample is a bulk sample the signal-to-noise ratio is optima! and the 
data range in k space is large. Therefore Fourier transforma of reference com
pound spectra are less distorted by the k window and backtransformation of a 
shell-usually one of the first and therefore larger peaks-can be done reliably, 
yielding the x of a coordination shell with one type of absorber-scatterer pair. 
Since the coordination number and distance are known phase and backscattering 
amplitude functions can be calculated from (2.11). The backscattering amplitude 
function thus found, also incorporates static and dynamic disorder and mean-free
path effects from the reference compounds. 

The experimental phase and backscattering amplitude functions can be used to 
correct an experimental x(k) before Fourier transforming it, simply by multiplying 
the EXAFS function with the inverse of phase and/or backscattering amplitude 
functions. Peaks corresponding to these absorber-backscatterer combinations in 
the absolute part of such a phase and/or amplitude corrected Fourier transfarm 
will be at the right place and sidelobes caused by one or more extremes in the 
envelope function will vanish. Furthermore the imaginary part of the Fourier 
transform will peak positively at the correct distance. Phase and backscattering 
amplitude functions can also be used to calculate x functions. 

2.3.4 Calculation of x(k) 

Usually the structure and the elements present in a sample are not totally 
unknown. In most cases only a few absorber-backscatterer combinations need to 
be considered. If the corresponding phase and backscattering amplitude functions 
have been determined, the x of a coordination shell can be calculated and the x's 
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of different shells added. The result is a calculated x representing a model of the 
average local atomie environment of target element atoms in the sample under 
study. 

It should he stressed that the experimental x is an average of x's of all target 
element atoms in the irradiated volume of the sample. Target element atoms in 
an actual sample can often he grouped in phases which are not equivalent in the 
atomie environment. Different peaks in the Fourier transform of an experimental x 
may correspond to different phases. Furthermore it is possible that target element 
atoms in different phases have different chemica! honds or even different valency 
states. These effects will affect the binding energy Eo of the electrans in the target 
element atom and thus through (2.5) the k scale of x's of different coordination 
shells. These k scales can he aligned by the introduetion of a inner potential 
correction Eo for every shell j. Because of approximations made in de derivation 
of (2.11) even different coordination shells from one phase can have different Eo's. 
The binding energy Eo in (2.5) is substituted for Eb - (Eo)j. Eb is determined 
from the position of the edge as outlined in 2.3.1, (Eo); is an additional degree of 
freedom in the analysis of the experimental data. 

With phase and backscattering amplitude functions of all absorber-scatterer 
pairs and estimates of N;, R;, .ó.uJ ( the difference between q of shell j in the 
sample and the shell in the reference compound used to calculate the amplitude 
function) and (Eo); the EXAFS function x(k) conesponding to the model of the 
average atomie environment of all target element atoms in the irradiated volume 
of the sample can be calculated. Best results are obtained if the radius of shells 
in the reference compounds is comparable to those in the sample. If the shell 
radii of the references differ much from the Rj values, mean-free-path corrections 
incorporated in the amplitude correction functions will not he adequate and a 
correction for the radius difference has to be made. This correction is given by 

N. _ N! (2(R;- RreJ )) 
1- J exp À (2.46) 

in which NJ is the coordination number of the lh shell as found from analysis 
and RreJ is the radius of the reference coordination shell. An estimate of À can 
be found from analysis of the higher shells of the reference compound. Usually À 

can he approximated to he 6 or 7 Á. 
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Figure 2.11 
Infl.uence of small changes in the coordination parameters on x(kl. 
a.: t::.N = -1, b: t::.R = 0.02 A, c: t::.(!::.tr2 ) = 0.0005 A2 a.nd d: t::.Eo = 4 eV. 

2.3.5 Modeling and compa.ring in R space 

The effects of the four parameters Nj, Rj, A. u} and ( Eo )j on the calculated x 
can heseen from fig. 2.11. A model one shell x(k) was calculatedfor N = 10, R = 
3 A, A.o-2 = 0 A 2 and Eo = 0 e V and compared with x functions with perturbed 
parameters. It is shown that both N and A.u2 affect the envelope of the EXAFS. 
The effect of changes in N is k independent whereas A.u2 mainly acts on the high k 
end of the x. R and Eo influence the wavelengthof the EXAFS oscillation. Effects 
of changes in R again are k independent while E0 affects the low kendof x(k). In 
k space the effects of the parameters, although correlated, can he distinguished. 
Unfortunately if more than one coordination shell is present-which is normally 
the case-analysis in k space is virtually impossible. 

Fourier transforming the ealculated x and compa.ring it with the Fourier trans-
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k1 Weighted Fourier Transfarms of 2.11. 
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form of the experimental x makes comparison per shell possible and appropriate 
adjustment of the input coordination parameters to obtain a better fit can be 
done. Although changes in the coordination parameters of one shell-because of 
sidelobes and sidewings-can influence the fit of others. Care must be taken to use 
the same k intervals for both Fourier transfarms since the peakheigth and shape 
are k interval dependent. In the analyses in this thesis the k range was determined 
by the position of nocles in the experimental x of the sample. 

In R space the effects of N and ~o-2 and of R and Eo are highly correlated. 
Different combinations of N and ~o-2 and R and Eo give equally good fits in 
R space. To decouple the effects of N and ~o-2 and R and Eo different k weighted 
Fourier transforms have to he used. Multiplication of x with kor P before Fourier 
transformation emphasizes the low k or the high k end respectively. The effects 
of N and R are the same for both types of Fourier transfarms while ~o-2 pre-
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Figure 2.13 
k3 Weighted Fourier transforms of 2.11. 

dominantly affects the k3 transform and Eo the kl transform (fig. 2.12 and 2.13). 
The effects of R and Eo on the magnitude and imaginary parts of the Fourier 
transforms are reversed: A displacement of the imaginary parts towards higher 
distauces corresponds to a magnitude displacement in the same direction if R is 
varied, whereas if Eo is varled this results in a shift of the magnitude to lower 
distances. By varying the parameters and comparing the k1 and k3 transforma 
of the calculated x with the equivalent transforma of experimental data unique 
values for N and !:1u2 and R and Eo can he found. 

The procedure can he demonstrated on the simple model one shell spectrum. 
Two combinations of N and liu2 have been calculated which give good fits in the k1 

Fourier transform (fig. 2.144
). In the P Fourier transform however the fits are not 

good (fig.2. 1411). Conversely also combinations of N and !:1u2 can be determined 
to give good fits in k3 Fourier transforms. Plotting two series of N and !:1u2 
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a.: k1 Fourier transfarm for N = 7.61, A0'2 = -0.001 A2 (---), N = 10, Au2 = 
o A2 (-) a.nd N = 12.73, Au2 = 0.001 A2 (--i· (R = 3 A, Eo = o eV.) 
b: k3 Fourier tra.nsforms for these combina.tions of N and A.,.2 which give a. good fit in 
the kl Fourier tra.nsforms. 

which give good fits in P and P Fourier transfarms respectively in a N vs ~o-2 

plot (fig. 2.15) shows an intercept at N = 10 and J).q2 = 0 Á 2 which indeed 
correspond to the values used to calculate the model spectrum. An equivalent 
procedure can he used for R and E0 • Since radial distribution functions are a 
superposition of radial distribution fundions of individual shells, this one shell 
example may he extrapolated to the practical situation of multiple shell spectra. 
Although interference because of overlap wiJl also complicate analysis, the methad 
provides an objective criterion for the reliability of the coordination parameters 
found: both P and k3 Fourier transfarms should show good resemblance in both 
magnitude and imaginary part between model and experimental data. 

It should he stressed that this type of analysis is very time-consuming since 
with n shells it means optimizing 4n parameters, not including the possibility of 
not knowing the absorber-scatterer pair for some of the shells. The number of free 
parameters which can reliably he determined is limited by both the data range in 
k space and in R space and is given by [9] 

N ,.", 2(Rmaz- Rmin)(kmaz - kmin) 
jree.""" 11' (2.47) 

in which the data range in k space is given by kmaz - kmin and in R space by 
Rmaz- Rmin· In practice kmaz is about 10-15 A- 1 , kmin about 3 A-land the 
R range is about 4-6 A, giving a practical estimate of Njree of 18-46. 
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N vs Jlu2 of combinations giving good fits in k1 or KJ Fourier transforms. 
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CHAPTER3 

THE LABORATORY EXAFS SYSTEM 

In section 2.2 it was pointed out that the quality of the data is determined by the 
quality of the x-ray source. It stands beyond doubt that synchrotron radiation 
is most suited for EXAFS experiments. It has a high souree brightness resulting 
in a high intensity beam with a small divergence [1]. Unfortunately synchrotron 
radiation requires a synchrotron or an electron storage ring and therefore is not 
readily available to experimenters. Furthermore synchrotron beamtime is expen
sive. This has led some EXAFS groups to build laboratory EXAFS equipment, 
usually based on a conventional x-ray souree [2-9]. A review on different aspects 
of laboratory EXAFS systems has been given by Koningsberger [10]. 

The linear spectrometer designed and built by Brinkgreve et al. [9] has been 
optimized and used here. A comprehensive description of the Eindhoven labo
ratory EXAFS system was given by van Zon [11]. In section 3.1 the different 
components will briefly be reviewed to facilitate the discussion of alterations in 
section 3.2. The performance of the system at present is discussed in section 3.3. 

3.1 Description of the apparatus 

All systems reported in literature are based on the Rowland circle principle 
for monochromatisation and focusing of the divergent beam emitted by the x
ray souree (fig.3.1). The beam originates from souree point S, is diffracted by 
a monochromator crystal which is bent over 2R, resulting in a convergent beam 
which is focused in D. Monochromatization is basedon the Bragg relation (2.16) 

(3.1) 

(À is the wavelength, dhkl the lattice spacing of the diffraction planes with Milier 
indices (hkl) and 8; is the incidence angle). From this equation it is apparent 
that changing the energy of the reflected beam-e.g., to scan through the EXAFS 
spectrum-requires a change in incidence angle 8;. In the Rowland circle concept, 
the crystal is attached to the line MC. Therefore changing 8; is equivalent to 
changing the distance SC. Since the x-ray souree is not easily moved, point S is 
the fixed point of the spectrometer and point C and the center of the Rowland 
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S: x-ray souree point, C: rotation axis of monochromator crystal, D: x-ray focal point 
where the sample/detector stage should be positioned, M: Rowla.nd circle center a.nd 
R: the radius of the circle. 

circle M must move. From symmetry about line MC it can beseen that distance SC 
is equal to CD. This means that the sample detector/stage at D also has to move. 

Of conventional x-ray sourees a rotating anode generator has the highest 
brightness. The Eindhoven set-up is based on a 15 kW Elliot GX-21 genera
tor with a molybdenum rotating anode. It basically consists of a watercooled 
disc-shaped anode in which electrons emitted by the catbode and accelerated by 
the electric field in between catbode and anode are stopped. Due to the shape 
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of the catbode the electrons are focused in a spot on the anode with a width of 
O.S mm and 10 mm high. The anode is rotated around a vertical axis at 1000-
6000 rpm to allow the heat generated by the stopping of the electrons to diffuse 
into the materiaL The acute deceleration of the electrons results in emission of 
bremsstrahlung [12]. Unfortunately of this radiation only a small part-defined 
by the acceptance solid angle of the crystal-can he used. A small take-off angle 
(5.5°) combines a maximum in intensity with a small effective spotsize. 
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Figure 3.2 

5 10 15 20 
E (keV) 

Bremsstra.hlungs spectra of 20 keV electrous stopped in Cu, Mo and Au. 

The highest energy in the bremsstrahlung spectrum is equal to the energy of 
the stopped electrons and can therefore he chosen by selecting the tube voltage 
(fig. 3.2). Keeping the tube voltage below the energy of the higher harmonie radi-
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ation effectively prevents contamination of the monochromatic beam with higher 
harmonies. Unfortunately at low tube voltages-due tospace charge building up 
in between the catbode and the anode which red u ces the electric field-the max
imum tube current is a function of the voltage. The E-integrated intensity is 
proportional to V 2 ·I in which V is the tube voltage and I is the tube current. In 
EXAFS data acquisition a more meaningful parameter is the di:fferential intensity 
in a small energy band dE. The dependency of the differentlal intensity on V and 
I can be approximated by I · V. lt is therefore desirabie to be a.ble to use the 
largest value of I · V. 

The Brinkgreve spectrometer which is used to maintain the Rowland circle 
geometry consists of two rigid beams. The main beam-parallel to the line SC 
(fig. 3.1)-is fixed and guides the slide which accommodates the crystal. A second 
beam parallel to the line CD guides. the detector slide. This beam is attached 
to the crystal slide and suspended by an axle through C. Three radii define the 
Rowland circle: one from the souree point S to the circle center M, one from 
point C of the crystal slide to M and one from D to M. The crystal is attached 
to the MC radius. Changing SC changes the angles of the isosceles triangle SCM 
and since O, equals ~ - LSCM also (}i. In the i deal case of a monochromator 
crystal with crystal planes bent to a radius of 2R and a surface with a radius R 
a divergent beam emitted from S will he focused in a point on the Rowland circle 
which distance to the point C is equal to the distance SC. Changing SC therefore 
necessitates a change in CD. 

The accuracy with which an EXAFS spectrum is scanned requires a high 
positioning accuracy of the spectrometer. From .6.SCB (fig. 3.1)-since LBSC is 
a right angle-it can he seen that 

(3.2) 

in which lt is the distance SC. Using equation (3.2) together with equation (3.1) 
and applying the conversion formula of wavelength À (Á) to energy E ( e V), l 1 can 
he expressed in energy (in e V) 

(3.3) 

(h: Planck's constant, c: speed of light, R:radius ofthe Rowland circle, e: elemen
tary charge). By differentiating equation (3.3) and dividing the result hy l 1 it can 
heseen that, to ohtain an energy accuracy of 0.25 eV at 10 keV using a Si(lll) 
crystal and a Rowland circle of 500 mm, the accuracy in l 1 and consequently also 
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in i2 (distance CD) must be 0.005 mm. This accuracy was obta.ined by using DC 
motors and a large backlash-free reduction-accomplished with frietion wheels in 
the rednetion train which were prestressed within the elastic deformation region 
to avoid slip-in combination with a position feedback system. 

It was first pointed out by Johansson [13] that if a perfect crystal is bent 
cylindrically to a radius of 2R and diffraction takes place on the Rowland cirde a 
souree on the Rowland circle is perfectly projected on the Rowland circle, For this 
the surface must be ground cylindrically to R. In the vertical direction due to the 
divergence of the beam the projection will be magnified. The geometry of a crystal 
bent over 2R with a ground surface of Ris therefore known as Johansson geometry. 
Since grinding the surface correctly is difficult and may introduce defects, crystals 
oftenare nsed only inthebent geometry (Johann crystals). From fig. 3.3 it can 
be deduced tha.t this willlead to aberrations in o,-and thus in E.:_which are a 
function of <P 

{3.4) 

A slit system in front of the crystal is used to define </J. Furthermore, from. fig. 3.3 
it can be seen tha.t the x-ra.y focus is not on the Rowland circle. · Application of a 
detector entrance slit-which is customary-also limits the effective <fJ since rays 
outside a certa.in maximum <P will be stopped by the detector slit. 

To get convergence in the vertical direction Viegers and Bornstra have designed 
a. monochromator crystal geometry which ideally projects a point souree in S to 
a point focus in D. This requires a crystal of which the surface is cylindrically 
ground to R and of which the diffraction planes are spherically bent over 2R. In 
the development phase of the Viegers-Hornstra crystal a.n intermediate geometry
the so called modified Johansson geometry-has been used. The crystal surface 
was spherically ground to R and its crystal planes spherically bent over 2R. 

Since the range of the spectrometer is limited, crystals with different lattice 
spacings d have to be used for the low, medium and high energy range of experi
ments. Furthermore since both resolution and intensity ( through the solid angle) 
are functions of the lattice spacing the cboice of crystal for a certa.in energy range 
largely influences the compromise between resolution and intensity. For a cubic 
crystal the spacing is given by 

(3.5) 

in which ao is the unit cell dimension. So far, the following crystals have been 
used: Si(lll) of modified Johansson and Viegers-Hornstra. geometry for the low 
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7r: 0· 2 I 

The Rowland circle geometry in combination with a Johann crystal. 

energy region (5-10 keV), Si(311) (Johann geometry) for the medium energy re
gion (7-14 keV) and a Johann Si(400) crystal for the high energies (9-15 keV). As 
was mentioned before higher harmonies of the fundamental (hkl) reflection-i.e., 
(h'k'l') with h' = Nh, k' = Nk and /1 = NI (N an integer)-are also reflected. 
In a perfect Si or Ge crystal the structure factor which determines the intensity 
of the diffracted beam is zero for hkl mixed even and odd, and for even Milier 
indices with h + k + l = 4N + 2 (N an integer). Therefore the second order 
refiection of the Si(lll) and Si(311) crystals is forbidden. This means that the 
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(333) or (933) refteetions respeetively-with energies three times the energy of the 
fundamental-are the next allowed reftections. This is beneficia} for the total in
tensity because the generator in this case ean be operated at a voltage 3 times the 
fundamental energy instead of 2 times. Unfortunately bending erystals deforms 
the lattice resulting in a small but non-zero strueture factor. Normally this does 
not pose a problem because the second harmonie is very weak. Only when major 
changes in the intensity of the second harmonie can be expected-i.e., when ener
gies are seanned which incorporate half the energy of excitation lines of the anode 
material-the experimenter is advised to limit the tube voltage to a level below 
these lines. 

A.Bsuming perfect alignment of the system and a perfect crystal, the resolution 
with which the EXAFS spectrum is scanned is determined by the souree width w,, 
the vertical divergence of the beam, horizontal divergence if a Johann crystal is 
used, the penetration of x-rays into the crystal and the diffraetion width of the 
crystal. Thulke et al. f7] and van Zon [11] have derived relations for different 
angulár broadening effects. The relationship between angular broadening 11.() and 
energy resolution can be found from differentiation of the Bra.gg relation 

D..E tJ..(j 

E = tan6' 
(3.6) 

Assuming Gaussian reftection peaks, the overall resolution can be found by ad ding 
the separate effects in quadrature. The effects of the souree width, penetration of 
x-rays and diffraction width cannot easily be inftuenced. Of these the first one is 
dominant. The horizontal and vertical divergence can be determined by the setting 
of the different slits allowing the experimenter to trade resolution for intensity and 
vice versa. 

The resolution can be measured by scanning through an impurity line of 
tungsten-of which both the energy and the width are known-and estimation 
of the peakwidth at half maximum. The overall energy resolution of the EXAFS 
system dE, can be calculated from the linewidth dE, and the measured width dEm 
using 

(3.7) 

Three suitably strong tungsten lines are available in the operating region of the 
spectrometer (W-La1 at 8.3976 keV with linewidth 6.5 eV, W-Lf3t at 9.67235 keV, 
linewidth 6.9 eV and W-L·n at 11.2859 keV with a linewidth of 10.2 eV). The 
measured resolutions however in general were 2-3 times worse than the predicted 
ones by van Zon [11]. This has led to the assumption that the alignment of the 
system was not correct. 
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It has already been pointed out (section 2.2) that ionization chambers have 
many advantages over other detection systems. They have a linear response, are 
not limited in counting rate (in contradiction to the electtonics to amplify the 
signa!) and because of their simple design they are virtually foolproof. Furthermore 
by adjusting the gas mixture the absorbance especially of the Ii detector can 
simply he adjusted to the energy range of the experiment. Disadvantage is the 
fact that no energy discrimination is provided. If the detection system would be 
able to discriminate against higher harmonie radiation the generator could always 
he operated at full power and a major gain in intensity would he realized. 

The chambers consist of a gastight box with aluminized mylar windows in 
which two vertical condenser plates (interplate spacing 20 mm) are situated. The 
first chamber is only 52 mm long whereas the second is designed to absorb all 
radiation transmitted by the sample and therefore is 268 mm long. Both chambers 
are continuously flusbed with gas. The I, chamber with 100% Ar, the [i one with 
a mixture of Ar and N2. In fig. 3.4 the fra.ction N2 for optimal absorption is given. 
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Figure 3.4 
Fraction of Ar of the Ar/N2 gas mixture to achleve optima! absorption in the /; ion
ization chamber as a function of energy. 

The amplifying circuitry is ba.sed on a.low noise current amplifier mounted di
rectly on the detectors. The outputsignalis fed into a second amplifier a.fter which 
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it is converted to a frequency. The frequency signal is fed into a counter/scaler 
which can be read by the measuring computer. The number of conuts per unit 
time of the counters-in the linear region of the electronics-is proportional to the 
nurnber of absorbed photons. 

The operation of the spectrometer is totally automated and computer con
trolled. The measurement of an EXAFS spectrum is performed-usually over 
night-without operator interference being required. The normal sequence of 
events is: the computer calculates aspectrometer setpoint according to the settings 
of the measurement which have been stored in its memory by the experimenter. 
This setpoint is transmitted to two microprocessors which control the motors of 
the spectrometer. In sequence both slides are driven to the setpoint. A Sony mag
netic ruler system with an accuracy of 5 p.m on both slides, which reports back to 
the corresponding microprocessor is used to keep track of the current position. If 
both slides have been positîoned the microprocessors report back to the computer 
and the Iï and lt counters are started. The experimenter also bas determined the 
number of counts required for suflicient signal-to-noise ratio in the current region. 
Ifthis number of counts bas been gathered by the Iï counter/scalerthelt counter 
is read, the absorbance calculated, the data stored onto floppy disc and the next 
setpoint of the spectrometer determined. 

3.2 Alterations to the system 

In the course of the experiments performed with the laboratory system it 
became apparent that certain components needed to be or could be improved. 
Alterations made inthelast four years are discussed bere. 

3.2.1 The x-ray souree 

Superimposed on the continuons bremsstrahlung spectrum of a conventional 
x-ray souree are excitation lines originating from ionizations and excitations by 
the energetic electrous of elements present in the anode materiaL In this case, 
excitation lines of molybdenum and of tungsten-deposited on the anode after 
evaporation of the filament-eau be observed. Depending on the concentration of 
the element in the irradiated area of the anode the intensity of these excitation 
lines eau be orders of magnitude stronger than the intensity of the bremsstrahlung 
at that energy. Such peaks in intensity cause saturation of the detection stage. 
Therefore a feedback circuit was implemented on the generator which decreases 
the tube current when the signal in the I, detector exceeds a preset level {14]. 

The anode rotates in vacuum while it is driven by a motor outside the vacuum. 
Also water is flowing through the anode. This requires a dynamic seal in between 
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the rotating shaft of the anode and the tuhe-head. The anode is held hy a pair 
of matebed angular contact hearings which are situated inside the vacuum. Be
cause of the mechanical design of the anode suspension, forces on the hearings are 
not well distributed and the wear in the hearings is extensive. Consequently the 
stability of the rotation of the anode will decrease which leads to increased wear 
in the vacuum seals. The major disadvantage of a rotating anode x-ray generator 
is the short life of hearings and vacuum seals. Different hearings and damping 
of vibrations in the drive belt of the anode have been implemented. Furthermore 
the normallipseals have been exchanged for magnetic seals. These improvements 
have raised the life of the anode assembly from a few hundred to about thousand 
hours. 

In order to control the current flowing from anode to catbode at a specific tube 
voltage, the generator acts on the current through the filament to obtain a filament 
temperature at which the electron emission is equal to the required tube current. 
Conversely-since the effectiveness with which emitted electrous are carried off is 
a function of the tube voltage-to reach the maximum current at low voltages, the 
temperature of the filament is high. This enhances evaporation of the filament. 
Because of the relative poor vacuum due to the dynamic sealing, the filament is 
constantly being bombarded by ions produced by the interaction of the energetic 
electrous with residual gasmolecules. At high filament temperatures the effects 
of this bombardment will he more severe. By using tungsten filaments which are 
thorium doped, the work function for the emission of electrons is lowered and 
consequently also the temperature of the filament. In this way an increase in the 
filament life has been realized. 

3.2.2 Monochromatization 

To get a crystal which has its surface perfectly parallel to its diffraction planes 
is virtually impossible. Cutting a crystal slice will always result in a small mis
match of surface and crystal planes. The influence of this mismatch on the reflected 
energy can be calculated from diffraction theory [15]. Define k; the wavevector of 
the incoming radiation (k; = e;j>. with e; the unit vector in the direction of the 
radiation) and kH the wavevector of the radiation diffracted by the crystal planes 
(H1H2H3). The Bragg relation can then be given by (fig. 3.5) 

kH -k; =BH (3.8) 

with BH given by 

(3.9) 
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Figure 3.5 
Crystal diffraction, pictorially dealt with. 

were bi are the reciprocallattice veetors of the crystal structure. 

1 IBHI=--
dH1H2H3 

(3.10) 

Applying this concept to a crystal which has its surface normal in the z direc
tion and BH not coinciding with the surface normal (fig. 3.6) results in 

( 

sin ~~os 1/J + coXO'B ) 
k _ sin 6 sin tiJ 
H- dH • 

cos6 sinfá dH-

(3.11) 

The wavevector of the diffracted wave ca.n a.lso he expressed in the a.ngles OB and {3 

1 (cos~cosOB) 
kH =X sm{J . 

cos{Jsin OB 
(3.12) 

Equa.ting z, y and z componentsof (3.9) a.nd (3.10) makes it possible to eliminate 
tJ'Q and {3 and to find a rela.tion between 6, 1/J a.nd OB 

sin2 6 cos 21/; + cos2 6 = 2 ~: - sin 2 6 sin 2 1/; (sin OB cos 6 + cos 1/J cos OB sin 6) . 

(3.13) 
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z 

x 

Figure 3.6 
a: Diffraction of radlation with wavevector k; by crystal planes of which the normal 
vector ha.s a mismatch 6 with respect to the surface normal. b: The normal on the 
crystal planes relative to the normal of the surface. 

The inftuence of the mismatch can best be understood if special azimuth angles 'Ij; 
are substituted in equation (3.13). If '1/J = 0 or 1/J = 1r the mismatch is a subtraction 
from or addition to the Bragg angle. In practice this means that the diffraction 
is not symmetrical with respect to the crystal surface. However the crystal has 
been mounted on the spectrometer with its surface perpendicular to radius MC. 
This means that the spectrometer will be out of balance (f1 =f. f 2). Substituting 
an azimuthof 90°-i.e., the difference vector between the surface normal and the 
normal on the diffraction planes does not have a component in the plane of the 
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Rowland circle-yields 

(3.14) 

The order of magnitude of the correction incorporated in (3.14) can he estimated 
hy power series expansion of the S containing terms. The result shows that equa
tion (3.14) only contains quadrie or higher terms in S. It should therefore he 
preferred to have the azimuth of the mismatch vector in the vertical direction. 
Evidently e:ffort must he made to minimize the mismatch angle by careful align
ment of the crystal batch prior to cutting. 

Equation (3.13) can be used to measure the mismatch of a crystal if it is 
rotatably mounted by applying it to two or more t/J's. Prerequisites are knowledge 
of the reflected wavelengthand the distance CD in order to he able todetermine 0~. 
The peak intensity of a partienlar tungsten impurity line can be used as a reference 
for À. 

If pieces of the monochromator crystal are not perfect they may reflect a 
slightly different energy. Radiation with this energy will not be focused on the 
Rowland circle. Therefore, in the case of non-perfect crystals resolution eau largely 
be improved hy the use of a detector entrance slit at the ideal focus point D. For 
this reason a detector slit bas been introduced. It consists of a alnminurn mounting 
piece situated at D and a set of tantalum plates with fixed slits of width 0.05, 0.1, 
0.2, 0.3, 0.35, 0.4 and 0.5 mm which can accurately be placed in the focus point. 
As was mentioned above in the case of Johann crystals, introduetion of a detector 
slit is equivalent to decreasing the horizontal divergence of the beam. Naturally 
improving resolution requires filtering out energy components which have too large 
an energy di:fference with the selected energy and will therefore also decrease the 
intensity. 

3.2.3 Alignment of the spectrometer 

Because it is not feasible to move the x-ray generator, the souree point of 
the spectrometer is fixed. This means that the center of the Rowland circle M 
moves along a circle which-in the ideal case-bas its center in the souree point S 
(fig. 3.7). The center of this circle will he referred to as the pivot point. The 
pivot point is the axis a.round which radius SM can rotate. For the performance 
of the spectrometer it is essential that the pivot point is situated on the optical 
axis ( the line in the plane of the Rowland circle along which the crystal rotation 
axis C moves) and that the pivot point coincides with the x-ray souree point. The 
x-ray souree point is determined hy the position of the anode, the pivot point 
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by a special coupling block and the optica] axis is determined by the main beam 
of spectrometer. The purpose of the alignment is to establish the position and 
orientation of these three parts relative to each other to fulfill this requirement. 

Figure 3.7 
The Rowla.nd circle with fixed souree point at two different energies. 

Because the surface of the table is the rigid plane onto which souree and 
spectrometer are positioned, the souree point of the x-radiation has to be projected 
onto this surface. The souree point is the point where the electron line spot on 
the rotating anode intersects with the plane of the Rowland circle. The anode is 
essentially a disk of diameter 88.8 mm with a shaft which is rotatably mounted 
with two hall hearings to the lit of the vacuum compartment. The rotation axis of 
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the anode is perpendicular to the mounting face. Eventually a hall will serve as a 
reference for the projected souree point and the spectrometer will be translationally 
fixed to the x-ray souree by the halL The hall is positioned by a pit in an alignment 
plate. In practice projecting the souree point is equivalent to positioning the 
plate on the surface of the tahle in such a way that the ball's center lies on the 
extrapolated x-ray source. · 

The anode assembiy is repiaced with a tooi that has a rotation axis which is 
perpen dienlar to the mounting face and thus parallel to the axis of the anode. The 
rotation tooi is mounted to the head using the same reference face as is used with 
the positioning of the anode. Since the distance tooi axis-reference face is known 
from the construction of the tooi and the distance anode axis-reference face can 
accurately be measured, the dista.nce between the tooi axis and the anode axis is 
determined. By attaching a rigid hook to this axis it was possible to transport 
it around the head of the x-ray tube to the surface of the tabie (fig 3.8). With 
a tracer with accurate radial distance read-out at the end of the hook pointing 
towards the rotation axis, an alnminurn disc was positioned on the top of the 
table with its rotation axis coinciding with the tools axis. The top part of the 
alnminurn disc has exactly the same diameter as the hall which is going to serve 
as reference point. A square is used to produce a line aligned with one side of the 
top of the alnminurn disc and perpendicular to a face below the tube's head which 
is parallel totheface used as position reference in the mounting of the anode. The 
ball must be positioned along this line. The distance anode axis-tool axis plus 
anode diameter is produced by placing gauge blocks in between the hall and the 
top of the disc. In this position the alignment plate is bolted to the top of the 
tabie and the reference point for the spectrometer is fixed. It was estimated that 
the position of the center of the hall is within 0.02 mm of the extrapolated x-ray 
source. 

The coupling block is an aluminum block which incorporates the pivot axis of 
the radius SM. It is fixed to the hall on the top of the table above the projected 
souree point and is connected to the main beam of the spectrometer. It therefore 
incorporates three functions: pivot axis, positioning of the main beam of the 
spectrometer and one of three supporting points of the spectrometer. In the early 
design of the coupling block too many degrees of freedom were built in. The 
projected souree point prevented translation of the block but it had still three 
rotationai degrees of freedom. Furthermore the block was attached to the main 
beam of the spectrometèr with a hall in between. Therefore the block also had 
three rotational degrees of freedom relative to the main beam. In the last step 
of the alignment described by van Zon [11) the position of the coupling block 
was adjusted to align the optical axis with the x-ray source. Unfortunately this 
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Figure 3.8 
A tooi is mounted on the head w hich incorporates a rotation axis parallel to the rotation 
axis of the anode. A rigid hook is used to transport the axis to the top of the table. 
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destroyed the alignment of the pivot axis with respect to the crystal axis. 
The newly designed coupling block is fixed in place by the reference hall 

(fig. 3.9). It is attached to the alignment plate with one long bolt coinciding 
with the pivot axis through the baH. The coupling block is thus translationally 
fixed in position but can slightly he rotated in three directions around the hall. 
Furthermore the bottorn hall hearing of the rotation axis SM is press fitted around 
the hall. The top hearing of the pivot axis is incorporated in the coupling block. 
The coupling block must he attached to the main beam of the spectrometer in 
such a way that the pivot axis is parallel to the crystal rotation axis. Alignment 
of the axis is equivalent to alignment of the block. 

The block is aligned with the crystal axis by aligning it with the surfaces of 
the main beam which guide the crystal slide. For this purpose the coupling block 
has two specially machined facesof which the orientation relative to the pivot axis 
is known. Two spacers of equal thickness are used to bridge the distance from 
the top and bottorn guides of the main beam to the line in the prepared faces 
of the coupling block when it is properly aligned. With the help of a hair ruler 
the alignment of the faces was checked and the position of the block corrected. 
The estimated accuracy in this procedure was 5.10-4 . In the correct position the 
coupling block is rigidly bolted to the main beam of the spectrometer. From this 
moment onwards the block and the spectrometer are considered to be one and 
parallelism of pivot axis and crystal axis is guaranteed. 

Although the position of the coupling block relative to the main beam of the 
spectrometer is correct, the combination of coupling block and spectrometer still 
has three rotational degrees of freedom around the hall in the projected souree 
point. The spectrometer is supported in three points on surface. The ball is the 
one under the x-ray head and is fixed. The other two at the end of the main 
beam can be adjusted. Adjusting both of them in the same direction rotates the 
spectrometer around an axis parallel to the electron beam, whereas adjustment in 
opposite directions rotates the spectrometer around an axis parallel to the optical 
axis. The third degree of freedom is rotation around the pivot axis and is used to 
choose the take-off angle. Since this does not require high accuracy it was assumed 
to be right. 

The criterion for proper positioning of the spectrometer is the fact that the 
plane of the Rowland circle should be perpendicular to the rotation axis of the 
anode. Therefore the tooi with its rotation axis parallel to the axis of the anode 
again was used. A specially prepared plate was mounted which had one face exactly 
perpendicular to the rotation axis. Next, two coupled electronk spirit levels were 
placed on this face and the angular positioning difference set to zero. One of the 
levels was placed on the vertical guide of the crystal slide and the supports adjusted 
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Figure 3.9 
Sectional view of the pa.rt of the revised coupling block incorporating the pivot axis. 
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to bring both levels at the same angleo The other direction was treated similar 
and the total procedure repeated until in both directions the spectrometer was 
parallel to the face of the plate on the rotation tooi. The accuracy of alignment 
with the use of these electronic spirit levels is lQ-5 0 

Both guides have a magnetic position reference mark for the ruler systemo For 
both slides the distance SC and CD respectively at their reference marks have 
been determined with an accuracy of Oo01 mmo The distance pivot axis-crystal 
axis when the crystal slide was at its position reference mark was 157080 mm, the 
distance crystal axis-detector focus point for the detector slide was 179010 mmo 
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Figure 3ol0 
A slit system mounted on the main beam in combination with a film at the end of the 
beam can be used to determine the position of the x-ray sourceo 

The starting point of the alignment procedure was the x-ray sourceo By pro
jeding the souree onto the table a line was constructed with which in the ideal 
case the pivot axis of the spectrometer should coincideo The orientation of the 
coupling block relative to the main beam was adjusted to make both pivot axis 
and crystal rotation axis parallel. Finally the spectrometer was rotated around 
the projected souree point to make the pivot axis coincide with the constructed 
lineo Therefore to check the alignment the position of the x-ray souree relative to 
the optie al axis ( determined by the position of the spectrometer) must be checkedo 
Furthermore, since the anode regularly is removed from the head and after revision 
remounted, a check on the correct position must be providedo Two possibilities 
have been developed for this purposeo The first makes use of a slit system that 
can accurately be positioned on the guides of the main beamo Three vertical slits 
of 0.1 mm width, 5 mm apart are usedo At the end of the spectrometer a picture 
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can be taken of the beam coming through these slits. A Polaroid film holder was 
developed which bas two wires diagonally across the film which interseet in the 
optical axis. The center slit-which is positioned on the optica! axis-should give 
an image coinciding with the shadow of the intersection of the wires. From the 
distance in between the images of the two outer slits the position of the x-ray 
souree can be calculated if the distauces slits-film and slits-pivot axis are known 
(fig. 3.10): 

(3.15) 

(3.16) 

The crystal slide can be used to measure both distances. 
The second option uses a flat Si(111) crystal ofwhich the mismatch 8 has been 

determined and which is rotatably mounted. The mismatch vector is positioned in 
the plane of the Rowland circle and the distance CD' is measured for different x's 
(fig. 3.11) fora reference point in the tube spectrum (tungsten impurity line). If 
the souree is in the correct place it can be seen from fig. 3.11 that this should 
result in 

he 
(3.17) 

deE(eV) 

and aberrations of this points towards a misplaced x-ray source. 
The position of the x-ray souree was checked with the first metbod (fig. 3.12). 

From fig. 3.12 it can be calculated that the traverse distance from the souree to 
the optica] axis is smaller than 0.05 mm. 

3.2.4 Acquisition of EXAFS data 

The quality of EXAFS data is largely determined by the intensity of the 
monochromatic beam at the first ionization chamber. Apart from the bright
ness of the souree and the reflectance of the crystal the intensity at the detector 
stage is also determined by the x-ray absorption by the atmosphere in between 
the souree and the I; detector. Especially at low energy the decrease is dramatic 
because-according to the Victoreen approximation (2.44)-the absorption is (at 
least) inversely proportional toE cubed, and the pathlength of the x-rays is in
versely proportional toE (equation (3.3)). A helium flusbed double tube system 
was developed which can be mounted in between the x-ray souree and the crystal 
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Figure 3.11 
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The well defined diffraction of a Rat crystal can be used to determine the x-ray source. 

slit, and in between the crystal and the detector entrance slit. Both of them con
sist of a fixed aluminum tube combined with a rubber bellows. Mylar windows 
are used to seal the entrance and exit openings. 

The measurement of a full EXAFS spectrum typically takes 10-20 hours. The 
counting time per data point can increase to 5 minutes at the end of a spectrum. 
Therefore even variations in the absorbance of the ionization chambers on a time 
scale of tens of minutes will show up in the spectrum as clips, lumps or jumps. The 
absorbance is determined by the gas mixture in the chambers. Since the chambers 
are gas ftushed, the stability of the gas mixture is dependent on the stability of 
the gas flow of the gases to be mixed. Accurate gasflow controllers together with 
pressure controllers and the use of gas from cylinders have been implemented in 
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Figure 3.12 
Alignment check by means of the triple slit system (is, = 280 mm) and a Polaroid film 
at the end of the ma.in beam (l.sJ = 840 mm). (The bar is one cm.) 

order to stabilize the gas mixture of the detectors during the EXAFS measurement. 

A new type of current to frequency converters (Analog Technology Corp.) has 
been tested. With nearly the same noise levels, these I/ f converters combine a 
very large dynamic range (6 decades) with extreme linearity. Furthermore the 
output is a train of TTL pulses which can directly he fed to the counter/scalers 
and is not easily distorted by piek-up. The operation is based on the collection 
of charge. When a preset amount of charge is collected a pulse is produced. The 
charge levels at which the pulseis produced can be set at I0-12, 10-13 and I0-14 C. 
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However, tbe absorption of one 10 keV pboton produces 5.3·10- 17 C [16]. One 
TTL pulse in the most sensitive setting (10- 14 C) corresponds to 200 absorbed 
pbotons. Tbe signal-to-noise ratio according to pboton statistics in tbat case is 14 
wbile the Sf N ratio of one pulse evidently is 1. The overall signal-to-noise ratio 
in tbis example is therefore 1.o~25 which means tb at tbe I/ f converter drastically 
decreases the signal-to-noise ratio at low counting rates. For tbat reason tbe use 
of tbe original combination of I /V amplifier and V/ f convertor was preferred over 
the I/ f convertors. 

The region settings for the measurement are input as spectrometer distauces 
in combination with a stepsize. From section 2.2 it is apparent that this is not 
the preferred metbod since it means that the stepsize in k-space is not constant. 
A new data acquisition program is under development which approximates the 
stepsize D.l within the 5 J.J.m accuracy of the positioning system using 

(3.18) 

in which h is Planck's constant divided by 211'", c the speed of light, R the radius 
of the Rowland circle, e the elementary charge, m the electron mass and E edge 

the energy of the edge of interest (in e V). The regions can then be defined in k
space in combination with the number of points, wbich is more natura! to EXAFS 
experimenters. 

3.3 Discussion 

The performance of the spectrometer after alignment has been cbecked with 
tbe Si(111) crystal with modified Johansson geometrie (spherically bent over 2R 
and spherically ground toR. The crystal was mechanically aligned in the workshop 
to ensure that its surface was perpendicular to the radius MC. However-because 
of tbe mismatch between diffraction planes and the surface of tbe crystal-the 
energy calibration deviated from equation (3.3) and x-ray alignment on the spec
trometer was necessary. The crystal was rotated around an axis perpendicular 
to the plane of the Rowland circle until the reflected energy and the actual dis
tanee f1 satisfied equation (3.3). Prior to the resolution measurements tbe pro
jected width of the souree was checked using tbe pinhole projection metbod de
scribed by van Zon (11]. After optimization the souree width was found to he 
0.066 ± 0.003 mm. Tbis is larger than the value of 0.05 calculated from the elec
tron focal width and the take-off angle. This deviation most probably is caused by 
surface roughness of the anode and deviations from the cylindrical sbape. From 
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Experimental values for the resolution at the tungsten impurity Iines and the predicted 
resolution as a function of energy for the Johansson monochromator crystal in combi
nation with a 0.1 mm detector slit (7]. 

fig. 3.14 it can be seen that the resolution of the re-aligned system agrees with 
predicted values calculated using the metbod of Thulke et al. [7]. 

The experimental resolution values of fig. 3.14 were obtained with a detector 
entrance slit of 0.1 mm. The effects of a detector slit will be enhanced in the case of 
imperfectionsin the crystal or the alignment. The results of the re-alignment can 
therefore best be appreciated if a large detector entrance slit is used. In fig. 3.15 
the relation between the width of the detector entrance slit and the resolution is 
shown, before and after the re-alignment. From this tigure the merits of a detector 
entrance slit under non-ideal conditions can also be seen. A detector entrance 
slit to correct for crystal imperfections is commonly used in laboratory EXAFS 
systems. However, if the influence of the slit is largeit means that much radiation 
(with deviating energy) is stopped by the slit. Consequently in that case much 
fluorescence radiation will be emitted by the slit. Since the solid angle for this flu-
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orescence radiation for the 1ï detector is much larger than for the lt detector this 
will produce a positive offset of the absorbance. If the intensity of the monochro
matic radiation exhibits large changes-i.e., (impurity) excitation lines-this offset 
will vary and artefacts will appear in the spectra. By decreasing the solid angle of 
the first detector~.g., by placing a secend somewhat wider slit in between the ac
tual entrance slit and the detector-this offset can be decreased and the artefacts 
eliminated. After the re-alignment the artefacts were not encountered anymore 
illustrating the superior focusing qualities of the al:igned system. 

The major limitation of Iaberatory EXAFS naturally is the relative low photon 
flux as compared to synchrotron radiation. Because of this scantimes of 10-20 
hours for moderately diluted samples are usual. It has become common practice 
to perferm an EXAFS experiment overnight with measuring times per datapoint 
upto 5 min. at the end of the scan. Unfortunately this makes a measurement 
susceptible to smal! changes in environmental or experimental conditions. A few 
times an EXAFS experiment extending over the weekend was tried. However such 
weekend experiments never produced usabie spectra. 

From the ionization current of the large ionization chamber at 8.5 keV (gen
erator operated at 20 kV, 200 mA)-with the number of ionizations per pboton 
approximated by E( e V)/30-the pboton flux is calculated to be 2.5 x 105 pho
tons/s using an area of 20 x 10 mm2 of the Si(lll) modified Johansson crystal and 
a 0.1 mm detector slit. In that case the statistica! noise is equivalent to 500 pho
tons/s. The employed varactor bridge current amplifiers (Analog Devices, 310J) 
have noise currents of 1-2x I0-15 A which is equivalent to 50 photons/sec. The 
statistica! noise term is therefore the dominant term. From equation (2.23)-with 
~(J.lx)a approximated by 10% of the edge-jump-it can be calculated that with 
optimized detector and sample absorbances, a sample with an edge-jump of 10% 
of the total absorbance can be measured with a S/ N level of 20 using counting 
times of 1 min. per data point. Because of the decrease of the EXAFS signa! 
at higher energies the counting time per data point must increase with energy to 
rnaintaio S/ N = 20 over the total spectrum. 

Methodes to enhance the photon flux wiJl directly increase the applicability of 
Iaberatory EXAFS. As was mentioned above perfect silicon or germanium (111) 
and (311) crystals do not reflect secend order. This opens the possibility to increase 
the high volage of the tube to a value just below the energy of the third order 
reflection. Because of space charge effects the tube current is limited by the tube 
voltage. lncreasing the voltage therefore will also increase the maximum current. 
Consequently the intensity of the monochromatic beam will increase by a factor 
of 2. flowever since bent crystals are deformed the intensity of the second crystal 
is not zero. Normally the influence of this is negligible but for the case that twice 
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The relation between detector entrance slit and resolution, before and after the re
alignment. 

the energy of the fundamental equals an excitation line of the anode material itself. 
These lines are orders of a magnitude stronger than the bremsstrahlungs spectrum 
and wiJl show up in the spectrum. The tube voltage should therefore be limited 
below these excitation lines if half the energy of such a line is within the energy 
range of the EXAFS experiment. 

High Z anode materials (gold) will increase the bremsstrahlungs intensity 
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(fig. 3.2). But high Z elements have excitation lines and L edges in the energy 
region, most widely used for EXAFS experiments on catalytic samples (7-13 ke V). 
These variations in intensity will require extremely linear detectors and detection 
electronics. Furthermore materials like gold are relatively soft. This makes a gold 
anode susceptible to deformation which will increase the projected souree width 
and which in turn will worsen the energy resolution. 

It was pointed out above that elimination of higher harmonies requires a lim
itation fo the tube voltage. This is the case if non-energy discriminative detectors 
are used. A major increase in intensity can be achieved by using detectors (e.g., 
scintillation counters) that can discriminate against higher harmonie radiation. In 
that case the x-ray generator can be operated at maximum power (15 kW) and 
the maximum counting rate of the detectors and their electranies would be the 
limiting factor. 

15 
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Figure 3.15 
Energy resolution curves for the monochromator crystal set which is under development. 

Germanium monochromator crystals have a higher reflectivity and a braader 
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rocking curve than silicon crystals. By employing germanium crystals a gain in 
intensity of about 2 can be obtained. A new set of monochromator crystals is 
under development. These include Ge(111) for the low energy region (5- 10 keV), 
Ge(311) for the intermediate region (7-11 keV) and Si(400) for the high energy 
region (10-18 keV), all of Viegers-Hornstra geometry. In fig. 3.16 the calculated 
energy resolution as a function of energy is given. It can be seen that within the 
energy range of 5-15 ke V EXAFS spectra can be recorded with a resolution less 
than 10 eV. If energy resolution is of minor importance it can be traded for intensity 
by an alternative choice of crystals (or vice versa) . For the high energy crystal 
silicon was preferred over germanium because the germanium K absorption edge 
at 11.103 keV will dramatically reduce the reflectivity of the crystal for radiation 
exceeding this value. 

The Si(lll) crystal with modified Johansson geometry which was used to 
evaluate the performance of the system had a circular useful area with a diameter 
of about 30 mm. The measurements were performed with an irradiated area of 
20 mm wide and 10 mm high. The new crystals wiJl have an area of 70 mm in 
diameter. Moreover because of their vertical focusing capabilities a the larger part 
of the vertical divergence can be used. An intensity gain of 5 is expected because 
of the larger solid angle reflected by these crystal. 

3.4 Conclusions 

It can be concluded that the optimized Iabaratory EXAFS system operates 
satisfactorily. In combination with a modified Johansson Si(111) monochromator 
crystal the predicted values for the resolution are met. The EXAFS of samples 
having an edge jump of 10% can be measured in 10-20 hours. The system is 
therefore applicable to samples of moderate dilution in the energy range of 5-
15 keV. 

One of the goals of research in catalysis is the lowering of the weight fraction 
of the active element in the sample. Consequently moderately diluted samples 
are of limited interest. Moreover applications of EXAFS in catalytic research
e.g., metal-support interactions, adsorption of reactants on the catalytic active 
surface or the determination of the average partiele size- require highly dispersed 
systems. Furthermore these studies very 0ften make use of higher shell analyses 
which require good energy resolution. It should therefore be concluded that most 
EXAFS experiments in catalytic research should be performed with synchrotron 
radiation. Especially since the limited quality of Iabaratory EXAFS data often 
require a more elaborate and therefore more time-consuming analysis. 

However the Iabaratory system can be extremely useful if used in studies with 
a limited energy range such as edge studies. In that case intensity can be traded 
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for resolution a.nd nea.r edge features ca.n be resolved with high a.ccura.cy. The 
I 

superior energy reproducibility of the system and the absence of higher harmonie 
radiation may prove to be an advantage over synchrotron radiation. 
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CHAPTER4 

IN-SITU CELLS FOR EXAFS MEASUREMENTS ON 

CATALYTIC SAMPLES 

EXAFS in the last decade bas become a popular tooi in research of heterogeneous 
catalytic systems where smal! particles of chemically active elements are dispersed 
on a suitable support. The specific requirements for these experiments necessitates 
special in-situ cells in which the experiments can he performed. 

4.1 Introduetion 

To study a catalytic sample under reaction conditions it bas to be pretreated 
i.e., heated to several hundred oe under suitable gas flow. Afterwards, because of 
their large surface area, the particles are highly reactive and traces of oxygen can 
oxidize them. To all EXAFS studies it is beneficia! to decrease thermal disorder by 
lowering the temperature of the sample to 77 K during the EXAFS measurements. 
From these considerations it is apparent that that part of a versatile in-situ EXAFS 
cell which contains the sample must be gastight, resistant to agressive gases and 
should have the possibility to heat the sample to 700 K in a controlled fashion and 
cool it down to 77 K. Evacuation of the cell should be possible for measurements 
under vacuum or to quickly remove air before sample treatment. 

In transmission mode the cel! must be transparent for the incoming and trans
mitted x-ray beam, whereas in fluorescence mode it must be transparent over a 
large solid angle to collect most of the fluorescence radiation. 

At most synchrotron sites the laboratory where the pretreatments are clone 
is not near the radiation controlJed areas where the EXAFS experiments are con
ducted . Therefore the cell should be easily transportable. An EXAFS measure
ment may take several hours so the cel! should stay at liquid nitrogen temperature 
over such a long period of time without interruption of the experiment. 

In the past several in-situ EXAFS cells have been reported [1-4], some of 
which are commercially available. None of these meet all the requirements. The 
cel! reported by Lytle et al. [1) uses a boron nitride or beryllium boat which holds 
the powdery sample. Gas is passed direetly through the sample. Unfortunately 
loose powders are likely to contain pinholes which form radiation leaks. As was 
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pointed out by Stern and Kim [5J this wil! result in distartion of the experimental 
data. Some of the designs [1,2] use mylar x-ray windows which are not oxygen 
tight, while others [3] have sliding 0 ring seals which introduce possible leaks. 
In the Clausen cell [4] the temperature of the sample itself is not monitored and 
during measurement the thermal contact to the cooled brass part is not ensured. 

It was therefore necessary to develop a new type of transmission cell which did 
meet the requirements, which was easy to operate and in which catalytic samples 
reliably could be measured. Furthermore the urge to decrease the loading of cata
lysts resulted in the demand for a fiuorescence cell with equally good performance 
from the catalytic point of view. 

4.2 The transmission cell 

4.2.1 Requirements 

The aim was to develop a cell in which a catalytic sample pressed in a selfsup
porting wafer could be heated up to 500°C in a controlled manner under a constant 
flow of gas (including H2 , 0 2 , CO and H2S) and kept at that temperature for sev
eral hours. The cel! must be vacuum tight-but more important-gas tight up 
to the ppm level when operated under atmospheric pressure. Sample changement 
should he easily performed. The cel! must have the possibility to operate with 
a horizontal (synchrotron radiation) and vertical (conventional x-ray tube) beam. 
During the EXAFS measurement it must be possible to cool the sample down to 
liquid nitrogen temperature (77 K) and keep it there for several hours without 
interference. And last but not least the cel! had to be transparent for x-rays in 
the energy range above 4 ke V. 

4.2.2 Description of the cel! 

The transmission EXAFS cel! consists of a cylindrical stainless steel campart
ment of 72 mm inside diameter and 90 mm height which is both used for treatment 
of sample and for the actual EXAFS measurement (fig. 4.1 ). It bas two beryllium 
windows for the incoming and outgoing x radiation . The 0.2 mm thick windows 
have a diameter of 18 mm and are held in KF 25 flanges to make them easily ex
changeable. Two KF 10 flanges are provided to conneet gas flow apparatus and/or 
vacuum pumps etc. The campartment is accessible from the top. 

The lid holds the sample. Normally the sample is a pressed selfsupporting 
wafer held in the rectangular ( 4 x 18 mm2) hole of a disc-shaped stainless steel 
sample holder (diameter of 24 mm). Two types of sample bolders arr ·1: one 
with a thickness of 4 mm, the other of 8 mm for high energy experimc , ... o. The 
sample holder is clamped into an aJuminurn sample support that is part of the 
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Figure 4.1 
The transmission cell. 
a: sample holder, b: alnminurn samplemount, c: copper heat conductor, d : Be window, 
e: water outlet, f: water inlet , g: gas in-/outlets, h: 0 rings, i: thermocouple, j: thermo
couple connections. 

lid. A cross-shaped recess allows the beam through. With a horizontal beam 
the sample is mounted horizontally, with a vertical beam vertically. Thermal 
conduction through the lid is used to heat the sample or to cool it down to liquid 
nitrogen temperature. For this purpose the center part of the lid is made of capper 
which on the inside of the cell is in close heat contact with the aJuminurn sample 
mount. The copper-which during treatment will be heated in air to several 
hundred degrees C-is nickel plated to avoid corrosion. Since capper cannot he 
made resistant to H2S it was nècessary to use aJuminurn for the sample support. 
AJuminurn has a good thermal conductivity and a special anodization treatment 
was found which makes it resistant to agressive gases, like 0 2 and H2S. A K type 
thermocouple close to the sample monitorsits temperature and is used for feedback 
to temperature controllers. The outer ring of the lid is a flange with a diameter 
of 108 mm with which it is bolted to the corresponding flange of the body. An 
0 ring seals the campartment from air. To limit heat conduction from the capper 
to the flange the interconnecting ring is made of thin-walled stainless steel. 

Beryllium and to a lesser extend 0 rings cannot stand high temperature. At 
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Figure 4.2 
The in-situ transmission EXAFS cell. 
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80 oe beryllium will react with oxygen to form the porous and highly toxic BeO. 
It is therefore essential that the parts of the cell that incorporate these elements 
are cooled during the heating process. For this reason the cylindrical walls and 
the bottorn of the cel! are hollow and water is flown through them. During the 
measurement when the cellis caoled down to liquid nitrogen temperature the water 
flow is used to keep the body of the cell above freezing point, thus preventing the 
formation of ice on the windows and keeping the 0 rings flexible. Snap-on water 
couplings ensure easy transferability from the EXAFS experimental area to the 
Iabaratory environment. 

4.3 The fluorescence cell 

Detecting EXAFS in fluorescence mode requires large area x-ray windows to 
be incorporated into the cel! body. These windows determine the solid angle of 
fluorescence radiation which can be detected. Therefore in an optimized design, the 
dimensions of detectors are dictated by the cell and-although basically separate 
systems-cell and detectors are often integrated in one in-situ fluorescence EXAFS 
system. 

4.3.1 Design considerations 

The requirements regarding temperatures and gases of the in-situ fluorescence 
cell are similar to those of the transmission cell (section 4.2.1). The requirement 
of vertical beams in the first instanee was dropped because detection of EXAFS in 
fluorescence mode-sinee only a small fraction of the incoming beam will produce 
a detectable fluorescence photon-requires large monochromatic fluxes. Further
more the fact that synchrotron radiation is polarized is a major advantage over 
bremsstrahlung generated by conventional x-ray tubes. However altering the de
sign to make it suitable for measurements on Iabaratory EXAFS systems wil! 
require only minor changes. 

Fluorescence radiation is emitted isotropically so-in combination with the 
fact that noise is statistically determined- the largest solid angle possible should 
be detected. Apart from the fluorescence radiation, the sample also emits back
ground radiation constituting of elastically and-in the normal EXAFS energy 
region (E < 30 keV) to a lesset extent-Compton scattered radiation. Since 
the noise in a measurement is proportional to the square root of the total num
ber of counts (i.e., signa! plus background), maxiruizing the signal-to-noise ratio 
is equivalent to maxiruizing the signai/background ratio. With polarized syn
chrotron radiation elastically scattered radiation is not emitted isotropically. In 
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the plane of the electron trajectory in the ring, the intensity of elastic scattered ra
diation perpendicular to the incoming beam is minimal [6,7]. Preferably detection 
of fluorescence radiation should to take place along this direction. 

The energy of the elastic scattered background is equal to the energy of tbe 
incoming x-rays and the energy of Compton scattered radiation is only slightly 
smaller [8]. Tbe fluorescence radiation bas a fixed energy well below the edge. 
Rejection of background can therefore be clone with energy discrimination of the 
detection system. Many x-ray detectors exhibit energy discrimination. Unfor
tunately all energy discriminative detectors are limited in counting rate whereas 
detectors which are not limited in counting rate do not have energy discrimination. 
A filter of the element having an atomie number one less than the target element 
( Z- 1 filter) has its absorption edge in between the energy of the fluorescence and 
the (in-)elastic scattered radiation . Such a filter has a large absorbance for the 
background and a low absorbance for the fluorescence radiation. Used in front of 
the fluorescence detector it can tberefore improve the signa! to background ratio 
[9]. This is beneficia] to all detection schemes. The x-rays absorbed by tbe filter 
however will generate fluorescence radiation in the filter. Tbis secondary radiation 
is also emitted isotropically but of course has a different souree point than the 
fluorescence radiation from the sample. Since the filter is in close proximity to the 
detector the solid angle subtended by the detector for radiation from the filter is 
large and about 50% of this radiation will be detected and will contribute to the 
background. Stern and Heald [9] demonstrated a simple way to decrease the filter 
fluorescence contri bution by means of Solier type slits in between the filter and the 
detector. Since background discrimination is clone by the Z- 1 filter the detector 
need not be energy discriminative and a simple ionization chamber can be used. 

To derive design criteria for the Soller slit system tbe signal-to-noise ratio in 
the plane perpendicular to tbe incoming beam bas to be considered (fig. 4.3a). 
Because the amplitude of the EXAFS asciilation is proportional to the edge-step 
and the edge-step is proportional to the number of fluorescence photons optimizing 
the signal-to-noise ratio as defined in the first part of equation (2.40) is equivalent 

to optimizing S1 j JS1 + Sb . 
Consicier the radiation emitted by the sample to consist of NJ fluorescence 

photons and Nb background photons. The solid angle for sample radiation of a 
detector with horizontal opening angle <p. and vertical angle B. is given by 

(4.1) 

A fraction f!,/47r wil! reacb the filter (not consiclering absorption by the atmo
sphere and windows in between sample and filter). From fig. 4.3 <p, and B, can be 
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b 

The fiuorescence radiation collimator which decreases the solid angle subtended by the 
detector for tertiary radiation from the Z- 1 filter (a: perpendicular to the incoming 
radiation, b: in the horizontal plane). 

found 

. (B,) Hw sm 2 = 
JH~ + 4L;w 

(4.2) 

<p, = 2 arctan ( 2~~w) . (4.3) 

The Z -1 filter absorbs both types of radiation differently. From the linear absorp
tion coefficients JlJ(E) and JlJ(EJ) the transmission of the filter for fluorescence 
and background radiation can be calculated using (2.2). The filter itself-upon 
absorption of radiation-will generate isotropically emitted fluorescence radiation 
of which the intensity is proportional to the number of absorbed photons from the 
sample. The solid angle of the detector for radiation emitted by the filter is given 
by the equivalent of ( 4.1 ). Again <p 1 and B 1 can be found from fig . 4.3 

( 4.4) 

(4.5) 
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Figure 4.4 
Signal-to-noise ratio as a function of the number of Solier slits. Actual values of the 
fiuorescence cell have been used for all other parameters. 

(n is the number of Solier slits in the collimator) . The number of signal photons 
that reach the detector is given by 

cp • . (()·) ( d_.) N,;9 = Nj 211' sm '2 1 - n He · 

(e-~'J(E,)d, + (1- e-I'J(E,)d,) P(EJ)~~ sine~)) (4.6) 

which includes ftuorescence radiation from the filter generated by absorption of 
ftuorescence radiation from the sample. P(E) is the chance of the filter emitting 
a ftuorescence pboton after absorbing a quanturn of energy E. The thickness of a 
Solier slit is denoted by d ... The number of background photons is given by the 
corresponding Nbaclc equation in which Nb is substituted for N1 and E for E1. In 
fig. 4.4 the signal-to-noise ratio is plotted as a function of the numbr ' ,., f Soller 
slits with practical values used for the other parameters. It can be seeu that a 
maximum is found for n = 36. 
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The energy range in which the set-up must be able to operate is primarily 
dictated from the catalytic point of view. Of catalytic interest are the range of 
group 4 elements starting with Ti up to Zn, the group 5 elements Mo, Ru, Rh, Pd 
and Ag, and from the 6th period Re, Os, Ir and Pt. The energy spanned by these 
elements ranges from 5 keV (vanadium) up to 27 keV (silver). The x-ray windows 
have to be transparent for 5 keV radiation whereas the detector efficiency at 25 keV 
must still be sufficient. For easy exchangeability and to prevent corrosion by the 
treatment gases or damage from the high temperature, the Z - 1 filters must be 
situated outside the body of the cell. 

4.3.2 The body of the cel! 

Although the appearance of the in-situ fluorescence cell is different from the 
transmission cell the operation is basically the same. The body of the cell (fig. 4.6) 
consistsof a rectangular aJuminurn block 130 mm long, 60 mm wide and 120 mm 
high. Along the long side of the body a cylindrical tunnel forms the beampath 
of the incoming and transmitted x-ray beam. A vertical oval cavity is the sample 
containing space. The cavity is closed from the top with a stainless steel lid. Large 
window openings on the side of the block allow the ftuorescence radiation out of 
the cel! and into the detector stage. The body of the cell has been anodized to 
make it resistant for agressive gases. 

Transmission beryllium x-ray windows are mounted in the front and the back 
of the cell. The fluorescence x-ray windowsare square Be sheets (50 mm x 50 mm, 
thickness 0.1 mm) soldered in a frame. Two vertical ribs in the direction of the 
fluorescence radiation which are part of the frame are used to support the Be when 
the cellis being evacuated. The soldering is done with high temperature solder. To 
prevent rupture of the Be sheet during the cooling proces after soldering, the frame 
material (Monel 400) was chosen to get a good match with the thermal expansion 
coefficient of Be. The solid angle for fluorescence radiation-determined by the 
windows and the distance of the sample to the windows-is 28% of 411'. 

The sample is positioned in the center of the block under an angle of 45° 
with the incoming beam. It is held in a copper sample mount which is part of 
the lid of the cell. The copper again is used to conduct heat through the lid to 
(treatment) or from (measurement) the sample. To minimize leakage of heat to 
the watercooled body of the cell the rest of the lid is made of stainless steel with 
special heatconductive boundaries of thin sheet steel in between the copper bar 
and the rigid rectangular plate which is bolted to the top of the body of the cell. 
A thermocouple in the copper in close proximity of the sample is used to monitor 
the temperature of the sample. The lid also incorporates two KF-10 flanges to 
which gas flow and/or vacuum apparatus can be connected. 0 rings are used to 
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Figure 4.5 
The ftuorescence eeD/detectors with heater. 
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seal the cell . 
The body of the cell is watercaoled by means of channels in between the Solier 

slit plates and the body. They circle around the large fluorescence windows while 
the heatconduction of the aJuminurn guarantees effective cooling of the rest of the 
body. 
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Figure 4.6 
The ftuorescence system (a: the in-situ cel!, b: Soller slit plate, c: detector and d: heater). 

4.3.3 Filters and Solier slits 

The Solier slits are held in two rigid square aJuminurn plates on each side ofthe 
cell (fig. 4.6). These plates are bolted to the body of the cell. The watercooling 
channels are mostly situated in between the cell and the Soller slit plates. An 
0 ring strip is used to seal the waterchannels. A snap-on watercoupling is fitted 
to each of the Solier slit plates for water in- or outlet. In the total assembly 
the watercircuit is a closed loop with an inlet in one Solier slit plate and the 
outlet in the other while one bridging channel goes through the body of the cel!. 
To aceomadate the Z - 1 filters the top part of the water channels around the 
windows lies inside the Soller slit plates. 

The Z - 1 filters are slid from the top in between the cel! body and the 
Solier slit plates. This allows easy access and simple exchangeability without 
disassemblement of any part of the celi/detector set-up. The filter element is 
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determined by the element in the sample on which the EXAFS experiment focuses 
whereas the optimum thickness of the filters is dependent of the geometry of the 
detector set-up [9]. Table 4.1lists a number of catalytic interesting elements and 
their Z -l filter elements together with values for i deal thicknesses in this geometry. 
It is not possible to use a Z- 1 filter in the case of Ti because there is no element 
with the K absorption edge in between the Ti K-edge energy (4966 eV) and the 
energy of the Ti fluorescence radiation (4511 eV). Therefore titanium cannot be 
measured efficiently with this set-up. 

Table 4.1 
Fluorescence filters for various elements of catalytic interest. 

Target element Filter element Optimal thickness (J.tm) 

Zn Cu 24.4 
Cu Ni 22.0 
Ni Co 20.2 
Co Fe 19.3 
Fe Mn 19.1 
Mn Cr 17.8 
Cr V 18.0 

Rh Ru 70.3 
Ru Mo 73.9 
Mo Nb 75.5 

Pt Zn 42.5 
Ir Zn 38.3 

As outlined above, the Solier slits are used to improve on the signa! to back
ground radiation ratio by decreasing the solid angle for fluorescence radiation 
generated in the filter materiaL They are made of tantalum of 0.3 mm thickness, 
chosen for its combination of high x-ray absorbance, availability in the desired 
form (sheets) and workability. The width of the slit assembly is 22.6 mm. The 
setting of the slits is such that they converge to a line in the sample. In that way 
they do not block fluorescence radiation generated in the sample. Consequently 
the edges of the slits are not parallel to each other but also converge to the point 
where the line through the sample intersects with the aJuminurn slit mounting 
plate (fig. 4.6). It was necessary to campromise between optimum signal-to-noise 
ratio and realisability: the actual number of slits in the plane perpendicular to the 
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Figure 4.7 
Partial sectional view of the body of the fluorescence cell with the collimator and ion
ization chamber detector. 
a: Sample moWlt, b: large area fluorescence window, c: water channels, d: water i niet, 
e: water outlet, f: copper heat conductor, g: gas in-/outlet, h: aluminized Mylar win
dow /HV condenser plate, i: signal plate, j: brass HV plate and k: space to accommodate 
the Z- 1 filter. 

beam is 16. 

4.3.4 Ionization chambers 

The detectors for the fluorescence radiation are ionization chambers derived 
from the design of Stern et al. (10]. The detectors are rigid aluminum boxes 
180 mm wide, 180 mm high and 63 mm thick with in the front a square window 
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of 85 mm x 85 mm for the x-rays toenter (fig. 4.6). They have been anodized to 
minimize current leakage. Each ionization chamber incorporates three condenser 
plates. The first plate, made of aluminized Mylar, is transparent for x-rays and 
has a double function: condenser plate and gastight window. To imprave the gas 
tightness an extra sheet of Mylar on the outside has been added. The second 
plate is a thin (12.5 J.tm) aluminum foil largely transparent to x-rays. The third 
condenser plate is a brass plate. The first and the third plate are held on high 
voltage, the second is the signa! plate. Vibration of the first (and third) plate 
relative to the second, unless complementory (vibration of the second plate), will 
generate a noise signal. This problem was overcome by having some of the Solier 
slits protrude up to the first plate (fig. 4.7). A little overpressure inside the ion
ization chamber pressed the first plate against these protruding Solier slits, thus 
preventing vibrations from microphonic piek-up. 

The ionization chambers are stationary tilled with xenon. The depth of the 
chamber was chosen to give 50% absorbance at 20 keV. In order to fill the chamber 
with pure Xe it must he evacuated before filling. Unfortunately the aluminized 
Mylar window is not strong enough to resist 1 atm. pressure. Therefore the 
window of the ionization chamber, during the filling procedure, is covered with a 
rigid plate. With a tube the space in between the plate and the Mylar is connected 
with the interior ofthe chamber. Evacuation and filling without rupture of or stress 
in the Mylar is thus possible. 

In fig. 4.8 the signa! to high voltage characteristic of the detectors is shown. 
The plateau region-characteristic for ionization chambers-starts at about 
400 V. This is the recommended operating high voltage region. 

4.4 Accessories 

To he able to heat the sample to 500°C in a heat conductive atmosphere 
(e.g., H2) a high power heater was developed. lt consists of a copper body in 
which 4 heater cartridges are fitted and which can he attached to the copper 
cylinder of the lid of the cells (figs. 4.2 and 4.5). The cartridges are commercially 
available 200 W high temperature mould heaters. To ensure heat contact with the 
copper, the cartridges are inserted using a suspension of silver grains. A ceramic 
housing is used to minimize heatloss by convection and radiation and to shield 
the electrical connections from the heat. Like the copper part of the lid of the 
cell, the capper of the heater is nickel plated to prevent the formation of an oxide 
crust which inhibits heat transfer to the cell. Commercially available temperature 
programmers (e.g., Eurotherm) can easily he adjusted for the use in combination 
with the heater. 
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Signa! to high voltage charaderistic of the fluorescence detectors. 

To avoid pinholes- which lead to lossof EXAFS amplitude-in powdery sam
ples it is necessary to measure them as selfsupporting wafers pressed in a sample 
holder . The sample mounts of the cells can accommodate disc-shaped stainless 
steel sample holders with a diameter of 24 mm and a thickness of 4 or 8 mm. A 
specially designed combination of dies is used to press the sample in the rectan
gular recessof 4 mm by 18 mm of the sample holder (fig. 4.9). Parallelnessof the 
die surfaces is essential to avoid non-uniformity of the pressed wafer. The diescan 
be used with any ordinary hydraulic press. 

To cool the sample down to 77 K a liquid nitrogen container can be fitted to 
the copper cylinder of the lid. It consists of polystyrene bucket which can contain 
about 10 I of liquid nitrogen. A copper bar which is in direct heat contact with the 
contentsof the container, sticks through the bottorn of the polystyrene container. 
The container can be placed on top of the cells with the copper bar attached to 
the copper cylinder of the lid. When totally filled with liquid nitrogen the system 
can keep the sample at 77 K for 4 to 5 hours. 
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Figure 4.9 
Sectional view of thesetof dies with sample holder. a: Die, b: sample holder, c: sample 
powder and d: die guide. 

If there is not enough room for the container inside the radiation shielded 
area of the EXAFS experiment a small heat exchanger can be used instead. It 
is similarly attached to the heat conductive body of the cell . By means of a 
pressurized dewar vessel liquid nitrogen can flow through this device to cool the 
sample. 

4.5 Performance of the cells and discussion 

The cells have been tested under normal eperating conditions. In a flow of 
100 cc H2 per minute the sample can be heated to a maximum temperature of 
500°C. The temperature of the sample has been tested with a second thermocouple 
embedded in a sample made from a special type of cement with thermal properties 
camparabie to actual samples. This showed that over the full temperature range, 
the temperature of the sample was within 5°C of the temperature monitored by 
the measuring thermocouple inside the aluminum sample mount (fig. 4.10). With 
a third thermocouple clamped to one of the transmission beryllium windows the 
temperature of the beryllium was checked. At 500°C sample temperature in a 
H2 atmosphere the center of the window was about 30°C. The large windows of 
the fluorescence cell showed some heating. However at a sample temperature of 
450°C in hydrogen, the temperature of the beryllium did nat exceed 60°C which 
is well below the temperature at which oxidation and the formation of the taxie 
BeO occurs. 
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Temperature of the waf er vs requested temperature. Measurement was done in a trans
mission cell with a hydragen flow of 100 cc/min using an Eurotherm temperature pro
grammer. 

The performance of the heaters was tested in a life test in combination with 
the transmission cel! over several weeks with a continuous cycle of heating with 
10°C/min toa sample temperature of 450°C, dweil period of 5 hours at 450°C and 
cooling down with 10° /min. To aggravate conditions only two heater cartridges 
were in use and no ceramic shielding was employed. Breakdown had not occurred 
after 25 days. To test the heat conduction of the parts in between heater and 
sample, the temperature of a heater was measured. At a sample temperature of 
450°C the average temperature of the copper block of the heater was 550°C. 

The transmission cell has been used with He, H2, 0 2, H2S, CO and under 
vacuum at high and low (LN2) temperatures without any damage or corrosion 
being apparent. 

Since leaktightness is a prerequisite of an EXAFS in-situ cell used in cat
alytic research the cells were leak tested under vacuum with standard leak testing 
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equipment (Varian 936-65). No leaks could he detected which implies leak rates 
below 10-11 cc/min. Under atmospheric pressure extremely oxygen sensitive sam
ples [11] have been loaded in the transmission celland kept for days. No oxidation 
was observed. 
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Figure 4.11 
Fluorescence spectrum of a 4 J.LID Pt foil, measured at SRS (Daresbury, UK) station 
9.2. Only radiation from the front of the sample was detected. 

In fig. 4.11 an EXAFS spectrum of Pt foil measured in fluorescence mode 
with the fluorescence celi/detector is shown. From these preliminary results it 
can he seen that the elastic and Compton scattered background etfectively was 
eliminated by the Z - 1 filters in combination with the Solier slits. Furthermore 
from measurements of the dark current it can he concluded that microphonic 
piek-up has successfully been suppressed. The results of measurements on diluted 
samples will he presented in literature in the near future. 

To heat the sample by means of conduction of the heat through the lid is very 
advantageous. It is virtually foolproof, there are no electrical feedthroughs into 
the cel! which are possible causes of leakage, the heater can he used foranother cell 
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while the treated sample is being measured and in the unlikely event of a heater 
breaking down the sample can remain inside the cell and a different heater can be 
used to finish the treatment. Using a parallel conneetion of the 4 heater cartridges 
decreases the chance of a heater breaking down since-as has been shown ahave
even with two working cartridges a sample temperature of 450°C can be reached. 
The disadvantage of heat conduction is a large time constant in the temperature 
controller feedback loop. However if the settings of the temperature controller 
have been optimized, the difference between the requested temperature and the 
actual temperature ofthe sample does not exceed ±5°C. The K type thermocouple 
bas the advantage that it is most commonly used and that most equipment can 
be made compatible with it. Unfortunately it is not very well suited for cryogenic 
temperatures. If this range is of importance to the experimenter, a different type 
couple should be mounted. 

In the prototype of the fluorescence cel! the sample mount inside the cel! is 
made of capper. Th is means that at this stage it cannot be used at high tem
perature in an oxygen or hydrosulfidic acid atmosphere without being corroded. 
However, since there is no reason not to use an aluminum sample mount sim i! ar 
to the one in the transmission cel!, this is not an essential limitation. 

Although the ionization chambers for the detection of fluorescence radiation 
function satisfactorily, new developments in planar integrated circuit technology 
have resulted in a new type detector which is extremely linear, has a low noise 
level, has virtually no counting rate limitation and does not employ high voltage 
[12-14]. Unfortunately, to decrease dark currents and thermal noise these pin
diode arrays have to be operated at a temperature of -120°C. Furthermore, like 
ionization chambers they do not offer energy discrimination. The advantages of 
these new devices however wil! lead to the replacement of ionization chambers. In 
the case of the fluorescence cel! this can simply be done by designing a suitable 
mounting plate for the new detectors which can be attached to the collimator 
plate. 

Several catalytic research groups have tested the transmission cel! extensively 
during the last two years, at several synchrotron sites [11, 15-21]. It has proven to 
perfarm to full satisfaction. It can therefore be concluded that the designs of the 
transmission and the fluorescence cel! are a complete success. Both of them meet 
the requirements described in sections 4.2.1 and 4.3.1. Although the fluorescence 
cell was designed from a catalytic point of view it can just as wel! be used for 
different kinds of samples. Any sample which can be held in a disc-shaped holder 
can simply be mounted in the cel!. But even if this is not the case the experimenter 
can replace the lid of the cell by one which is suited for those particular samples. 
Because of the modular design of the systems, future developments or changing 
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requirements can simply be implemented by replacing appropriate components or 
addition of devices. 
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CHAPTER5 

COPPER PHOTODEPOSITION ON Ti02 STUDlED 

WITH HREM AND EXAFS 

5.1 Introduetion 

In the last few years patterned electroless metal deposition has gained increas
ing attention for potential application in the fahrication of microelectronic devices 
[1-5]. Basically, electroless metal deposition involves a heterogeneaus catalytic 
electron-transfer reaction, in which electrans are transferred from a reducing agent 
to metal ions. It can he carried out selectively on patterned electroactive areas 
on the suhstrate, since deposition is autocatalytic and requires an electrocatalytic 
surface to start. In most cases, the active areas are ohtained hy the application 
of electrocatalytic metal nuclei on the suhstrate, for example hy photoselective 
activation procedures [6,7] . A disadvantage of this procedure is that metallization 
involves at least two steps: activation and electroless metal deposition. Further
more, reducihle species--e.g., adsorbed Pd ions-may he left bebind at undesir
able places on the substrate after the activation step. When these are reduced 
to electrocatalytic species in the electroless solution, the latter may cause uncon
trolled, non-selective electroless metal deposition. Therefore, it seemed worthwhile 
to study the possihility of direct selective surface activation in an electroless solu
tion. 

In the work described in this chapter, which is a continuation of earlierreports 
on different aspects of the initiation of electroless metal deposition [8-10], direct 
laser-induced capper deposition from an electroless copper salution on Ti02 suh
strates is investigated. It was expected that photochemically deposited metallic 
Cu nuclei from an electroless salution on photosensitive Ti02 films would show au
tocatalytic hehavior. This means that prenucleated are as on the Ti02 film should 
he intensified hy suhsequent electroless capper deposition in the dark. Prelimi
nary experiments, however, showed that this only occurred after relatively long 
illumination times. This arose the question whether metallic Cu nuclei were pho
todeposited in the initia! stages of illumination. Therefore our primary goal was 
to determine the oxidation state of the photodeposited copper species. 

Although photo-assisted deposition of capper species on Ti02 single crystal 
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electrodes [11,12] and Ti02 powders [12-15] has been previously observed, no ef
forts were made to determine the oxidation state of the deposited copper species. 
Hermannet al. suggested that Cu2+ ions in a Ti02 suspension were photoreduced 
to Cu+ ions and that metallic copper could not he obtained even by using acetic 
acid in the salution as a hole scavenger or by performing the photoreaction under 
reducing atmosphere (hydrogen) [14]. 

In this study the nucleation densities and the sizes of photodeposited particles 
on Ti02 films and powders were determined by transmission electron microscopy 
(TEM). A recently developed specimen preparation technique for thin polycrys
talline Ti02 films [16] was used to obtain high resolution electron microscopy 
(HREM) structure images of photodeposited particles. Complementary to these 
ex-situ measurements, in-situ extended x-ray absorption fine structure (EXAFS) 
measurements of photodeposited particles on suspended Ti02 powders were per
formed by using a thin-layer fluid cell. It will he shown that photodeposition of Cu 
particles on Ti02 is preceded by photodeposition of Cu20 particles, which show 
only slight electrocatalytic activity in an electroless copper solution. 

5.2 Experimental 

5.2.1 Materials 

The aqueous electroless copper salution consisted of: a) 0.04 M CuS04.5H20; 
b) 0.18 M KNaC4H405.4H20 (potassium sodium tartrate); c) 0.25 M NaOH and 
d) 0.33 M HCHO [17]. Tartrate (Tart) is a complexingagent for Cu2+ ions and 
HCHO is the reducing agent active in electroless deposition. Two other solutions, 
from which HCHO or CuS04 and HCHO were omitted, are denoted by (Cu2+, 
Tart, OH-) and (Tart, OH-), respectively. Experimentsin which EDTA instead 
of tartrate was used as a complexing agent for Cu2+ ions gave similar results and 
are not reported here. All solutions were prepared from triply distilled water and 
all experiments were carried out at room temperature. 

Details of the preparation of Ti02 films for HREM have been described else
where [16]. Briefly, the HREM specimens consist of a thin (thickness < 10 nm) 
polycrystalline Ti02 (anatase) film on an amorphous Si3 N4 membrane (size 15 x 
15 JJ.m2 ; thickness 13 nm) supported by a small section of a Si(lOO) wafer. The 
Ti02 film consistsof a single layer of 10 to 25 nm anatase crystallites. The Ti02 
powder which was used for EXAFS measurements was Eurotitania-1 (Tioxide 
batch no. 1143) consisting of 99% anatase with a surface area of about 46 m2/g. 
EXAFS scans of Cu foil (Goodfellow Metals), Cu20 powder (Merck) and CuO 
powder (Merck) were taken for comparison purposes and to obtain phase shift 
and backscattering amplitude functions for different absorber-scatterer pairs. The 
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reference compound samples of Cu20 and CuO had to he diluted with baron ni
tride to obtain an amount that could be pressed in a sample holder to form a 
self-supporting wafer with an x-ray absorbance of 2.5. The Cu20 powder was 
checked with x-ray powder diffraction to he 99% pure Cu20. The Cu foil had an 
optima! thickness of 8 J.IID and was 99.97% pure. 

5.2.2 Illumination 

Ti02 films. 
The illumination of HREM specimens was carried out with a UV (Ar+) laser 

beam (Spectra Physics 2025-05; wavelength 351.1-363.8 nm; beam diameter was 
1.0 mm) which was focused onto the Ti02 film by a long working-distance objec
tive lens in a Leitz Orthoplan microscope. The laser spot with a diameter of 13 J.lm 
was centered at the edge of the Si3N4 window to facilitate comparison between 
illuminated and non-illuminated areas on the Ti02 film (see fig. 5.1) . A quartz 
cell with an optica! window thickness of 1.0 mm and a salution layer thickness of 
2.0 mm was placed horizontally on the specimen table of the microscope. Illu
mination was started as soon as the specimen was placed in the quartz cell and 
imagedon a TV monitor. Light intensities (J) and illumination times (.6.t) were 
varied between 10 and 103 W /cm2 and between 1 ms and 10 s, respectively. 

Procedure f{A): After illumination in the electroless salution or the (Cu2+, 
Tart, OH-) salution the specimen was immediately dipped in water for 15 s and 
quickly dried in air. 

Procedure f{B): After illumination in the (Cu2+, Tart, OH-) salution the 
specimen was immediately transferred to the (Tart, OH-) salution in which the 
previously irradiated spot was illuminated for a second time in order to reduce 
possibly deposited Cu+ species to metallic copper. After that it was rinsed and 
driedas in procedure f(A). 

Ti02 powder. 
200 mg Ti02 powder was dispersed in 25 cm3 of the (Cu2+, Tart, OH-) 

salution in a glass beaker. The electroless salution could not he used, since in that 
case spontaneous deposition of capper species was initiated in the dark. During 
illumination the suspension was agitated by a magnetic stirrer. The UV laser 
beam was expanded to a diameter of 15 mm and then directed into the beaker 
from above (I~ 100 mW /cm2). Aftereach illumination the beaker was placed in 
a N2 atmosphere and stirring was stopped. Most of the Ti02 grains settled to the 
bottorn of the beaker within 10 min. 

Procedure p(A): After 20 min. illumination and subsequent settling in the 
(Cu2+, Tart, OH-) solution, the sediment-i.e., the Ti02 grains with the sur-
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Figure 5.1 
Low-magnification TEM image of a. spot photodeposited froni the electroless solution 
and centered approximately on the left edge of thè SbN4/Ti02 window . ~t = 1 s; 
I= 100 W/cm2 . 

rounding (Cu2+, Tart, Oli-) salution-was transferred into the EXAFS cell as 
described below (sample p(A)). 

Procedure p(B): After 20 min. illumination and subsequent settling in the 
(Cu2+, Tart,OH-) solution, 24 cm3 of the supernatant salution was replaced by 
24 cm3 of the (Tart, OH-) solution. After that, stirring was restarted and the 
Ti02 suspension was illuminated again for 20 min. After settling, the sediment 
was transferred into the EXAFS cell (sample p(B)). 

In order to correlate HREM data with EXAFS data, suspended Ti02 grains 
were stuclied with TEM. A fraction of the sediment from procedure p(A) was 
wasbed thoroughly with water. Subsequently a capper grid, previously coated 
with a thin Farmvar film, was dipped briefly in the Ti02fwater suspension and 
dried in air. 

The time that elapsed between sample preparation and subsequent HREM or 
EXAFS measurements was less than 12 hours. 
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Figure 5.2 
Assembly of the EXAFS fl.uid cell. a: spaeer (thickness 0.25 mm) with fwmel-shaped 
recess (size of the pipe of the funnel5 X 27 X 0.25 mm3 ; b: window plates (size 35 X 45 X 

0.25 mm3 ); c: polyethene envelopes (37 x 50 mm2 , foil thickness 25 ~m); d: aJuminurn 
plates (35 x 45 x 4 mm3 ); e: U-shaped alurninnm plates. 

5.2.3 EXAFS fluid cell 

An assembly of a specially designed thin-layer fluid cell, used for EXAFS 
measurements of Ti02 sediments, is shown in fig. 5.2. The Ti02 sediment was 
held between two epoxy resin plates (b ), which were reinforeed with a carbon fibre 
fabric [18]. Thesewindows have a low x-ray absorbance. A spaeer (a) of the same 
material-with a recess in the shape of a funnel to accommodate the sample- was 
used to define the thickness of the sample. The thickness of the spaeer (0.25 mm) 
was chosen to give approximately the optimum sample x-ray absorbance of 2.5 
above the copper K-edge. The three plates were placed in two small polyethene 
envelopes (c) which were inserted into each other. The envelopes were placed 
between two rigid aJuminurn plates ( d), which had the same shape as the spacer. 
Finally these were pressed tightly together by two other rigid U-shaped aJuminurn 
plates (e). The cell obtained in this way could be placed directly in the EXAFS 
spectrometer which is described below. 

The EXAFS cell was filled in a N2 filled glove bag in the following way. Firstly, 
10 mm3 of the Ti02 sediment was sucked up with a pipette and injected into the 
funnel of the spacer. The cell wasthen placed in a excicator which was evacuated 
three times, each time after admission of N 2 gas. In this way the sediment settled 
to the bottorn of the funnel. This procedure was repeated five times. After filling, 
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Figure 5.3 
X-ray image of an EXAFS cell properly filled with Ti02 sediment. 

the tops of the polyethene envelopes were sealed to minimize penetration of air 
into the sediment. X-ray photography was used to verify that the cell was properly 
filled, as shown for example in fig . 5.3. 

5.2.4 TEM and HREM investigations 

TEM and HREM investigations were carried out with a Philips EM400T (op
erated at 120 kV) and a Philips EM430ST (operated at 300 kV) transmission 
electron microscope, respectively. The technique of optica! diffraction was used 
to analyze two-dimensional lattice images of a large number of photodeposited 
particles on BREM specimens. The measured (101) lattice spacing of 0.352 nm in 
anatase monocrystallites [19] provided a direct calibration of image magnification. 
Further details have been described elsewhere [9). 

5.2.5 EXAFS investigations 

The EXAFS measurements were taken on a Iaberatory EXAFS spectrometer 
basedon the Rowland circle principle [20-22] . The radius employed was 500 mm. 
A Si (111) crystal with a diameter of 70 mm and modified Johansson geometry 
was used. The crystal is spherically bent over a radius of 1000 mm and spherically 
ground to the radius of the Rowland circle. A lead-clad slit system in front of the 
crystal was used to define the irradiated area of the crystal. This was chosen to 
he 10 mm high and 20 mm wide. The resolution at the copper K-edge was 17 eV. 
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An Elliot GX-21 rotating molybdenum anode x-ray generator was used, which 
was operated at a current of 200 mA and a tube voltage of 17 kV. The tube 
voltage was deliberately chosen below the molybdenum Ka excitation lines to 
prevent distartion of the spectra at half the energy of these lines. The structure 
factor for the (222) reflection in a perfect Si crystal equals zero. Bending the 
crystal will cause a deformation of the cubic lattice and a non-zero intensity for 
the radiation with twice the energy of the fundamental reflection. 

A feedback loop acting on the tube current was used to stabilize the intensity 
of the monochromatic radiation when scanning through the L{31 impurity line of 
tungsten at 9672.35 eV. However, this did notprevent distortions appearing in the 
spectra at that energy. For this reason the spectra were not used beyond 9650 eV. 

At the focal point of the spectrometer a fixed 0.1 x 12 mm2 tantalum slit 
prevented scattered radiation from entering the detector stage. A partially trans
parent ionization chamber monitored the iricoming flux. The chamber was flusbed 
with a 30% argon and 70% nitrogen mixture to give about 25% x-ray absorption 
at the copper K-edge. The transmitted intensity was measured with a totally 
absorbing Ar gasflow 2nd ionization chamber. Typically a full EXAFS scan took 
20 hours. 

5.3 Ti02 films 

At illumination times of the order of 1 s optically visible spots with a diam
eter of~ 13 pm were photodeposited on Ti02 films in the electroless solution. 
The rate of photodeposition in the Cu2+, Tart, OH-) salution was found to be 
ca. 100x smaller than in the electroless solution. In the (Cu2+, Tart, OH-) solu
tion all photodeposited spots dissolved slowly when the Ti02 film was left in the 
salution after the illumination. This dissalution can be explained by an electroless 
corrosion mechanism, the cathadie process being the reduction of dissolved oxy
gen and the anodic process being oxidation (and complexation) of the deposited 
copper species [10). In the electroless solution, however, spots were intensified by 
autocatalytic copper deposition immediately after photodeposition when the illu
mination time (.ó.t) was larger than a critica! value (.ó.t•) . The value of .ó.t• was 
between 0.1 s and 4 s and increased when the light intensity was decreased. The 
growth of an autocatalytic spot ceased, however, aftera short time and the spot 
remained stable in the solution. 
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5.3.1 Transmission electron microscopy 

Short ( < 10 ms) light pulses resulted in the deposition of particles in the 
0.5-3.0 nm size range in the electroless salution or in the (Cu2+, Tart, OH-) 
solution. The density of deposited particles in the (Cu2+, Tart, OH-) salution 
{109-I011fcm2) was much lower than in the electroless salution (1010-I012fcm2). 

The density decreased when the light intensity was decreased. No particles were 
observed in the absence of illumination. As in the case of Pd photodeposition 
on Ti02 films [8], it was observed that, after a eertaio nucleation time, no new 
particles appeared and photodeposition occurred only on existing growth centers. 
The nucleation time in the (Cu2+, Tart, OH-) salution (0.1-5 s) was much Jonger 
than in the electroless salution {1-10 ms) and increased when the light intensity 
decreased. 

Fig. 5.4 shows successive stages of photodeposition from the electroless solution 
at D.t = 3, 20, 100 and 1000 ms, respectively {procedure f{A); four different 
specimens). At the light intensity used in this experiment (800 W fcm2) D.t• was 
~ 100 ms. Fig. 5.4a shows particles in the 1.0-3.0 nm size range with a density 
of~ 5.1011fcm2. From figs . 5.4b and 5.4c it is seen that, during subsequent 
illumination, the size range is extended to 3-6 nm and 3-40 nm, respectively. At 
1000 ms the particles merged into a polycrystalline Cu layer (fig. 5.4d), as was 
indicated by an electron diffraction image of this film (not shown). 

5.3.2 High resolution electron microscopy 

The crystal structures of particles (> 1.5 nm), photodeposited from the elec
troless salution during illumination times less than D.t• (procedure f(A)), were de
termined by HREM. All initially formed particles ( < 3 nm) had a structure of bulk 
Cu20. Nearly all particles larger than 3 nm had the structure of either bulk Cu20 
or bulk Cu [19], depending mainly on the light intensity. Only a few particles ex
hibited lattice images that indicated a deviation from the structure of Cu, Cu20 or 
other copper (sub )oxides, such as Cu40 [23,24] . It should be noted that, although 
both Cu and Cu20 have a cubic structure, a distinction between the two phases 
can easily be made since the size of the Cu2 0 unit cell (ao(Cu20)= 0.4269 nm) is 
18% larger than that of the Cu unit cell (ao(Cu)= 0.3615 nm) [19]. 

Although we did not try to quantify the ratio between the amount of photode
posited Cu20 and Cu, it was established that at low light intensities ( < 10 W / cm2 ) 

nearly all particles were Cu20, whereas at higher light intensities progressively 
more Cu particles were formed. At a fixed light intensity the fraction of Cu 
particles increased with increasing illumination times. Cu particles were already 
observed at illumination times less than D.t•. 
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Figure 5.4 
TEM images of Ti02-Si3N4 films showing successive stages of photodeposition from the 
electroless solution (procedure f(A)), I= 800 W/cm2 • a: Ät = 3 ms; b: t.t = 20 ms; 
c: Ll.t = 100 ms; d: Ät = 1000 ms. 
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Figure 5.5 
HREM images (1) ofCu20 particles (proceduref(A)) with the ODP (2) and asehernatie 
representationof theODP (3). a: 2 nm particlealong [011] zone (d(200) = 0.211 nm and 
d(111) = 0.241 nm); b: 4 nmpartiele along [111] zone (d(llO) = 0.297 nm) ; c: 10 nm 
partiele along [112] zone (d(llO) = 0 .298 nm and d(111) = 0.250 nm) . 
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In contrast with this, nearly all particles photodeposited from the (Cu2+, Tart, 
OH-) solution were identified as Cu20; only a few Cu particles (> 3 nm) were 
observed at the highest light intensities (~ 103 W fcm2). Fig. 5.5 shows three 
two-dimensionallattice images of Cu20 particles along the [011], [111] and [112] 
zone axes, respectively. The sizes of the particles are 2, 4 and 10 nm, respectively. 
With each partiele the corresponding optical diffraction pattem (ODP) and a 
schematic representation of the ODP are shown. The measured lattice spacings 
(d(hkl)) and angles are also indicated. In cases were spacings of equivalent sets 
of hkl planes could he measured, the averaged d(hkl) value is indicated. The 
relevant interplanar spacings, obtained from the x-ray powder diffraction file of 
Cu20 are: d(llO) = 0.3020 nm; d(111) = 0.2465 nm and d(200) = 0.2135 nm [19]. 
As seen from fig. 5.5, the measured lattice spacings do not differ by more than 
3% from the x-ray diffraction data. The measured angles between lattice planes 
also agree, within experimental error, with the values theoretically expected for a 
cubic structure. Single-crystalline and twinned Cu20 particles as large as 25 nm 
were observed. 

Fig. 5.6 shows examples of [011] lattice images of three charaderistic Cu par
ticles with sizes of 7, 6 and 9 nm, respectively. The ODP of the single-crystalline 
Cu partiele from fig. 5.611 is similar to the ODP shown in fig. 5.511 , except that 
the redprocal distances are increased by ~18%. A large number of Cu particles 
exhibited single or multiple twinning along the closely packed (111) planes. Ex
amples of this are shown in figs. 5.6~ and 5.6c. The measured lattice spacings of 
the particles shown in fig. 5.6 do not differ by more than 2% from the spacings 
reported for bulk Cu [19] (d(111) = 0.2088 nm and d(200) = 0.1808 nm) . 

The above observations show that Cu (Cu20) growth centers consist of well
defined crystallites. These probably grow by direct incorporation of copper ( and 
oxygen) atoms into the lattice. In contrast with this, it was found for Pd pho
todeposition that Pd growth centers consîsted of a large number of randomly 
oriented 2-4 nm Pd clusters [8]. In this case growth took place by repeated three
dimensional nucleation of 2-4 nm Pd clusters. Finally, it was shown that all Cu20 
particles (> 1.5 nm) that were photodeposited from tbe (Cu2+, Tart, OH-) solu
tion were reduced to Cu particles when they were further illuminated in the (Tart, 
OH-) solution for 2 min. at 100 W fcm2 (procedure f(B)). Fig. 5.7 shows [011] 
structure images of a 3 nm single-crystalline Cu partiele (fig. 5.711 ) and a 3 nm 
single-twinned Cu partiele (fig. 5.7b), which were produced in this way. These 
results indicate that the atomie structure of photodeposited Cu20 or Cu particles 
in procedure f(A) did not change during the sequence of rinsing with water, dry
ingin air, exposure to air, transfer into the electron microscope and subsequent 
exposure to the electron beam. 
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Figure 5.6 
HREM images of [011] oriented Cu particles (procedure f( A)). a: Single-crystalline 7 nm 
Cu partiele (d(200) = 0.184 run and d(lll} = 0.209 run). b: Single-twinned 6 run Cu 
partiele (d(200) = 0.181 run and d(111) = 0.208 nm). c: Five-fold twinned 9 nm Cu 
partiele (d(200) = 0.182 nrn and d(lll) = 0.210 run). 
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Figure 5.7 
HREM images of [011] oriented Cu particles (procedure f(B)). a: Single-crystalline 3 nm 
Cupartiele (d(200) = 0.179nm and d(lll) = 0.206 nm). b: single-twinned3nm partiele 
(d(200) = 0 .182 run and d(lll) = 0.210 run). 

5.4 Ti02 powder 

Under illumination the color of the Ti02 grains in the (Cu2+, Tart, OH-) 
solution gradually changed from white to pink within approximately 15 min. The 
sediment obtained in procedure p(A) slowly regained its original white color when 
the (Cu2+, Tart, OH-) salution remained in contact with air. This decoloriza
tion started at the top of the sediment, indicating dissolution of deposited capper 
species by the reduction of dissolved oxygen, which slowly diffuses into the sedi
ment. The solution always kept its original deep blue color, indicating that only 
a smal! fraction of the ( complexed) copper ions was deposited. 

During the second illumination in the (Tart, OH-) solution the color of the 
Ti02 grains gradually changed from pink to dark grey within approximately 
10 min. (procedure p(B)). The color of the sediment slowly changed from dark 
grey via pink to white when the (Tart, OH-) salution remained in contact with 
air. lt was not possible to obtain the dark grey color when the pink Ti02 grains 
from procedure p(A) were thorougly wasbed with a 0.25 M NaOH solution and 
then illuminated in this solution. It is noted that the color of naked Ti02 pow
der in 0.25 M NaOH also turned to blue-grey under illumination when dissolved 
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oxygen was removed by N2 bubbling or when hole scavengers, such as tartrate or 
HCHO, were added to this solution. This indicates the formation of reduced Ti02 
surface states, as was previously reported [25]. 

When the Ti02 sediment was stared in a N 2 atmosphere or in a sealed EXAFS 
cell immediately after the (final) illumination in procedure p(A) or p(B), the color 
of the Ti02 grains did not change over several weeks. The Ti02 sediment can 
then he considered as a "frozen" system without dissolved oxygen. 

Figure 5.8 
TEM image of Ti02 powder, which was illurninated in the (Cu2+, Tart, OH-) solution 
for 20 min. (procedure p(A)). Multiple nucleation of particles on Ti02 crystallites is 
observed. 

Fig. 5.8 shows a characteristic TEM image of Ti02 powder obtained by iliumi
nation in the (Cu2+, Tart, OH-) solution for 20 min. It is seen that many particles 
in the 2-8 nm size range are randomly photodeposited on the Tiû2 crystallites 
which have a size in the 10-100 nm range. Multiple nucleation of small (1-3 nm) 
particles on one Ti02 crystallite was also observed aftera 5 min. illumination. No 
deposits from the (Cu2+, Tart, OH-) salution were observed in the absence of 
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either illumination or Ti02 gra.ins. 

5.5 EXAFS investigations 

5.5.1 Data of samples and reference compounds 

Routine cubic spline background subtradion and normalization methods were 
used to extract the EXAFS functions from the experimental data [26]. The EXAFS 
spectra of the reference compounds and their k3-weighted Fourier transforms are 
shown in fig. 5.9. In fig. 5.10 the spectra and P Fourier transforma of the samples 
p(A) and p(B) are given. Because of the distortion of the spectra by the W 
impurity line the data could not be used beyond k = 13 Á -l. 
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Fourier transfarms of the EXAFS spectra are a first approximation of the 
radial distribution functions. Comparison of the Fourier transforma of the experi
mental data of sample p(A) with the CuO and Cu20 reference data shows striking 
similarity between the sample and Cu20 data (fig. 5.11b). From the absolute mis
match in the imaginary part of the Fourier transfarms of the sample and CuO data 
(fig. 5.11 ") it can he concluded that CuO is not the predominant copper phase. 
Furthermore the absence of a peak at the nearest neighbor distance (2.56 Á) in 
the fee structure of Cu excludes the presence of a large amount of Cu in sample 
p(A). 
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Figure 5.11 
Comparisom between kl weighted Fourier transforma of data of sample p(A) and those 
ofCuO and Cu,O (k rangesas infigs. 5.9 and 5.10). a: Samplep(A) (---:absolute part, 
...--: imaginarypart) and CuO (·-- :absolute part,--: imaginarypart). b: Samplep(A) 
( ---: absolute and-: imaginary part) and Cu,O ( ···-· : absolute partand --: imaginary 
part). 

lf Fourier transfarms of the data of sample p(B) are compared with the data 
of sample p(A) (fig. 5.12") and of Cu20 (fig. 5.12&) it can he concluded that the 
basis again is Cu20. However, an additional peak at the nearest neighbor distance 
of Cu is observed, which indicates the presence of metallic Cu. 

5.5.2 Data analysis 

Quantification of the different contributions to the EXAFS signal requires 
a detailed analysis of the EXAFS data. Using inverse Fourier transformation 
techniques (table 5.1) the phase and backscattering amplitude functions for the 
different absorber-backscatterer pairs were obtained from the reference compound 
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Comparisons between k1 weighted Fourier transforma of data of sample p(B) and those 
of sample p(A) a.nd Cu20 (k ranges as in figs. 5.9 and 5.10). a: Sample p(b) (---: ab
solute part,-: im&ginary part) and sample p(A) (--···:absolute part,--: imaginary 
part). b: Sample p(B) (---:absolute a.nd -: imaginary part) and Cu20 ( ..... .;absolute 
part a.nd --: imaginary part). 

data [26]. These phase and backscattering amplitude functions, tagether with an 
estimate of the coordination number (N), the distance (R), the difference in the 
Debye-WaHer factor between sample and reference compound (Á0"2 ) and an inner 
potential correction ( Vo), are used to calculate the EXAFS function of a partienlar 
coordination shell, expected to be present in the sample under study. The spectra 
of separate shells were added tagether to give the EXAFS of a model of the average 
local structure around a copper atom. Comparison in R space of both k1 and P 
Fourier transfarms of the calculated and experimental data made it possible to 
find unique valnes for the seemingly correlated pairs N and Á0"2 and R and Vo. 
The k range for the Fourier transformations was determined by the position of 
the nocles in the experimental data and was chosen as large as possible within the 
validity range of all references used. 

The relatively poor energy resolution with which the spectra were measured 
does not affect the EXAFS function of all coordination shells in the same way. Co
ordination shells of elements with a rapidly decreasing backscattering amplitude 
(low Z) will be affected more strongly by a poor energy resolution than shells com
prising elements that still have significant amplitude at high k values. The reason 
for this is the fact that the wavelength of the EXAFS oscillations in k space for 
a partienlar shell is constant in k. In energy space it is therefore proportional to 
the square root of (E- Eedge) [28]. Because of the use of reference compounds, 
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Table 5.1 
Crystallographic data and particulars about the Fourier transforms on the 
referenee compound data. 

A hs.-Scat. N R Comp. FT. range " FT-1 range Ref. 
pair (À) (A-l) power (A) 

cu+-o2- 2 1.85 Cu20 2.98-11.44 3 0 -1.88 [27] 
Cu0-cu0 12 2.56 Cu foil 3.01-13.22 3 1.48-2.94 [19) 
cu+-cu+ 12 3.02 Cu20 2.98-11.44 3 1.88-3.37 [27] 

measured with the same resolution, absolute valnes of the coordination numbers 
and radii of equivalent eoordination shells can still be obtained, but the valnes for 
low Z (oxygen) backscattering contributions in the spectra, espeeially at larger 
distanees from the absorbing atom, have lower accuracy than for high Z (eopper). 
Furthermore, the use of phase and backscattering amplitude funetions, obtained 
by inverse Fourier transformation of data from a partienlar shell in a reference com
pound, to model coordination shells at different distances ca.li result in etroneous 
coordination parameters. 

Table 5.2 
Results of analysis for sample p(A). 

Shell N R (À) 4,(7'2 (À2) Vo (eV) Ref. 

cu+-o2- 2.14 1.876 -0.00254 -1.64 cu+-o2-

1 0.341 2.414 -0.019041 19C cu+-cu+ 
cu+-cu+ 104 3.0511 -0.00174 -2.24 cu+-cu+ 

a: Accuracy ±20%. 
11: Accuracy ±2%. 
c: Aceuracy ±50%. 
4 : Accuracy ±5%. 

Figs. 5.13 and 5.14 showthebest results of the analysis in R space for sam
ple p(A) and p(B), respectively. The coordination parameters used to calculate 
the models are listed in tables 5.2 and 5.3. The validity ranges shown represent 
estimates of the accumulated errors in different steps of the EXAFS experiment 
and subsequent analysis. Of these steps, background removal and normalization 
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Figure 5.13 
Fourier transfarms of experimental and calcula.ted data. for sample p( A). a.: k1 weighted, 
b: k3 weighted, k range 3.84-10.69 A - 1 . ( ---: absolute part and-: imaginary part of 
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constitute the larger part of the uncertainty. The accuracy with which the coordi
nation parameters of given EXAFS functions can be determined with the a.nalysis 
method described is much higher. 

Table 5.3 
Results of analysis for sample p(B). 

Shell N R (Á) ö.u2 (A2) Vo (eV) Ref. 

cu+-o2- 2.04 1.89b 0.0031 4 -5.04 cu+-o2-

Cu0-Cu0 3.34 2.60b -0.00044 -7.04 Cu0-Cu0 

cu+-cu+ o.se 3.0Qd o.ooase 6.oe cu+-cu+ 
? 3.5c 3.37d o.ooaoc 13c cu+-o2-

4
: Accuracy ±20%. 

b: Accuracy ±2%. 
c: Accuracy ±50%. 
d: Accuracy ±5%. 
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Fourier transfotmil of experimental and calculated data for sample p(B). a: k1 weighted, 
}): A:3 weighted, k range 3.91-10.73 A - 1 • (---: absolute part and- : imagi:nary part of 
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5.5.3 Discussion of coordination parameters 

The results of the analysis of sample p(A) ( table 6.2) in deed show great similar
ity with the parameters of Cu20 powder. The coordination number and Cu+-o2-
distance are, within the accuracy of the technique, equal to the values. for bulk 
Cu20. The presence of a significant amount of copper suboxides [23,24] can be ex
cluded since the coordination number of the Cu+-o2- shell in these compounds 
is ~ 1. The second largest peak is identified as the Cu+ -Cu+ shell of the Cu20 
structure. In the sample the coordination number is smaller than the bulk value. 
The negative values of à0"2 indicate a smaller static disorder in the sample than 
in the reference compound. 

In between these two shells there is a contribution which cannot be fitted with 
any of the absorber-scatterer combinations in table 5.1. It can be speculated 
that this contribution originates from a èu-Ti substrate bond or from complexed 
copper ions in the solution [29] but the quality of the data is insufiicient to es
tablish these hypotheses. Because of the overlap of the three shells in the Fourier 
transforma of the sample data it was necessary to approximate this contribution 
as effectively as possible by using the Cu+-Cu+ phase and backscattering ampli
tude functions, in order to be able to find reliable valnes for the parameters of the 
neighboring shells. 

The first coordination shell in the data of sample p(B) aga.in is identified as 
the Cu+-o2- shell in Cu20 (table 5.3). The coordination number is equal to the 
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bulk value for Cu20 and is, within the ac.curacy of the technique, the same as 
for the fi.rst sample. The coordination distanc.e is slightly larger than in the bulk. 
From the va.lues of .ó.o-2 for this shell it can be c.onduded that the static disorder 
in this shell is also larger than in the bulk. 

The dominant peak in the Fourier transfarm of the data of sample p(B) origi
nates from a combination of the Cu0-Cu0 shell in metallic Cu and the Cu+-cu+ 
shell of Cu20. Compared to the value of 10 in the first sample, the c.oordination 
number of 0.8 for the cu+-cu+ shell is very low. 

The fourth shell used to model the data cannot be attributed to either the 
Cu20 or the Cu structure. Although necessary for reliable estimation of the co
ordination parameters of the other shells, no condusions can be derived from the 
parameters of this shell. 

5.5.4 Interpretation of results 

Coordination numbers found with EXAFS are averages over all absorber ele
ment atoms. This affects EXAFS coordination numbers in two ways. In a sample 
that is a mixture of phases containing different absorber elements, the coordina
tion number of a particular shell found from EXAFS analysis has to be corrected 
for the fraction of the total amount of absorber element atoms in the phase which 
inc.orporates that shell. Secondly, if the absorber element is present in spherical 
partides, the number of absorber element atoms in a particular partiele will be 
proportional to the cube of the radius of the particle. Atoms near the surface of 
the partiele will have incompletely fi.lled coordination shells. The number of atoms 
near the surface will be proportional to the square of the radius of the particle. 
Therefore the average coordination number of a shell as found with EXAFS is a 
function of partiele size [30]. This effect will affect the coordination number of 
shells with larger radii more strongly. 

The above analysis indicates that in sample p(A) almast all capper atoms are 
present in Cu20 partides. From the coordination number of 10 for the Cu+
Cu+ shell it is estimated that the average Cu20 partiele size is 3-4 nm, assuming 
spherical particles. This agrees with TEM observations (cf. fig. 5.8). 

Since the coordination number found for the Cu+-o2- shell of sample p(B) 
equals the bulk value the fraction of capper atoms in the Cu20 phase is approxi
mately unity. Consequently the fraction of copper atoms in the Cu phase is very 
small. The coordination number of the Cu0-Cu0 shell has to be corrected for this 
fraction. This will result in a coordination number close to the bulk value (12), in
dicating relatively large Cu particles. The decrease of the coordination number of 
the Cu+-cu+ shell from 10 in sample p(A) to 0.8 in sample p(B) indicates a con
siderable decreasein the Cu20 partiele size and/or a deviation from the spherical 
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partiele geometry. The faet · that the coordination number of the Cu+-ü2- shell 
is unaffected can be explained by the fact that this shell is relatively insensitive to 
partiele size because saturation to the bulk value (2) occurs already in small par
ticles (in one Cu20 unit the coordination number already equals 1). Furthermore 
the dipole-dipole attraction between Cu20 pairs can act as an additional force for 
completion of the Cu+-o2- shell of Cu20. 

From the above analysis it is suggested that in sample p(B) all small particles 
consist of Cu20 while larger particles consist of a Cu core, which might be cov
ered with a few monolayers of Cu20. Apart from direct Cu20 photodeposition a 
significant part of the Cu20 may have been formed by the (partial) oxidation of 
previously formed Cu particles due to the presence of residu al oxygen in the (Tart, 
OH-) solution after the final illumination in procedure p(B). It should be noted 
that a thin ( < 0.5 nm) Cu20 film, which might have been formed on previously 
formed Cu particles in procedures f(A) or f(B), cannot be observed by BREM. 

5.6 Discussion 

From the above results it is concluded that Cu20 particles are photodeposited 
on Ti02 crystallites in the presence of a relatively large amount of copper ions 
(procedures f(A) and p(A)). Direct Cu photodeposition does not occur unless long 
illumination times and/or high light intensities are used. If the contentration of 
copper ions in the solution is decreased, Cu20 particles can be reduced to Cu under 
illumination even at low light intensities. These results will now be discussed in 
terros of simple redox reactions in volving transfer ofTi02 photoelectrons to energy 
levels at the solid-liquid interface. 

5.6.1 Energy diagram 

A simplified energy diagram of the Ti02 crystallite-electrólyte interface at 
pH= 13.4, is shown in fig. 5.15. All potentials are quoted vs the normal hydrogen 
electrode (NHE). The following assumptions were.used to construct this diagram. 

The potentials of the valenee band edge and the conduction band edge of Ti02 
are -0.85 V and +2.15 V, respectively [31]. It is reasonable to assume that the 
energy bands in small Ti02 crystallites ( < 100 nm) are flat, since an internal 
space charge layer, as present in bulk Ti02 electrodes, cannot exist [32,33]. At 
donor concentrations of 1017 /cm3 each Ti02 crystallite with a diameter smaller 
tha.n 25 nm contains (on average) less than one charged donor; it thus behaves 
as a dielectric. The diagram ca.n therefore be used for both thin ( < 10 nm) 
polyerystalline TiO~ films and Ti02 powder crystallites ( < 100 nm). 

In the strongly alkaline electroless copper tartrate solution airoost all copper 
ions are pre8ent as complexed ions ((Cu2+)c)· The main uncomplexed copper ions 
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Simplilled energy diagram showing the conduction band (CB) and valenee band (VB) 
edges of a Ti02 crystallite at pH = 13.4 with respect to redox levels relevant to thls 
work. 

are [Cu02]2- and [HCu02J- but their concentrations are orders of magnitude 
smaller than that of (Cu2+)c ions. Generally it is assumed that the reduction of 
copper ions occurs via (Cu2+)c ions [34-36]: 

(5.1) 

El-Raghy and Abo-Salama measured the current-potential curve for this reac
tion at bulk Cu electrades in the (Cu2+, Tart, on-) solution [17]. From an 
extrapolation of this curve to zero current one obtains the equilibrium poten
tial -0.08 V for reaction (5.1). Assuming a reversible electron transfer, this 
potential corresponds approximately to the reversible redox potential for reac
tion (5.1) (V((Cu2+)c/Cu)). The above value corresponds with polarographically 
determined values of V((Cu2+)c/Cu)) for copper ions complexed by tartrate in 
alkaline medium [37]. 
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Cu20 is electrochemically reduced to Cu according to 

(5.2) 

From a thermodynamic point of view, this occurs at potentials more nega.tive 
than the reversible redox potential V(Cu20/Cu), which equals -0.32 V at pH= 
13.4 [38}. From numerous studies [39-41], however, it is known that reaction (5.2) 
ma.y require significant overpotentials. 

By substracting reaction (5.2) from reaction (5.1) one obtains the reaction in 
which {Cu2+)c ions are reduced to Cu20 : 

(5.3) 

Using the a.bove valuesofV((Cu2+)c/Cu) and V(Cu20/Cu), it follows from a. sim
ple thermodynamic calculation that the reversible redox potential for reaction (5.3) 
(V(Cu2+)e/Cu20)) equals +0.16 V. 

Although Cu20 films on Cu electrodes show the characteristics of a p-type 
semiconductor the cathodic photocurrent in the presence of several redox systems 
is generally small and does not lead to self-reduction of Cu20 to Cu [42]. It was 
experimentally verified that photodeposition did not occur on suspended Cu20 
powder in the (Cu2+, Tart, OH-) solution. Therefore the photoelectrochemical 
contribution of Cu20 particles to the formation of Cu can he neglected. 

5.6.2 Photonuclea.tion of Cu20 

In order to explain the initia! photonucleation of small ( < 3 nm) Cu20 particles 
on Ti02 crystallites (procedures f(A) a.nd p(A)), we consider the shift of the Fermi 
level [44] in the Ti02 crystallites due to illumination. Since deposition of copper 
species from the (Cu2+, Tart, OH-) solution does not occur in the dark, it can 
he assumed that initially the Fermi level is be]ow the onset potential for the 
rednetion of (Cu2+)c ions (fig. 5.15). Under illumination the photogenerated 
holes are rapidly transferred to oxidizable species in the solution [8]. Both HCHO 
and tartrate are effective scavengers of the reactive valenee band holes [43]. 

The photogenerated electrons may accuroulate in the bulk of the crystallite 
but-most probably-they are trapped in surface states, as was indicated by recent 
memory effect experiments [8]. The negative charging of the Ti02 crystallites 
implies an upward shift of the Fermi level. The Ti02 energy band edges at the 
surface will also he shifted upward with respect to energy levels in the electrolyte, 
because the potential drop across the Helmholtz double layer will a.djust itself to 
the extra negative charge on the Ti02 crystallite [8]. It is not certain whether 
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the negative surface charging will cause a significant distortion of the "flat band" 
condition inside the Ti02 crystallites [32]. 

Possibly a number of photoelectrons will be used for the rednetion of dis
solved oxygen [45], but this will be disregarded. When a critica} concentration 
of electrons is built up in the Ti02 crystallite-i.e., when the Fermi level has 
been shifted upward sufficiently-(Cu2+)c ions will be reduced. Since in alkaline 
medium the potential V((Cu2+)c/Cu20) is positive with respect to the potential 
V((Cu2+)c/Cu) (fig. 5.15), it can be understood that the rednetion of (Cu2+)c 
ions initially leads to the formation of small ( < 3 nm) Cu20 particles according 
to reaction (5.3). This agrees with the observation that relatively thick (~ 5 pm) 
polycrystalline Cu20 films were electrodeposited onto metal electrades from an 
alkaline solution at small overpotentials (46,47]. Apparently, Cu20 is able to con
duct electrons rather well. To our knowledge, no studies have been reported on 
the kinetics of the electrochemical deposition of Cu20. 

The observed multiple nucleation of Cu20 particles on a Ti02 crystallite 
(figs. 5.4 and 5.8) and their growth can be explained by consiclering the mod
ulation of energy bands inside the Ti02 crystallite caused by the deposition of 
small ( < 3 nm) Cu20 particles. The potential of the Cu20 particles will initially 
be fixed near the redox potential of reaction (5.3). The intrinsic harrier height at 
the Ti0z-Cu20 contact determines whether the Ti02 surface energy band edges 
at the contact are shifted upward or downward with respect to those at naked 
sites [48,49). A crucial point is that for one small ( < 3 nm) Cu20 deposit the 
band modulation inside the Ti02 crystallite rapidly decreases toward the interior 
of the crystallite [48-50]. This implies that the energy levels in the larger part of 
the TiOz crystallite are not significantly affected by just one small Cu20 deposit. 
Therefore multiple nucleation of small Cu20 particles proceeds at other surface 
sites on the Ti02 crystallites by the release of trapped photoelectrons. 

After an initia! nucleation period photodeposition only occurs on existing 
growth centers, as was observed for both TiOz films (fig. 5.4) and suspended Ti02 
powder crystallites (fig. 5.8). The reason for this is that photoelectrons are then 
sufficiently attracted to the Cu20 deposits by a small electric field which has been 
build up inside the Ti02 crystallites due to the presence of these deposits [50]. 
The Cu20 deposits serve as potential wells for photoelectrons [8]. 

5.6.3 Photodeposition of Cu20 and Cu 

The formation of Cu20 and/or Cu particles (> 3 nm) during prolonged illu
mination (procedures f(A) and p(A)) depends strongly on the experimental condi
tions. It is assumed that during illumination the Fermi levels in the Ti02 crystallite 
and the copper deposit are equal. When the rate of removal of photoholes from 
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the Ti02 crystallite is smaller than the maximum possihle rate of transfer ofpho
toelectrons through reaction (5.3) the Fermi level will he pinned near the redox 
potential of reaction (5.3) during illumination. This will only he true if the rate 
of reaction (5.3) is not limited by either mass transport of (Cu2+)c ions or kinetic 
factors. This explains the photodeposition of larger (> 3 nm) Cu20 particles, 
without significant formation of Cu, as observed in procedure p(A) and in proee
dure f(A) at relatively low light intensities. It can simply he calculated that in 
proeedure p( A) the maximum spherical diJfusion flux of ( Cu2+ )c ions to suspended 
Ti02 erystallites is much larger than the flux of photons. In procedure f(A) the 
(Cu2+)c ions eonsumed at the illuminated spot on the Ti02 film ean he effectively 
replenisbed hy three-dimensional diffusion of (Cu2+)c ions when the pboton flux 
is not too large. 

The Fermi level will rise heyond the redox potential of reaction (5.3) when 
the rate of negative charging of the TiOz crystallites due to illumina.tion is la.rger 
than the rate of reaction (5.3). When the Fermi level bas risen ahove the potential 
V((Cu2+)c/Cu), (Cu2+)c are reduced directly to Cu according to reaction (5.1). 
A rise of the Fermi level toa. value sufficiently a.bove the potential V(Cu20/Cu) 
will result in the rednetion of previously photodeposited Cu20 particles to Cu 
partieles according to rea.ction (5.2). Both reactions (5.1)and (5.2) oecurred dur
ing prolonged illumina.tion in procedure f(A) at higher light intensities because 
the photoreduetion of (Cu2+)c ions to Cu20 hecame limited hy mass transport. 
The occurrenee of reaction (5.2) is most elearly illustrated by the results of pro
cedures f(B) and p(B). During the second illumination of the system CuzO/TiOz 
in the (Tart, OH-) solution, reactions (5.1) and (5.3) obviously could not occur 
while tartrate still acted as a.n effective hole seavenger. 

5.6.4 Eleetroless copper deposition 

It ean now he understood why photodeposited spots from the electroless solu
tion on Ti02 films only show autoca.talytic behavior in the dark when the iliumi
nation time is Jonger than A.t*. 

As explained recently, electroless copper deposition on a small isola.ted spot 
ean only he initiated and maintained when the current density of oxidation of the 
reducing agent HCHO at the spot (j(HCHO)) is greater than the current density 
of the rednetion of dissolved oxygen at the spot (j(Oz)) [lOJ. It is known that at 
bulk Cu electrodes the anodic oxidation of HCHO is a kinetically determined reac
tion [51] while the cathodic 02 rednetion reaction is contrólled hy mass transport 
at sufficiently negative potentials [52]. Beeause CuzO shows a much lower elec
troeatalytic activity for the anodic oxidation of HCHO than Cu [51], j(HCHO) is 
roughly proportional to the total surface area of the photodeposited Cu particles. 
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The maximum value of j(02) is determined by a steady-state nonlinear ditfusion 
flux of dissolved oxygen, which is inversely proportional tothespot diameter [10]. 

When .ó.t is smaller than .ó.t* the larger fraction of the photodeposited parti
cles in the spot consistsof Cu20. Consequently j(HCHO) is too small to initiate 
electroless copper deposition [10]. The surface area of active Cu particles is only 
large enough when .ó.t is larger than .ó.t*. But even in this case it was observed 
that electroless copper deposition ceased after a short time. This inhibition effect 
is caused by the fact that j(02) is larger than j(HCHO), due to an effectively 
enhanced supply of dissolved oxygen to the small spot by nonlinear ditfusion [HJ]. 
This implies that the initially active spot, formed by photodeposition, becomes 
passivated by oxidation of the copper surface. 

This so-called oxygen-diffusion-size effect becomes less important when j(02) 
becomes smaller i.e., when the photodeposited spot hecomes larger than 13 JAm 
or when the density of photodeposited copper patterns becomes higher. It was 
iudeed observed that 36 copper spots (13 JAm) deposited close tagether did show 
permanent autocatalytic behavior after photodeposition [10]. Thus it may be ex
pected that high-density electroless copper patterns with micron-sized structures 
can he deposited on Ti02 films and other photosensitive substrates by direct pho
toselective surface activation (e.g., by mask projection) in an electroless copper 
solution. 

5. 7 Conclusions 

A detailed BREM and EXAFS investigation made it possible to characterize 
the process of photodeposition of copper species on Ti02 substrates from an alka
line electroless copper solution. In the initial stages of UV illumination (Cu2+)c 
ions are photoreduced, leading to multiple nucleation of small ( < 3 nm) Cu20 
particles on Ti02 crystallites. During prolonged illumination the existing Cu20 
particles grow and the nucleation rate decays to zero. Since Cu20 shows only a 
low electrocatalytic activity for oxidation of HCHO, subsequent electroless copper 
deposition in the dark is not initiated. Electroactive Cu particles on Ti02 films are 
only observed at relatively long illumination times and/or high light intensities. 
Previously photodeposited Cu20 particles can be reduced to Cu particles during 
a secoud illumination in a solution from which (Cu2+)c ions are removed. 

These observations are explained by the following model, which considers the 
rise of the Fermi level in the illuminated Ti02 crystallites due to effective scav
enging of photogenerated holes by reducing agents in the solutions. Photonucle
ation of Cu20 particles starts when the Fermi level reaches the redox potential 
V((Cu2+)c/Cu20). Cu particles are not formed initially since in alkaline medium 
V((Cu2+)c/Cu20) is positive with respect to the redox potential V((Cu2+)c/Cu). 
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As long as photodeposition of Cu20 is not limited by either mass transport of 
(Cu2+)e ions or kinetic factors, the Fermi level is pinned near V({Cu2+)cfCu20). 
However, when the rate of negative charging of the Ti02 crystallites islarger 
than the rate of photodeposition of Cu20, the Fermi level can reach the potential 
V(Cu2+)c/Cu), at which (Cu2+)e ions are reduced directly to Cu. Furthermore, 
a rise of the Fermi leveltoa value sufficiently above the potential V(Cu20/Cu) 
will result in the rednetion of previously photodeposited Cu20 particles to Cu 
partiel es. 

Finally, it is coneluded that direct selective surface activation by photode
position of autocatalytic copper particles on photosensitive Ti02 substrates in· an 
electroless copper solution is possible under conditions of mass transport limitation 
of (Cu2+)e ions. These can be achieved by relatively long illumination times, high 
light intensities and/or large surface areasof illuminated high-density patterns. 
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CHAPTER6 

INFLUENCE OF PREPARATION METHOD ON THE 

METAL CLUSTER SIZE OF PT/ZSM-5 CATALYSTS AS 

STUDlED WITH EXAFS 

6.1 Introduetion 

Zeolites consist of an aluminosilicate framework with a pare structure of in
tersecting channels. The basic building blocks of a zeolite are Si04 and AI04 
tetrahedra which are linked in such a way that every oxygen anion is shared by a 
neighboring silicon or aluminum cation. In that way the silica tetrahedra become 
electrically neutral but the alumina tetrahedra are -1 charged. Electrical neutral
ity of the total structure therefore requires a pairing 1 + cation associated with 
each aluminum site. In the initial state of the synthesis of the zeolite, sodium or 
potassium aften serves as matching cation but in a later stage these ions can easily 
be exchanged by other cations. The type of cation employed largely determines 
the chemica} properties of the zeolite. The tetrahedra are arranged in a way that 
they farm rings of specifk diameter. The diameter is determined by the number 
of tetrahedra which usually ranges from 4 to 12 and which is specific for the type 
of zeolite. In turn these rings are combined, creating the channel structure of the 
zeolite crystal. 

The pare structure of zeolites limits the size of the molecules entering and 
exiting the internal zeolite structure. In that way the product distribution of 
reactions taking place inside the pores of the zeolite is strongly dependant upon 
the size of the pores ( ranging from 2.6 to 7.4 A) and consequently u pon the type of 
zeolite (shape selectivity). Purthermare the formation of large organic molecules 
which reduce the activity of catalytic systems with time ( coking) is inhibited [1,2] 
resulting in extended lifetimes of the catalysts. 

The porous structure of zeolites with large intracrystalline volumes and high 
surface areas per unit weight can be used to support catalytic active materiaL 
In this way a bifunctional catalyst can be obtained which combines the catalytic 
properties of the zeolite-including the sieve function-with the properties of the 
introduced catalytic materiaL The preparation of a ZSM-5 zeolite with platinum 
particles introduced in the pare system has been reported by Dessau {3]. The 
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cations neutralising the negative charge of the aluminum sites were exchanged 
with [Pt(NBa)4]2+, which was subsequently thermally decomposed. Competitive 
hydrogenation of linear and branched olefins was used to test the shape selectivity 
of the catalyst and thereby determine whether the platinum particles were intra
or extrazeolitic. Only by slowly heating in oxygen to 350°C prior to reduction, 
well dispersed platinum on zeolite catalysts with shape selective properties were 
obtained. 

Platinum can also he introduced in the pores by impregnation of the zeolite 
with a solution of Pt(NBa)4 ( OB)2 (4]. Bowever, since only one platinum tetramine 
complex can be associated with an aluminum site, atomie dispersion of the com
plexes inside the pores is expected with ion exchange, whereas with impregnation 
complexes will randomly be deposited in the zeolite pores. Furthermore the plat
inurn tetramine complexes deposited by impregnation are neutral and therefore 
more mobile than the Coulombically bound (Pt(NB3 ) 40B]- species in ion ex
changed catalysts. For these reasons it was expected that ion exchange would 
produce more dispersed platinum and consequently smaller particles in ZSM-5 
than impregnation. 

Different platinum on zeolite catalysts prepared by ion exchange and impreg
nation were characterized by Engelen (4,5] using thermogravimetrie analysis, tem
perature programmed decomposition, measurement of the propane conversion ac
tivity and high resolution electron microscopy. These experiments indicated that 
decomposition of the platinum tetramine complex in the presence of oxygen pro
duced small platinum oxide particles which were mainly located inside the pores 
of the zeolite. Especially with the impregnated sample indications of larger par
ticles on the outside of the zeolite crystallites were found. Surprisingly BREM 
measurements on the calcined systems showed smaller internal particles for the 
impregnated sample than for the ion exchanged sample. 

To verify these remarkable conclusions, to research the possibility of the ex
istence of a bimodal Pt partiele size distribution and to investigate the structure 
of the catalysts a.fter reduction, in-situ EXAFS measurements under hydrogen 
were performed on 2 wt% platinum on ZSM-5 catalysts, prepared by ion exchange 
and by impregnation. In this chapter the results of the analysis of these EXAFS 
measurements will be presented. The results corroborate the BREM conclusions. 

6.2 Experimental 

The synthesis of the ZSM-5 zeolite bas been reported by Engelen [5]. The 
prepa.ration ofthe catalysts was also performed and reported by Engelen (5]. Both 
samples were prepa.red·from a pota.ssium-ZSM-5 zeolite with a Si/Al ratio of 75 
which was driedinair at 300°C before use. The impregnated sample was prepared 
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by the incipient wetness method. A small amount (0.33 g) of a Pt(NH3)4Ch 
salution containing 6 wt% Pt was added to 1 g of zeolite and left to dry in air. 
In the case of the ion exchanged sample 1 g of zeolite was added to 0.33 g of the 
platinum tetramine solution which was diluted with 10 g of doubly distilled water. 
The ion exchange took place overnight in the stirred solution. It was veri:fied that 
afterwards no platinum was left bebind in the solution. The solution was then 
filtered, rinsed with a small amount of water and left to dry in air. Both catalysts 
were loaded with 2 wt% Pt. Small amounts ofthe samples (0.15 g) were cautiously 
calcined in a He/02 (4:1) flow of 150 mi/min with a heating rate of l°C/min from 
room temperature upto 300°C. To quickly remove H20 and NHg formed in the 
calcination process a vertical reactor of 10 mm inner diameter was used in which 
the catalysts were packed in a very thin bed (1-2 mm). 

For the EXAFS measurements the samples were pressed in a sampleholder 
forming a self-supporting wafer with an absorbance of about 2.5 at the Pt Lm 
edge and mounted in an in-situ transmission cell, described in section 4.2. The 
samples were dried at a temperature of 100°C under a He flow of 100 mi/min 
before reduction at 350°C in a flow of 100 mijmin H2 (heating rates 5°C/min). 

The Pt Lm EXAFS measurements on the samples were performed on sta
tion 8.1 of SRS (Daresbury, UK) at liquid nitrogen temperatures in a hydrogen 
atmosphere. The ring was operated at an energy of 2 Ge V with the current typ
icallyin the 100-200 mA range. A bent Si(220) double crystal monochromator 
was used and the second crystal was detuned to 50% of the maximum intensity 
for higher harmonie rejection. lonization chamber detectors stationary filled with 
a mixture of argon and helium were employed to monitor the incoming and trans
mitted flux. The Ar/He gasmixture was chosen to give 20% absorption in the Ii 
chamber and 80% in the lt chamber. 

Experimental phase and backscattering amplitude functions were derived from 
platinum foil data (thickness 4 pro) measured at SRS (Daresbury, UK), station 9.2 
(beam conditions: 2 Ge V, 130-90 mA and the wiggier at 5 T). A flat double crystal 
Si(220) monochromator was used with 50% harmonie rejection. The gasfillings of 
the Ii and It ionization ebarobers were equivalent to those of the measurements 
on the samples. The foil was kept at liquid nitrogen temperature during the 
measurement. Data from a different station had to he used because the Pt foil 
data of station 8.1 were measured at room temperature resulting in a reduetion 
of EXAFS amplitude especially at the high k end of the spectrum because of 
the higher Debye-WaHer factor. It is expected that this will introduce a larger 
uncertainty in the coordination numbers than the use of data measured at different 
stations. Moreover the transferability of the data from station 9.2 to 8.1 was 
verified by analysing the 8.1 Pt foil data measured at room temperature with 
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phase and backscattering amplit~de functions extracted from 9.2 foil data also 
measured at room temperature. 

6.3 Data analysis and EXAFS retmlts 

The standard data rednetion procedures described in section 2.3 have been 
employed to isolate the EXAFS oscillations from the raw EXAFS spectra. In 
fig. 6.1 the x's ofthe foil (a) and ofthe ion exchanged (c) and impregnatedsample 
(e) are shown together with the k3 Fourier transforms (b, d and f respectively). 

From the crystallographic data [6] of bulk fee platinum, coordination num
bers and coordination distauces ofnear neighbor shells can be derived (table 6.1). 
Phase and backscattering amplitude function of the Pt-Pt absorber-backscatterer 
pair can be derived from the backtransformation of the first shell. The atoms in 
the fourth shell are shadowed by the atoms in the first shell resulting in multiple 
scattering effects. Consequently the EXAFS of this shell is amplified and an addi
tional phase factor is introduced. This shell will therefore have phase and ampli
tude functions with differ from the ones of a normal Pt-Pt absorber-backscatterer 
pair [7-9]. 

Table 6.1 
Coordination parameters for bulk fee platinum derived from [6]. 

Shell Absorber-Back- Coordination Distance 
scatterer pair number (Á) 

1 Pt-Pt 12 2.77 
2 Pt-Pt 6 3.92 
3 Pt-Pt 24 4.80 
4 Pt-Pt* 12 5.54 
5 Pt-Pt 24 6.20 

* Multiple scattering 

The phase and amplitude fundions for the Pt-Pt pair and the Pt-(Pt)-Pt 
combination of the fourth shell were extracted from the foil data in two stages. 
First preliminary phase and backscattering amplitude functions were calculated 
from the inverse Fourier transforms of the first (R-range 1.72-3.40 Á) and fourth 
shell (R-range 5.18-5.64 Á) in the ~ Fourier transform of the Pt foil EXAFS 
(i-range 2.3û-19.87 A-l). These functions were then used to model the first five 
eoordination shells in the Pt foil data in R space with the metbod of section 2.3. 
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EXAFS functions and k3 Fourier transfonns of the Pt foil (a. and b) (FT range 2.3Q-
19.87 A -I, of the 2 wt% Pt/ZSM-5 sample prepa.red with ion excha.nged (c and d) (FT 
range 2.72-15.19 A -I and of the 2 wt% Pt/ZSM-5 impregna.ted sample (e and f) (FT 
ra.nge 2.2Q-14.95 A - 1 . 
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The parameters found were used to calcula.te the EXAFS fundions ofthe second, 
third a.nd fifth shells. These EXAFS funetions were then subtraeted from the 
original EXAFS, resulting in the EXAFS fundion of only the first a.nd fourth 
shells. From the Fourier tra.nsform of this data. (k-ra.nge 2.73-19.26 A-l) the 
shells could he baekttra.nsformed over a. wider range without ha.ving overlap of 
neighboring shells a.nd thus better pha.se a.nd backscattering amplitude fundions 
were obta.ined. For the first shell backtra.nsforma.tion was done from 1.32 A to 
3.72 A while for the fourth shell the R-range was 4.90-5.98 A. 

Table 6.2 
Results of the modeling of the first Cour shells of Pt foil data. 

Shell N R(A) .6.0'2 (A2) Vo (eV) Referenee 

1 11.9 2.77 0 0 Pt-Pt 
2 4.8 3.92 0.00015 -6.5 Pt-Pt 
3 14.3 4.78 0.0009 0.5 Pt-Pt 
4 10.4 5.55 -0.0005 0 Pt-(Pt)-Pt 
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Figure 6.2 
Phase a.nd bacbcattering amplitude correeied k1 (a) and 1f3 (b) Fomier tranllforms of 
ihe original Pt foil data(--...: absolute partand -: .imaginary part) and of the model 
EXAFS data calculated using the coordination parameters of table 6.2 (·····: absolute 
partand --: .imaginacy part); Range in k space: 3.19-13.85 A - 1 • 

From the EXAFS formula. (2.11) it is obvious that the amplitude ofthe EXAFS 
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of a particular shell-via the mean-free-path term exp( -2(Rj- .Cl)/ À)-is a func
tion of R. Modeling coordinatîon shells at higher R values with a reference cal
culated from the first shell may result in erroneous coordination numbers. Fur
thermore, the data range of the Pt/ZSM-5 samples in k space is shorter than the 
data range of the foil. This will drastically affect the Fourier transforms. To be 
able to compensate for these effects the first four coordination shells of Pt in the 
foil data once again were modeled in R space employing the method descibed in 
section 2.3 while using a Fourier transform range in k space comparable to the 
k range of the samples. The results are presented in table 6.2 while in fig. 6.2 the 
models are compared in R space with the original data for both P and k3 Fourier 
transforms. The accuracy with which these parameters have been determined is 
higher than the normal EXAFS accuracies because many of the errors introduced 
in standard analysis-e.g., deviations in normalization, differences in background 
subtraction or inaccuracies in edge position determination-are compensated by 
the fact that phase and amplitude functions were derived from and applied to the 
samedata file. 

Analysis of the data of the samples was also done by calculating model EXAFS 
functions from proposed coordination parameters of several shells in combination 
with appropriate phase and backscattering amplitude functions, addition of these 
individual EXAFS functions and optimization ofthe proposed coordination param
eters by camparing the k1 and k3 Fourier transfarms of model and experimental 
data in R space. In tables 6.3 and 6.4 the coordination parameters of the best fits 
of the data of the ion exchanged sample and the impregnated sample respectively 
have been listed. An impression of the quality of the coordination parameters 
found for the ion exchanged and the impregnated sample can be derived from the 
figs. 6.3 and 6.4 respectively. The fourth shell of the data of the impregnated sam
ple could not be modeled to yield reasonable coordination parameters. For that 
reason the fourth shell was not considered in quantitative comparisons between 
both samples. 

The coordination numbers found from analysis still have to be corrected using 
the results of the analysis for the Pt foil data. For j = 2 and 3 the corrected 
coordination numbers can be expressed by 

(
Nj,bulk) ( ~;,;:~=~~:;) 

Nj = Nj,ana -N 
j,joil · 

(6.1) 

in which Nj is the corrected coordination number of the lh shell, Nj,ana is the 
coordination number found from analysis (tables 6.3 and 6.4), Nj,Joil the coordi
nation number found from the analysis of the data of the Pt foil (table 6.2) and 
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Table 6.3 
Results of the rnadeling of the first four shells of the data of the 2 wt% 
Pt/ZSM-5 sample prepared with ion exchange. 

Shell N R (Á)G au2 (A2)11 Vo (eV)6 Reference 

1 8.86 2.77 0.0030 1.6 Pt-Pt 
2 3.1c 3.93 0.0051 -6.9 Pt-Pt 
3 7.16 4.76 0.0055 2.6 Pt-Pt 
4 3.7c 5.51 -0.0020 3.0 Pt-(Pt)-Pt 

a: Aecuracy ::1::1%. 
6: Aceuraey ::1::20%. 
c: Aecuracy ::1::30%. 
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.Figure 6.3 
Phase a.ud bacbcattering amplitude corrected k1 (a) a.ud k3 (b) Fourier tra.usforms 
of the data. of the 2 wt% ion excha.nged Pt on ZSM-5 sample (---: absolute part a.ud 

. - : ituagina.ry part) a.ud of the model calcula.ted from the coordina.tion parameters 
of table 6.3 (·· .. ··: absolute part a.ud--: imaginary part). Range in k spa.ce: 3.14-
13.76A-1. 

NJ,buli the coordination number in the bulk, known from crystallographie sourees 
and listed in table 6.1. Equivalently R;,ana is the coordination distance found from 
analysis of the sample, RJ,Joil the distance found from the analysis of the foil data 
and RreJ the crystallographie distance used .to obtain the phase and backscatter
ing amplitude functions. In table 6.5 the corrected coordination numbers of the 
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Table 6.4 
Results of the rnadeling of the first three shells of the data of the impreg
nated 2 wt% Pt/ZSM-5 sample. 

Shell N R (Á)a Llu2 (Á 2)b Vo (eV)6 Reference 

1 7.2b 2.77 0.0034 1.4 Pt-Pt 
2 2.8'-' 3.91 0.0072 -4.5 Pt-Pt 
3 3.8b 4.79 0.0043 -0.3 Pt-Pt 

a: Accuracy ±1%. 
0; Accuracy ±20%. 
c: Accuracy ±30%. 
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Figure 6.4 
Phase and backscattering amplitude corrected k1 (a.) and k3 (b) Fourier transform.s 
of the data of the 2 wt% impregnated Pt on ZSM-5 sample ( ---: absolute part and 
-: imaginary part) and of the model calcula.ted from the coordination parameters 
of table 6.4 (······: absolute part and --: imaginary part). Range in k spa.ce: 3.13-
13.79 A-1 • 

first three shells of bath samples are listed. 
Within the accuracy of EXAFS no indication of Pt-0 absorber-backscatterer 

pairs was encountered in the spectra of either of the samples. The accuracy in 
the determination of the coordination number of the second shell is less than 
the accuracy with which the first and the third shell coordination numbers have 
been determined because the magnitude of this shell is small compared to the 
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magnitudes of the fust and third shells. Furthermore the position of the shell 
coincides with the position of the first sidelobe of the large first shell peak. 

Table 6.5 
Corrected coordination numbers for both samples. 

Coordination numbers 
Shell Ion exchange Impregnation 

1 
2 
3 

4
: Accuracy ±20%. 

0: Accuracy ±30%. 

6.4 Discussion 

Coordination parameters found from EXAFS analysis are averages of the co
ordination parameters of all individual platinum atoms in the irradiated volume of 
the sample. If the platinum atoms are present in particles, the average coordination 
number is a function of partiele size. This can be appreciated from the observa
tion that the number of bulk atoms with completely filled eoordinations shells is 
approximatly proportional to R3 while the number of surface atoms experiencing 
incomplete eoordination can considered to be proportional to R2 • From the coor
dination distances found above and electron microscopy investigations reported by 
Kleine et al. [10] it can be assumed that the platinum is present in particles ha ving 
fee structure. The BREM investigations of these eatalysts reported by Engelen [5] 
and by Zandbergen et al. [11] indieate spherical particles. From model caleulations 
in whieh eonseeutive atoms were plaeed in those vacant fee lattice positions that 
were dosest to the center-of-mass of the particle, the behavior of the average eoor
dination number as a function of the number of atoms in the partiele for the first 
three shells in a spherical fee partiele have been derived (fig. 6.5). The diameter 
of a partiele containing n atoms-approximated by two times the distanee of the 
nth atom to the eenter-of-mass plus the atomie diameter-ean also be given as a 
funetion of n (fig. 6.6). 

Fig. 6.5 ean be used to estimate the number of atoms in the partiele from 
the coordination numbers of table 6.5, whereas fig. 6.6 can be used to estimate 
the partiele sizes (table 6.6). The large inaecuraey in these estimations does not 
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Figure 6.5 
The average eoordina.tion nmnber of the first three shells of a.toms in spherieal particles 
with a.n fee strueture, as a. function of the nmnber of atoms in the particle. 

1 

allow eonclusions about the size distribution of the partieles as was reeently clone 
by Bein et al. for Ni in Y zeolite (12]. However if the estimates from the first 
and third shell-the shells that eould he determined best-are eombined, average 
values for the number of atoms in the partieles can be found. It can be eoncluded 
that an average partiele in the ion exehanged system contains 110 ± 50 atoms 
whereas in the impregnated system it contains 30 ± 10 Pt atoms. The diameter 
of these particles can he found from fig. 6.6 and is estimated to be 17 ± 2 Á for 
the ion exeha.nged samples and 12 ± 1 Á for the impregnated sample. Analysis 
of the fourth coordination shell in the impregnated sample results in unrealistic 
coordina.tion parameters indieating a non-bulklike coordination. It is therefore 
not likely that a significant fraction of the platinum is present in large ( external) 
particles as was propose cl by Engelen [5]. 

The deeomposition of the platinum tetramine complex was performed in the 
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Figure 6.6 
The diameter--defined as two times the la.rgest distance of an atom to the center-of
maas plus the atomie radius Ratom-as a lunetion of the number of atoms in a spherical 
fee particle. 

10 

presence of oxygen to immobilize the pla.tinum in the pola.r Pt02 phase, as was 
first proposed by Dalia Betta. and Boudart [13) for Y zeolite a.nd Dessa.u [3] for 
ZSM-5 and wbich was recently verified by Shoema.ker and Apple for ruthenium in 
Y zeolite [14]. The BREM investiga.tions performed on the ca.lcined samples a.fter 
decomposition of the [Pt(NBs)4]2+ complex indica.te a. Pt02 partiele size range of 
8-25 À for the ion exchanged sample while for the impregna.ted sample particles 
of about 10 À were found [5]. From the comparison of the BREM results on the 
ca.lcined ca.talysts with the in-situ EXAFS results of the reduced systems it can 
he concluded tha.t the dispersion of the platinum particles was ma.inta.ined during 
rednetion at 350°0. 

The cages at the intersections of channels in ZSM-5 zeolite have a diameter of 
about 7 À [15] and can a.ccommoda.te particles conta.ining upto about 20 atoms [5]. 
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Table 6.6 
N urnher of atoms a.nd partiele diameters derived from the corrected coor
dination numbers of table 6.5. 

Shell 

1 
2 
3 

4
: Accuracy 10%. 

b: Accuracy 50%. 
e: Accuracy 70%. 

Ion exchange 
na tomi D (Á)4 

130b 18.2 
160e 19.3 
go~> 16.4 

Impregnation 
na tomi D (Á)4 

40b 13.1 
90" 16.4 
201> 10.9 

Both from the HREM and EXAFS results it must therefore he concluded that the 
zeolite lattice locally is damaged by the particles. This bas previously been re
ported for Y zeolites [16-18] and also for ZSM-5 [18]. From the fact that the overall 
zeolite structure as observed in HREM is not damaged, it is commonly agreed that 
the damage is restricted to the immediate vicinity of the roetal partiele and that 
the structure of the zeolite crystallite-and thereby the shape selectivity-remains 
intact. 

A possible explanation for the paradoxkal result that impregnation yields 
smaller particles than ion exchange might he found in the presence of potassium. 
From the Si/ Al ratio of 75 the number of negative sites per unit cell can he calcu
lated to he 1.3. Charge neutrality requires an equal amount of potassium cations. 
A loading of 2 wt% Pt corresponds to 0.6 Pt atoms per unit cell. In the ion ex
change procedure the concentration of platinum complexes in the solution in the 
end is zero. This indicates that the exchange reaction of K+ for [Pt(NH3)40H]+ 
is favored over the reaction in the other direction. Naturally this will also he true 
if the solution is impregnated in the pores. Consequently, regarding the platinum 
complexes both techniques are equivalent and will result in catalytic systems in 
which about 50% of the potassium cations is exchanged for [Pt(NH3)40H]+ ions. 
Ho wever, in the ion excha.nged system the liberated potassium ions will diffuse 
out of the zeolite because of the concentration gradient whereas with impregna
tion these ions will randomly he deposited in the pores of the zeolite structure 
in the drying phase. Therefore apart from the formation of potassium cations 
and platinum tetramine complexes, Coulombically bound to the alnminurn sites, 
impregnation will result in the random deposition of neutral potassium hydroxide 
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groups in the pores. 
During caleination the platinum tetramine complexes are decomposed and 

platinum oxide is formed in combination with protons or ammonium ions neutral
ising the negative charge of the aluminum sites and constituting the BrtlSnsted acid 
sites. The polar platinum oxide molecules have limited mobility beeause they have 
dipole-dipole interaction with the zeolite lattice. In the impregnated system cal
eination will additionally result in the formation potassium oxide from the KOB 
species, which is highly irredueible and which also has reduced mobility because of 
its polarity. Results of Tzou et al. [19,20] and Jiang et al. [21] indicate that irre
ducible species-intheir case Fe2+-can reduce sintering of platinum partieles in 
Y zeolite. In both samples presented here, irreducible cationic species are present 
in the form of K+ ions electrostatically bonded to the aluminum sites which pos
sibly can act as chemica! anchors for platinum roetal partieles. The impregnated 
sample however has additional potassium oxide molecules partially blocking the 
pores of the zeolite and thus reducing the ability of the platinum to migrate. 

6.5 Conclusions 

In-situ EXAFS has been used to determine the average partiele size of plat
inurn erystallites in ZSM-5 zeolite prepared by ion exchange and impregnation. 
The experiments were performed in a hydrogen atmosphere after thermal decom
position of the platinum tetramine complex in the presence of oxygen and subse
quent reduction at 350°C. Unfortunately the quality of the data was insuflident 
to derive a size distribution for the crystallites from the coordination numbers 
of three nearest neighbor shells. Bowever average partiele sizes for both samples 
could be established. It was found that the size of the particles in the impregnated 
sample was smaller than those in the sample prepared by ion exchange. This result 
corroborates previous BREM investigations on the same samples after the decom
position step and might be explained from the presence of additional potassium 
oxide molecules in the impregnated sample blocking the pores of the zeolite. 

The average partiele size found from EXAFS after reduction agrees well with 
the BREM results before reduction, indicating that the dispersion of the platinum 
in both the impregnated and the ion exchanged sample was maintained during 
rednetion after prudent decomposition of the platinum tetramine complex in the 
presence of oxygen. 

From the fact that the roetal particles have average diameters which are 1.5-2 
times larger than can be accommodated by a channel intersection ca.ge of ZSM-5 
a.nd fromthe absence of ordered Pt-û honds it can be coneluded that local damage 
of the zeolite lattice in the vicinity of the partieles must be present. 
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CHAPTER7 

AN EXAFS STUDY ON THE INFLUENCE OF 

HYDROGEN DESORPTION AND OXYGEN 

ADSORPTION ON THE STRUCTURAL PROPERTIES 

OF SMALL IRIDIUM PARTICLES SUPPORTED 

ON 1-Al20a 

7.1 Introduetion 

Structural properties of small metal particles supported on non-interacting 
substrates (mylar, rare gas solids) have extensively been stuclied with EXAFS 
[1-3]. The experiments were performed under vacuum showing contractions of the 
nearest-neighbor distance and a decrease of the Debye temperature of the roetal 
partiele due to the softening of the pbonon spectrum (4,5]. EXAFS experiments 
on dispersed roetal catalysts supported on interacting substrates-e.g., ')'-Abûs, 
Ti02-have been carried out after the rednetion treatment with the metallic parti
cles covered with chemisorbed hydrogen [6-10]. Under these conditions contraction 
ofthe metal-metal coordination distance has notbeen observed. Tentative EXAFS 
results have been reported for Pt/NaY zeolite [11] and Rh/ Al203 [12] catalysts 
under moderate vacuum conditions showing a contraction of the first neighbor 
coordination distance. 

Chemisorbed hydrogen influences the electronic properties of the roetal [13] 
which in turn may change the interaction of the metal particles with the support. 
The metal-support interaction has been stuclied with EXAFS for Rh/ Ahûs [6,7], 
Rh/Ti02 [8], Pt/ Al20s [9] and Ir/ Ah Os [10] catalysts with the me tal particles 
covered with chemisorbed hydrogen. Long metal-support oxygen honds (2.55-
2.75 Á) with the interfacial roetal atoms coordinated by 3 oxygen ions of the 
support have been observed in all cases. Also EXAFS studies on roetal catalysts 
which were treated with helium at high temperature after the rednetion proce
dure, showing much shorter metal-support honds (2.1 Ä) and lower coordination 
numbers have been reported in literature (13-15]. 

Recently ASED (Atom Superposition Electron Delocalization) calculations 
have been performed on the Rh/ Ahûs system [16]. lt was found that on the hy-
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droxylated (111) surface threefold coordination of the interfacial rhodium atoms 
by surface OH groups is the most stabie configuration. The Rh0-0H- 1 distance 
was calculated to he 2.55 A. On a dehydroxylated (111) surface the interfacial 
rhodium atoms are singly coordinated by surface oxygen atoms with a coordina
tion distance of 2.1 A. These results may explain the experimental observations of 
short metal-oxygen honds in the metal-support interface after high temperature 
treatment with helium gas. During the high temperature treatment in helium the 
hydroxyl groups will he removed from the 1-AbOa support, leading to interfacial 
metal atoms directly on top of the support oxygen atoms. The ASED results are 
also consistent with the presence of long metal-support honds after the rednetion 
in H2 at high temperature. During the rednetion process hydroxyl groups on the 
surface of the support will he created. The calculated ASED and experimental 
results indicate that after rednetion the metal particles are resting on the hydroxyl 
groups of the surface. 

In this chapter the results are presented of an EXAFS study of a highly dis
pereed Ir/ AhOa catalyst, which was evacuated at high temperature after the re
duction process. The influence of the desorption of hydrogen on the structural 
properties of the small metal particles has been studied. Furthermore the effect of 
the removal of the hydroxyl groups from the surface of the support on the structure 
of the metal-support interface was investigated. Oxygen adsorption at 77 K was 
carried out in order to compare the metal-oxygen honds formed by this adsorption 
process with the metal-oxygen honds present in the metal-support interface. 

7.2 Experimental 

An 0.8 wt% lr/i-Ah03 catalyst was prepared by incipient wetting the support 
(1-AbOa, Ketjen type 000-1.5 E, surface area 200 m2/g, pore volume 0.6 ml/g) 
with an aqueous solution of lrC}s.xH20. The catalyst was dried in air at 395 K 
(heating rate 2 K/min.). After this treatment the catalyst was passivated with 
02 at room temperature and stored for further use. Hydrogen chemisorption 
measurements resulted in H / M = 2.6, indicating highly dispereed metal particles. 
Further characterization of this catalyst with different physical methode bas been 
described in [17]. 

The sample was pressed into a self-supporting waf er with an optimum thickness 
to give pz = 1.5-2.0 at the iridium Lm edge. The treatments of the catalyst prior 
to the EXAFS experiments were performed in a transmission EXAFS in-situ cell 
described in seetion 4.2. The following treatments were carried out: 
1. Re-reduction in flowing H2 at 473 K for 1 hour (producing the same reduced 

state as obtained after the initial rednetion at 773 K); 
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2. Evacuationat 623 K for 2 hours (vacuum: 10-5 Pa), the EXAFS cell was trans
ferred from the pretreatment laboratory to the EXAFS experimental area with 
dosed vacuum valves, reconnected to a turbo molecular pump and again evac
uated at 623 K for 30 minutes. During the EXAFS measurements the EXAFS 
cell was continuously evacuated, maintaining a vacuum of about 10-5 Pa; 

3. 02 adsorption (105 Pa) at 77 K. 

wso-a 
2 

a 

-2+-~._~~~----~ 

0 

.•uo-2 

2 

J!'igure 'T .1 

c 

wso-1 
5 

•so-a 
5 

._ 
lL 

" ' \ r \ 
I 

b 

5 
R (Á} 

d 

5 
R (Á) 

EXAFS spectra of the sample after re-reduction and evacuation (a) and after admis
sion of oxygen at 77 K (c) with their A:l weighted Fourier transfonns (b) (A: range 
2.81-10.22 A-1) and (d) (A: range 2.80-10.24 A-1), respectively (······:magnitude and 
-: imaginary part). 

EXAFS data were colleeted after treatments 2 and 3 at 77 K. The EXAFS 
spectra were recorded at the EXAFS station of beamline X-UA of the NSLS 
at Brookhaven (ring energy 2.5 GeV, ring eurrents 5Q-100 mA). The EXAFS 
beamline is equipped with a Si(lll) monoehromator. The monochromator was 



detuned to 50% of the primary intensity, in order to eliminate higher harmonie 
radiation from the beam. 

The EXAFS data were analyzed using phase shifts and backscattering am
plitudes obtained from reference compounds. As references Pt foil (4 pm) and 
Na2Pt0Ha were used. The reference data were collectedat 77 Kon station 9.2 
of the Synchrotron Radiation Souree at Daresbury, UK (2 Ge V, 90-130 mAand 
a 5 T wiggler) using a flat Si(220) double crystal monochromator with 50% har
monie rejection. Internal cross checks with different compounds show amplitude 
differences of less than 10% for the data collected at the different synchrotron 
sourees [18]. 

7.3 Data analysis and results 

EXAFS oscillations in k space were obtained from the x-ray absorption spectra 
by a cubie spline background subtradion and normalization by means of division 
by the height of the edge. The raw EXAFS data of the samples with their eerre
sponding Fourier transforms are shown in fig. 7.1. 

Table 7.1 
Crystallographic data and particulars about the Fourier transforms used 
to extract phase shifts and backscattering amplitudes from the reference 
compound data. 

Abs.-Sc. N R Compound FT range k FT-1 range Ref. 
pair (Á) (A-1) power (Á) 

Pt-Pt 12 2.77 Pt foil 2.73-19.26 3 1.32-3.72 (19] 
Pt-0 6 2.05 Na2Pt{OH)a 1.75-14.48 3 0 -2.28 [20] 

Pt foil was used as reference for the Ir-Ir and Na2PtOHa for the Ir-0 con
tribution in the EXAFS spectrum. In table 7.1 the crystallograhic data and the 
Fourier transformation ranges used for isolating the phase shifts and the backscat
tering amplitudes are listed. The procedure to extract the Pt-Pt phase shifts 
and backscattering amplitude functions from the foil data bas been discussed in 
section 6.3. It bas been shown theoretically [21] and experimentally [22,23] that 
platinum references can he used to analyze iridium EXAFS contributions. 

The main peak of the P Fourier transforms of the data of both samples 
(figs. 7.1b and e) shows a complicated structure arising from the interference of 
the Ir-Ir EXAFS with oscillations caused by the presence of metal-oxygen honds. 
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Table 7.2 
Results of analysis for the evacuated sample after re-reduction. 

Shell N R (Á) Ao-2 (Á2) Vo (eV) Ref. 

Ir-Q 0.65a 2.19b o.ooasa -s.oa Pt-0 
Ir-lr 4.oa 2.64b 0.0028a 5.3a Pt-Pt 

a: Accuracy ±20%. 
b: Accuracy ±2%. 

The complexity of the structure is a result of the k dependent behavior of the 
backscattering amplitude and the nonlinearities in the phase shift function of the 
Ir-Ir absorber-backsca.tterer pair which creates large sidelobes of the Ir-lr pea.k. 
This contribution can he elimina.ted by using a Foorier transform, which is cor
rected for the Ir-Ir phase shift and backscattering amplitude. In such a Foorier 
transform the Ir-lr coordination will appea.r as a. single symmetrical peak local
ized at the actual coordination distance. The data of the sample after evacoation 
and a.fter oxygen admission at 77 K have therefore been analyzed using phase and 
amplitude corrected Foorier tra.nsforms. 
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Figure T.2 
Fourier tl'ansforms of the experiment& data of the evacuated sample ( ---: absolute 
pari, -: imag:inaey pari) and the calculated data using the pMameters of table 7.2 
( ······: absolute pari,--: imagina.ry pari). a: k1 weighted and b: lc3 weighted (k l'ange 
3.32-10.22 Á. -1 ). 
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The metbod of modeling in R space as described in section 2.3.5 bas been 
applied. The results for the evacuated sample are listed in tables 7.2. Fig. 7.2 
shows the comparison between the experimental data and the model calculated 
with the parameters listed in table 7.2. The Ir-0 bond at 2.19 Á in the evacuated 
sample is attributed to the coordination of interfacial iridium metal atoms by 
support oxygen anions. The metal-support oxygen bond with a distance of 2.55 Á 
found for the Ir/ Ah03 catalyst from the same batch after rednetion [10] with 
the metal particles covered with chemisorbed hydrogen is completely absent after 
evacuation at high temperature. 

0.7~--------~-------------------

-0.7 

Figure 7.3 
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Comparisonof the k1 weighted Fourier tra.nsforms of the evacuated sample ( ---, k range 
3.32-10.22 A-l) and the sample after 02 admission at 77 K (--···, k range 3.32-
10.24 A-1 ). 
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Table 7.3 
Results of analysis for the sample after oxygen admission at 77 K . 

Shell N R (À) .flq2 (À2) Vo (eV) Ref. 

Ir-Q 1.14 2.216 0.00904 -s.oa Pt-û 
Ir-Ir 5.54 2.646 o.oossa 6.24 Pt-Pt 

4: Accuracy ±20%. 
6: Accuracy ±2%. 

Admission of 02 at 77 K changes the EXAFS spectrum at the low k valnes 
(figs. 7.1 4 and 7.16). Comparison ofthe Fourier transfarms shown in fig. 7.3 clearly 
indicates the formation of the samekind of metal-oxygen honds by adsorption of 02 
as present in the roetal support interface. The low R side ( repreaenting the roetal 
oxygen honds) of the imaginary parts of both Fourier transfarms show nocles at 
the same R valnes but the amplitude after 0 2 adsorption is much higher, implying 
an increase in the number roetal oxygen honds. The EXAFS data analysis of the 
sample after 02 adsorption at 77 K was carried out in a simHar way as for the 
sample after evacuation. The results are presented in table 7.3 and fig. 7 .4. Again 
no h1dication was found for a long lr-0 bond at 2.55 À. 

Figure '1'.4 
Fourier transforma of the experimental data of the sample alter 02 admission at 77 K 
(-··: absolute part, -: imagina.ry part) aud the calculated data using the parameters 
oftable 7.3 (···-·:absolute part,--: imagina.rypa:rt). a: k 1 weightedand b: ~ weighted 
{k range 2.80-10.24 Ä -l ). 



7.4 Discussion 

The EXAFS results obtained for the same Ir/ AhOa catalyst after rednetion 
in H2 at high temperature with the roetal particles covered with chemisorbed 
hydragen have been reported by van Zon and Koningsberger [10]. They found a 
coordination number of 4.9 for the Ir-lr shell at a distance of 2. 71 A; a coordination 
number of 0.3 for the Ir-0 shell at 2.16 A and a third shell at 2.55 A which was 
identified as Ir-0 with a coordination nunber of 1.8. They concluded that the 
partiele morphology is hemispherical with a diameter of 9 A consisting of about 
12 atoms. 

From the comparison of the results of van Zon and Koningsberger [10] with the 
results presented here it can be seen that the coordination number of the Ir-lr shell 
was decreased by the evacuation. It must therefore he concluded that the partiele 
morphology changed during evacuation from hemispherical to (almost) flat. The 
Ir-Ir coordination distance was decreased by 0.07 A by removal of chemisorbed 
hydrogen. A decrease of the metal-metal coordination distance can normally 
he expected when going from bulk roetal to very small roetal particles due to a 
softening of the phonon spectrum caused by the dehybridisation of the spd roetal 
orbitals [4,5]. EXAFS results obtained on very small roetal particles supported 
on high surface area oxides show bulk like coordination distances, if the surface 
of the roetal particles is covered with chemisorbed hydrogen (6,7,9,10] This is 
even the case for extremely small roetal particles having an average diameter of 
about 5 A [8]. From the results obtained in this work ( decrease of the metal
metal coordination distance in very small roetal particles after removal of the 
chemisorbed hydrogen) it may he concluded that the chemisorption of hydragen 
tends to cancel the effect of the dehyhridisation of the spd orbitals when going to 
smaller partiele sizes. 

The results of the analysis of the sample after oxygen admission at 77 K 
show an increase in the coordination numher of the Ir-Ir shelL This can indicate 
formation of large particles but it is more likely that adsorption of oxygen at 77 K 
has resulted in a change in the partiele shape from flat to spherical. The fact that 
the coordination distance is exactly the same as in the evacuated sample suggests 
that the effect of oxygen adsorption on the hyhridisation of the orbitals is different 
than the effect of hydrogen chemisorption. 

An Ir-0 coordination with a distance of 2.19 A is observed after evacuation 
and an increase in the same type of lr-0 honds after 0 2 adsorption at 77 K. This 
distance is significantly larger than the distance of 1.95 A found for the lr-0 bond 
in samples that were totally oxidized. It must therefore he concluded that in the 
evacuated sample this bond originates from the interaction of the partiele with the 
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support. 
The detection of metal support oxygen honds bas been reported by several 

investigators [6-10,13-16]. Metal support honds with distauces ranging from 2.5-
2. 7 A have been found for supported rhodium and platinum catalysts measured 
after rednetion with 105 Pa H2 present in the in-situ EXAFS cell [6,9]. Recent 
calculations [16] using the theoretical ASED metbod on the Rh/ Ah03 system 
pointed to the existence of Rh0-0H- honds in the metal support interface when 
the surface of the support is covered with hydroxyl groups. The coordination dis
tanee of this type of Rh-0 bond is calculated to be 2.54 A. The EXAFS results 
on Rh/ AbOa catalysts show interfacial Rh-0 bondlengtbs of 2. 7 A [6]. Both the 
EXAFS experiments and the theoretica! calculations indicate a threefold coordi
nation of the interfacial rhodium atoms with neighbors from the support. All 
results implicate that the metal particles are resting on the hydroxyl groups of the 
r-Al20a support. 

The metal support o:xygen bond with a distance of 2.55 A as reported by 
van Zon and Koningsberger [10) for the same Ir/ AhOa catalyst after rednetion 
is completely absent after evacuation at high temperature. Instead a consider
able shorter metal-support bond is detected. The evacuation procedure not only 
removes the chemisorbed hydrogen, but also leads to a dehydroxylation of the r
AhOa support. Theoretica! calculations (16] carried out on the Rh/ AhOa system 
without hydroxyl groups terminating the {111) surface of the supporting oxide 
resulted in interfacial rhodium atoms, which are single coordinated by surface 
oxygen with a Rh-() distance of 2.1 A. The experimental results obtained on the 
Ir/ AhOa sample after evacuation are completely consistent with the tbeoretical 
predictions. Tbe Ir-() coordination bas a distance of 2.15 A witb a coordination 
number, wbicb is mucb lower tban found witb tbe supporting surface covered witb 
OH groups. 

Admission of 02 at 77 K onto the Ir/ AhOa catalyst did not lead to tbe oxida
tion of tbe metal particles. The adsorption of 02 resulted in tbe same type of lr-û 
honds as present in the metal support interface. It is not clear wba.t kind of oxygen 
adsorption crea.ted this type of lr-0 bond: molecular or atomie physisorption or 
possibly cbemisorption. The nature of tbis bond bas to he furtber investigated 
and a. better understanding of tbis type of metal oxygen interaction will also lead 
to an elucida.tion of the metal support interaction. 



7.5 Conclusions 

A highly dispersed Irh-Ah03 sample has been studied with EXAFS after high 
temperature evaeuation and after oxygen admission at 77 K. From the eompari
son of the results with EXAFS results of the same sample after reduction, under 
hydrogen [10] it can be concluded that the evacuation treatment has ehanged the 
partiele shape from hemispherieal to almost flat. Furthermore the long lr-0 bond 
present in the reduced sample under hydrogen and ascribed to the bonding of 
iridium to the hydroxyl groups of the support, has been shortened by the evaen
ation treatment. From this it can be conduded that partiele after evaeuation is 
resting on the oxygen atoms of the dehydroxylated support. From the decrease 
in the coordination number it is further concluded that the threefold eoordination 
in the metal-support interface of the sample under hydrogen is changed to one
fold coordination after evacuation. These results agree with ASED calculations on 
Rhh-AhOa. 

After oxygen admission at 77 K the Ir-Ir coordination number was larger than 
in the evacuated system, indicating a change in the morphology of the partiele from 
almost flat to spherical. The oxygen adsorption leads to additional lr-0 honds 
with distances similar to the distances of the Ir-0 honds in the interface. 
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SUMMARY 

Extended x-ray absorption fine strueture ean be used to study tbe average loeal 
environment of the atoms of a speeifie element in a sample. The parameters that 
ean be found from an EXAFS analysis are tbe eoordination numbers, eoordination 
distanees and relative measures for the static and dynamie disorder of the first 
coordination shells. These parameters ean then he used to compose models for 
the pbases in the sample that eontain the element under study. 

EXAFS speetroscopy can be applied to systems that do not possess long range 
order and beeause of tbe high penetrabie power of the radiation it can he used to 
study the systems under workiug eonditions (in-situ). One of the fields ofreseareh 
that greatly benefits from these qualities is heterogeneons eatalysis. Small amounts 
of eatalytie aetive species are dispersed on high surface area supports to expose as 
mueh as possible of the aetive materials to the reaetants. Knowledge of the local 
environment of the eatalytie aetive atoms under operating eonditions is essential 
for an understanding of the properties of the catalysts. 

If electromagnetic radiation interaets with an atom there is a fini te possibility 
that the energy of a pboton is totally transferred to an atomie electron. If the 
energy of the pboton is large enough-i.e., larger than the binding energy of the 
eleetron-the electron will he transferred to an unbound state and can take up 
surplus energy. This will enhance the probability of absorption of radia.tion re
sulting in a steep increase in the absorbance at the binding energy of the eleetrons 
(a.bsorption edge). Above an absorption edge of an element a varlation in the 
absorbance as a function of energy can he observed. This variation is explained 
quantummeehanically by a superposition of outgoing electron states and sta.tes 
descrihing electrons that are baekscattered by neighboring atoms. Depending on 
the energy of the electron these states can add constructively and destructively. 
Constructive addition enhances, destructive addition decreases the absorbance. At 
which energies constructive or destruetive interference takes plaee is largely deter
mined by the distance of the neighbors whereas the amplitude of the variation 
mainly is deterrnined by the number of neighboring atoms at a specific distance 
and their backscattering performance. 

To he able to extract information from the EXAFS requires high quality data. 
The measurement of the absorbance as a function of energy can he performed 
in different ways. The two most. widely used methods are: measurement of the 
intensity of the transmitted beam ( transmission mode); and measurement of the 
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intensity of the ftuorescence radjation generated when the ionized atom relaxes. 
Requirements for the acquisition data with suflident signal-to-noise ratio using 
both methods have been discussed insection 2.2. 

The inversion of thè relation of EXAFS oscillations and coordination param
eters requires extensive data analysis. The procedure used throughout this thesis 
is based upon the calculation of a model EXAFS fundion from proposed coordi
nation parameters of different shells and experimental phase and backscattering 
amplitude fundions extracted by inverse Fourier transformation of reference com
pound data. By comparing the Fourier transform of the calculated data with the 
Fourier transform of the experimental data the proposed coordination parameters 
can be altered to produce an improved model which resembles the experimental 
data more dosely. In order to decouple the effects of coordination number and 
Debye-WaHer factor and of coordination distance and inner-potential correction 
it is necessary to compare both P and P weighted Fourier transforms. This 
procedure creates an objective metbod for the determination of the coordination 
parameters from EXAFS data. 

The majority of EXAFS measurements are performed using synchrotron ra
diation. However, for moderately diluted samples conventional x-ray sourees can 
also be used. A laboratory EXAFS system, employing a rotating anode x-ray gen
eratorand based upon the Rowland circle principle for monochromatization and 
focusing, bas been used. Many alterations to various components of the system 
have been made. By changing the type of vacuum seals of the anode, the use of 
thorium doped filaments and improving the stability of rotation of the anode the 
operating time of the generator has been prolonged. A feedback loop acting on 
the tube current prevents the detection system from saturation at intensity peaks 
in the tube spectrum caused by excitation lines of elements in the anode materiaL 

An extensive re-alignment of the spectrometer has been performed to ensure 
that the x-ray souree is situated on the Rowland drcle and that the optica! axis of 
the spectrometer intersects with the Rowland circle in the souree point. Monochro
mator crystal inevitably have a mismatch between the mechanical surface and the 
crystal diffraction planes. lt has been shown that it should be avoided that the 
mismatch vector bas a component in the plane of the Rowland circle. The effect of 
crystal imperfections on the resolution has been diminished by the use of a detec
tor entrance slit. To enhance the intensity at low energy a helium filled beampath 
system bas been introduced. By improving the stability of the gasflow through 
the ionization chamber detectors artefacts in spectra caused by a changing gas 
mixture in the first chamber have been overcome. 

It is now possible to record EXAFS spectra of moderately diluted samples 
over a period of 10-20 hours with a resolution below 10 eV. The system bas an 
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operating range of 6-15 ke V. 

In-situ EXAFS measurements on catalytic systems require special cells in 
which the samples can be pretreated to couvert them to operating conditions, 
which are gas tight upto the ppm level and in which the samples can he cooled 
to 77 K during the measurement. For this purpose a transmission cell has been 
designed. The sample is heated or cooled by means of a heater or liquid nitrogen 
dewar on the outside in contact with a heat conduetive copper/a.luminum part. 
Beryllium windows are incorporated to a.llow the bea.m to traverse the sample. 
The cell is water-cooled during pretreatment to prevent da.mage of windows and 
0-rings and the formation of ice during the measurement. The cell can he used in 
the temperature range of 77 K upto 750. K with various gases including B2, B2S, 
CO and 02 and under vacuum. 

For mea.surements on highly diluted samples an in-situ fluorescence cell has 
been developed. Heating and cooling of the sample is done as with the trans
mission cell. The ftuorescence radiation is detected in a solid angle of 28% of 471' 
perpendicular to the incoming bea.m. Large area x-ray windows have been in
corporated in the body of the cell. Ionization ebarobers are used to detect the 
ftuorescence radiation. Reduction of elastic and Compton scattered background is 
clone with Z- 1 filters in combination with Solier slits inbetween the filters and 
the detectors. 

EXAFS spectroscopy has been applied to three cata.lytic or cata.lysis related 
systems. In chapter 5 the possibility of direct selective surface activation by pho
todeposition of autocata.lytic Cu partieles on photosensitive Ti02 substrates in an 
alkaline electroless copper solution has been investigated. The nucleation growth 
of particles were characterized by transmission electron microscopy (TEM). Ex
situ high resolution TEM and in-situ EXAFS were used to determine the oxidation 
state of photodeposited particles on thin polycrysta.lline Ti02 films and suspended 
Ti02 powdets, respectively. It has been shown that in the initia.l stages of photode
position sma.ll ( < 3 nm) non-cata.lytic Cu20 particles are formed. Electroactive 
Cu particles are only observed at relatively long illumination times and/or high 
light intensities. These results have been explained with a model of the illuminated 
Ti02 crysta.llite/electrolyte interface, which considers simple redox reactions in
volving transfer of Ti02 photoelectrons to energy levels of the couples between 
complexed Cu2+ ions, Cu20 and Cu. From this it is concluded that under illu
mination Cu particles are only formed if deposition of Cu20 is limited by either 
mass transport of complexed Cu2+ ions or kinetic factors. 

The particles size of Pt introduced into the channels of ZSM-5 zeolite for two 
different preparation methods has been stuclied with EXAFS. ZSM-5 was loaded 
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with 2 wt% Pt by ion exchange and by impregna.tion. By carefut calcination of 
the catalysts the dispersion was maintained. The EXAFS measurements were 
performed on the reduced system. Analysis of the data showed that in the im
pregnated sample the platinum was present in particles which on average were 
smaller than the platinum particles in the ion exchanged sample. These results 
corroborated earlierhigh resolution electron microscopy measurements performed 
ex-situ on the calcined catalysts. Moreover, the average partiele size found from 
EXAFS analysis agrees well with the HREM results indicating that dispersion was 
maintained during reduction. Both techniques indicate particles that exceed the 
dimensions of a zeolite cage at the intersection of the channels. The fact that 
the impregnated system has smaller platinum particles than the ion exchanged 
catalyst can be explained by the presence of additional potassiumoxide species in 
the pores of the zeolite in the case of impregnation. These species inevitably will 
hinder the migration of platinum to form larger particles (sintering). 

To study the effects of hydragen desorption on the properties of small iridium 
particles supported on Ah03, EXAFS experiments were performed on a highly 
dispersed 0.8 wt% Ir/t-Ah03 catalyst after re-reduction and high temperature 
evacuation. Comparison of the results of these experiments with results of EXAFS 
experiments on the same catalyst after re-reduction under hydragen by van Zon 
and Koningsberger indicates that the long Ir-0 bond-expected to originate from 
the bonding of the iridium to the hydroxyl groups of the alumina-bas contracted 
during the evacuation. This is ascribed to dehydroxylation of the support by the 
high temperature evacuation treatment, resulting in iridium particles resting on 
the oxygen atoms of the support. 

Oxygen adsorption at 77 K resulted in an increase of the coordination number 
of the Ir-lr shell, indicating a change in the morphology of the iridium particles. 
Furthermore an increase in the coordination number of the lr-0 shell points to 
the fact that oxygen adsorption results in the formation of iridium-oxygen honds 
which are similar to the lr-0 honds in the interface. 
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Extended X-ray Absorption Fine Structure (EXAFS) spectroscopie kan worden 
gebruikt om de gemiddelde locale omgeving van atomen van een bepaald ele
ment in een monster te bestuderen. De parameters die met een EXAFS analyse 
kunnen worden gevonden zijn de coördinatie getallen, coördinatie afstanden en 
een relatieve maat voor de statische en dynamische wanorde van de binnenste 
coördinatieschillen. Met behulp van deze parameters kunnen modellen voor de 
fases in het monster die het element bevatten worden opgesteld. 

EXAFS spectroscopie kan worden toegepast op systemen zonder lange af
stand ordening . en door het hoog doordringende vermogen van de straling kan 
EXAFS worden gebruikt om systemen onder normale condities (in-situ) te bestu
deren. Heterogene katalyse is een van de onderzoeksgebieden die profiteren van 
deze eigenschappen. Kleine hoeveelheden van een katalytisch aktieve stof worden 
aangebracht op een hoog-oppervlakkige drager om zodoende zoveel mogelijk van 
het actieve materiaal in contact te brengen met de reactanten. Om de eigenschap
pen van een katalysator te kunnen begrijpen is het van essentieel belang om kennis 
te hebben over de locale omgeving van de katalytisch actieve atomen. 

Als electromagnetische straling in wisselwerking treedt met een atoom is er 
een eindige kans dat de totale energie van het foton wordt overgedragen aan een 
atomair electron. Als de energie van het foton groot genoeg is (groter dan de 
bindingsenergie van het electron) zal het electron overgaan in een ongebonden 
toestand en kan het overtollige energie opnemen als kinetische energie. Hierdoor 
zal de kans op absorptie van straling toenemen hetgeen resulteert in een scherpe 
stijging van de absorptie als functie van de energie ter plaatse van de bindings
energie (absorptie bandkant). Boven een absorptie bandkant kan een variatie in 
de absorptie als functie van de energie worden waargenomen. Deze variatie wordt 
quanturnmechanisch verklaard door een superpositie van uitgaande toestanden 
en toestandsfuncties die electronen beschrijven die zijn teruggekaatst door buur
atomen. Afhankelijk van de kinetische energie van het electron zullen deze toe
standen constructief of destructief optellen. Constructieve additie verhoogt de 
absorptie terwijl destructieve additie de absorptie verlaagt. Bij welke energieën 
constructieve of destructieve interferentie optreedt wordt voornamelijk bepaald 
door de afstand tussen absorberend atoom en buuratoom. Daarnaast wordt de 
amplitude van de variatie bepaald door het aantal buren op een bepaalde afstand 
en hun vermogen om terug te kaatsen. 
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Om informatie uit EXAFS oscillaties te kunnen halen zijn hoogwaardige meet
data nodig. Twee methodes worden alom gebruikt: meting van de intensiteit van 
de straling die door een monster is gevallen (transmissie mode); en bepaling van 
de intensiteit van de fluorescentie straling die wordt opgewekt als het geïoniseerde 
atoom relaxeert. In sectie 2.2 zijn de eisen om metingen met voldoende signaal/ruis 
verhouding te verkrijgen beschreven. 

Het inverteren van de relatie tussen de EXAFS oscillaties en de coördinatie 
parameters vereist een uitgebreide analyse van de meetdata. In dit proefschrift 
is gebruik gemaakt van een methode, gebaseerd op de berekening van een model 
EXAFS functie uit voorgestelde coördinatie parameters van verschillende schillen 
met experimentele fase- en terugverstrooi amplitude functies. Door de Fourier 
transformaties van de experimentele data te vergelijken met de berekende data 
kunnen de voorgestelde coördinatie parameters worden bijgesteld zodat een betere 
overeenkomst met de experimentele data wordt verkregen. Om de effecten van 
het coördinatie getal en de Debye-Waller factor, en de coördinatie afstand en de 
potentiaal correctie te ontkoppelen is het noodzakelijk om zowel k1 als k3 gewogen 
Fouriertransformaties met elkaar te vergelijken. Op deze manier is een objectieve 
methode ontwikkeld om coördinatie parameters te bepalen uit EXAFS data. 

Het gros van alle EXAFS metingen wordt gedaan met synchrotronstraling. 
Echter, voor niet al te sterk verdunde monsters kan ook een conventionele röntgen
bron worden gebruikt. Tijdens dit onderzoek is gebruik gemaakt van een labo
ratorium EXAFS systeem gebaseerd op een roterende anode röntgengenerator en 
het Rowland cirkel principe om de divergente bundel te monochromatiseren en 
te convergeren. Aan verschillende onderdelen van dit systeem zijn veranderingen 
aangebracht. Zo zijn een ander type dynamische vacuüm afdichtingen ingevoerd, is 
overgegaan op Thorium gedoteerde gloeidraden en is de stabiliteit van rotatie van 
de anode verbeterd. Op deze manier is de bedrijfsduur van de generator aanzien
lijk verlengd. Om te voorkomen dat het detectiesystrem verzadigd raakt als er een 
piek in de intensiteit veroorzaakt door excitatie lijnen van elementen in het anode 
materiaal, optreedt is een terugkoppelcircuit op de buisstroom geïmplementeerd. 

De spectrometer is opnieuw uitgelijnd om er zeker van te zijn dat de röntgen
bron op de Rowland cirkel ligt en dat het snijpunt van de optische as van de 
spectrometer met de Rowland cirkel overeenkomt met het bronpunt. Het is wel
haast onvermijdelijk dat monochromator kristallen een fouthoek hebben, dat wil 
zeggen dat er een verschil is tussen de normaalvector op het mechanisch oppervlak 
van het kristal en de kristalvlakken die gebruikt worden voor de diffractie. Het 
is aangetoond dat kristallen zodanig moeten worden georiënteerd dat de projectie 
van de verschilvector en beide normaalvectoren op het vlak van de Rowland cirkel, 
nul is. Effecten van kristal onvolkomenheden op de resolutie zijn verminderd door 
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een detector intree-spleet toe te passen. Ook is de intensiteit in de lage energie 
regio verhoogd door helium gevulde bundelpijpen te implementeren. Er kunnen 
vervormingen in EXAFS spectra optreden als de gasvulling van de eerste ionisatie
kamer veranderd tijdens een meting. Om dat te voorkomen is de stabiliteit van 
de gasstroming door de detectoren verbeterd. 

Het is nu mogelijk om EXAFS spectra van middelmatig verdunde monsters op 
te nemen in lQ-20 uur met een resolutie onder de 10 eV. Het operationele gebied 
van het systeem is 6-15 ke V. 

Om aan katalytische systemen in-situ EXAFS te kunnen meten zijn speciale 
cellen nodig, waarin het monster kan worden voorbehandeld, die tot op ppm 
niveau gasdicht zijn en waarin het monster tijdens de EXAFS meting kan worden 
afgekoeld tot 77 K. Voor dit doel is een speciale transmissie cel ontworpen. Het 
monster wordt door middel van een verwarmingslichaam of een vloeibare stik
stof vat van buitenaf verwarmd dan wel afgekoeld via een koperen/aluminium 
warmtegeleider. De cel is voorzien van beryllium vensters om straling door het 
monster te laten vallen. De cel is watergekoeld om te voorkomen dat tijdens 
de voorbehandeling schade ontstaat aan de beryllium vensters en de 0 ringen. 
Tijdens de meting wordt waterkoeling gebruikt om de vorming van ijs tegen te 
gaan. De cel kan worden gebruikt in een temperatoursgebied van 77 K tot 750 K 
met verschillende soorten gassen waaronder H2, H2S, CO, 02 en onder vacuüm. 

Voor metingen aan zeer verdunde monsters is een in-situ cel ontwikkeld waarin 
monsters in fluorescentie mode kunnen worden gemeten. Dezelfde methode van 
verwarmen en afkoelen als bij de transmissie cel is toegepast. De fluorescentie 
straling wordt gedetectee:d in een ruimtehoek van 28% van 411' loodrecht op de 
invallende bundel. De cel bevat daartoe röntgenvensters met een groot oppervlak. 
Ionisatie kamers worden gebruikt om de fluorescentiestraling te detecteren. Om 
de elastisch en Compton verstrooide achtergrond te reduceren worden Z- 1 filters 
toegepast gecombineerd met een collimator tussen het filter en de detector. 

EXAFS spectroscopie is toegepast op drie katalytische of katalyse gerelateerde 
systemen. In hoofdstuk 5 is onderzoek verricht naar de directe selectieve op
pervlakte activering door fotodepositie van autokatalytische Cu deeltjes op licht
gevoelige Ti02 substraten in een alkalische electroless oplossing. Met behulp van 
transmissie electronen microscopie (TEM) is de kiemgroei van deeltjes gekarak
teriseerd. Om de oxidatietoestand van gefotodeponeerde deeltjes op polykristal
lijne Ti02 films en gesuspendeerde Ti02 poeders te bestuderen is gebruik gemaakt 
van resp. ex-situ hoge resolutie TEM en in-situ EXAFS. Het is aangetoond dat in 
de initiële stadia van fotodepositie kleine ( < 3 nm) niet-katalytische Cu20 deeltjes 
worden gevormd. Electro-actieve Cu deeltjes worden alleen waargenomen na re-
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latief lange belichtingstijden en/ of hoge lichtintensiteiten. Deze resultaten zijn 
verklaard met een model van het belichte Tiû2·kristallietjelectroliet grensvla.k. 
liet model beschouwt eenvoudige redox reacties waarbij transport van Ti02 foto
electronen naar energie niveau's van de redox koppels tussen gecomplexeerde Cu2+ 
ionen, Cu20 en Cu betrokken is. Uit dit model kan worden geconcludeerd dat Cu 
deeltjes tijdens de belichting slechts dan worden gevormd als depositie van Cu20 
beperkt wordt door massatransport van gecomplexeerde Cu2+ ionen danwel door 
kinetische factoren. 

De gemiddelde deeltjesgrootte van platina geïntroduceerd in de kanalen van 
ZSM-5 zeoliet door middel van twee verschillende preparatie methodes is met 
EXAFS bestudeerd. Impregnatie en ionenwisseling zijn gebruikt om ZSM-5 te 
beladen met 2 wt% Pt. Door de katalysatoren zorgvuldig te calcineren kon de 
dispersie worden behouden. EXAFS metingen zijn gedaan aan de gereduceerde 
systemen. Analyse van de data toonde aan dat het platina in het geïmpregneerde 
monster aanwezig is in deeltjes die gemiddeld kleiner zijn dan de platinadeeltjes 
in het ionengewisselde monster. Deze resultaten bevestigen eerdere hoge resolutie 
electronen microscopie metingen ex-situ verricht op de gecalcineerde katalysatoren. 
Bovendien komt de gemiddelde deeltjesgrootte zoals die met EXAFS gevonden is 
goed overeen met de IIREM metingen, hetgeen erop duidt dat de dispersie ook 
tijdens de reductie behouden blijft. De resultaten van beide technieken wijzen op 
deeltjes met afmetingen die de dimensies van een zeolietkooi op de intersectie van 
de kanalen overtreffen. liet feit dat het geïmpregneerde systeem kleinere platina 
deeltjes bevat dan de ionengewisselde katalysator kan worden verklaard door de 
aanwezigheid van extra kaliumoxide in de poriën van de zeoliet in het geval van 
impregnatie. Dit kaliumoxide zal migratie van platina en dus de vorming van 
grotere deeltjes (sintering) tegengaan. 

Om de effecten van waterstof desarptie op de eigenschappen van kleine iridium 
deeltjesgedragen door Ah03 te bestuderen, zijn EXAFS experimenten uitgevoerd 
op een hoog-disperse 0.8 wt% Ir/r-Al20a katalysator na herreductie en evacuatie 
bij hoge temperatuur. Vergelijking van de resultaten van deze experimenten met 
de resultaten van EXAFS experimenten op hetzelfde monster na herreductie, onder 
waterstof door van Zon en Koningsberger wijst erop dat tijdens de evacuatie een 
verkorting van de lange lr-0 binding-die wordt toegeschreven aan de binding 
van het iridium met de hydroxyl groepen van het alumina-optreedt. Dit wordt 
toegeschreven aan dehydroxylatie van de drager door de hoge temperatuur evacu
atie behandeling, resulterend in iridium deeltjes die op de zuurstofatomen van de 
drager liggen. 

Zuurstof adsorptie bij 77 K resulteerde in een toename van het coördinatiegetal 
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van de Ir-lr schil wat duidt op een verandering van de morfologie van de iridium 
deeltjes. Bovendien wordt er een toename waargenomen in het coördinatiegetal 
van de lr-0 schil wat erop duidt dat zuurstof adsorptie leidt tot de vorming vu 
iridium-zuurstof bindingen die· vergèlijkbaar zijn met de lr-0 bindingen in het 
metaal-drager grensvlak. 
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2 Higher harmonie rejection by dynamically detuning the second crystal in an 
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reflections. 

G.N. Greaves, G.P. Diakun, P.D. Quinn, ,M:. Hart and D.P. Sid
dons, Nucl. Instrum. Meth. 208 (1983) 335. 

3 The analysis of the EXAFS of their VSH sample would have been consistent 
with the XANES ifYoshida et al. had taken the V-V interaction into account. 

S. Yoshida, T. Tanaka, Y. Nishimura, H. Mizutani and T. Fun
abiki, Proceedings of the gth International Congress on Catalysis, 
Calgary, 1988, M.J. Phillips and M. Ternan (eds.), The Chemical 
Institute of Canada, Ottawa, 1988, p. 1473. 

4 Since the degree of ionization influences the 29Si chemical shift of a species, 
the use of the chemical shift of monomeric silica as an internal standard for 
chemical shift references of aqueous solutions in comparative NMR studies 
should be avoided. 

A.V. McCormick, A.T. BeU and C.J. Radke, Zeolites 7 (1987) 
183. 
R.K. Harris and C.T.G. Knight, J. Chem. Soc., Faraday Trans. 2 
79 (1983) 1525. 

5 From the relation between the degree of coverage and the desorption energy 
of submonolayers Au on Ru(OOl), Niemantsverdriet et al. coneinde a repulsive 
Au-Au interaction. However if the structure of an adsorbate monolayer is 
taken into account an attractive interaction and clustering at low degrees of 
coverage can also he concluded. 

J.W. Niemantsverdriet, P. Dolle, K. Markertand K. Wandelt, J. 
Vac. Sci. Technol. A 5 (1987) 875. 
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6 InvcsL~;;;.,;,tors of three-dimensional electrochemical nucleation often do not re
alize that their potentiostatic current transient measurements combined with 
electron microscopy observations imply that the growth rate of individual nu
clei is only partly controlled by mass transport of electroactive species. Kinetic 
factors also determine the growth. 

P.M. Rigano, C. Mayer and T. Chierchie, J. Electroanal. Chem. 
248 (1988) 219. 

7 The user friendliness of notations of irreducible representations of point- and 
spacegroups can be improved if information about the irreducible representa
tions is added. 

S.C. Milier and W.F. Love, Tables of Irreducible Representa
tions of Space Groups and Co-representations of Magnetic Space 
Groups, Pruett Press, Boulder, 1967. 

8 The reliability of EHMO calculations performed by Yin-Sheng and Xiao-Le 
would greatly be enhanced if more metal and support atoms would have been 
taken into account and if-apart from bridged adsorption-also linear and 
3-fold adsorption would have been considered. 

X. Yin-Sheng and H. Xiao-Le, J. Mol. Catal.33 (1985) 179. 

9 It is not possible to measure EXAFS spectra of hydrogen and helium in fiuo
rescence mode. 

10 De eis van Hooge dat stellingen voorzien moeten zijn van een literatuurver
wijzing is niet in overeenstemming met het Promotiereglement 1987 van de 
Technische Universiteit Eindhoven. Bovendien zou een dergelijke eis in geval 
van stellingen met een hoge originaliteitswaarde kunnen leiden tot gekunstelde 
referenties. 

F.N. Hooge, Begeleidende brief bij het Promotiereglement 1987, 
Technische Universiteit Eindhoven, kenmerk CvD 145.935, 1987. 
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