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chapter 1 

GENERAL INTRODUCTION 

1.1 SCOPE AND OUTLINE OF THE DISSERTATION 

Metal-supported catalysts are extensively studied in our 

laboratory. EXAFS (Extended X-ray Absorption Fine Structure) 

spectroscopy has proven to be a valuable tool for the investiga

tion of these systems (see section 1.4). The study and the 

characterization of these catalysts, and the development of the 

use of the EXAFS technique requires many EXAFS measurements. 

Therefore, it is desirable to perform EXAFS experiments both 

with a storage ring and a laboratory facility. The aim of this 

investigation was to develop a facility, capable of measuring 

and analyzing EXAFS signals. Such a facility consists of a 

spectrometer which measures the spectra with a high photon 

intensity and a high energy resolution, and a data analysis 

package which can be used to extract the structural information 

from the spectra. During the design and building stage of the 

spectrometer, EXAFS measurements on rhodium supported on alumina 

catalysts were carried out at the synchrotron facility in 

Stanford, U.S.A. An EXAFS data analysis computer program was 

made available to us by Prof. Dr. D.E. Sayers (North Carolina 

State University, U.S.A.). This program has been further 

developed and improved. This optimized spectrum analysis program 

was used to analyse the EXAFS data of the rhodium-on-alumina 

supported catalysts. Information has been obtained with respect 

to the interface between the metal particle and the oxidic 
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support, and the influence of temperature and hydrogen ad

sorption on the structure of the metal particle. 

Chapter 2 deals with the design and the construction of 

the laboratory EXAFS facility. X-ray source, detection system, 

linear spectrometer and computer control are discussed. The 

linear spectrometer, which has been constructed in our work

shop, contains two translation stages which can be positioned 

with an absolute positioning accuracy of 5 vm. This accuracy 

corresponds with energy increments of 1 eV at 25 keV, using a 

Si(311) crystal. 

In chapter 3, the alignment and the properties of the 

EXAFS spectrometer will be discussed. By means of a ray-tracing 

program several crystal configurations were calculated with 

respect to energy resolution. A resolution of 5 eV could be 

obtained at the Cu-edge with a count-rate of 1.105 photons.s-1 , 

using a 1 em spot on a Si(400) Johann crystal. The results for 

platinum were: 12 eV resolution at a countrate of 

2.10 6 photons.s-1 . This resolution is mainly caused by 

horizontal and vertical divergence of the photon beam, the 

width of the X-ray source and strain in the Johann crystal. 

In chapter 4, the EXAFS data analysis procedures are 

discussed, consisting of a sensitive background removal 

procedure to separate the EXAFS signal from the smooth ab

sorption background, forward and inverse Fourier transform to 

isolate coordination shells, and procedures (like fitting) to 

extract the structural information from the isolated coordina

tion shell. The introduction of the use of phase and amplitude 

corrected Fourier transforms made it possible to detect small 

EXAFS signals which are present along with large signals. 

Chapter 5 deals with an EXAFS study on highly dispersed 

Rh/Al 2o3 catalysts with respect to the detection of coordina

tion bonds in the metal-support interface. The contribution 

of this interface was determined as function of the size of 

the metal particle. A Rh-O distance could be detected which 

is about 0.7 R longer than a Rh-O distance in Rh2o3 and 

suggests an interaction between zero-valent rhodium atoms and 

oxygen anions present in the surface layer of the support. The 
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detection of the metal-support interface has been published as 

a communication in the Journal of Chemical Physics (1). The 

entire chapter, togethe~ with the phase and amplitude corrected 

Fourier transform of chapter 4, has been submitted as a full 

paper to the Journal of Chemical Physics (2). 

A Rh(2.4 wt%)/Al 2o
3 

catalyst which was reduced at 473 K 

after calcination at 673 K showed the presence of two Rh-O 

distances (2.05 Rand 2.7 R> (Chapter 6). The oxidic Rh3+-o2
-

bond disappeared after reduction at 673 K, demonstrating that 

rhodium crystallites are not attached to the support via 

coulombic rhodium cation-oxygen anion interaction, as is often 

suggested by other authors. The entire chapter has been sub

mitted to the Journal of Physical Chemistry (3). 

In chapter 7, the influence of hydrogen adsorption on 

the structure of the metal particle is discussed. Evacuation 

of the catalyst led to a significant contraction of the Rh-Rh 

coordination distance (~0.04 R> and a decrease in the 

static disorder of the metal particle. A subsequent contraction 

of the bond length could be measured under vacuum, when the 

temperature was raised, due to a further desorption of the 

hydrogen. This chapter will be submitted to the Journal of 

Physical Chemistry. 

1.2 HISTORICAL DEVELOPMENT 

After the first measurement of an X-ray absorption 

spectrum by de Broglie (4) in 1913, in the years between 1920 

and 1930 several absorption measurements were published, which 

showed a clear fine structure in the energy region just above 

the absorption edge (Fricke (5), Hertz (6), Coster (7), Lindh 

(8,9), Lindsay (10)). These near-edge structures could be under

stood with the theory of Kossel (11). When, however, fine 

structures which extended over several hundreds of eV behind 

the absorption edge (Extended X-ray Absorption Fine Structures) 

were detected, Kronig (1931) (12) began to develop a new 

theory. To describe the EXAFS in crystalline absorbers, Kronig 
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assumed that an electron which traverses a lattice array, has 

permitted and forbidden zones, depending on its wavelength. 

The boundary energies should correspond with the inflection 

points between adjacent absorption maxima (allowed energies) 

and minima (forbidden energies). Since a three dimensional 

ordered crystal was used as a model for the theory, Azaroff 

(13) classified the theory as being long-range order (LRO). 

Although the theory was successful in predicting many 

experimentally observed features of the fine structure (like 

the r-
2 

dependence), it failed for molecules. For this case 

Kronig (1932) (14) developed a theory in which the transition 

probability instead of the density of allowed states plays the 

dominant role. The ejected photoelectron was described by a 

plane wave which was scattered by the surrounding atoms, whose 

scattering amplitudes entered into the expression for the ab

sorption coefficient. A further development of these ideas was 

made by Peterson ( (1932) (15), (1936) (16)), who included an 

additional phase shift in the photoelectron wave function, 

caused by the potentials of the central atom and the back

scattering atom. 

In 1941 Kostarev (17) argued that the fine structures 

are only caused by the transition probabilities and applied 

therefore the Kronig-Peterson theory also to solids. Later on, 

(1949) (18), he developed a compact expression which enabled 

him to get a reasonable agreement between theory and experiment. 

At the same time Hayashi (19) came with a modification of 

Kronigs LRO theory. He assumed that the ejected photoelectron 

could not be treated as a free electron but that it would be 

reflected back to the absorber atom by perpendicular planes 

formed by nearest neighbour atoms, causing a localized standing 

wave pattern. Although his theory only considered nearest 

neighbour atoms, it required the presence of a triply-periodic 

crystal and was therefore classified as an LRO theory. 

In 1958, Shiraiwa, Ishimura and Sawada (20) used the 

short range order theory (SRO) to calculate fine structures in 

which they account for multiple scattering and for the finite 

lifetime of the excited photoelectron and the core hole state 
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through a mean free path concept. The predicted maxima for Cu, 

Ni and Fe showed a fairly good agreement with the experimental 

results. Comparing the theoretical treatments of Peterson, 

Kostarev and Shiraiwa et al., Kozlenkov (1961) (21) presented 

a simplified expression for the absorption coefficient, based 

upon the assumption of a square-well potential for an atom. 

Except for the mean free path length and the disorder effects, 

this expression showed already much resemblance with the 

nowadays generally accepted formulation. 

Already in 1931, Hanawalt (22,23) observed a decreasing 

contrast between maxima and minima in a Fe K-absorption spectrum 

when the temperature was raised. Shmidt (1961) (24) used the SRO 

theory of Kozlenkov to calculate the damping of the amplitude 

of the fine structures due to averaging within a coordination 

sphere, resulting in a Debye-Waller type factor to account for 

the thermal disorder. 

Around 1966 first attempts were made to change EXAFS into 

a quantitative technique by trying to extract coordination 

distances from the absorption maxima and minima: Levy (25) in 

1965, using the sine-argument of Kozlenkov's relation, and 

Lytle (26) in 1966, using a "particle in a box" theory with a 

spherically symmetric potential. well. In 1970 Sayers et al. 

(27) presented a qualitative theory for crystals with cubic 

symmetry which includes thermal and static disorder effects 

and damping due to the mean free path length. Multiple scat

tering was not included in this qualitative theory. The phase 

shifts due to the scattering were treated assuming an ionized 

state of the absorber atom. 

A final breakthrough in the confusion about the origin 

of EXAFS (LRO or SRO phenomenon) came in 1971, when Sayers et 

al. (28) showed that Fourier transformation of the EXAFS data 

with respect to the photoelectron wave vector yields a radial 

structure function in which the locations of the various peaks 

are related to the nearest neighbour distances of the local 

structural environment in the crystal. Now it became possible 

to use the EXAFS technique as a powerful tool in the determina

tion of short range structural parameters such as coordination 
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distances, coordination numbers, disorder and mean free path 

length. After a critical analysis of the existing LRO theories, 

Stern (1974) (29) finally elucidated the confusion between the 

LRO and SRO theories by proving that the periodic potential, 

kernel of the LRO theories, is not the physical origin of EXAFS. 

In the following period, a lot of theoretical work was 

published by Stern (1974) (29), Kincaid and Eisenberger (1975) 

(30), Ashley and Doniach (1975) (31), Lee and Pendry (1975) 

(32), all in a more qualitative way. The latter two included 

the multiple scattering in their calculations, with which they 

solved the known anomaly of phase shift inversion for particular 

shells in FCC and HCP crystals. In 1977, Lee and Beni (33) 

presented ab-initio calculations of central atom and scattering 

phase shifts for GeC1 4 , Br2 , crystalline Cu and Ge, allowing 

a more quantitative determination of coordination distances 

with an accuracy of 0.01-0.02 R. Teo and Lee (1979) (34) used 

these calculations to tabulate phase shifts and backscattering 

functions for elements between Z=6 and Z=82. Since the phase 

shift as well as the backscattering amplitude contain element

dependent characteristics, the EXAFS technique is at the same 

time capable of distinguishing between different neighbour 

atoms. Although the theory of Lee and Beni allows a good de

termination of the coordination distance, coordination numbers 

could not accurately be determined. To improve this Stern (1980) 

(35) introduced an atomic overlap factor which accounts for 

many body effects and a revised mean free path concept in the 

EXAFS equation. In the mean time, Eisenberger and Brown (1979) 

(36) and Crozier and Seary ( (1980) (37), (1981) (38)) showed 

that in systems with a large disorder and/or with an asymmetric 

pair-distribution function, an extra phase shift has to be 

added (see chapter 7), which, when omitted, leads to the de

termination of a coordination distance, which is too small. 
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1.3 GENERAL APPLICATIONS OF EXAFS 

Because of its short range order sensitivity, the EXAFS 

technique can be used for structure determination in a variety 

of systems such as biological systems, crystalline and amorphous 

materials, glasses, semiconductors, solutions, inorganic com

pounds, homogeneous and heterogeneous catalysts. 

In studying the structure function relationship in large 

metalloproteins EXAFS has proven to be an attractive technique. 

In the first place because no crystalline material is needed, 

but secondly because the EXAFS technique can focus on the 

element of interest, which may be present in a very low con

centration (<100 ppm). Such a concentration is present in the 

molybdenum-iron protein of nitrogenase, where Mo is present in 

a concentration of 2 atoms on 220000 molecular weight. Before 

the advent of the EXAFS technique, no unambiguous ways of ob

serving the environment of Mo in this protein were available. 

EXAFS studies of Cramer et al. (1978) (39,40) gave more insight 

in the structure of the environment of Mo. The information of 

the EXAFS signals at low energy and the Fourier transform of 

the spectrum revealed that Mo was primary coordinated by 4 

sulfur atoms at a distance of 2.35 R and that no Mo-O bonds 

existed in the semi-reduced state of nitrogenase. A distinct 

beat pattern in the EXAFS signal pointed to the existence of 

more than one coordination shell. The analysis of the phase, 

much different from the Mo-Mo or Mo-S phase shift, gave 

evidence for a Mo-Fe bond with 2-3 atoms at 2.72 R. The 

residuals of the spectrum could be explained by another Mo-S 

bond with 1-2 sulfur atoms at 2.49 R. On the basis of these 

data, Cramer proposed two models for this new Mo-Fe-S cluster 

in nitrogenase (Fig.1). Holm and coworkers (41) showed by a 

synthesis of a Mo-Fe-S dimer that the Mo-S and Mo-Fe 
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I --s s--Fe 
~~-~-ll -s/l)e-bs s--Fe 

"'-. 

2 

Figure 1 Two proposed mode~s for the Mo-Fe-S a~uster in 

nitrogenase. 

interactions in the cluster and in nitrogenase are virtually 

identical. 

Another application of the EXAFS technique where it 

demonstrates its strong capability of determining local 

structures, can be found in solution chemistry. Whenever 

metallic ions are present in a solution, questions may arise 

about the formation of complex ions. Sandstrom (1979) (42) 

and Licheri et al. (1981) (43) performed EXAFS measurements 

on the Ni K-edge of concentrated (2.78-4 M) aqueous solutions 

of NiC1 2 . The Ni 2+ was found to be fully coordinated by 6 

oxygen atoms of the water molecules at a distance of 2.07 R 
and 2.06 A, respectively. In both cases the significant 

presence of Cl--ions in the first coordination sphere had to 

be excluded, although Sandstrom claimed the existence of 3 

chloride ions in an outer sphere at 3.1 R. On the other hand, 

Fontaine (1978) (44) and Lagarde (1980) (45) determined for 

an aqueous solution of CuBr 2 and ZnBr 2 the local structure at 

both the metal and the halogen ion as a function of the ion 

concentration (0.1-4 M). They concluded that at high ion con-
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centrations, extended metal-halogen structures were present. 

Decreasing the concentration resulted in an increase of hydra

tion, although at the lowest concentration there was still 

some evidence for metal-halogen bonding. 

An example of the determination of changes in the local 

structure of a molecule is given by the study of the Wilkinson 

catalyst, RhX(PPh
3

}
3 

withX=Cl,Br. This molecule is supported 

on a phosphinated polystyrene polymer, cross-linked with 

divinylbenzene. However, the catalytic activity of this 

hydrogenation catalyst decreased when it was bound to the 

polymer frame work. Reed et al. ( (1977) (46}, (1978) (47}) 

demonstrated that the rhodium atom in the case of the polymer

bound catalyst is surrounded by two halogen atoms instead of 

one halogen atom like in the homogeneous catalyst (Fig.2), 

suggesting the formation of a less-active halogen-bridged 

dimer. 

Figure 2 The Wilkinson catalyst. 
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They also showed that the dimer formation depends on the 

percentage cross-linking in the polymer. For a 1-2% cross

linked polymer, the rhodium atom was coordinated by two halogen 

atoms, while for a 20% cross-linked polymer only one halogen 

neighbour was found, indicating a substantial reduction in the 

dimer formation, in agreement with the smaller mobility of the 

latter polymer. 

An example in which EXAFS has been used to gain informa

tion only about the surface structure of a substrate is given 

by Bouldin and Stern (1982) (48). They extensively studied the 

EXAFS of krypton gas which was adsorbed onto grafoil, a form 

of graphite in a 0.1, 0.2 and 0.35 monolayer coverage, 

respectively. The sensitivity of the EXAFS signal to the 

orientation of a polarized X-ray beam with respect to the 

orientation of the substrate planes together with the krypton 

absorber as a local probe on the surface, made it possible to 

separately analyse the Kr-Kr and the Kr-C contributions. In 

this way it was determined that 33% of the total surface con

sisted of randomly oriented grains. From the Kr-Kr coordination 

distance, only measured for the 0.35 monolayer coverage, it was 

concluded that the center of the carbon hexagons is the dominant 

site for Kr adsorption. Temperature dependent measurements at 

different coverages showed a large static disorder and a smaller 

temperature dependence of the Debye-Waller factor at lower 

coverages, in agreement with the fact that high binding energy 

defect sites (steps and corners) are occupied before the ad

sorption on non-defect sites takes place. 

1.4 APPLICATION OF EXAFS FOR STRUCTURAL STUDIES IN METAL CATALYSIS 

An important field for the application of EXAFS is metal 

catalysis. Subjects in these studies are supported metal 

catalysts, which in most cases consist of small metal particles 

which are bound to an oxidic support such as Al 2o 3 , Sio2 and 

Ti02 . Knowledge about the structure and the size of the 
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metallic particles and about the structure of the interface 

between the metal particle and the surface layer of the support, 

will lead to a better understanding of their catalytic be

haviour. In many cases, e.g. when the interaction with the 

support is being analysed, a high degree of dispersion is 

desired, leading to metal particles with an average diameter 

less than 20 R. Because of a lack of long-range ordering in 

this type of metal particles, X-ray diffraction cannot be 

used. Also Electron Microscopy as anex-situtechnique may not 

give reliable results. In the next section a short review is 

given about the most important results obtained on supported 

metal catalysts. Many studies deal with the influence of 

oxygen, desired or undesired, on the structure of the metal 

particles. Lytle et al. (49) investigated the interaction of 

oxygen with a 1 wt% Ru/Sio2 catalyst, directly reduced in H2 
at 773 K. EXAFS measurements on the K-edge of ruthenium of the 

reduced catalyst only gave evidence for a Ru-Ru metal bond. 

After admission of 1% oxygen in helium at 298 K, a Ru-0 peak 

could be observed along with a decreased Ru-Ru metal peak, 

while admission of oxygen at 673 K changed the EXAFS spectrum 

completely to a spectrum similar to that of Ruo2 • Also based 

on his chemisorption measurements, Lytle concluded that at 

298 K the oxygen is chemisorbed without dissociation, while 

at 673 K bulk oxidation occurs. 

Fukushima et al. (50) studied the effect of adsorption 

of o 2 and CO on a reduced Pt/Al 2o 3 catalyst as a function of 

particle size. Admission of o
2 

at room temperature on a 5 wt% 

Pt/Al
2

o
3 

catalyst with particle sizes of ~26 R led to a 

significant oxidation of the Pt crystallites. Admission of 

oxygen at 77 K, followed by a slow warming up to 300 K did 

not lead to a change in structure of the metal particles. 

Applying the same procedure to a 1 wt% Pt/Al2o 3 with 

crystallite sizes smaller than 10 R resulted in both cases 

in a complete oxidation of the metal crystallite. 

Joyner (51) reported measurements on a 0.47 wt% Pt/Al2o 3 
which was heated in air at 773 K, after subsequent drying at 

383 K, calcining at 773 K and reduction at 693 K, and on a 
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6.3 wt% Pt/Si02 catalyst, which was directly reduced at 673 K. 

Both EXAFS spectra did not give any evidence for a Pt-Pt metal 

bond, which indicates that also the second catalyst was com

pletely oxidized by contamination with air. 

Cox {52) performed also EXAFS measurements on four 2 wt% 

Ru/Si02 catalysts, reduced in a mixture of N2 and , but all 

prepared in a different way. Electron Microscopy showed particle 

sizes in the range 22-49 A. The spectra did not only show 

scatterer information from ruthenium metal but also from oxygen, 

again caused by contamination with air. The Ru-Ru coordination 

numbers indicated that also in this case a partial oxidation of 

the metal particle had occurred. The last two examples clearly 

show the large influence of oxygen contamination. In order to 

study well-defined catalysts, treatments and measurements have 

to be carried out in-situ. 

Lagarde et al. {53) investigated the structure of a 1 wt% 

Pt/Al2o 3 catalyst after different steps in the preparation 

procedure. After impregnation, the catalyst revealed the same 

EXAFS spectrum as the spectrum of the salt used for the im

pregnation. An analysis of the spectrum after calcination at 

803 K for 2 hours led to the detection of 5 oxygen neighbours 

and 2.5 chlorine neighbours, the latter still emanating from 

the H2PtC16 precursor. Further calcination at 1003 K resulted 

in a complete decomposition of the metal-oxide. 

Via et al. {54) performed EXAFS measurements at the 

LIII-edge of Os, Ir and Pt metal supported on Sio2 and Al 2o 3 . 

All catalysts contained about 1 wt% metal and were prepared via 

a reduction in H2 at 773 K, followed by He purging, cooling to 

300 K and in-situ reduction at 698 K under flowing hydrogen. 

All catalysts (coordination numbers between 7 and 10) contained 

a root mean squared disorder which was about 1.4-2 higher than 

the disorder in bulk metal, pointing to a resident static 

disorder in the catalyst. The first shell coordination distance 

in the Pt/Al2o
3 

was about 0.02 R shorter than the Pt-Pt distance 

in Pt/Si02 , suggesting an effect of the type of support. 

The oxidic support can have a tremendous effect on the 

properties of the metal. This was shown for Pt/Ti02 , which 
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undergoes a drastic reduction in the chemisorption of H2 and 

CO when the reduction temperature of the catalyst is increased 

from 473 K to 673 K. This effect is called Strong-Metal-Support

Interaction (SMSI) and does not occur for carriers as Al 2o 3 
and Sio2 . Short et al. (55) studied the structure of the metal 

particle in a 1.7 wt% and a 3.1 wt% Pt/Tio2 catalyst as a 

function of the reduction temperature. The results of this 

EXAFS study did not show any evidence for a repetitive Pt-Ti 

and/or Pt-0 bond, as suggested in literature to be responsible 

for the suppression of the chemisorption properties. 

Greegor et al. (56) performed a higher shell analysis on 

EXAFS data obtained for a number of catalysts (1 wt% Ru, Os, 

Ir, Pt/Sio2 and 1 wt% Ir, Pt/Al 2o 3 ). By comparing the higher 

shell coordination numbers with model calculations, size and 

(cubes, spheres and discs) of the metal crystallites 

could be predicted. Most of the catalysts consisted of sphere

like shapes, although for the platinum catalyst all mentioned 

were possible. According to Greegor, a distinction could 

be made between cubes/spheres and monolayer discs, since the 

second coordination shell would be absent in the radial 

structure function in the case of monolayer discs. 
Moraweck et al. (57) performed EXAFS measurements on a 

Pt/Y-zeolite catalyst. They observed a contraction of 0.12 R 
in the Pt-Pt distance when the catalyst was evacuated. A sub-

admission of hydrogen gave a relaxation of the bond 

length to a value similar to that of bulk platinum. The 

relaxation can be explained by the coordinative saturation of 

the surface atoms in the crystallite when hydrogen is adsorbed. 

Another type of contraction was measured by Marques et al. 

(58). In a 1 wt% Pt/Sio2 catalyst, the first shell Pt-Pt bond 

length was analysed as a function of the temperature 

in the range from 77 to 773 K. At 773 K, a contraction of 3% 

in the coordination distance was measured, although a lengthening 

in the distance would have been expected according to the 

thermal expansion. This phenomenon was by the 

asymmetrical vibrations of the Pt surface atoms causing a 

phase shift distortion leading to an apparent shorter coordina

tion distance. 
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Via et al. (59) reported measurements on a 0.5 wt% Rh/Al 2o
3 

catalyst. An EXAFS spectrum of a Rh-Rh coordination could be 

detected with an average coordination number of 1.5. This is 

in disagreement with the results of Yates (60), who argued on 

the basis of CO infrared measurements, that rhodium is 

monatomically dispersed on the support. However, Via could not 

exclude the possibility that monatomically dispersed rhodium 

was present along with rhodium clusters. 

At the same time, van 't Blik et al. (61) elucidated this 

seeming contradiction. EXAFS measurements on a reduced and 

highly dispersed 0.57 wt% Rh/Al2o3 catalyst proved that before 

CO adsorption the rhodium is present in small metal crystallites, 

while an admission of CO onto the catalyst at room temperature 

leads to a disruption of a significant number of the metal

metal bonds and the formation of isolated Rh(C0) 2 species. 
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chapter 2 

DESIGN AND CONSTRUCTION OF A LABORATORY 

EXAFS SPECTROMETER 

2.1 WHY A LABORATORY EXAFS SPECTROMETER? 

Since synchrotron radiation became available, the EXAFS 

technique has progressively been improved. The main reason for 

this success is the high photonflux which enables the scientists 

to measure EXAFS spectra with a high signal-to-noise ratio. 

However, with the increasing popularity of EXAFS, the EXAFS 

synchrotron beam lines became overcrowded resulting in long 

scheduling times. Moreover, scientists had to write proposals 

for their EXAFS research and if one is fortunate one might get 

l-2 weeks measuring time per year. Since the allocated measuring 

time is short and because storage rings are seldom close to the 

laboratory, the measurements have to be prepared in detail, 

while during the measurement hardly any time for improvisation 

is available. When the EXAFS technique is applied to a scientific 

field which requires a lot of experiments or when EXAFS is used 

for routine characterization of a sample, EXAFS measurements 

with a storage ring are uneconomical and a relatively cheap 

laboratory EXAFS facility is necessary. Such a laboratory 

facility has several advantages. Since EXAFS studies can be 

performed in the laboratory, only those samples which are very 

promising but difficult to measure (eg. because of a too low 

concentration) have to be investigated at a synchrotron, thereby 

discharging synchrotron time. At this time, there is no on-line 
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data analysis possible at most synchrotrons. Errors and artefacts 

will only be discovered when the spectra are analysed at horne 

where a rerneasurernent of the sample is impossible. This problem 

is partially solved with a laboratory facility. Sometimes com

plicated sample preparations are necessary, requiring a well 

equipped laboratory which is until now hard to find at syn

chrotron facilities. Furthermore, a laboratory EXAFS facility 

can be used for a rapid implementation of an idea. It can also 

be used for the training of students or to make oneself more 

familiar with the EXAFS technique. 

One of the most important questions to be answered is: 

what are the perspectives of a laboratory EXAFS apparatus, 

compared with a synchrotron facility with respect to intensity 

and energy resolution. In a synchrotron facility, the intensity 

of the photon beam is normally 10 8-10 10 photons.s- 1 in a band

width of 5-20 ev, implying that measurements are restricted to 

concentrated samples or at best moderately dilute samples (con

centrations> Srnrnol). However, the measuring time for a spectrum 

with a laboratory apparatus may be much longer than on a syn

chrotron since measuring time is unlimited and less 

with the laboratory apparatus. The usable energy resolution 

depends on the experiment. If edge structures have to be studied, 

a resolution of ~2 eV is required. However, EXAFS experiments 

can still be measured with a resolution of ~10 eV without 

distorting the amplitude of the first coordination shell by 

more than 10%. 

In our laboratory the EXAFS technique is used to 

characterize and study metal-supported catalysts, especially 

with respect to the mechanism of the interaction between the 

metal crystallites and the support (1,2,3) and the influ~nce 

of gas adsorption on the structure of the metal crystallite 

(4,5). Because of the complexity of these studies, a lot of 

EXAFS experiments have to be carried out. Therefore, it was 

decided to design and build a laboratory apparatus capable of 

measuring EXAFS data on these type of catalysts of sufficiently 

high quality. 
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2.2 THE USE OF THE ROWLAND GEOMETRY FOR EXAFS SPECTROMETERS 

To obtain the EXAFS information of a specific sample, the 

absorption coefficient has to be measured as a function of 

X-ray energy. To perform these X-ray absorption measurements, 

a spectrometer is needed which is capable of providing a 

monochromatic photon beam of which the energy can be varied. 

The absorption coefficient can be determined by irradiating 

the sample with the monochromatic X-ray beam and measuring 

the of the beam in front of and behind the sample. 

The X-ray beam must have little energy broadening and a high 

photon , in order to measure the EXAFS signal accurate-

ly. To get high photon intensities, the spectrometer also has 

to focus the divergent photon beam of the X-ray generator onto 

the sample. An additional demand is that this focus point 

remains on the sample during the scan of an EXAFS spectrum. 

To achieve high photon fluxes, the Rowland circle geometry in 

combination with a ground and bent crystal (6) has proven to be 

by far the best for monochromatization. The Rowland geometry 

(Fig. 1) consists of a polychromatic X-ray source (A) (e.g. a 

rotating anode X-ray generator), a monochromator (B) 

and a sample stage (C) which contains the sample to be measured 

and the X-ray detectors. Under all circumstances, points A, B 

and C are kept on a circle. By keeping the distance X-ray source

centre crystal equal to the distance centre crystal-centre 

sample, the mechanical incoming angle is always equal to the 

mechanical outgoing . By satisfying these two conditions, 

the radiation emitted by the x-ray generator impinges on the 

monochromator and will reflect and focus on the sample 

on the detection stage. 

In the previous years, several workers have published 

spectrometers, designed for EXAFS measurements, which made use 

of the Rowland configuration. The designs of these spectrometers 

can be divided in two groups. The first group (Lytle (7), Knapp 

(8), Khalid (9), Thulke (10)) made use of commercially available 

goniometers in combination with several stepper motor controlled 

translation stages to set up the right Bragg angle and to 
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Figure 1 A view of several mechanisms to maintain the Rowland 

circle configuration. 

position the monochromator crystal and the sample stage onto 

the Rowland circle. Although one of these spectrometers provides 

good results (Thulke}, the designs are in general rather com

plicated. For a detailed description of their spectrometers one 

is referred to the mentioned literature. The second group brings 

the x-ray source, the centre of the monochromator crystal and 

the exit slit on the sample stage exactly on the Rowland circle 

by connecting each of these points to the centre of the Rowland 

circle by means of three fixed arms. The constructions differ 
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in the way the Bragg angle is varied and in the mechanism which 

keeps the incoming angle equal to the outgoing angle. 

Since our design is based on the second class of spectro

meters, the most important designs as published in the recent 

literature will be shortly described in the following. In the 

spectrometer of Cohen et al. (11), the 28 angles between the 

crystal centre and the anode (and also between the crystal 

centre and the sample stage) are held by rods fastened with 

locking pivots and slides (Fig. 1). With this geometry only a 

single lead-screw motion along the direction A-B is needed to 

vary the glancing angle 8 of the crystal and bring the sample 

stage in the focus point of the X-ray beam. Because the position 

of the X-ray source is fixed, the centre of the Rowland circle 

is free to move and thus describes a circle with a radius 

equal to that of the Rowland circle, with the X-ray source as 

centre. 

Georgopoulos et al. (12) use two equal arms (AD and CD) 

to keep the angles ~ ABM and ~ CBM equal (Fig. 1). The point B, 

above which the focusing crystal is located, is movable along 

the direction DR by means of a long lead-screw and a stepper 

motor. Again, the X-ray source A is fixed and the centre of the 

Rowland circle is free to move. 

The design of Williams (13) is based upon a movable X-ray 

source. He uses the same sliding pivots as Cohen to keep the 

angles ~ ABM and ~ CBM equal, but the monochromator crystal is 

moved along the Rowland circle by means of a stepper motor 

drive. The centre of the Rowland circle is fixed. By means of 

toothed belts and pulleys, the detector receiving slit and the 

movable radiation source are oriented such that they are at all 

times pointing at the centre of the focusing crystal, in

dependent of the angle e. 
The design of Hague (14), although not designed for EXAFS 

measurements, is very simple. Again, A, B and C are connected 

via fixed radii to the movable centre of the Rowland circle. 

However, the distances A-B and B-C are kept equal by means of 

two lead-screws with stepper motor drives along the directions 

AB and BC. The design of our spectrometer, which uses the same 
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basic idea as Hague, will be presented in the next section. 

2.3 DESIGN CRITERIA 

The spectrometer has to be designed such that EXAFS as 

well as XANES (X-ray Absorption Near Edge Structure) experiments 

can be performed. Since XANES measurements require a high 

energy resolution and some EXAFS experiments demand a high photon 

flux, optimizing the spectrometer for both types of measure

ments normally leads to contradicting requirements for the gonio

meter. 

Figure 2 The linear spectrometer drawn for J different energies. 
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To get a maximum photon flux, a rotating anode X-ray generator 

has to be used instead of a conventional X-ray tube. Since heavy 

X-ray sources cannot be moved, alternative mechanical con

structions for holding the Rowland circle configuration during 

the EXAFS scans have to be used. A very useful alternative, 

which is used by us, is the linear spectrometer, schematically 

given in Fig. 2. The situations for three different energies 

are drawn. The X-ray source A is the only fixed point on the 

Rowland circle. When the crystal is linearly moved along the 

fixed direction A-B, the centre of the Rowland circle itself 

moves along a circle with radius R with the X-ray source as 

central point. The wavelength of the photons reflected by a 

monochromator crystal with a lattice spacing d, is linearly 

dependent on the distance x between the X-ray source and the 

centre of that crystal, as is given by Eq.l: 

d R . X 

This equation can be derived using the Bragg condition 

A= 2d.sin8 and x=2R.sine, as can be seen from Fig. l. 

It is now necessary to investigate the demands which 

( l) 

have to be made upon the mechanical construction of the spectro

meter with regard to the radius of the Rowland circle and the 

accuracy of the displacement of the monochromator crystal 

along the x-axis. 

The radius R determines two important factors in the design, 

intensity and resolution. With regard to the intensity, the 

radius R determines the solid angle dQ with which the 

monochromator crystal is irradiated. Given a fixed spot on the 

crystal, the solid angle increases with decreasing R, 

approximately according to R-2 • This suggests that the radius 

of the focusing circle should be as small as possible. 

However, the geometrical energy broadening of the curved crystal 

monochromator decreases with increasing R, also approximately 

by R-
2 

(see chapter 3), implying a large radius for the Row

land circle. An additional advantage of a large R-value is that 

the crystal also has to be bent over a larger radius. This is 
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easier and causes less mechanical strain in the crystal. • 

Another point which determines the minimum value for R 

is the maximum X-ray energy which the spectrometer should 

provide. This maximum energy also depends on the d-spacing of 

the monochromator crystal. A crystal which is very suitable 

for doing EXAFS experiments is a Si(311) (d 1.673 R) or a 

Ge(311) (d = 1.743 R) crystal. As a maximum energy, 25 keV was 

chosen, so the EXAFS signals of elements up to Rh can be 

measured at the K-edge, while elements with Z>45 can be measured 

at their L-edge (E>3 keV) . With a given minimal distance x . m1n 
of 150 mm between the X-ray source and the centre of the 

monochromator crystal (mainly determined by the generator), 

and using a Si(311) crystal, a radius of approximately 500 mm 

is obtained. This value also suits the available space for the 

spectrometer on the table top of the X-ray generator. 

The radius and the maximum energy being chosen, the 

minimal accuracy, ilx, in the displacement x can be calculated 

from the equation: 

(ilE) 12.396 R 
E E d 

(2) 

derived from Eq. 1. With the demand of a resolution of 1 eV at 

25000 eV, the accuracy in the motion of the monochromator 

has to be 6 umfor a Rowland circle with R = 500 mm. 

This accuracy means that the monochromator should have the 

of taking steps of 6 urn, but it also means that the 

reproducibility of the displacement of the crystal has to be 

6 urn. The latter demand is very important when absolute edge 

which can provide information about changes in the 

chemical state of an atom are to be measured. In order to 

fulfil this demand the positioning of the monochromator crystal 

should be free from any backlash and must be equipped with an 

accurate readout in order to know the absolute value 

of the energy. These demands are not fulfilled in most of the 

previous spectrometers which use lead-screws for the 

positioning of the crystal. 

The should also fulfil the following demands: 
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a) A rapid and easy exchange of the three arms, which connect 

the source, the crystai and the sample to the centre of the 

Rowland circle, without realignment of the spectrometer. A 

replacibility makes it possible that the length of the arms 

can always be matched to the curvature of the crystal. This 

allows to adapt the spectrometer to commercially available 

monochromator crystals with different R-values. 

b) The spectometer should have such a tunability that no 

realignment is necessary when measurements havetobe carried 

out in different energy ranges. 

c) The construction should allow a rapid change of monochromator 

crystals, such that for a specific energy range the optimal 

monochromator can be chosen without a renewed tedious 

alignment. 

d) The sample stage must allow loadings of 20-25 kg without 

any relevant influence on the positioning accuracy. To 

handle a wide variety of different samples and measuring 

conditions, it must be possible to fit detectors, in-situ 

sample cells and cryostats on the sample stage. For future 

fluorescence EXAFS measurements, it must also be possible 

to fit a solid state detector. 

e) The spectrometer should have a fixed mechanical reference 

point, allowing a recalibration of the source-crystal and 

crystal-sample distances whenever an electrical shutdown 

situation has occurred. 

f) The spectrometer should allow an easy alignment with respect 

to: 

- take-off angle, i.e. the angle at which the centre of the 

crystal sees the X-ray source (see Fig. 3.4) 

- positioning of the focus point of the X-ray source onto 

the Rowland circle 

- positioning of the plane of the Rowland circle 

perpendicular to the used vertical line focus 
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2.4 DESCRIPTION OF THE EXAFS SPECTROMETER 

In this section the different main components of the 

EXAFS spectrometer will be described. Section 2.4.1 deals with 

the properties of the X-ray generator. The linear spectrometer 

whose construction is based upon this X-ray generator is dis

cussed in section 2.4.2. The mechanical construction of the 

spectrometer was made by ir. P. Brinkgreve and T.M.J. Maas of 

the Technological Development and Design Group (CTD) of the 

Eindhoven University of Technology. The detection system, the 

sample holder, the radiation shield and the automation are 

described in sections 2.4.3 to 2.4.6, respectively. 

2.4.1 THE X-RAY SOURCE 

To provide a possibility for measuring dilute samples and 

to reduce the measuring time for EXAFS experiments, an X-ray 

generator with a high photon flux is needed. Two rotating anode 

X-ray generators are commercially available: the Rigaku, type 

RU 200 (12 kVA) and the Elliot, type GX-21 (15 kVA). The latter 

generator was chosen since it allows a spectrometer construction 

where the focal spot of the X-ray source can be positioned onto 

the Rowland mechanism. 

The main characteristics of this generator are: 

-maximum voltage 60 kV, maximum current 300 mA 

- adjustable cathode 

- size of the focal spot on the anode: 0.5 mm x 10 mm 

- accessible anode 

- anode rotation speed: 3000-6000 rpm 

The advantages of this X-ray generator are: 

a) Different types of anodes can be used, allowing the target 

material to be optimized for a specific energy range. 

b) Adjustment of the anode-cathode distance is important in 

order to prevent space-charge limitation when the generator 

is operated at low voltages and high currents. Such con-
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ditions are necessary for some energy regions to prevent 

the generation of higher energy harmonics which are also 

reflected by some monochromator crystals (see chapter 3). 

A second important advantage is that the anode-cathode 

distance can be adjusted such that an optimal line focus 

(minimal width) is obtained. 

c) For the alignment procedure it is necessary to bring the 

focal spot on the Rowland circle. The accessibility of the 

anode by removal of the cathode allows, via a mechanical 

tool, the projection of the position of the focal spot to 

a point on the Rowland circle outside the head of the 

generator. 

2.4.2 THE LINEAR SPECTROMETER 

The Rowland circle configuration as shown in • 3 is 

based upon a mechanism consisting of the following elements: 

a) A main slide moving along the main guide in order to change 

the distance between the source and the monochromator 

b) A monochromator bearer attached to the main slide by means 

of a rotating axis. 

c) A sample/detector slide moving along a guide which is con

nected to the main slide by means of the rotating axis 

as used for the monochromator bearer. 

d) Three arms of equal length with one common central axis 

(centre of the Rowland circle). 

- one arm from the anode fixed source point 

- a monochromator arm rigidly attached to the monochromator 

bearer 

- a sample/detector arm from the focal spot 

The elements described above maintain the Rowland circle con

figuration as long as the distances X-ray source point to 

monochromator axis and monochromator axis to sample focal spot 

are kept equal within the design specifications. The main guide 

A and main slide C are the most vital parts of the spectrometer 
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since deterruine the positioning accuracy of the mono

chromator crystal and thus the energy reproducibility. The 

main guide consists of two frames which are ground parallel 

(with an accuracy of a fewmicrometres) and which are positioned 

perpendicular to each other. These frames determine the 

horizontal and vertical position of the main translation stage, 

respectively; so the crystal is moved exactly along a straight 

line, assuming that both frames are exactly followed by the 

main slide. To accomplish this, the main slide consists of 

preloaded friction rollers which are pressed against the ground 

frames of the main guide. Inequalities in the frames can be 

absorbed by the elastic hinges to which the friction rollers 

are connected. The construction of the detector/sample slide 

is to that of the main slide. Each slide is driven by a 

DC motor, which is coupled to a kinematically and statically 

defined friction transmission. The high positioning accuracy 

of the total mechanism has been achieved by paying full atten

tion to the kinematical and statical design specifications of 

the total layout and its components. Also all bearings and 

bearing points are preloaded in order to eliminate all virtual 

and actual backlash. 

The three arms are made exactly equal in length. The functions 

of the arms F and G are to rotate the monochromator crystal and 

to hold the detector slide on the Rowland circle. Since they are 

not subjected to large forces, the construction with a pre

determined stiffness and length is very simple and allows an 

easy exchange with radii of other lengths. The first arm E is 

more rigid from construction than the other radii and has a 

variable length by means of small, exchangeable tubes with an 

accurate known distance. This rigid arm assures that the centre 

of the Rowland circle lies in the plane determined by the source, 

the crystal and the sample. An accurate position of the centre 

is necessary since it determines, via the other radii, the 

rotation of the and the position of the sample. The 

hinge of radius E is attached to an aluminium block H, which 

is connected to the main guide via a ball J (see Fig. 3). This 

aluminium block has to be placed under the focal spot of the 

X-ray source such that the vertical axis of the hinge coincides 
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with the vertical axis of the focal spot. By means of a second 

ball I, the block is connected to the table top of the X-ray 

generator. This ball forms the only fixed connection point 

between the generator and the spectrometer. When the spectro

meter has to be moved to another take-off angle, the whole 

spectrometer can be rotated around this ball. This ball also 

gives the possibility to bring the plane of the Rowland circle 

to a position perpendicular to the line focus. Since the 

goniometer rests at the table top by means of three points 

(ball I and screws L, L'}, an adjustment of the horizontal 

plane is possible through the alignment screws L, L', both 

parts of the arm K, which is rigidly attached to the main slide. 

Besides a function as an alignment arm, it has the important 

function of compensating the weights which might be placed on 

the second translation stage. This sample/detector slide can 

easily accommodate a weight of 25 kg without a change in 

relevant position accuracy. 

In almost none of the previously mentioned designs, an 

absolute position readout is possible by means of a SONY 

electronic ruler system. This ruler consists of a long rod 

(1 = 1000 mm, % = 2 mm} which is divided into a large number 

of magnetic discs with a spacing of 5 ~m. This rod is mounted 

along the track of the slide. A magnetic sensor, attached to 

the slide, registrates these magnetic discs by flux transitions, 

when it is moved along the rod. These flux transitions are 

electronically amplified and converted to pulses which are 

counted in a digital scaler. Each puls corresponds to a step 

of approximately 5 ~m. The stepsize can be adjusted by a 

stretching of the rod. 

To each guide, a fixed magnetic head with an extensiveness of 

< 1 ~m is attached, which serves as a distance calibration 

point after a power-down has occurred. The magnetic head can 

be detected by a second magnetic sensor on the slide. 

The performance of the mechanical construction of this 

spectrometer, in combination with the electronic ruler system, 

allows to take incremental steps of 5 ~m with a resettability 

of + 5 lJm. 
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2.4,3 THE DETECTION SYSTEM 

2.4.3.1 Choice of the detector type 

The absorption coefficient of a sample can be determined 

as a function of energy by measuring the intensity of the photon 

beam in front of and behind the sample. Normally, the amplitude 

of an EXAFS signal is about 0.1 of the total absorption 

coefficient of metals and highly concentrated samples, while it 

decreases to 0.01-0.001 of the total absorption coefficient of 

dilute samples. When an accuracy of 1% in the EXAFS signal is 

, the total absorption coefficient has to be measured 

with an accuracy of 10-3 to 10-5 . This accuracy puts a high 

demand on the stability of the detection system. To achieve 

this accuracy, high photon fluxes are necessary to get the 

counting statistics below the desired level of accuracy within 

a reasonable time. A high photon flux (10 5-10 7 photons.s- 1 ) 

implies that the detection system must be able to handle these 

countrates, i.e. the response of the detector has to be linear 

with the incoming photon flux. Since the photon flux in front 

of the sample can be a magnitude higher than the flux behind 

the , a non-linear response of the detector results in a 

distortion of the measured absorption coefficient. 

This absorption coefficient can be determined by 

measuring the beam intensity with one detector, once without 

and once with the sample in the beam. It is also possible to 

measure simultaneously the incident and transmitted photon 

beam, two detectors from which the first detector has to 

be transparent. Due to time fluctuations in the source or due 

to mechanical wobble in the spectrometer (which produces 

intensity changes with time), the last solution is the best 

since it cancels out these fluctuations. 

Several types of counters are available such as ionisa

tion chambers, gas flow proportional counters, scintillation 

counters and solid state detectors (15). Because the first X-ray 

detector has to be transparent and because its efficiency has 

to be adapted to the element which has to be measured, 
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scintillation counters and solid state detectors are not very 

suitable. Normal gas flow proportional counters can handle 
6 -1 

count rates up to 10 photons.s . An important advantage of 

proportional counters is their energy discrimination. Higher 

harmonics (see chapter 3) can be rejected, which permits 

operation of the X-ray generator at higher voltages, leading 

to higher photon fluxes. Multiwire proportional counters with 

separate electronics for each wire might be used to deal with 

countrates higher than 10 7 photons.s- 1 . Ionisation chambers 

cannot discriminate against higher harmonics but have the 

advantage that theirresponseis linear in a large range of 
5 8 -1 photon fluxes (10 -10 photons.s ) and that they are easy to 

construct. Since it is necessary to obtain the X-ray intensity 

with an accuracy of 0.001 or better, the stability of the 

detectors should be in the same order. In case of gas flow 

proportional counters, the stability demand puts very high 

restrictions to the stability of the high voltage power supply, 

since variations in the supply are directly amplified due to 

the exponential multiplication process in the detector. Because 

ionisation chambers are insensitive to voltage fluctuations 

and because ionisation chambers can handle high count rates 

with a linear response and are easy to construct, laboratory

made ionisation chambers are used in the spectrometer. 

2.4.3.2 Signal-to-noise-ratio 

In order to calculate optimal lengths for both ionisation 

chambers, a relation between the signal-to-noise ratio of the 

EXAFS spectrum and the various absorption coefficients has to be 

derived. The detection system is given in Fig. 4. IC 1 and IC 2 
are the ionisation chambers with absorption coefficients ~ 1 
and ~ 2 , and chamber lengths x 1 and x 2 , respectively. The sample 

has a thickness xs and absorption coefficient ~s· I
0 

is the 

intensity of the incoming photon beam, while I 1 and I 2 represent 

the signals, arising from the ionisations in the chambers. The 

absorption coefficient of the sample can be calculated from 

I 2/I 1 = exp(-(~s.xs) ').Due to the absorption coefficients of 

the ionisation chambers, which enter in the measured signals 
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I 1 , I 2 , the determined absorption coefficient (~s.xs)' is not 

exactly equal to ~s.xs. The noise in (~s.xs) ', cr(~s.xs)', is 

given by: 

I 
G(~) 

N cr(~sxs) 
Il 

~~ + .!. 
I I2 (~) 
Il 

(3) 

ION SAMPLE ION 
CHAMBER CHAMBER 

lo jJ,X, -- jJSXS 
~ 

j.12X2 ----=-- e e e 

11 12 

Figure 4 The deteotion system 

I inoident photon beam 
0 

output signals of the ionisation ohambers 

Assuming that the amplitude of the EXAFS signal is equal to a 

fraction u of the edge jump ~~s· 

represented by: 

(Fig. 5), the signal can be 

(4) 

The actual signal-to-noise ratio is now given by: 

(5) 

An optimum in this signal-to-noise ratio is obtained for the 

values: ~ 1 .x 1 = 0.25, ~ 2 .x 2 = oo and ~s.xs = 2.55. The design 
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of the ionisation chambers should be such that even at the 

highest energy (E = 25 keV), an optimal signal-to-noise ratio 

can be achieved with a proper gasfilling. If krypton gas at 

atmospheric pressure is used (p = 3.733 g/1), an absorption of 

c: 
.2 -e-
o 
II) 

J:l 
1'0 

........ .......... ---------------
Photon energy 

Figure 5 An X-ray absorption spectrum. 

l'ql 

tion eoeffieient of the pre e 

90% in the 2nd ionisation chamber is obtained with a length of 

200 mm. This length is still acceptable for the spectrometer. 

Due to the absorption of only 90% in rc2 , the ultimate signal

to-noise ratio cannot be achieved. However, demanding a 

(~)>0.9(~)max' some flexibility is obtained in the absorption 

of the first chamber and the sample. Fig. 6 shows the allowed 

variation in v
1

x
1 

and vsxs. The variation in v
1

x 1 corresponds 

with a variation in the length of the first chamber from 14 mm 

to 29 mm. As final lengths for the ionisation chambers were 

chosen 20 mm and 200 mm for rc
1 

and rc
2

, respectively. The other 

dimensions are: width 20 rom, height 70 mm. For lower energy 

ranges, the gasfilling of the first chamber must be changed to 

keep the absorption conditions optimal. 
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2.4.3.3 Construction 

The construction of the chambers is quite . To 

prevent noise effects from mechanical instabilities, the 

chambers are built as rigid aluminium boxes. Inside these 

boxes, two aluminium collector plates are placed at a distance 

of 20 mm, both embedded in 5 mm teflon to prevent leakage of 

the small ionisation currents (typically 1 pA) . To allow a 

low, the chambers are made airtight. Aluminized mylar 

windows through which the photon beam passes, are used at the 

front and the back of the chamber. These windows also have to 

be mechanically stable. To prevent noise in the ionisation 

current due to fluctuations in the density of the gas, the gas 

flow .is stabilized by means of a pressure controller and a flow 

controller. The flowrate is adjustable from 0-10 cc/min. One 

collector plate is connected to a high voltage power supply 

(0-1 kV), the other collector plate is connected to a current 

amplifier. The measured signal may not be limited by the noise 

of the amplifier. A low-noise varactor bridge current amplifier 

(310J, Analog Devices) with a noise current of 1-2 fA was used. 
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Due to the low currents which have to be accurately measured, 

the amplifier is mounted directly onto the chamber to keep the 

connection wire as short as possible. To get an acceptable out

put voltage which can be transported over a large distance, a 

amplification is necessary. The amplification factor of 

the operational amplifier is determined by the feedback resistor 

R1 (15.10 9 Ohm) (Fig. 7) 1 yielding a current to voltage con

version factor of l5.I0 9Q. 

preamplifier amplifier V F converter 

H~ 
VOLT 

Figure 7 The electronie cireuit of the deteetion system. 

Rl 15 GQ R4 = 50 kQ 

cl = 100 pF R5 = 50 kQ 

R2 = 500 Q R6 = 500 Q 

R = 3 
4k7 Q R7 50 kQ 

A very low leakage capacitor c1 (100 pF) is placed parallel to 

R1 in order to stabilize the amplifier. The connections of the 

amplifier are also embedded in teflon, preventing leaking 

currents from the power supply. A copper shielding around the 

amplifier protects the circuit from external voltage fluctua

tions. The output of the amplifier is connected to a second 

amplifier (235K, Analog Devices) with an adjustable amplifica

tion of 1-100. This second amplifier is subsequently con-
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nected to a precision voltage to frequency converter (458K, 

Analog Devices). The pulstrain which leaves the VFC is counted 

in a CAMAC-scaler, which interfaces the analogue circuitry to 

a MIK-II (LSI-11) CAMAC computer. An overall view of the circuit 

is shown in Fig. 7. To get the lowest noise level from the 

circuit, great care has to be taken with the earthing of the 

various components. 

2.4.4 THE COMPUTER CONTROL 

The main computer system consists of a PDP-11 com

patible N.IK-II (LSI-11) CAMAC computer with a printer inter

face, dual floppy interface and terminal interface. A CAMAC 

interface is present to provide a 512 x 256 bit-mapped screen 

to display spectra. An interface which connects the MIK-II to 

the B7700 computeL in order to transmit spectra for further 

data analysis, is in preparation. 

ion chambers 

T 

graphical 
display 

Figure 8 The automation circuit of the EXAFS spectrometer. 
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The complete electronic configuration of the spectrometer 

is given in Fig. 8. One part of the electronic circuit provides 

the positioning of the slides by means of a feedback system. 

The other part takes care of the spectrum accumulation. 

The feedback system is controlled by two microprocessors 

{type 8086) which function independently of the main computer. 

The main reason for this is the complete control over the 

positioning mechanism, even when the main computer fails due 

to an electric power-down. The magnetic sensor, when sliding 

along the magnetic ruler, provides pulses to a SONY device 

where they are magnified and counted in a digital scaler. The 

contents of the scaler are visible on a digital readout which, 

when calibrated, represents the actual position of the magnetic 

sensor, expressed in micrometres. By means of an I/0 interface, 

the contents of the scaler can also be read by the micro

processor. This microprocessor is programmed for a dedicated 

control of the feedback loop. The 8086 ~P is connected to the 

main computer via a RS232C interface, through which .it can 

receive and transmit setpoints. Whenever a new position has 

been received, the 8086 ~P calculates the difference between 

the old and the new position and determines via a digital-to

analog converter and a voltage controlled power supply, the 

input voltage for the DC motors in the slides. This input 

voltage is time and position dependent in order to prevent high 

accelerations which could damage the mechanism. The slides can 

be positioned manually through an external control input at the 

motor power supply. A set of microswitches in the spectrometer, 

which are directly interlocked to the motor power supply, 

protects the spectrometer against mechanical damages due to an 

incorrect positioning of the slides. The 8086 ~P contains a 

second program which is used to initialize and calibrate the 

spectrometer. After switch-on, the computer searches for the 

magnetic zero-point. When this zero-point is reached, both 

scalers are reset to zero. Since the magnetic zero-point does 

not represent an actual zero distance, both scalers have to be 

preset to the correct distance. 

The other part of the electronic circuit provides the 
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interfacing of the ionisation chambers to the main computer. 

After a 2-stage amplification, the ionisation current is con

verted into a frequency between 0-100 kHz. The pulses are 

counted in a preset counter/timer module. 

A program, EXAFS, has been developed, based on a com

mandline interpreter, which allows user-friendly data 

acquisition. Spectra may be divided in several scan regions, 

each with its own statistical demand and own energy steps. This 

is done, because the jump in the absorption coefficient 

requires small energy steps with moderate statistics, the XANES 

region needs small energy steps and high statistics, while the 

EXAFS region can be scanned with larger energy steps and high 

statistics. The scaler can be used to accumulate data in a 

fixed time or with a fixed preset number of counts in I 1 or I 2 . 

2.4.5 THE SAMPLE HOLDER 

For measuring EXAFS in powdered systems, two types of 

sample holders are available. A first holder allows the measure

ment at room temperature of metal foils and powders pressed as 

a thin self-supporting wafer. The second sample cell has been 

published by Koningsberger and Cook and is especially designed 

for EXAFS in-situ measurements of metal catalysts (16). It 

allows in-situ treatment and measurement of the sample. The cell 

has the capability of heating the sample to 800 K in the 

presence of specific gases or in vacuo and of performing EXAFS 

measurements in-situ over a temperature range of 77 K to 600 K. 

2.4.6 THE RADIATION SHIELD 

Due to scattering of the photon beam against slits, 

monochromator crystal, detectors and due to the induced 

fluorescence of slits, a high radiation field exists around 

the spectrometer. In our case the radiation is shielded from 

the surroundings by a large cage built from 2 mm stainless 

steel, covered from the inside with 1 mm lead, which is thick 

enough toguaranteethe safety of the operator. The box can be 
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opened from the top. The top is interlocked to the X-ray source 

by means of magnetic switches, resulting in a closure of the 

beam shutters when the box is opened by accident. The box has 

been made airtight to allow flushing with light gases in order 

to minimize absorption. This is extremely important for elements 

with an X-ray energy smaller than 9 keV. Fig. 9 gives an in

dication of the absorption in air and in helium as a function 
3 of the X-ray energy. Due to the volume of the cage (~l m ) , 

large quantities of helium are necessary. A better system with 

less dead volume would be a leaded tube system around the path 

of the X-ray beam. This would allow a much quicker and a much 

more economical way of flushing. 

Besides, it would also minimize the scattered radiation. 

However, such a system would introduce external forces to the 

slides. Since the positioning of the slides is equipped with a 

feedback system, such forces would lead to an unstable posi

tioning of the monochromator. A light bellow system, which only 

reduces the volume, can still be used. The metal cage also 

provides a shielding for the sensitive detectors and protects 

the spectrometer from dust and moisture (when filled with 

boxes of silicagel) . It also keeps the spectrometer at a more 

constant temperature. 

10 
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Figure 9 The absorption in air and in helium as a function 

of energy. 



42 

2.5 REFERENCES 

1. J.B.A.D. van Zon, D.C. Koningsberger, H.F.J. 

and D.E. Sayers, to be published in J. Chem. 

2. J.B.A.D. van Zon, D.C. Koningsberger, H.F.J. 

R. Prins and D.E. Sayers, J. Chem. Phys., 80 

3. D.C. Koningsberger, J.B.A.D. van Zon, H.F.J. 

van 't Blik 

Phys. 

van 't Blik, 

(1984) 3914 

van 't Blik, 

G.J. Visser, R. Prins, A.N. Mansour, D.E. Sayers, D.R. Short 

and J.R. Katzer, J. Phys. Chem., submitted for publication 

4. H.F.J. van 't Blik, J.B.A.D. van Zon, T. Huizinga, J.C. Vis, 

D.C. Koningsberger and R. Prins, J. Phys. Chem., 87 (1983) 

2264 

5. H.F.J. van 't Blik, J.B.A.D. van Zon, D.C. Koningsberger 

and R. Prins, J. Mol. Catal. 2 (1984) 

6. T. Johansson, Z. Phys., 82 (1933) 507 

7. F.W. Lytle, D.E. Sayers and E.A. Stern, Phys. Rev. B, 11 

(1975) 4825 

8. G.S. Knapp, Hayden Chen and T.E. Klippert, Rev. Sci. 

Instrum., !1 (1978) 1658 

9. S. Khalid, R. Emrich, R. Dujari, J. Shultz and J.R. Katzer, 

Rev. Sci. Instrum., 53 (1982) 22 

10. w. Thulke, R. Haensel and P. Rabe, Rev. Sci. Instrum., 54 

(1983) 277 

11. G.G. Cohen, D.A. Fisher, J. Colbert and N.J. Shevchik, 

Rev. Sci. Instrum., (1980) 273 

12. P. Georgopoulos and G.S. Knapp, J. Appl. Cryst.,!! (1981) 3 

13. A. Williams, Rev. Sci. Instrum., 54 (1983) 193 

14. C.F. Hague and D. Laporte, Rev. Sci. Instrum., (1980) 621 

15. E.A. Stern, in "Laboratory EXAFS Facilities-1980 

(University of Washington Workshop), Ed. E.A. Stern 

(American Institute of Physics) , p. 39 

16. D.C. Koningsberger and J.W. Cook, in "EXAFS and Near Edge 

Structures", p. 412, 1983 ed. A. Bianconi, L. Incoccia and 

S. Stipcich, Springer-Verlag, Berlin, Germany 



43 

chapter 3 

CHARACTERISTICS OF THE LABORATORY SPECTROMETER 

3.1 INTRODUCTION 

In the previous chapter the various parts of the spectro

meter were discussed. To get an optimal performance of the 

spectrometer, these separate parts have to be aligned and 

matched to each other (see section 3.2). Section 3.3 des-

cribes the necessary optimization with respect to the mechanical 

parts of the rotating anode itself and the focal spot of the 

X-ray generator. To check the performance of the spectrometer, 

the expected energy resolution will be calculated in section 

3.4 and compared with the experimentally determined resolution. 

All measurements in chapter 3 are performed with a Johann 

Si(400) monochromator crystal, since Johansson type crystals 

were not yet available when this thesis was finished. Section 

3.5 discusses the compromise between intensity and energy 

resolution and the range of elements and concentrations which 

can be measured using the Si(400) monochromator crystal. 

Section 3.6 deals with important points which have to be 

optimized during an EXAFS experiment. A comparison will be 

made between EXAFS data obtained on the same kind of samples 

with our spectrometer and with EXAFS station I-5 at SSRL 

(Stanford Synchrotron Radiation Laboratory). Also the per

formance of our facility will be compared with other laboratory 

EXAFS facilities as published in literature. Finally, future 

improvements of our laboratory EXAFS spectrometer will be dis

cussed. 
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3.2 ALIGNMENT OF THE SPECTROMETER 

3.2.1 THE POSITIONING OF THE FOCAL SPOT ON THE ROWLAND CIRCLE 

A first requirement is that the focal spot of the X-ray 

generator is positioned on the Rowland circle. Since it is not 

possible to connect the spectrometer mechanically to the focal 

spot, the position of the focal spot has to be translated to a 

tion outside the vacuum head of the generator. By removal 

of the cathode, the surface of the anode is acces-

sible. By means of a specially made tool (Fig. 3.1) which is 

centered by the surface of the anode and by the axis of the 

Figure 1 An a 

focus to a 

generator. 

TOOL 

VACUUM HEAD 

ALIGNMENT 
PLATE 

tooZ to project meahaniaaZZy the X-ray 

tion on the tabLe top of the X-ray 
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anode, the focal spot can be translated to a point on the table 

top, which lies ca. 30 em beneath the actual focal spot. This 

'mechanical' focus is fixed by means of a small plate in which 

a stainless steel ball is centered. The centre of the ball 

corresponds with the projected position of the focus of which 

the accuracy is estimated to be better than 0.2 rom. In order to 

know in which way a possible deviation of maximal 0.2 rom from 

the Rowland circle affects the resolution of the spectrometer, 

a ray-tracing program was used. This ray-tracing program 

simulates the optics of the spectrometer by means of a Monte

Carlo procedure. The influence was calculated for a configura

tion with a focal spot of 0.5 x 10 rom2 (width x height), an 
2 irradiated area of 20 x 10 rom on a Si(311) Johann crystal and 

0 
a take-off angle of 5.5 . 

. 
::I c B A . 
co 

>--(/) 
c: 
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Figure 2 The influence of the inaccuracy in the projection of 

the X-ray focus on the energy resolution, calculated 

with a ray-tracing program. 

a) No deviation 

b) A deviation of 0.1 mm. The intensity distribution 

has been magnified by a factor 2. 

c) A deviation of 0.2 mm. The intensity distribution 

has been magnified by a factor 2. 
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• 3.2 shows the energy resolution function, calculated at 

10 keV, for deviations of 0, 0.1 and 0.2 rnm. The deviation 

perpendicular to the anode surface causes the shift in the mean 

energy. The Full Width Half Maximum (FWHW) of the resolution 

function increases slightly (~10%) when the deviation increases 

from 0 to 0.2 rnm. Therefore, it is not necessary to improve the 

accuracy by means of another alignntent procedure. 

3.2.2 THE ALIGNMENT OF THE SPECTROMETER 

Once the projection of the focal spot has been deter

mined, the aluminium block to which the first arm of the linear 

spectrometer (Fig. 2.3) is connected, can be positionedonthe 

table top. This aluminium block is centered onto the stainless 

steel ball, which represents the centre of the projected focal 

spot. The vertical axis of the hinge of the first arm must be 

adjusted until it is parallel to the vertical line focus. To 

accomplish this, the anode was removed from its suspension and 

replaced by an auto-collimator system. Because the auto

collimator system is centered in the bearings of the anode, it 

can be rotated in a plane, perpendicular to the vertical line 

focus. At the end of the first arm of the linear spectrometer, 

a small vertical mirror is attached. In the auto-collimator 

system, a cross-wire is projected in the mirror which is 

reflected back to the auto~collimator. The vertical axis of the 

hinge is then adjusted until the position of the projected 

cross-wire remains unchanged during rotation of the hinge. It 

is estimated that the axis of the hinge is parallel to the 
0 

vertical focus within 0.003 • 

The second step is the alignment of the main guide 

which is coupled to the aluminium block by means of a second 

ball which allows a full adjustment of the linear spectrometer 

to the plane of the Rowland circle. The main guide was aligned 

in the plane of the Rowland circle perpendicular to the focus 

also by means of the auto-collimator system and a mirror, at

tached to the ground, vertical frame of the main guide. The 



otherdirection (the sample/detector arm) was brought in the 

same way in the plane of the Rowland circle. 
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The next alignment concerns the take-off angle. A take
o 

off angle of about 6 gives the best compromise between reso-
o 

lution and intensity. Our apparatus was set to 5.5 • By means 

of a centered pinhole (¢ 26 ~m) in the exit port of the X-ray 

generator and a slit (0.05 rom) in front of an X-ray detector, 

the main guide was adjusted until its optical axis, defined as 

the mechanical path of the centre of the monochromator crystal 

coincides with the path of the photon beam. 

3.2.3 ALIGNMENT OF THE MONOCHROMATOR CRYSTAL 

A final adjustment concerns the monochromator crystal, 

which has three degrees of freedom in its holder: a) horizon

tal rotation about the centre of the crystal, b) the bending 

radius, c) positioning of the centre of the crystal surface 

onto the Rowland circle. Items b) and c) were mechanically 

aligned in the workshop. An adjustment, according to a) has to 

be done in the spectrometer with the aid of a photon beam. The 

reason for this adjustment is that the normal vector on the 

mechanically ground surface of the crystal does not necessarily 

coincide with the normal vector of the crystal planes, which 

actually determine the reflection of the pho~ons. This depends 

on the angle and the accuracy with which the monochromator 

crystals are sawn. Alignment can be done by making the distance 

focal spot-monochromator crystal equal to the distance monoc~ro

mator crystal-first ionisation chamber. The first ionisation 

chamber is equipped with a narrow slit (0.1 rom) which is placed 

exactly on the Rowland circle~ The crystal is then horizontally 

rotated until maximum intensity is gained in the first ionisa

tion chamber, corresponding to the right position of the crystal 
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3.3 OPTIMIZATION OF THE X-RAY SOURCE 

The width of the X-ray focal spot largely influences the 

resolution of the spectrometer (see section 3.4.3). The size, 

the position perpendicular to the plane of the Rowland circle, 

the position of the spot on the anode surface and the mechanical 

stabi of the rotating anode are important mechanical para

meters, since they directly affect the width of the focal spot. 

First the stability of the anode surface onto which the 

focal spot is projected, was checked. Mechanical measurements 

elucidated that the position of the focus varied during rota

tion by more than 0.1 mm in the direction perpendicular to the 
0 

anode surface. With a take-off angle of 5.5 , this variation 

would decrease the resolution by at least a factor of three. 

The variations were mainly due to an incorrect matching of the 

tolerances in the bearings. A remachining of the critical parts 

resulted in a stability of the focal spot better than 5 ~m. At 

the same time a large improvement in the lifetime of the 

was obtained. Since the anode rotates in vacuum, also 

an in the vacuum seals was gained, leading to a 

better vacuum and thus a longer lifetime of the tungsten 

filament. 

A second improvement was made to the positioning of the 

filament. The manufacturer's design did not allow an accurate 

positioning with respect to the cathode-anode distance and a 

reproducible replacement of the filament. The distance between 

the cathode and anode plays an important role with respect to 

the intensity of the x-ray generator and the width of the focal 

spot (1). In our new construction the cathode-anode distance 

can be varied smoothly without changing the vertical position 

of the filament. Also the filament can be inserted reproducibly 

without tension. 

The of the x-ray generator is proportional to 

v 2I. Vis the acceleration voltage and I the electron current 

in the x-ray generator. To obtain maximum intensity, it 

therefore appears that the generator should always operate at 

its maximum and its maximum current. Unfortunately, 
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Figure 3 The maximum aurrent in the X-ray generator as a funa

tion of the high voltage. The aurrent limitation is 

aaused by the spaae-aharge between anode and aathode. 

there are some restrictions to voltage and current. First of 

all, the maximum current which is available, is determined by 

the value of the voltage between anode and cathode. This is 

especially the case for low voltages, where the field at the 

filament is severely reduced by the space charge in the 

electron beam (space-charge limitation). In Fig. 3.3 the 

maximum current as a function of voltage is given for a cathode

anode distance of 6 mm. It is often necessary to operat.e the 

X-ray generator at low voltage and high current. This situa

tion will be discussed in section 3.6.1. For this purpose the 

current cut-off point can be brought to lower voltages by 

lowering the distance between anode and cathode. Once the 
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distance has been properly set according to the maximum in

tensity at a given high voltage level, the focusing has to be 

adjusted to give a minimal focal spot width. The focusing of 

the cathode is determined by several effects: a) The filament 

is surrounded by a focusing cup, which has a specific shape in 

order to create the correct focusing electric field. The depth 

of the filament in the focus cup (1) (Fig.3.4) is very critical 

ROTATING ANODE 

micrometer 
adjustment 

:.:..----1-----------------
-~--::f---- wp 

, ....... _--......... 12 ---

Pinhole -, ______ ,______ S 

t 

X RAY 

DETECTOR 

FiguPe 4 The expePimentaZ setup to measuPe the width of the 

X-Pay focal spot. 
0 

Some dimensions: y=5.5 , Z
1

=48 mm, Z 700 mm, 

diameteP pinhoZe P=26 vm. 

with respect to the focusing behaviour (variations smaller 

than 1 mm) . b) The focus cup may have a potential difference 

with the filament (bias-voltage). This bias-,·oltage can be 

used to alter the focusing. c) The distance between the cathode 

and the anode (d) which determines the electric field and the 

amount of space charge. 

To determine the width of the focal spot, the intensity dis-
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tribution of the focus is measured with a pinhole P 

(¢=0.026 mm) (Fig. 3.4) in combination with a small slits 

and an X-ray detector, positioned behind the slit. By means 

of a readable micrometer adjustment, the slit could be moved 

in a direction perpendicular to the direction of the photon 

beam, so that the intensity distribution could be measured as 

a function of the micrometer readout. The relation between the 

measured width Wp' and the actual width W is given by: 

1 + 
(y) + 0.026 (-1-- (1) 

12 

In Fig. 3.5 the intensity distribution of the focus is given, 

measured at 20 kV and 200 mA generator settings with d=9 mm, 

1=7.5 mm, bias 0 Volt (curve A). The actual width was calculated 

to be 1.3 mm. The profile shows two peak maxima, caused by an 

incorrect focusing of the accelerated electrons, emitted by 

the cathode. Changing d to 6 mm and 1 to 8 mm resulted in dis

tribution B, which has only one maximum. In this case the width 

W is considerably smaller (W=0.48 mm) and corresponds with the 

specified focus width of 0.5 mm. Finally, C represents the dis

tribution with the same settings as B, but with an acceleration 

voltage of 25 kV. The width has stayed unchanged. Instead of 

altering the filament depth to change the focus, a change in 

bias-voltage can also be used. 

One remark has to be made about the accuracy of the 

vertical position of the line focus, since rotation of the 

focus line about its centre may also lead to a broadening in 

the effective width. Calculation with a ray-tracing program 
0 

showed that a deviation of 3 with respect to the vertical 

axis does not lead to a significant broadening of the energy 
0 

resolution function. Deviations larger than 3 start to result 

in a tailing of the resolution function. 
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FiguPe 5 The intensity distribution of the X-ray focal spot as 

a function of the micrometeP measured with 

the experimental setup as shown in Fig. 4. 

'l!he following gene Pat or settings were used: 

a) 20 kV, 200 mA, d=B mm, Z=?. 5 mm, no biasvoZtage 

b) 20 kV, 200 mA, d=6 mm, l=B mmJ no biasvoZtage 

c) 25 kV, 200 mA, d=6 mm, l=B mm, no biasvoZtage 
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3.4 GEOMETRICAL RESOLUTION 

The resolution of the spectrometer is mainly deter

mined by the crystal configuration in combination with 

geometrical effects such as beam divergence and focus width. 

Commonly used crystal configurations for the Rowland circle 

geometry are Johann (2) and Johansson (3) crystals. These 

monochromators are curved crystal monochromators. They pro

vide a much better monochromatization of the photon beam and 

focusing on the sample than a flat crystal. This is due to 

the bending of the crystal planes. In the Johann monochroma

tor the diffraction planes are bent over a radius 2R (R is the 

radius of the Rowland circle) ( • 3.6a). 

JOHANN JOHANSSON 

~~ 
/ \ ", ~···· ~\ 

I \ \ 
1
1 \ Q:'/, grinding radius 

I \ i I 
I a:· I I a:,\ ;' I 
I C'l\ + J 1 ('1\ I 
I I I ' I 

' I \ \ 
\ \ bending radius .

1 1
1 

" I I " ' ' / ' ' / ' .J ---/ , __ _j_ _ _.-/ 
a b 

Figure 6 The Johann (a} and Johansson (b) type monochromator 

crystals, in combination with the Rowland circle. 

This is also the case for the Johansson monochromator, but 

additionally the surface of this crystal has been ground to 

a radius R (Fig. 3.6b). In two dimensions this Johansson 

configuration provides a t monochromatization and 

focusing on the sample. To choose an optimal monochromator for 

a given energy range, it is necessary to know which parameters 

determine the performance of a monochromator crystal. In the 
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next section the geometrical energy resolution of Johann and 

Johansson crystals will be discussed. Because the rocking 

curve of the crystals, used in the calculations, is much smal

ler (typically < 0.5 eV) than the geometrical resolution, the 

contribution of the rocking curve to the total resolution is 

neglected. 

Three main contributions to the geometrical resolution 

can be distinguished: horizontal divergence, vertical diver

gence and width of the focal spot. 

3.4.1 HORIZONTAL DIVERGENCE 

The main difference between the Johann and the Johansson 

crystal is the contribution of the horizontal divergence. Con

a Johansson configuration together with an X-ray point 

focus, all photons emitted by the source will have exactly the 

same incident angle with the crystal planes, which means that 

there is no energy aberration in horizontal direction. The 

horizontal aberrations for the Johann and Johansson configura

tion are given by: 

Johann: -cos (e) (1-cos ( tP) ) 
sin(O) (tan(O)-sin(tj>) 

(2) 

Johansson: 
0 

e is the angle between the crystal planes and the direction of 

the rays from the source to the origin of the crystal, $ is a 

parameter along the crystal surface (~~l/2R, where 1 is the 

distance between a point on the crystal surface and the centre 

of the crystal surface). By substituting 12.396/E=2dsin6, with 

d the lattice spacing in the crystal, the relative energy reso

lution (6E/E)h can be calculated as a function of E,d,l and or 
R, leading to the approximation: 

(6E) 
E hor 

-1
2 [(Ed) 2-38.42] 

307.32 R2 
(3) 
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The horizontal resolution can be improved by taking crystals 

with a smaller d-spacing or a larger bendtng radius. Since bE/E 
2 is a quadratic function of 1, and (Ed) >38. 42, the energy 

resolution function will only contain aberrations to lower 

energy values. This will cause a shift in the mean value of 

the energy resolution function. Fig. 3.7 shows the energy 
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Figure ? The influence of horizontal beam divergence: the energy 

resolution of a Johann monochromator crystal as a func

tion of crystal width~ calculated for 10 keV and 15 keV. 

resolution as a function of several spotsizes, calculated with 

a ray-tracing program at several energies for a Si(400) crystal. 

For small irradiated areas on the crystal, the Johann crystal 

is comparable with the Johansson crystal. In a spectrometer 

with R=500 mm, the difference in horizontal energy broadening 
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between a Johann and a Johansson crystal is only 2 eV at 10 keV 

when a Si(400) (d=l.358 ~) crystal is irradiated over a spot 

of 20 rom. 

3,4,2 VERTICAL DIVERGENCE 

Vertical divergence arises from X-rays which are re

flected outside the plane of the Rowland circle. In our spec

trometer, a line source in combination with a cylindrically 

bent crystal is used. The effect of vertical divergence which 

is almost equal for Johann and Johansson configuration, is 

given in Eq. 4: 

(£\6) 
6 vert 

(h-f)2 
( 4) 

h is the height of the crystal, f is the height of the focal 

spot, both measured with respect to the origin of crystal and 

focal spot, respectively. Substitution of the Bragg relation 

yields: 

(£\E) 

E vert 

(h-f) 2 (Ed) 2 

307.32 R2 (5) 

(AE/E}vert shows approximately a similar dependence with the 

various parameters as (L:.E/E) h . The main difference is the sign or 
inversion, causing only aberrations to larger energies. 

Fig. 3.8 shows the energy resolution function, calculated with 

a ray-tracing program as a function of the crystal height. The 

total height of the X-ray source was taken 10 rom. 

3.4,3 FINITE FOCUS WIDTH 

Another factor which has an important impact on the 

resolution function, is the width of the X-ray focal spot. 

Especially at high energies, when the crystal is positioned 

close to the X-ray source, photons emitted from different posi

tions on the finite source will be reflected under different 
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angles by the same point on the crystal. Since the effects of 

focus width are independent of crystal configuration, a general 

expression was derived: 

> 
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mm 
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Figure 8 The influence of vertical beam divergence: the energy 

resolution of a Johann or Johansson type crystal as a 

function of crystal height, calculated for 10 keV and 

15 ke V. 

f is the take-off angle, ¢ (also see below equation 2) is a 

parameter which describes the crystal surface, ~ is the half

width of the focal spot. Due to the linear ~ term, the finite 

focus width causes a symmetric energy aberration. From Eq. 6 
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it can be seen that this aberration can be decreased by: 

a) decreasing the width of the focal spot, 

b) decreasing the take-off angle, which decreases the effective 

spot width or 

c) choosing the optimal side of the crystal, i.e. the side of 

the crystal which has the largest distance to the focal 

spot. 

Fig. 3.9 
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Figure 9 The influence of the focal spoi width: the energy 

resolution as a function of photon energy, calculated 

for a focal spot width of 0.5 mm, seen under different 
0 0 

take-off angles (y=3 and y=5.5 ). 
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3.4.4 IMPERFECT GRINDING OF THE CRYSTAL 

As mentioned in section 3.2.3, the normal vector of the 

diffraction planes does not necessarily have to coincide with 

the normal vector of the mechanical crystal surface. Such a 

deviation may be caused by an inaccurate sawing of the crystal 

slice. A mismatch between the normal vectors causes an ad

ditional deviation from the Rowland circle and thus a degrada

tion in energy resolution. A maximum deviation of 0.2° between 

the normal vectors is allowed. Larger deviations result in a 

tailing of the energy resolution function. 

3.4.5 ANGULAR BROADENING 

An effect which is of minor importance is the angular 

broadening (4). Due to the penetration of the photons in the 

monochromator crystal, photons are reflected from inner crystal 

planes which are not exactly on the Rowland circle, thus having 

different incident angles. The broadening is given by: 

68 -cos(S) \~------. 
<e>ang = sin(e) V 21lRcos(S) ( 7) 

where Jl is the linear absorption coefficient of the crystal. 

This effect can normally be neglected with respect to the 

previous mentioned effects. 

3.4.6 TOTAL GEOMETRIC ENERGY RESOLUTION 

To get an impression of the total geometric resolution 

of a specific type of crystal, Eq. 2, Eq. 4 and Eq. 6 were used 

to derive a general equation. This was done by calculating the 

mean and the standard deviation of the various broadening fac

tors. Assuming that all the energy resolutio~ functions were 

Gaussian shaped, which is an approximation, the standard devia

tions were added in quadrature. This total standard deviation 

was used as a rough estimate for the total energy broadening, 

which may serve for a rapid comparison of the various monochro-



60 

> CD 

:IE 20 
:r 
3= 
u. 

r;: 
0 -:s 
0 
0 
CD 

10 "-

>-
C» 
"-
CD 
r;: 
w 

7 10 15 20 25 

Energy keV 

Figure 10 The total geometric energy resolution as a ction 

photon energy, calculated for various monochroma

tor crystals: 

a) Johann Si(400), 20 mm width 

b) Johann Si(311), 20 mm width 

c) Johann Si(lll), 20 mm width 

d) Johansson Si(400), 20 mm width 

e) Johann Si(400), 50 mm width 

f) Johansson Si(311), 20 mm width 
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mator crystals. In cases where a measured energy resolution 

has to be compared with a calculated resolution function, the 

ray-tracing program should be used. Fig. 3.10 represents the 

total energy broadening, calculated for various crystals: 

Si(111), Sr(311), Si(400), in a Johann or a Johansson con

figuration. The following spectrometer settings were used: 

R~soo mm, total focus height 10 mm, total focus width 0.5 mm, 
0 

take-off angle 5.5 , spot on the crystal 20 x 10 mm (w x h). 

Due to the smallest lattice spacing, the Si(400) crystal yields 

the best results. Because the lattice spacing of this crystal 

is smaller than for the other crystals, the distance between 

the focal spot and the monochromator crystal is larger, com

pared at the same energy, making the resolution less sensitive 

to the width of the focal spot and deviations from the Rowland 

circle. 

The resolutions of a Johann (A) and a Johansson (D) 

monochromator, irradiated with a spot of 20 mm width, do not 

differ toomuch. However, when large intensities are needed, 

the maximum spotsize (e.g. 50 mm) is necessary. Then, the 

Johann monochromator (E) is not useful anymore and a Johansson 

crysta~ is necessary (curve E can be compared with curve D, 

since the resolution of a Johansson monochromator crystal is 

independent of the spotsize on the crystal). 

3,4,7 RESOLUTION MEASUREMENTS 

The energy resolution of the spectrometer was determined 

by measuring the line widths of characteristic X-ray lines, of 

which the widths are known from literature. 

Intense characteristic X-ray lines of tungsten, present 

in the emitted Bremsstrahlungsspectrumofthe generator, are 

suitable for energy resolution measurements. The presence of 

these lines is caused by the slow evaporation of the filament 

and the deposit on the anode. The widths of three lines were 

measured: WL<x 1 at 8397.6 eV with a natural line width 8En of 

6.5 eV, WL8 1 at 9672.3 ev (8En=6.9 eV) and WLy 1 at 11285.9 eV 
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Figure 11b The resolution of the laboratory EXAFS spectrometer 
as a function of photon energy, measured with a 
Si(111) Johansson monochromator crystal (o). The 
solid line represents the calculated energy 
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(~En=10.2 eV) (5). All measurements were carried out with a 

Si(400) Johann monochromator crystal. The spotheight on the 

crystal was fixed at 6 mm, while the irradiated area on the 

crystal could be varied by means of a horizontally adjustable 

slit in front of the crystal. The intensity of the characteri

stic lines, superimposed on the Bremsstrahlungsspectrum were 

measured with the second ionisation chamber. After removal 

of background contributions, the Full Width Half Maximum of 

the peak, FWHM , was measured. The energy resolution of the 
m V 2 2' spectrometer was calculated by FWHMm -FWHMn . FWHMn re-

presents the natural line width of the characteristic line. 

In Fig. 3.11a the measured resolution of the spectrometer is 

given for the three mentioned energies as a function of the 

size of the spot on the Si(400) crystal. The error bars cor

respond with an estimated accuracy of 5% in the determination 

of FWHM 
m 
According to the results of the·ray-tracing program 

(solid line), calculated for an energy of 11.3 keV, the 

measured energy resolution is about four times worse. This 

difference in energy resolution is not caused by the mechanical 

resolution of the spectrometer, since a stepsize of 5 ~m cor

responds with a step in energy of ~0.2 eV. However, a possible 

explanation for the energy broadening might be a distortion in 

the crystal structure due to the glueing of the crystal onto 

the monochromator backing and the subsequent bending of the 

crystal. 

The dependence of the measured resolution with the spot

size is also larger than the calculated dependence. This might 

be caused by an imperfect grinding of the crystal. Very recent

ly the first Si(111) Johansson type monochromator crystal be

came available. For several energies, the measured energy re

solution was compared with the calculated energy resolution 

(Fig. 3.11b) and a very good agreement could be obtained, 

indicating that the lack of agreement for the Johann crystal 

was indeed due to distortions in the monochromator crystal. 
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3. 5 RESOLUTION VERSUS I NTENS lTV 

3.5,1 THE INTENSITY OF THE X-RAY GENERATOR 

In an X-ray generator, electrons are accelerated in the 

electric field between the cathode and the anode. Through col

lision with the anode material the electrons are retarded and 

Bremsstrahlung is emitted. The intensity of such a Bremsstrah

lungsspectrum is very important, since it allows a prediction 

of which concentrations can still be measured with an accept

able signal-to-noise ratio within a reasonable measuring time. 

lungsspectrum is very important, since it allows a prediction 

which concentrations can still be measured with an acceptable 

sig:1al-to-noise ratio within a reasonable measuring time. 

Therefore, the intensity as a function of photon energy was 

experimentally determined. This was done by scanning the 

Si(400) monochromator crystal through an energy range of 8 keV 

to 17 keV. The total scan was divided into 9 small scans of 

l keV, while the voltage of the X-ray generator was set to 

twice the value of the photon energy at which the small scan 

was started. The intensity of the reflected beam was recorded 

with only the second ionisation chamber with its entrance slit 

at the sample focus point. During the scan, the entrance slit 

in front of the monochromator crystal was not varied. Subse

quently, a normalization was carried out by dividing the inten

sity distribution in a small scan by the squared high voltage 

and the tube current. The measured intensity distribution in

cludes the absorption in air, the loss of intensity due to 

decreasing solid angle, the varying spot size on the crystal, 

the reflectivity of the Si(400) crystal and the response of the 

second ionisation chamber. These factors, except the reflec

tivity of the crystal, are given below: 

1. Trair(E) 

2. 

-2x]J . (E) 
e a~r 

-2 dS1 'V X 

X = 
12.396 R 

E d 
(8) 
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Figure 12 The photon intensity, emitted by the generator, 

measured at the position of the sample as a tion 

of energy. The intensity, which is divided by the 

squared high voltage and the tube current, has been 

corrected 

a) the response of the ionisation chamber and the 

varying ze on the crystal 

b) the response of the ionisat;ion chamber, the vary-

ing on t;he cryst;al, the absorption in 

air and the solid angle. 
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4. 
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Fig. 3.12 (solid line) shows the intensity for a molybdenum 

anode measured with the Si(400) monochromator crystal, i.e. the 

measured intensity corrected for the varying spot size and the 

response of the second ionisation chamber. Fig. 3. 12 (dashed 

line) presents the distribution after applying all mentioned 

correction factors except the reflectivity of the monochroma

tor crystal. 
-1 

The photon intensity, expressed in photons.s was obtained by 

converting the output voltage of the preamplifier to intensity. 

This was done by assuming that a photon with an energy of Ef 

electronvolts produces Ef/30 electrons (6), giving rise to an 

output voltage V equal to: 

v (9) 

Nf is the number of incident photons.s- 1 , q is the charge of 

an electron and R1 the feedback resistor in the preamplifier. 

From the curve it can be seen that between 

8 keV and 17 keV there is a large increase in emitted intensity. 

Below 8 keV the intens drops very rapidly, due to the shape 

of the Bremsstrahlungsspectrum, theabsorption in air and the 

decrease of solid angle. Above 17 keV, one may expect hindrance 

of the very intense characteristic MoKa and MoKB lines, while 

above 20 keV the intensity drops by about a magnitude due to 

the critical absorption of the Mo target. Therefore, with this 

type of anode, the useful range of elements to perform EXAFS 

experiments on is limited by: 

K edges: Cu(29) - Y(39) 

LIII-edges: Ho(67) - U(92) 
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According to the relation zv2I, the intensity can be increased 

by choosing a heavier target material. An additional advantage 

of using high Z elements as target material is the relatively 

high intensity produced at low take-off angles . A lower take

off angle decreases the effective width of the focal spot, 

leading to better resolutions (section 3.4 • .3). However, in case 

of EXAFS measurements on elements with Z<29, a low-Z anode 

(e.g. copper) might be more effective, due to the typical shape 

of the Bremsstrahlungsspectrum. 

3,5,2 MAXIMUM ENERGY RESOLUTION ALLOWED FOR EXAFS MEASUREMENTS 

In order to choose the best crystal for a given ap

plication, energy resolution and photon intensity have to be 

weighed against each other. However, energy resolution is the 

most important one, since it directly determines the amount 

of information which can be extracted from a signal. If we are 

interested in structures in the absorption edge or in the 

XANES region, the resolution may not exceed 3-4 ev. As given 

in Fig. 3.7, these resolutions cannot be obtained with large 

irradiated areas on a Johann crystal, so intensity has to be 

sacrificed by smaller spots in order to reach the desired re

solution. Because the energy range of the edge- and XANES region 

is limited, a decrease in intensity does not necessarily have 

to give long scan times. However, this is different for the 

EXAFS region which might extend over 1000 ev. To reduce measu

ring time, the highest possible intensities are needed, deman

ding large irradiated areas. 

In order to know which horizontal spot sizes are still 

allowed for EXAFS measurements with Johann type crystals, 

regarding the energy resolution, one has to know in which way 

the structural information, contained in the EXAFS signal, is 

affected by the energy resolution. 

The measured EXAFS signal x' (E) is a convolution of the 

actual EXAFS signal x(E) with the energy resolution function 
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g(E) of the spectrometer (7). The convolution is given by: 

I I I 

X (E ) g(E ,E) X(E) dE (10) 

Assuming a specific function for g(E,E 1
), the influence of the 

resolution can be calculated. A Gaussian type resolution func

tion was taken: 

V 2 e 21T't 
1 I 

g (E ,E) 

I 2 2 
-(E-E ) /2T 

(11) 

The FWHM of this function is 2 V 21nz'.'. A model EXAFS function 

containing two coordination shells at R
1
=2.687 R and R2=5.2 R 

was calculated applying Eq. 5 (chapter 4) and using the phase 

and backscattering amplitude of rhodium foil. The distances 

correspond with the 1st and 4th coordination shell in rhodium 

metal foil. An experimental EXAFS function can be simulated by 

calculating Eq. 10 on a computer. Fig. 3.13a shows the model 

EXAFS function (solid line) and this function convoluted with 

a Gaussian ~esolution function (T=5.3 ev, FWHM=12.5 eV) 

(dashed line). The difference in resolution causes a difference 

in amplitude, mainly at low k-values. The k 3-weighed Fourier 

transform (k . =3.3 R- 1 , k =11.8 R-1 ) (see section 4.3) of m1n max 
this calculated EXAFS function shows the influence of the re-

solution function on the amplitude of the two separate peaks 

belonging to the two different coordination shells (Fig. 3.13b). 

The solid line represents the radial structure function of x(E), 

the dotted line is the RSF of X'(E). The magnitude of the first 

peak has only decreased by 9~, but the magnitude of the peak at 

R=5.2 R has already been lowered by 30%. 

A change in amplitude <10% is still acceptable in 

deriving adequate information for the first coordination shell. 

However, when higher coordination shells have to be investiga

ted, a much better resolution is desired. Fig. 3.13c shows the 

calculation with T=8 eV [FWHM=18.8 eV) which results in a 

decrease of 17% and 48% for the 1st and 2nd peak respectively. 
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Figure 13 The ealeulated influence of energy resolution on the 

amplitude of an EXAFS signal. A Gaussian shaped re

solution function was assumed in the convolution. 

a) Calculated EXAFS function, containing two coordina-

tion shells (R 1=2.68? ~, .2 ~) (solid line) 

and the convoluted EXAFS function (8E=12.5 eV, 

dashed line) 

b) k
3
-weighed Fourier transform (8k=3.3-11.8 ~- 1 J of 

the calculated (solid line) and the convoluted 

(8E=12.5 eV, dashed line) EXAFS function 

e) k 3-weighed Fourier transform (8k=3.3-11.8 ~- 1 ) 
the calculated (sotid tine) and the convoluted 

(8E=18.8 eV, dashed line) EXAFS function. 
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Even with this low resolution, the coordination number of the 

1st shell can be reasonably determined. A decrease of the 

amplitude of a particular shell can be harmful when theoretical 

backscattering amplitudes are used for the data analysis. 

However, amplitudes can also be derived from EXAFS data on 

model compounds with similar distances and measured under the 

same conditions as the unknown material. First shell structural 

parameters obtained from these type of measurements might be 

reliable, although one still has to investigate possible errors. 

3,5,3 SIGNAL-TO-NOISE RATIO 

In section 2.4.3.2, a general expression was derived for 

the signal-to-noise ratio in an EXAFS signal: 

s 
N X 

s 
Q ( 12) 

1-e 

The amplitude of the EXAFS signal was taken as a~~' where ~~ 

is the step in the absorption coefficient of the element of 

interest. The value of a lies normally within a range of 

0.01 < a < 0.1. To derive reliable structural information 

from an EXAFS signal, the signal-to-noise ratio must exceed a 

minimum value. This minimum value depends on the information 

one is interested in: (~)>10 for coordination distance deter

mination, (~)>20 for the determination of coordination numbers 

(8). Since the absolute intensity distribution of the X-ray 

generator together with the Si(400) monochromator (section 3.5.1) 

is known, it is now possible to calculate which concentrations 

can still be measured within an acceptable scan time. Maximum 

useful scan times per spectrum for laboratory EXAFS facilities 

should be in the order of 20 hours. Since a typical EXAFS 

spectrum contains approximately 600 datapoints, a measuring 

time of 2 minutes per point is allowed. 

An iridium supported on silica catalyst will be taken 
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as an example for calculating which concentrations can still 

be measured. Iridium has to be measured at the L
111

-edge with 

an energy of 11212 eV. To measure the SP.ectrum without the 

presence of higher harmonic radiation (see section 3.6.1), the 

settings of the X-ray generator are.limited to 22 kV and 280 rnA. 

Irradiating the Johann monochromator crystal with a spot of 
6 -1 20 mm width, a photonflux on the sample of 3.10 photons.s 

can be reached. A reasonable value for a is 0.04. To get a 

signal-to-noise ratio of 20 in a measuring time of 20 hours, 

the factor Q for the catalyst has to be 0.0026. When the thick

ness of the catalyst (section 3.6.3) and the absorption in the 

first ionisation chamber have been optimized, this value cor

responds with a 1.7 weight percentage iridium. Since highly 

dispersed iridium metal catalysts normally contain 0.5-3 weight 

percent iridium, the study of these systems with an optimized 

laboratory EXAFS apparatus is possible. 

Fig. 3.14a shows the X-ray absorption spectrum of a 

passivated 2.5 wt% Ir/Si02 catalyst. At this moment, an in-situ 

EXAFS cell adaptable to our EXAFS spectrometer is not yet 

available. Therefore, it was not possible to measure fully 

reduced Ir/Sio2 catalysts. The spectrum was measured for 

48 hours with generator settings of 21 kV and 240 rnA and 20 mm 

spotwidth on the monochromator crystal (AE=14 eV, 

N
0

=2.10 6 photons.s-1 ). Due to the passivation, the catalyst 

contains metal particles which are partially oxidized. The 

oxidation state is indicated by the presence of a strong white 

line, corresponding to 2p-5d transitions. After background 

subtraction and normalization, the EXAFS function is obtained 

(Fig. 3.14b). The signal-to-noise ratio is quite good and is 

estimated to be 29 at k=6 A- 1 . Fig. 3.14c shows a k 1-weighed 

Fourier transform of the EXAFS signal from k=3.4 to k=17 A- 1 . 

Due to the complicated structure of phase and backscattering 

amplitude of iridium, this spectrum is difficult to interpret. 

Application of a k 1 Ir-Ir phase and amplitude corrected Fourier 

transform (see section 2.5) separates the Ir-Ir and the Ir-0 

contributions (Fig. 3.14d). Clearly distinguishable are now 

the Ir-Ir coordination distances (B-E) and an Ir-0 coordination 
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Figure 14 An EXAFS measurement of a passivated 2. 5 wt% Ir/Si0 2 
cata~yst, performed at the LIII-edge of Ir 

6 -1 (Ed 11212 eV, ~E=14 eV, N =2.10 photons.s ). e ge o 
a) The X-ray absorption spectrum 

b) the isolated EXAFS function X(k) 

c) k
1
-weighed Fourier transform (~k=3.4-17 ~- 1 ) of 

X(k) 

d) k
1
-weighed Fourier transform (Ir-Ir phase and 

amp Utude corrected, ~k=3. 4-17 51.-l) of x (k). 

distance (A), due to the partial oxidation. Although the 

resolution was about 14 eV, the higher coordination shells in 

the Ir metal crystallites are well resolved. 

8 

Another example is given in Fig. 3.15a, which shows the 

EXAFS function of a bismuth in LaP04 sample. To make a 
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selfsupporting wafer from this sample, it was mixed with Al 2o
3

• 

The concentration of bismuth was about 2 wt%. The spectrum, 

measured at the LIII-edge of Bi (E=13.426 keV), was taken in 
6 -1 18 hours (~E=20 eV, N

0
=6.5 10 photons.s ). 

-19 -14 
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LL 2 

1 

2 4 6 8 

r l 

Figure 15 Some EXAFS measurements, performed at the LIII-edge 

of bismuth. (E d =13426 
5 e ge -1 

N = 65.10 photons.s ) 
0 

eV, ~E"'-20 eV, 

a) The EXAFS function a 2 wt% Bi-LaP0 4/Al 2o3 sample 

b) the EXAFS function of an a-Bi 2o3;Az 2o3 sample 

c) k
1
-weighed Fourier transforms (~k=2.6-10 ~- 1 ), 

performed on the EXAFS functions, mentioned at 

a) (dashed line) and b) (solid line). 
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Fig. 3.15b shows the EXAFS functionofan a-Bi 2o3 sample, also 

mixed with Al 2o3 . In Fig. 3.15c the k 1-weighed Fourier trans

forms are given. A clear difference can be noticed. The 

a-Bi 2o3 sample only shows one main peak, corresponding to an 

average of the Bi-0 distances (2.38 X, 2.49 X and 2.53 X) as 

present in a-Bi 2o3 . However, the peak in the Bi/LaP04- sample 

is much broader. Since one assumes that the Bi is located at 

some La-sites {9), this is in agreement with the presence of 

two Bi-0 distances (2.4 X and 2.7 X). Although the signal-to

noise ratio was only 6.6 at k=5 X- 1 , the EXAFS data can still 

provide structural information about the coordination distances. 

3.6 OPTIMIZATION OF THE EXAFS SPECTROMETER 

3.6.1 INFLUENCE OF HIGHER HARMONIC RADIATION 

When a polychromatic beam impinges on a monochromator 

crystal it will be reflected according to the Bragg relation 

nAn=2dsin6B. Because all photons with a wavelength An 

{n=I,2,3) will be reflected at the same angle eB, the reflected 

beam will not be monochromatic, but will contain harmonic 

energies. The intensity of these harmonic energies depends on 

the Bremsstrahlungsspectrum of the generator and on the struc

ture factor of the monochromator crystal. For instance, in a 

Si(400) crystal, the reflection of higher harmonic energies is 

allowed by the structure factor, but for crystals such as 

Si{111) and Si(311) all odd harmonic energies are forbidden 

(10). 

When the X-ray absorption coefficient is measured with 

a photon beam which contains higher harmonic energies and when 

ionisation chambers (which are not energy discriminative) are 

used in the detection stage, the energy depe~dence of the 

absorption coefficient is altered, because the higher harmonic 

energies are hardly absorbed in the sample but contribute to 

the ionisation currents in both chambers. 

The effect can be shown by the following calculation. 
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Let a photon beam consist of a primary energy with intensity 

I
0

(E} and a first harmonic energy with intensity I (2E)=f.I (E). 
0 0 

This photon beam is partially absorbed by the first ionisation 

chamber (transmission Tr1 (E)), the sample with thickness ~(E)x 

(transmission exp(-~x)) and the second ionisation chamber 

(transmission (E)). The measured absorption coefficient, 

~·x, can be calculated from the signals of the ionisation 

chambers (I
1 

and I 2 ) by: 

-~(E)x 
(1-Tr2 (E))Tr1 (E)e +2(1-Tr2 (2E)) 

~· (E)x=-1n-----------------------------------------~---------------

(13) 

By calculating ~·x in front of and behind the absorption edge, 

the influence of the higher harmonic content on the height of 

the edge-jump can be determined. Fig. 3.16a shows the calcula

ted percentage decrease in the edge-jump for copper as a func

tion of the fraction f and the thickness x (~m) of the sample. 

Higher harmonics have a drastic influence. Higher harmonic 

contents of 10% of the intensity of the primary energy cause 

already a 20% decrease in the edge-jump. 

To verify the effect of higher harmonics on the absorp

tion coefficient, the following experiment was performed. The 

region of the absorption edge of a Cu-foil with a thickness of 

7.5 ~m was measured with a Si(400) monochromator crystal, 

which allows the reflection of higher harmonic radiation. By 

varying the acceleration voltage of the X-ray generator, the 

harmonic contents can be varied. Fig. 3.16b shows the absorp

tion edge of Cu at 9 keV, measured with a generator voltage of 

17, 18, 19 and 20 kV, respectively. At 17 keV, no higher har

monics were present in the spectrum. The height of the edge

jump rapidly decreases with increasing harmonic contents. To 

determine the intensity of this first harmonic, the intensity 

of the total photon beam was measured, once with a thick cop

per foil of 54.4 ~min the beam (intensity·!') and once without 

the foil (intensity I). For the intensity measurements, the 

second ionisation chamber was used. Since the absorption of 
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Figure 16 The influence higher harmonic radiation on the 
X-ray absorption coefficient. 

a) Percentage decrease in the edge-jump of copper as 
a function of the fraction first harmonic energy 
f, present in the photon beam, and the thickness 
of the copper foil. 
(--):calculated decrease (3,5,7 and9]lm) 
( o ): measured decrease 

b) The absorption edge copper, measured with the 
X-ray generator at 1 , 18, 19 and 20 kV. 



the copper and the response of the ionisation chamber are 

known, the fraction f can be determined from: 

f 0.95r with r = measured 0.076-0.68r 
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(14) 

Table I summarizes the results. The measured points of the 

cu-foil of 7.5 ~mare also plotted in Fig. 3.16a, which shows 

that the measurements agree very well with the calculated 

values. 

Table I 

kV X f(%) ll~x ll~x *100% 
ll~x(x=O) 

17 0 0 1. 73 100 

18 0.0029 4 1. 60 92 

19 0.0090 12.2 1. 32 76 

20 0.0161 23.4 1.11 64 

The influence of the higher harmonics on the amplitude 

of an EXAFS signal is even more drastic, especially for thick 

samples (11). To obtain reliable EXAFS information, it is 

therefore necessary to keep the high voltage of the generator 

below the energy of the first harmonic. However, it is clear 

that a reduction in high-voltage (which means also a reduction 

in current), causes an important decrease in photon intensity. 

By using a monochromator crystal in which the first harmonic 

is forbidden (Si(111), Si(311), Ge(lll), Ge(311) , .• ) , a 

significant increase in photon flux can be gained. 

3,6,2 INFLUENCE OF IMPURITY LINES 

Due to the evaporation of the tungsten filament, the 

Bremsstrahlungsspectrum contains many characteristic lines of 

tungsten. These lines have a much larger intensity than the 

background. Typically are present: WLa 1 , WLa 2 , WL8 1-WL8 5 and 
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WLy 1-WLy5 . During the first EXAFS experiments it appeared 

that the presence of these characteristic lines largely 

distorted the EXAFS spectrum. In Fig. 3.17a an EXAFS spectrum 

of iridium metal powder, measured at the L
111

-edge (E=ll212 eV) 

is presented. The absorption spectrum should consist of a 

monotonic background onto which an oscillatory signal is super

imposed. However, in this spectrum, three large dips can be 

noted, whose energies correspond with the WLy 1 , WLy 2 and WLy 3 
lines. Such features might be caused by an improper responseof 

the ionisation chambers. Because the photon intensity in the 

second ionisation chamber is much lower than in the first 

ionisation chamber, a response which is non-linear for higher 

photon fluxes would cause an anomaly in the absorption coeffi

cient. Therefore, the linearity of both ionisation chambers, 
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Figure 17 An EXAFS spectrum of iridium metal powder, measured 

at the 

a) Without collimator in front 

tion chamber. 

the first ionisa-

b) With collimator in front of the first ionisation 

chamber. 
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filled with Ar, was checked as a function of photon intensity. 

The measurements were carried out at 14 keV with an accelera

tion voltage of 25 kV to suppress higher·harmonics. Fig. 3.18 

shows the output voltage of the preamplifier of the second 

ionisation chamber as a function of the generator current. A 

linear response upto the maximum output voltage of the amplifier 

was measured. The first ionisation chamber showed the same 

behaviour. Therefore, the anomalies in the spectrum could not 

be ascribed to the response of the ionisation chambers. 
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Figure 18 The output voltage of the preamplifier as a function 

of the tube current of the X-ray generator. 

Further measurements elucidated that the anomalies were 

dependent on the irradiated area on the monochromator crystal, 

i.e. the anomalies became stronger with decreasing spot size. 

Since such an effect is hard to explain with properties of 

the crystal, the entrance slit in front of the monochromator 

was investigated. When a small spot on the crystal is chosen, 

a large part of the entrance slit is irradiated. Since the 
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whole Bremsstrahlungsspectrum impinges onto the slit, a lot of 

fluorescence radiation is generated. The position of the slit 

with respect to the detection stage is such that this 

fluorescence radiation can enter the first ionisation chamber 

but not the second ionisation chamber (Fig. 3.19b). Since 

vx=1n(I 1/I 2), a too large absorption coefficient is measured. 

Only when an impurity line is measured, the intensity of the 

primary energy dominates in r 1 and the actual absorption 

coefficient is measured. This effect can be seen in Fig. 3.19a. 

Again, an absorption coefficient was measured between 11180 

and 11420 eV. To visualize the effect of the impurity lines, 

the absorption spectrum of a Cu foil, which has no EXAFS 

oscillations at these energies, with an absorption equal to 

that of Ir was measured (solid line). At the position of the 

WLy 1-line, a dip occurs. The dashed line represents the same 

part of the absorption spectrum, but now a narrow collimator 

system, which only looks at the irradiated spot on the crystal, 

is placed in front of the first ionisation chamber (Fig. 3.19b). 

The absorption coefficient has become smaller and the anomaly 

has disappeared. Finally, Fig. 3.17b shows the iridium EXAFS 

spectrum, measured with the collimator system. 

When scanning through the very intense MoKa and MoKB 

lines of the Bremsstrahlungsspectrum, it may be possible that 

the detector response becomes non-linear. To prevent this, a 

feedback system should be used, which drives the generator 

current depending on the intensity measured in the first ionisa

tion chamber (12). In this way a constant output intensity can 

be obtained. 

3,6,3 OPTIMIZATION OF THE FIRST IONISATION CHAMBER AND THE 
SAMPLE THICKNESS 

From section 2.4.3.2, it was derived that an optimal 

signal-to-noise ratio could be obtained when 22% of the in-
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Figure 19 The infLuence of fLuorescence radiation, emitted by 
the entrance sLit in front the monochromator 
crystaL, on the measured absorption coefficient. 
a) The X-ray absorption spectrum of a copper foiL 

in the vicini of the WLy
1 

impurity line, once 
measured without collimator (solid line) and once 
measured with collimator (dashed line) in front 
of IC 1 . 

b) A view of the detection stage 
first ionisation chamber (output signal ) 

2
: second ionisation chamber (output signal ). 
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cident photon beam is absorbed in the first ionisation chamber. 

However, since the absorption coefficient is energy dependent, 

optimization is necessary for each energy region. In our spec

trometer, gas flow ionisation chambers are used. These chambers 

give the possibility to mix gases with different absorption 

coefficients. A disadvantage is that, due to the continuous gas 

flow, the choice of gases is limited to inexpensive gases. To 

allow an optimal measurement in the energy region from 9 to 

13 keV, we use a gasmixture of N2 and Ar. The ratio between the 

N2 and the Ar flow can be set by using a flow-panel with flow 

controllers. If this ratio f is defined as the N2 volume divided 

by the Ar volume in the ionisation chamber (f=VN2;vAr)' then the 

absorption coefficient (vx)mix is given by: 

-3 x
1 

10 
0.25 (15) 

aAr and aN are the total X-ray cross-sections for Ar and N, 

respectively. p is the density of the gas, while x 1 is the 

length of the first ionisation chamber. In Fig. 3.20 the op

timal ratio f is given as a function of energy. An optimal 

absorption can be obtained between E=S.S keV and 12.2 keV. For 

energies above 12.2 keV, heavier gas mixtures have to be used 

such as Kr or Xe. However, these gases are quite expensive and 

thus can only be used in sealed ionisation chambers. A number 

of these ionisation chambers with different lengths is then 

necessary to cover the energy region above 12.2 keV. 

Besides an optimization of the absorption in the ionisa

tion chambers, also the thickness of the sample has to be 

optimized. A too small thickness causes a too small EXAFS 

signal, while a too thickness causes a too small signal 

in the 2nd ionisation chamber, leading to too much noise. 

Again, we will use an iridium-on-support as an example. 

Generally, the signal-to-noise ratio is given by Eq. 12, in 

which v represents the total absorption coefficient of the 
s . 

sample and ~v the step-height in the absorption 

coefficient. The total X-ray cross-section for a catalyst 
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Figure 20 The optimal gasmixture of nitrogen and argon 
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function of the energy in order to obtain an optimal 

s l-to-noise ratio in an EXAFS spectrum. 

sample, containing f weight percent of a metal X on an oxidic 

support MxOy is given by: 

( l!.) 
p 

(16) 

X, M and 0 are the atomic weights of the substituents. The 

stepheight 611 is roughly equal to \1 -11 t. In Fig. 3. 21 the s suppor 
signal-to-noise ratio is given as a function of the sample 

thickness in g.cm- 2 for a 1 wt% Ir on a Al2o 3 , Sio2 and Ti02 
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support, respectively. The signal-to-noise ratio for the Tio
2 

catalyst is much worse than for the Al 2o 3 and Si02 catalyst, 

due to the much larger contribution of Ti02 to the total ab

sorption coefficient. The optimal thickness can be derived 

from the position of the maxima. Since our catalysts are 

pressed as self-supporting wafers with a fixed area of 72 mm2 , 

the necessary amount of sample can now be calculated directly. 
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Figure 21 The signal-to-noise ratio as a tion of the 

sample thickness a 

(--) 1 wt% Ir/Al 20 3 catalyst 

(- . -) 1 wt% Ir/Si0
2 catalyst 

(----) 1 wt% catalyst 

3.5.4 COMPARISON WITH SSRL DATA AND OTHER LABORATORY EXAFS 
FACILITIES 

In this section we will first compare some EXAFS spectra 

which were measured with the Si(400) Johann monochromator 

crystal on our laboratory EXAFS apparatus, with EXAFS spectra 

obtained on the same kind of samples, measured at beamline 
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I-5 of the Stanford Synchrotron Radiation Laboratory (SSRL) . 

. 3.22a and 3.22b show the X-ray absorption spectrum and 

the isolated EXAFS function of platinum metal foil, measured 

with a channel-cut Si(220) monochromator crystal at SSRL, 

operating in dedicated mode with 3 GeV ring energy and 40 rnA 

beam current. The absorption spectrum was recorded in one scan 

of 35 min. The resolution and the actual countrate at the 

sample are unknown, but the intensity at the front-end of the 
13 -1 EXAFS beamline is estimated to be ~10 photons.s . In 

Fig. 3.22c and 3.22d the same measurements, performed on our 

laboratory EXAFS spectrometer are presented. The measurements 

were carried out with a 2 rnm spot on the monochromator crystal 

and the X-ray generator operating at 21 kV and 240 rnA. The 

resolution is about 11.2 eV, while the estimated intensity is 
5 -1 3.10 photons.s . To get a good signal-to-noise ratio, a scan 

of 15 hours was made. Between the two absorption spectra there 

is a large difference in the intensity of the white line and 

in the magnitude of the EXAFS signal at low k-values. Both 

differences are caused by a difference in energy resolution. 

To further investigate the quality of the EXAFS data, a 

k 2-weighed Fourier transform was performed. The weight factor 

was taken 2 to suppress the difference at low k-values. In 

Fig. 3.22e the k 2-weighed Fourier transform (6k=2.6-19 X-1 ), 

performed on both EXAFS functions, is given. Both Fourier 

transforms look very similar and the amplitude of the peaks, 

especially the higher coordination shells, hardly differ in 

amplitude. 

Convolution of the SSRL data with a Gaussian energy 

distribution (6E=7 eV), resulted in a good agreement with our 

measurements (Fig. 3.22f), so no artefacts caused by our 

apparatus are present in the spectrum. According to the con

volution procedure, the SSRL data should have been measured 

with a resolution of ~s eV. This value is quite large for 

synchrotron data. However, the SSRL spectrum was measured with 

a ring energy of 3 GeV and at this energy there is a significant 

contribution of higher harmonics radiation to be expected, which 

is not rejected by the Si(220) crystal. Higher harmonics cause 
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Figure 22 An EXAFS spectrum of platinum metal foit~ measured at the 

(Eedge=11562 eVJ 
a) X-ray abaorption spectrum~ measured at SSRL 

b) The isoZated EXAFS function (SSRL) 

a) X-ray absorption speotrumJ measured at the laboratory EXAFS apparatus 

d) The isoZated EXAFS function !Zaboratory apparatus) 

e) Fourier transforms (6k=2.6-19 ~-l) of the EXAFS functions, men-
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a) The X-ray absorption spectrum 
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performed on the E'XAFS function, mentioned in b) 
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EXAFS function of Ni metal foil, measured by Khalid 

et al. 
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also a decrease in EXAFS amplitude, especially at energies 

close to the absorption edge. This could explain the dif

ferences between the calculated apparent and the real energy 

resolution. 

Fig. 3.23a, 3.23b and 3.23c show the X-ray absorption 

spectrum, the isolated EXAFS and the k 3-weighed Fourier trans

form (6k=2.6-15 A- 1 ) of our measurements on a Cu-metal foil 

(E=8.9803 keV}. The spectrum was recorded at 17 kV voltage, 

180 rnA current, 2 mm spotwidth on the monochromator (intensity 
4 -1 

~2.10 photons.s ) and an energy resolution of 5.5 ev. The 

scantime was 15 hours. 

Although our resolution can still be improved, it is 

already competitive with results from other laboratory spectro

J.1eters. Georgopoulos et al. ( 12) and Cohen et al. ( 4} report 

resolutions of 10 eV at 9 keV. Khalid et al. (13} performed 

EXAFS measurements on Ni-foil (E=8.333 keV} with a resolution 

of 6.2 eV (Fig. 3.23d}. The best results which are known for 

a laboratory spectrometer, are those of Thulke et al. (14). · 

They claim a resolution of 4.5 eV at 8.2 keV with a countrate 
7 -1 of 2.10 photons.s obtainedwitha Ge{3ll}Johansson crystal. 

The large difference in intensity between their spectrometer 

and our spectrometer can be compensated by further improve

ments, which have to be made to our spectrometer. 

3.6.5 FURTHER IMPROVEMENTS 

The spectrometer as described can still be improved with 

respect to intensity and resolution. Especially the choice of 

the monochromator crystal is very important. The following 

points have to be discussed. 

a) In the measurements reported, a Si(400) Johann monochroma

tor crystal was used. To perform measurements with a reason

able energy resolution, the spotwidth on the monochromator 

crystal is limited to 20 mm. By using a Johansson monochro

mator crystal, which does not have an energy broadening due 

to horizontal divergence of the beam, the spotwidth may be 

chosen much larger. At this moment Johansson crystals 



89 

(Si(l11) and Si(311)) witha width of 50 mm become available, 

so a gain in intensity of about a factor 2.5 has to be 

expected. 

b) When germanium is chosen instead of silicon as material for 

monochromatization, another gain of a factor 2 can be ob

tained due to the larger rocking curve of germanium crystals. 

However, because of the critical absorption of Ge at 

11.1 keV, this type of crystal can only be used in the energy 

region lower than 11.1 keV. 

c) A disadvantage of the Si(400) crystal is the fact that also 

higher harmonic energies are present in the reflected beam. 

To prevent the effect of higher harmonics, the excitation 

voltage of the X-ray generator has to be kept below the energy 

of the first harmonic. By choosing a monochromator crystal 

for which the reflection of the first harmonic energy is 

forbidden, such as Si of Ge with (111) and (311) reflections, 

the excitation voltage can be increased by a factor 1.5, 

yielding a gain in intensity of a factor 2.25. 

d) Monochromator crystals with a lattice spacing larger than 

the spacing in Si(400) will provide the same energy at a 

shorter distance to the X-ray source. A change in spacing 

from d=1.358 R (Si(400)) to d=1.673 R (Si(311)) will lead to 

a gain of a factor 1.5 in intensity according to the solid 

angle. 

e) In our X-ray generator, the rotating anode is made of 

molybdenum. Since the intensity of an X-ray generator is 

proportional to the atomic number of the target material, 

an increase in intensity of a factor 1.9 can be obtained by 

replacing the exchangeable Mo-anode by a commercially 

available gold anode. 

f) For low x-ray energies, a lot of intensity is lost due to 

absorption in air. Flushing with helium (see section 2.4.6) 

will provide an increase in intensity by more than a factor 

2 for energies < 10 keV. 

Altogether, an additional increase in intensity of about 

a factor 30-60 can be gained by optimizing all the components. 

Taking all these factors into account, the difference in 

photon intensity of the spectrometer of Thulke et al. (14) and 
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our spectrometer can be explained: 

a} Thulke et al. use a Au anode instead of a Mo anode (inten

sity gain l. 9}. 

b) They use a He flow beam line, which yields a 

sity of 3 with respect to a measurement 

in inten

in air. 

c) Their measurements are carried out with a Johansson type 

Ge(311} crystal instead of a Johann Si(400) monochromator 

crystal. A gain in is obtained by various points: 

Difference in brightness (~2 x) 

Difference in spotwidth (~20 x) 

Difference in generator settings (~2.2 x) 

d) The radius of their Rowland circle is 352 mm instead of 

500 mm, causing the monochromator to be closer to the X-ray 

source. The increase in solid angle is about 2. 

Altogether, the items 1 to 4 yield a difference in inten

of about three orders of magnitude. 

Already without further improvements, a few difficult 

could be measured, which is very promising. As stated 

earlier, the energy range in which EXAFS measurements can be 

carried out, is now limited from 8 to 14 keV. The low energy 

boundary is caused by a lack of intensity, the high energy 

boundary by resolution. With the improvements described above, 

the lower boundary can be shifted to 4-5 keV. The reason for 

the worse resolution above 14 keV is the short distance to the 

focal spot. However, this distance can be enlarged by using the 

monochromator crystal in a hlgher order reflection, at the cost 

of intensity. Since at high energy the x-ray source provides 

enough intensity, the higher order reflection is a useful mode 

to extend the energy range to higher energies. 
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chapter 4 

THEORY AND DATA ANALYSIS 

4.1 THEORY OF EXAFS 

The attenuation of X-rays passing through matter occurs 

by three principal means: scattering, photoelectric absorption, 

and pair production. In the X-ray regime where EXAFS occurs, 

the photoelectric absorption dominates the attenuation process. 

Photoelectric absorption is the complete absorption of a photon, 

which, in turn, gives its full energy to electrons. Due to 

this photoelectric effect the intensity of a photon beam will 

decrease when it is transmitted through a specific sample. The 

loss of intensity is given by the equation of Lambert: 

( 1) 

in which I is the intensity of the incident photon beam, I 
0 

the intensity of the transmitted beam, ~ the X-ray absorption 

coefficient of the sample and x the sample thickness. In 

general this absorption coefficient is a smooth, monotonically 

decreasing function of the energy of the photon. However, if 

the energy of the photon equals the threshold energy of a bound 

electron, e.g. an electron in a 1s atomic level, a discrete 

raise in the absorption coefficient will be measured due to the 

ejection of the bound electron. The X-ray absorption coefficient 

~ of a sample of N
0 

atoms of one kind per unit volume is in the 

dipole approximation given by (1): 

(2) 
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Here w is the radial frequency of the X-ray photon whose ener.gy 

is nw, li> is the atomic wave function of the photoelectron in 

the initial, unexcited state, If> is the final state of the 

electron, representing the outgoing wave, p(Ef) is the density 

of final states. An example of the absorption of photons by an 

isolated atom is given in . l, which presents the X-ray ab

sorption coefficient of Kr, a monatomic gas. The energy of the 

absorption edge, 14324.4 eV, corresponds with the binding energy 

of the ls electron. For photon energies larger than the binding 

energy, the ejected photoelectron travels as an outgoing 

spherical wave with a wavelength A= 2: with k, the photoelectron 

wave vector, equal to 

k ( 3) 

In this equation E is the energy of the incident photons (E=nw), 

is the binding energy of the electron, m is the mass of the 

electron and n is Planck's constant divided by 2 . In the ener

gy range beyond the absorption , the ~ versus E curve falls 
-3 off with approximately an E dependence. In an isolated atom 

the photoelectron is allowed to travel unhampered, but when 

neighbour atoms are present in the surroundings of the ab

sorbing atom, a scattering of the ejected photoelectron takes 

• The effect on the absorption coefficient due to the 

presence of neighbour atoms becomes obvious in F l, which 

also shows the X-ray absorption coefficient of the diatomic 

Br2 gas. The absorption spectrum is characterized by the pre

sence of small oscillations which extend over a large energy 

range above the absorption edge. In Br2 these oscillations 

are observable at least 700 eV above the absorption edge. These 

oscillations represent the EXAFS (Extended X-ray Absorption 

Fine Structure) phenomenon. As mentioned in chapter l, the 

EXAFS oscillations are due to short-range-order effects, which 

cause a modulation of the final state wave function of the 

photoelectron (2). This can be made plausible using Eq. 2. 

Since a photoelectron in the energy range of some tens of eV 
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13400 
photon energy eV 

14600 

Figure 1 Absence and presence, respective~y. of EXAFS in a 

monatomic gas such as Kr and a diatomic gas suoh 

as Br 2 . 

above the absorption edge can closely be approximated by a 

free electron, p(Ef) gives only rise to a monotonic contribu

tion, leaving the explanation of the interference pattern of 

the absorption coefficient to an amplitude variation in 

If>, because li> is fixed at a given core level. A variation 

in If> with energy can be understood with a final state which 

no longer consists of an outgoing wave, as in the isolated 

atom case, but which is modified by a wave which is scattered 

backwards by the neighbouring atoms. A change in photon energy 

will change the wavelength of the outgoing wave and thus, due 

to interference, will change the amplitude of the final state 

in the region of the initial state. Depending on the con

structive or destructive way of interference, maxima or minima 

with an amplitude less than 10% of the raise in the absorption 

coefficient, will arise in the absorption spectrum. In 

the absorption spectrum can be divided in three energy regions: 

a) the pre-edge region which may contain peaks due to the 

excitations of core hole electrons to bound states, which 
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therefore may give valuable information about the electronic 

configuration or the site symmetry of the absorber atom 

(3,4). The position of the edge itself may give information 

about the charge of the atom. 

b) the XANES (X-ray Absorption Near Edge Structure) region 

which is the region from 0 to 40 eV above the absorption 

edge (5). Because the kinetic energy of the photoelectron 

in this region is very low, it has a large cross-section 

for elastic collisions and thus may undergo multiple scat

tering, which provides long-range order information. In 

this energy region also contributions of p(Ef) are to be 

expected. 

c) the EXAFS region which extends from 40-1500 eV above the 

edge. The mean free path length of the photoelectron is 

much shorter at these kinetic energies, which is the main 

reason that EXAFS only contains short-range order informa

tion. 

From the frequency components and their corresponding 

amplitudes which are contained in the EXAFS signal, information 

can be extracted about the distances between the absorber atom 

and the neighbour atoms, the number and the type of the neigh

bour and the relative motion. The EXAFS function describing the 

modulation of the absorption coefficient, is defined as follows: 

x(E) 
~(E)-~ (E) 

0 (4) 

where ~(E) is the absorption coefficient of the sample and 

~ 0 (E) is the absorption coefficient of the isolated absorber 

atom. Since ~ 0 (E) is proportional to the number of absorber 

atoms per unit of volume, the modulation ~(E)-~0 (E) is norma

lized, by which means x(E) contains the information per 

absorber atom. It is customary to convert x(E) to oscillations 

in the photoelectron wavevector space, x(k). The relation 

between x(k) and the structural parameters is given by the 

semi-empirical, single electron, single scattering equation 

(2,6-9): 
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x<k> 1: A.(k) sin(2kR.+<f;.(k)) 
J J J J 

( 5) 

The summation extends over j neighbouring coordination shells. 

Each individual coordination shell contains the same type of 

atoms, all lying at a distance R. from the absorber atom. The 
J 

EXAFS of a particular shell is built up from a term containing 

amplitude information, A.(k), and a term containing frequency 
J 

information, sin(2kR.+<f;.(k)). The sine-argument consists of a 
J J 

phase term which originates from the photoelectron travelling 

twice the distance absorber-scatterer R., and an additional 
J 

phase shift which is caused by the photoelectron experiencing 

twice the potential of the absorbing atom and once the poten

tial of the scatterer atom. A detailed expression for the 

amplitude A.(k) is given in equation 6: 
J 

A. (k) 
J 

N. 
_]_ 

kR. 2 
J 

F. (k) e 
J 

e 
/A (k) 

e (6) 

Th~ amplitude is proportional toN., the number of identical 
J 

scatterer atoms in the jth coordination shell and inversely 

proportional to the square of the coordination distance R., 
J 

which reflects the product of the amplitude of the outgoing 
-1 and backscattered waves, both of which drop off as R. , 

J 
because of their spherical nature. F.(k) is the backscattering 

J 
amplitude and reflects the scattering power of the neighbour 

atoms. Due to a deviation o. in the coordination distance R., 
J J 

caused by the thermal motion or the static disorder of the 

scatterer atoms, there is a spread in the frequencies, leading 

to an exponential damping term exp(-2k 2o. 2 ). However, this is 
J 

only true in the case of small gaussian disorder or a harmonic 

thermal vibration (10-12). A more general approach will be 

discussed in chapter 7. To take account of the finite lifetime 

of the excited state, an additional damping term exp(-2Rj/Ae) 

is added, assuming that this effect can be described by the 

mean free path length A (k), which is a function of energy. 
e 



Although Eq. 6 can be used to derive structural information, 

it is based on a number of assumptions: 
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a) Plane wave approximation. It is assumed that the curvature 

of the spherical wave at the various distances R. is negli
J 

gible with respect to the effective radius of the scatterer. 

b) Single scattering approximation. In this approximation it 

is assumed that the outgoing wave scatters with a neighbour 

atom and directly returns to the absorbing atom A (Fig. 2), 

instead of taking an alternative route via another neighbour 

C before returning to atom A. 

2 

Figure 2 Schematic representation of two scat pathways 

for a three-atom ABC system. A is the absorber atom, 

B and C are scatterer atoms. 

a) Direct scattering from atom A to atom B and back. 

b) Multiple scattering via atom C. 

For the nearest neighbour shells the effects of multiple 

scattering are normally negligible due to the damping caused 

by the mean free path length and the large scattering path 

lengths which correspond with rapid oscillations in k-space 

which tend to cancel out. However, for more distant shells 

the effect can be more drastic, especially when the shell 

in question is shadowed by a closer lying shell. In case 

of metals with an FCC structure where the fourth shell is 

shadowed by the first shell, multiple scattering effects 
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lead to an inversion of the EXAFS signal of the fourth 

shell with respect to the first shell (9). Also in case 

atoms are aligned colinearly (e.g. A-B-C), forward scat

tering between B and C can lead to an enhancement of even 

a factor 4 in the backscattering amplitude of shell c 
(13,14). 

c) Independent particle approximation. This approximation 

originates from the of many-body effects, i.e. the 

interaction between the photoelectron and the passive 

electrons of the absorber. Many-body effects can be divided 

in three mechanisms (15): 

Relaxation of the central atom. It is assumed that the 

motion of an electron is caused by an external potential 

of which the value is independent of the motion of the 

other electrons, i.e. the wavefunction of the atom can be 

represented by a product of wave functions for the indivi

dual electrons. This does not represent the actual situa

tion in EXAFS, since a positive charge remains when the 

photoelectron is ejected from the absorbing atom. This 

leads to a repositioning of the passive electrons and to 

a screening of the core hole (relaxation). An incomplete 

overlap between the N-1 passive electrons in the initial 

state (1jJN_ 1 J and in the final state (1}J'N_ 1 J leads to a 

reduction in the absorption coefficient. The reduction 

is proportional to I <fl H li> I 2*5
0 

2 
where 

5
0

2
= j<l}J'N_ 1 11}JN_ 1>j

2 
is defined as the overlap factor. 

For photoelectron energies above 200 eV where the "sudden 

approximation" becomes valid, 5 
2 

is equal to a constant 
0 

value which has a value between 0.7 and 0.8 for most 

absorber atoms. This means that besides a scatterer 

in the amplitude, the EXAF5 amplitude is also 

determined by mechanisms in the absorber atom. 

- Multi-electron excitations. According to the sum rule 

which states that the total absorption over 

all energies remains constant, multiple excitations with 

a probability of 1-5 2 must also contribute to EXAF5. In 
0 
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these processes the photon not only creates a photo

electron, but simultaneously excites another electron 

to a bound state (shake-up) or to a continuum state 

(shake-off). The effect of the excitations is to shift 

the zero energy of the photoelectron and thus to change 

the phase of the EXAFS oscillations. However, these 

contributions tend not to produce EXAFS since in the 

case of low energy losses, smaller than 10 eV, the 

the waves average out. The calculated effect of these 

contributions is estimated to be approximately 10% of 

the contributions of the single-electron excitations. 

Furthermore, from EXAFS measurements on various samples 

with significantly varying low energy XPS satellites, 

Stern (15) concluded that the EXAFS amplitude is only 

determined by the atomic values of s
0

2 . With respect to 

these effects, EXAFS is insensitive to chemical varia

tions in the absorber atom. 

- Finite lifetime of the excited state. In the EXAFS 

equation, the term exp(-2R./A ) takes into account the 
J e 

inelastic losses of the photoelectron. The atomic over-
2 lap factor, S already accounts for the inelastic losses 

0 
through the multiple excitations in the absorber atom, 

while the inelastic losses caused by interactions with 

the weakly bound outer electrons of the neighbour atom 

(physically equivalent to a mean free path within the 

backscattering potential) are already included in the 

backscattering amplitude of that neighbour atom. There

fore the mean free path concept is not useful for the 

the first coordination shell but only has significance 

for distances than the first shell. To incor-

porate the above mentioned effects in the EXAFS equation, 

the term exp(-2R./ ) has to be replaced by 
J 

exp(-2(R.-~)/Ae), in which~ is a correction for the 
J 

fact that inelastic losses are already included in 

S 2 and F(k). Normally,~ will be equal to the first 
0 

shell coordination distance R1 . Due to changes in che-

mical environment of the scatterer atom, a modification 
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X(k) 

in the atomic levels of the valence or conduction elec

trons of the scatterer may occur which modifies the mean 

free path length A.e. By choosing b. different from R
1

, the 

term exp{-2{R.-b.)/A. ) may compensate for these additional 
J e 

losses. According to the above mentioned approximations, 

of which the first two are normally negligible, the EXAFS 

formula must be modified to: 

-
NJ. 2 -2 (R.-b.)/1... 

J
l; S (k) P. (k) e J J e 

kR2 o J 

2 

(7) 

J 

4.2 DATA ANALYSIS 

In this section the data analysis will be described which 

is necessary to extract the structural information contained in 

the X-ray absorption spectrum. A typical X-ray absorption spec-

truro is given in . 3 and can be characterized as follows: 

a) A pre-edge region which is a smooth decreasing function of 

energy. This pre-edge region is caused by various processes 

such as the absorption by outer electrons, absorption by 

other types of atoms in the sample, compton scattering, 

absorptions of other materials in the X-ray path, e.g. 

ionisation chambers and beryllium windows. 

b) The absorption edge with the region of near edge structures 

(-10 eV<E<+40 eV). 

c) The EXAFS region {40-1000 eV) which consists of oscillations 

which are superimposed onto a monotonically decreasing func

tion. The monotonically decreasing function will be referred 

to as the absorption background. The EXAFS function x{E) has 

been defined as: 

x<El 
)1 {E) -)1 {E) 

0 

J1 {E) 
0 

In this definition already two important steps of the data 

analysis are embedded: separation of the EXAFS signal from the 
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Figure 3 A typica,Z X-ray absorption spectrum with EXAFS. 

~ is the stepheight in the absorption coefficient, 

101 

the dashed Zine represents the pre-edge contributions. 

absorption background and normalization of the EXAFS function 

on a per-atom basis. These two steps will be discussed in the 

next sections. 

4.2.1 REMOVAL OF THE ABSORPTION BACKGROUND 

The determination of the function X(E) according to Eq. 4 

requires the absorption coefficient of the absorbing atom in the 

isolated case (~ (E)). However, normally~ (E) cannot be obtained 
0 0 

experimentally. As an additional complication, the absorption 

coefficient of the atom of interest is superimposed on other ab

sorptions which can hardly be predicted. In order to separate 

the EXAFS function, several ways for background removal can be 

applied. 

When the pre-edge region is measured over a sufficiently 

long energyrange (typically over 1000 eV below threshold), the 

empirical Victoreen expression aA 3-bA 4 (16) can be used to fit 

this pre-edge region (A=h~), where his Planck's constant, cis 
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the speed of light, E is the photonenergy). Here a and bare 

coefficients which have to be determined by the fit. When a and 

b are determined, the contribution which does not belong to the 

atom of interest, can be subtracted from the spectrum by extra

polating the Victoreen expression to the energy region in which 

the EXAFS is present. However, the Victoreen expression is not 

adequate in handling the contributions of the ionisation cham

bers (see section 2.4.3), especially when the spectral response 

of both detectors is not the same. This might be caused by a 

different gas filling or different lengths of the chambers. In 

this case fitting with a more general smooth function is advised 

( 17) . 

After removal of the pre-edge absorptions, u
0

(E) can be 

separated from the EXAFS oscillations. One of the methods that 

may be used is the Fourier filtering technique (18). However, a 

Fourier transform applied on the experimental data results in 

a Fourier spectrum where the frequencies of the background 

strongly interfere with the frequencies belonging to the EXAFS 

signal, making it impossible to separate the background con

tributions from the Fourier spectrum. Another method is the use 

of a second or third order polynomial (19), possibly in combina

tion with an additional Fourier filtering. However, even in the 

case of optimized coefficients, there are still contributions of 

the background which for small signals might have a magnitude 

comparable to the contributions of the EXAFS frequencies, intro

ducing a possibility of strong interference. 

Instead of an attempt to measure the absolute value of 

the absorption coefficient, another measurement can be made 

which does not care about the shape of the pre-edge region. 

Also in this case the polynomial fit followed by a Fourier fil

tering technique can be used, but a much more adequate way of 

background removal can be done in the following w.ay (20). The 

energy region above the absorption edge is fitted with a function 

f(E) which has enough degrees of freedom to describe the back

ground signal. In case of a good separation between fine struc

ture and background, the fine structure does not show any low 
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frequency components belonging to the background, while the 

background does not show any EXAFS osciliations. The first 

derivative ~f the calculated background f(E) can be used as a 

visible tool to determine the quality of the separation, while 

the sum of the squares of the second derivative can be used as 

an approximate quality factor. Although in general the back

ground will not be linear, the quality factor is supposed to be 

close to zero. The problem is to find a function f(E) with a 

minimum quality factor, whereby the subtracted fine structure 

does not contain background information. The solution can be 

found in 'cubic spline' functions. The mathematical formulation 

for generating such a function is as follows (21,22): 

Construct a function f(E) among all functions g(E) which 

minimize 

such that 

E max 

J (g" (E)) 2dE 
E . m1n 

N g(E.)-~(E.)x 
2 2: ( 1 1 

) < S 
i=o W(E.) 

l. 

Sis called the smooth parameter and W(E.) is an energy dependent 
l. 

weight factor. The result of this minimization is a function 

f(E) which consists of a concatenation of third order polynomials 

which join at their common endpoints such that f, f' and f'' 

are continuous. Because the EXAFS signal has a decreasing ampli

tude with energy, the energy dependent weight factor can be 

used to compensate for this loss in amplitude, preventing that 

the fit becomes less sensitive at high energies which might 
. 2 

lead to errors. In our case a weight factor equal to exp(-we*k ) 

is used, crudely compensating for the damping due to disorder. 

The smooth parameter can be used as a parameter which controls 

the generation of the background function. Whether f(E) satisfies 

the two conditions, can be seen visually in the first derivative 

of f(E). By calculating and plotting f' (E,S) the optimal value 

for S and thus the optimal background calculation can be deter

mined in an interactive way. An example of cubic spline back-
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4 The derivative of the calculated background and the 

EXAFS signal, obtained after subtraction of the back

ground contribution in the X-ray tion spectrum. 

a) The smooth parameter S has been chosen too low. 

b) The smooth parameter S has been chosen too high. 

c) An optimal separation between EXAFS signal and 

background. 
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ground subtraction is shown in Fig. 4, which shows the deriva

tive of the background and the separate EXAFS signal for 3 

different values of S. In Fig. 4a, s is chosen too low through 

which f(E) fits the absorption coefficient too closely, leading 

to EXAFS oscillations in the background signal. In Fig. 4b, the 

value of S is too high, leading to a background signal in the 

EXAFS function. By choosing S in such a way that EXAFS oscilla

tions in the derivative are just about to disappear, an optimal 

separation between signal and background (Fig. 4c) can be ob

tained. In practice, the cubic spline background removal is 

much more effective than a polynomial fitting and/or Fourier 

filtering technique which is very important for small signals. 

In case the background contains curvatures close to EXAFS 

frequencies, a separation is in principle impossible. 

4.2.2 NORMALIZATION OF THE EXAFS SIGNAL 

After subtraction of the background, the EXAFS has to be 

normalized by a division through ~0 (E), according to Eq. 4. This 

function can be approximated by the removal of the extrapolated 

Victoreen curve from the absorption coefficient and an additional 

separation of the fine structure. In the case that the back

ground removal has been carried out without the removal of the 

Victoreen curve, normalization can be done by using the publis

hed atomic absorption coefficients of McMaster or by a simple 

division through the edge-jump. The latter normalization is the 

easiest, but introduces a small error in the amplitude in the 

order of 10% at 1000 eV (for rhodium) above threshold, due to 

the energy dependence of p
0

(E). However, when the reference 

compounds which are used for the determination of the unknown 

samples, are normalized in the same way, these errors cancel 

out, because v (E) is entirely an atomic property. When 
0 

theoretical calculations are used, only the values from McMaster 

can be used. 

Since our spectrum analysis is based on reference com

pounds, normalization is done by dividing the EXAFS spectrum 
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through the height of the edge-jump. The edge-jump is determined 

in the following way. The pre-edge region which is normally 

measured over an energy range of 200 eV below threshold, is 

fitted by a Victoreen expression and extrapolated to a repro

ducible energy, in our case the first maximum above threshold. 

The pre-edge fit is ended at 50-75 eV below the absorption 

edge in order to prevent influences from the bending at the start 

of the edge. The maximum absorption at threshold is determined 

by a linear regression in the energy region from 40 eV to 200 eV 

beyond the edge which is also extrapolated to the threshold 

peak. The difference between the extrapolated maximum and 

minimum absorption at the energy of the threshold is defined 

as the normalization factor, ~~x. After background subtraction 

and normalization, the EXAFS function x(E) is given by: 

x<E> 
~(E)measuredx-~(E)backgroundx 

~~X 

To relate x(E) to the structural parameters, the function must 

be converted from energy space, E, to photoelectron wavevector 

space, k. This transform is given by: 

n2k2 
2m 

where E is the energy of the photon, Eb is the binding energy 

of the electron and E is an adjustment to the value of the 
0 

binding energy {'inner potential') to compensate for small 

differences between Eb of the unknown sample and Eb of the model 

compound. This is necessary since in most cases there is an 

ambiguity in the choice of the zero point of kinetic energy. 

The influence of the uncertainty in Eb on the determination of 

structural parameters will be discussed later in this chapter. 

To extract this information from the EXAFS function X(k), 

several methods can be applied which will be presented in the 

next sections. 
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4.3 FOURIER TRANSFORMATION 

The EXAFS function consists of a summation of contribu

tions of various coordination shells. For most samples it is 

unknown how many coordination shells contribute significantly 

to the EXAFS spectrum. 

0.11 
' 

J\ 

0 A~ A. fLM ~ 
wvvvvvvv 

-0.11 
0 5 10 15 20 25 
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Figure 5 The EXAFS signal, obtained from measurements on rhodium 

metal foil at liquid nitrogen temperature. 

Fig. 5 shows an EXAFS function obtained from measurements on 

rhodium metal foil performed at the K-edge (Ed =23219.8 eV). e ge 
Clearly visible are the various beats in the signal, due to the 

contributions of higher coordination shells. Since each coordi

nation shell can be described by a single sine-term 

(A.(k) sin(2kR.+~(k)), an appropriate method for the separation 
J J 

of the coordination shells, is the Fourier transformation (23). 

The Fourier transformation of the EXAFS function x{k) is 

generally expressed as: 
k max 

1j; {r) l 

k f 
kn X(k) 2ikr dk m e n 

m~n 
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Because the Fourier transform is complex, a real part (¢r(r)) 
. n 

and an imaginary part (~~(r)) are produced. Sayers (23) showed 
n 

that the magnitude of the radial structure function I~ (r) I 
<I~ (r) 1 2=¢r(r) 2+~i(r) 2 ) gives a simple physical pictu~e of the n n n 
local structure. Peaks appear, centered about ordinates R.' which 

J 
approximately correspond with the distance between the absorber 

atom and the scatterer atoms in the jth coordination shell. They 

are slightly shifted towards r-values which are smaller than the 

actual coordination distances. This effect is caused by the 

phase shift function ¢.(k) which enters into the argument of the 
J 

sine-term, which can be understood as follows. The phase shift 

function ¢(k) can be approximated by a linear function of k, 

which holds for elements with Z<30 (according to calculations 

of Teo and Lee) (24). The sine-argument can be written as: 

2kR. + ¢. (k) ~ 2kR. + S. - a.k = 2k(R.-~a.) + BJ. 
J J J J J J J 

which shows that the Fourier transformation results in a radial 

structure function which peaks at R.'=R.-\a. (a.>O). The radial 
J J J J 

structure function of rhodium metal foil is presented in Fig. 6. 

The crystallographic values for the coordination distances are 

indicated by arrows, showing the effect of the average slope 

of the phase shift function. Also noticeable in Fig. 6. is the 

lack of frequency components below the first coordination distance, 

indicating that the background has been removed adequately. 

The Fourier transform is governed by a number of parameters. 

It was previously shown that the choice of the inner potential 

E
0 

is very impor.tant since it defines the k-scale especially in 

the low k-region. Since Fourier transformation is carried out 

with respect to the wavevector k, the radial structure function 

will be sensitive to the choice of E
0

. A change in E
0 

of a few 

electronvolts will affect the average slope of the phase shift 

function and produce a change in the shapes of ~~(r) and ¢~(r). The 

position of the peaks in the magnitude is affected by less than 2%. 

The limits of integration are given by kmin and kmax 

and depend on various factors. As was pointed out before, the 

region between k=O R- 1 and k=3 A- 1 is a region in which multiple 

scattering effects dominate. These effects cannot be described 
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with the given EXAFS formula and thus will distort the radial 

structure function. Therefore the lower limit is restricted 

to kmin>3 ~- 1 • The value of kmax should be as large as possible 

in order to reduce the termination ripples in the structure 

function. However, k might be limited by noise or by the max 
interference of other absorption edges. Therefore an optimum 

value has to be found. A useful procedure is to vary kmax' 

while studying l~n(r) I in order to distinguish between the 

real peaks and spurious caused by noise. 

2 4 

r A 

Figure 8 The k ighed Fourier transform (6k=2.88-24.4 i-1J. 
pe d on the EXAFS signal of rhodium metal foil. 

The crystallographic values for the coordination 

distances are indicated by the arrows. 

Due to the finite data range, i.e. due to the convolution 

with a square window, truncation ripples are generated in the 

radial structure function which interfere with the physical 

features. These truncation ripples can be decreased by choosing 

the limits of integration in the zero crossings of the EXAFS 

function. 

Another way of minimizing truncation is to 
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apply a smooth window function W(k), which is multiplied with 

X(k) before transformation. Typical window functions which 

are used in EXAFS are a Gaussian window or a Hanning window. 

A Hanning window is given by: 

W(k) = 0 k<k . v k>k 
m~n max 

W(k) 
(1-cos 2TI(k-k . )) 

~ 
m~n 

f~k 

(1-cos 2TI(k -k)) 
~ 

max 
f~k 

W(k) 

W(k) 1 

where ~k=k -k . . The parameter f determines the k-region at 
max m~n 

the begin and the end of the total interval, where the Hanning 

window must be applied (O<f<1). However, minimization of 

truncation errors goes at the expense of peak broadening. 

All EXAFS functions show a decreasing amplitude with 

increasing k-value, either due to the scattering power of the 

neighbour atoms or caused by disorder effects. Since the 

EXAFS function still contains valuable information at high 

k-values, a weight factor kn compensates for the damping. A 

k 3-weight factor would roughly equalize the EXAFS signal because 

it neutralizes the k- 1 term in the EXAFS equation and the k- 2 

dependence of the backscattering amplitude at high k-values. 

Values which are normally used during data analysis are 

n=l,2,3. The high powers have the advantage of making the 

Fourier transform less sensitive to the choice of the inner 

potential and the choice of kmin On the other hand, high 

powers make the Fourier transform more dependent on the signal

to-noise ratio and thus on the choice of k • In case of high 
max 

z scatterers for which the EXAFS extends to high k-values, a 

k
3
-weight is often used, but for low Z elements (like oxygen 

and chlorine) where the amplitude is already very low at 

k=10 R- 1 , a k 3-weight would only magnify the noise. For these 
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scatterers, a k 1-weight is an acceptable choice. 

From the discussion above, it may oe clear that the 

height and the shape of the peaks are very dependent on the 

weighing scheme and the integration interval. This makes the 

determination of coordination numbers and Debye-Waller factors 

from the radial structure function rather inaccurate. The 

magnitude of the Fourier transform may be used for a comparison 

with the Fourier transforms of reference compounds, although 

one has to realize that the transformation conditions have to 

be exactly the same and that the magnitude is not a simple 

summation of peaks. A more accurate way of parameter determina

tion can be obtained from the inverse Fourier transformation. 

4.3.1 INVERSE FOURIER TRANSFORMATION 

When peaks are sufficiently isolated from each other, 

information of a single shell can be obtained by applying a 

window function in the radial structure function and performing 

an inverse Fourier transformation from r-space to k-space: 

t 

kn x. (k) 
J 

1 
\[Z'fi' 

ljJ (r)e-2ikr dr 
n 

{8) 

where R. is the position of the coordination shell to be analysed 
J 

and tiR. is the width of the {often square) window function. The 
J 

choice of tiR. depends on the quality of the data and the com-
J 

position of the sample. A ~Rj which is too small may cause 

serious errors in the determination of the disorder and the 

coordination number, while a tiR. which is too large may include 
J 

noise, giving spurious modulation of the amplitude. In general, 

the width of the window must be greater than 6~/tik R 
{tik=k -k. ) (25). By zeroing all the negative frequency 

max m1n 
components of ljJ (r), which is implicitly given in Eq. 8, one 

n 
obtains a complex function in k-space. The amplitude and the 

phase can be determined separately as a function of k by 

V 2 2 I 

A.(k)= {I +R) and ~.(k)=arctan (I/R), where I and Rare the 
J J 
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imaginary and real part of the backtransformation, 

respectively. The EXAFS function of the isolated coordination 

shell is now given by x.(k)=A.(k) sin(~.(k)) and may be analysed 
. J J J 

by several methods. Due to the inverse transformation over 6R, 

x.(k) contains uncertainty regions, approximately equal to 
rrJ o-1 
6R A , where the amplitude (and phase) are distorted. 

4. 4 DETERMINATION OF STRUCTURAL PARAI~ETERS 

The way in which the EXAFS signal, obtained by back

transformation, has to be analysed, depends on whether the signal 

contains only single shell information or contributions from 

more than one coordination shell. The latter may be caused by 

an overlap of different coordination peaks in the radial struc

ture function which prevented the proper isolation of the coordi

nation distances, or by the occurrence of different types of 

scatterer atoms within one coordination shell. The backtrans

formation of the complex radial structure function yields a 

complex EXAFS signal, represented by separated phase (~(k)) 

and amplitude functions (A(k)). The proper EXAFS signal is given 

by the imaginary part of A(k)exp(~ (k)). \\'hen the backtransformed 

EXAFS signal only contains identical scatterers at one coordi

nation distance, the data analysis can be performed by a separate 

analysis of the phase and amplitude functions. According to 

Eq. 7 these functions can be represented by: 

~(k) = 2kR + ~(k) (9a) 

-2k2o 2 -2(R-6)/A 
~ s

0
2 (k) F(k) e e 

kR2 A(k) (9b) 

In order to determine the structural parameters R, N, o
2

, the 

functions ¢(k) and S 2 (k)F(k)exp(-2(R-6)/A) must be known. By 
0 2 

use of reference compounds with known R , N and o , the 
2 r r r 

functions ~ (k) and S (k )F (k )exp(-2(R -~ )/A ) can be r o,r r r r r r r 
determined experimentally. Assuming that the reference compound 

is chemically equivalent to the unknown sample and consists 
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of the same absorber-scatterer pair, these functions may be 

transferred from the referenc~ compound to the unknown sample 

-2(R-li)/A 
"' (k ) S 

2 (k)F(k)e s 2 
(k) 

-2(R -ll )/A 
(k)e r r r ¢ (k) 

'~'r r ' o o,r 

This is known as phase and amplitude transferability, which will 

be further discussed in section 4.4.5. Instead of using reference 

compounds, it is also possible to use theoretical values for 

the phase shift (¢ (k )) and the backscattering amplitude 
r r 

(F (k )) (e.g. Teo and Lee). 
r r 

4.4.1 PHASE ANALYSIS 

In the case of , the coordination 

distance of the unknown , R, can be obtained from Eq. 9a by 

calculating R=(~(k)-¢ (k))/2k. When the reference compound is r 
indeed fully identical to the unknown sample, the calculation 

would yield a coordination distance which is independent of k 

(26). However, due to changes in bonding and due to 

uncertainties in the determination of the zero potential at 

shift liE =E -E which the electron is at rest, a small energy 

may be present between reference compound and 

This energy difference shifts the momentum of 

o o o,r 
unknown sample. 

the photoelectron 

in the unknown sample with respect to the momentum in the 

reference compound by an amount: 

k =Vk2 + 2m liE 
r n2 0 

( 10) 

This shift in momentum causes a shift in the phase function 

¢r (kr) · By approximating Eq. 10 to k =k+mliE n-2k- 1 and using the r 0 

transferabil concept ¢ (k)=¢r(kr), the change in ¢r (kr) can be 

calculated by expanding ¢r(kr) in a first order to ¢r (k): 

¢ (k) (k) ( 11) 
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It can be seen that a shift in inner potential, ~E , causes a 
0 

shift in the phase function, which decreases with increasing 

k-value. The phase shifts are thus the most sensitive for varia

tions of in the low k-region. By allowing ~E0 to vary during 

transferability, we can compensate for the small differences in 

bonding. R and ~E0 can now be determined by fitting the phase 

shift of the sample to the experimentally determined phase shift 

of the reference compound, i.e. by minimizing 

~ { ¢ (k) 
mllE Cl¢ 

{k )) 2 or~ (~{k)-2kR-¢ {k)- 2 ° r 
r r 11 k Clk 

with respect to R and llE . 
0 

~<Pr/~krlkr=k can be easily 
is that by adjusting it 

Since ¢ {k ) is r r 
calculated by a 

is not possible 

r 

known numerically, 

computer. Important 

to produce an arti-

ficially good fit with the wrong coordination distance, provided 

that the phase shift is accurate for large k. This is because 

changes in E
0 

produce a change in ~ which decreases like 

according to Eq. 11, and this is exactly opposite to a shift 

in distance, which causes a change in ~(k) which increases 

linearly with k. According to Bunker {27), the most reliable 

criterion for determining E
0 

is to make the intercept of the 

phase difference ll~ between reference and sample zero at 

k=O R- 1 • Comparable in accuracy but more sensitive to deficien

cies in the data, is making the phase difference linear in k, 

corresponding with the difference in coordination distance. The 

fit procedure described above tries to satisfy both conditions. 

4,4,2 AMPLITUDE ANALYSIS 

The amplitude contains both the coordination number N and 

the thermal and static disorder o 2 ~ Since o
2 

is present in a 

k-dependent term, it can be separated from N. This can be done 

by plotting 1n{A(k)/A {k)) versus k-square (A{k) is the envelope 
r 

of the EXAFS signal of the unknown sample and Ar{k) is the 

envelope of the reference signal) (23). From Eq. 9b it follows 
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ln 
R 

-2(
A 
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b,r 2 2 2 
-) -2k (o -o ) (12) 
A r 

r 

According to Stern (15), 6~R1 and 6 =R1 . Together with the 
2 2 r ,r 

amplitude transferability (S =S and F(k}=F (k}), Eq. 12 o o,r r 
simplifies for the first shell to: 

ln 
A(k) 

Ar(k) 
ln 

Since R is determined from the phase analysis and N , R are r r 
known, the intercept at k=O X- 1 yields the unknown coordination 

number N, while from the slope of the line the squared disorder, 

relative to the disorder of the reference compound can be 

obtained. The amplitude functions, determined by backtransfor

mation, are distorted at both ends because of truncation. The 

data at higher k-values might also be affected by noise. As a 

result of this, the plot will often deviate from a straight line 

at both ends of the data. The advantage of using the plot is 

that one can get a good impression about the accuracy in N and 

6cr
2

• Deviations from a straight line might indicate that still 

another shell is present. Deviations can also be caused by a 

lack of amplitude transferability or thickness effects in the 

sample. 

When the backtransformed signal contains more than one 

coordination shell, the above described procedures are of little 

use and another way of data analysis has to be applied. 

4.4.3 CURVE FITTING 

In this way of analysis the backtransformed signal is 

fitted with the EXAFS equation 7 by means of a non-linear least 

squares fit procedure. Such a procedure requires a guess about 

the number of shells which are involved, the type of the 
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scatterers and an initial guess for the parameters. Like in the 

forward Fourier transform, the signal to be fitted can be 

multiplied by a weight factor kn to emphasize the most reliable 

part of the spectrum. The fit is normally carried out over a 

k-interval smaller than for the Fourier transform, in order to 

avoid truncation errors at the boundaries. Each shell requires 

4 parameters (E
0

, R, N, o 2 ) implying that the number of floating 

parameters in the fit increases rapidly with the number of shells. 

This can cause a strong correlation between the parameters and 

makes the process very time-consuming. In order to check the 

result, the Fourier transform of the original signal should be 

compared with the Fourier transform of the fitted signal, since 

it is possible that small signals belonging to a particular shell 

which is not included in the fit, are compensated by wrong para

meter values of another coordination shell. As a criterion for 

a reliable fit, the original and the fitted signal must both 

correspond in k-space as well as in R-space while the parameters 

must have physically interpretable values. 

4.4,4 BEAT METHOD 

When a peak in the Fourier transform consists of two 

unresolved peaks belonging to the same type of scatterer with 

only a small difference 6R in coordination distance, the back

transformed signal will show beats in the envelope as well as 

in the phase (23). For ~R between 0.1 A and 1.0 A, the exact 

value can be determined from the distance in k-space between the 

maxima and the minima of the beats. This distance ~k is given 
nn by 6k= 26 R with n integer. 

4,4,5 PHASE AND AMPLITUDE TRANSFERABILITY 

To derive structural parameters from an EXAFS signal, it 

is necessary that the correct phase shift and amplitude func

tions are available. These functions can be obtained either from 

the measurement of a suitable model compound or from theoretical 

calculations. Since the accuracy pf coordination distances and 
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coordination numbers depends on the validity of these functions 

for the sample under investigation it is necessary to understand 

the physical mechanisms which are responsible for the phase and 

the backscattering amplitude and the way in which they depend 

on the chemical environment of the absorber and scatterer. 

Several workers measured for a number of samples the 

transferability of the phase shift (27,29). It appeared that the 

phase information of system AB could be used as a model for all 

systems which consist of the same absorber A and the same 

scatterer B to predict the coordination distance within an 

accuracy of 0.02 R. However, this seems to be less valid for low 

Z scatterers. Since for photoelectrons with a kinetic energy 

>100 eV, the phase shift is dominated by the core electrons it 

is essentially unaffected by the chemical environment. However, 

for low atomic numbers or for highly disordered systems where 

the EXAFS does not extend to such high photonenergies, the 

chemically sensitive valence electrons can have a significant 

impact on the phase shift. Fortunately it has been shown that 

most of the changes in chemical environment can approximately be 

compensated by varying ~E0 • This is because changes in chemical 

environment have their largest influence on the phase shift at 

low k-values, which is also the region where changes in ~E0 have 

their largest effect. Since the total phase shift is given by 

¢(k)=2kR+~(k), a change of 10% in ~(k) will only cause an error 

in ~R=~~(k)/2k of about 2% or less. So the fact that R is rather 

insensitive for variations in the phase shift and the fact that 

changes in chemical environment can be compensated by changing 

~E0 , normally leads to distance determinations better than 1%. 

The error in the determination of the coordination number 

is less favourable, since N is linear with the amplitude. A 10% 

error in the backscattering amplitude will directly cause a 10% 

error in N. Besides, it is impossible to compensate a change in 

chemical environment by a change in ~E . According to Eq. 9b, 
2 0 

transferability of (k), F(k) and exp(-2(R-~)/A) must be 

discussed. The overlap factor s
0

2 (k) in compounds as MnC1 2 , 
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FeC1 2 and CoC1 2 is increasingly affected by the chemical bonding, 

while the calculated atomic values of Mn, Fe and Co only differ 

by less than 3%. Measurements of Stern (15) showed that the 

EXAFS amplitude only varies in proportion to the atomic s
0

2 

values. This would indicate that the EXAFS amplitude is not very 

sensitive to the chemical environment of the absorber atom. 

Concerning the backscattering amplitude F(k), the inelastic loss

es are dominated by the weakly bound conduct~on and valence elec

trons which are highly dependent on the chemical binding. When 

F(k) is taken to be transferable then additional losses due to a 

modification of the atomic levels can be accounted for in 

exp(-2(R-~)/A) by choosing~ not exactly equal to R
1

. On the ave

rage, in his investigation Stern needed corrections in the ampli

tude between 0% and 12% to find the correct structural parameters 

for his model compounds. This agrees very well with findings of 

Eisenberger (30), who stated that the amplitude transferability 

for the case of high Z nearest neighbours is better than 10%, 

while for first-row nearest neighbours in chemically dissimilar 

substances a transferability of better than 30% is claimed. 

4.5 PHASE AND AMPLITUDE CORRECTED FOURIER TRANSFORMS 

Problems enter in the analysis when the Fourier transform 

has to be performed on EXAFS signals, containing high Z 

scatterers. In the next section, we will use the element rhodium 

(Rh) as a typical example of a high Z scatterer. A normal 

kn-weighed Fourier transform of a Rh-Rh EXAFS signal introduces 

in R-space sidelobes on both sides of the peaks. A small con

tribution to the sidelobes is caused by the finite integration 

range which cannot start at k=O X-1 • The major part of the 

sidelobes is due to the non-linearity in the phase shift function 

and the low frequency variation in the backscattering amplitude 

of rhodium. These low frequency variations increase with increa

sing atomic number and are important for elements which have 

an atomic number higher than titanium (Z=22). Sometimes, these 

sidelobes may have an amplitude which is up to 30%-40% of the 
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amplitude of the main peak. When peaks due to other shells are 

close to the main peak, these sidelobes of the main peak signi

ficantly interfere with the signal of the other shells. Using 

standard Fourier transform techniques, it is impossible to 

separate these peaks by an inverse Fourier transformation. By 

increasing the power of the weight factor kn in the Fourier 

transform, the sidelobes may be reduced to a considerable extent. 

However, this also amplifies the noise at high k-values. The 

most important disadvantage in using higher n-values is that the 

Fourier transform becomes less sensitive to the contribution of 

low z scatterers (like oxygen) which have their scattering 

amplitude primarily at low k-values. 

A Fourier transform, which corrects for the non-lineari

ties in the phase shift function and the variations in the back

scattering amplitude reduces to a transform of a sine-like 

function with only very small sidelobes due to truncation effects. 

Such a correction can be done by elimination of ~.(k) and F.(k) 
J J 

in x(k) by multiplying x<kJ with exp(-i~.(k))/F. (k) before a 
J J 

transformation is carried out. This is possible because normally 

the functions ~.(k) and F.(k) can be accurately derived from 
J J 

suitable reference compounds. The phase and backscattering 

amplitude corrected Fourier transform will be denoted in the 

following as FT'. The effect of phase and amplitude correction 

on the shape of the peak in the radial structure function is 

shown in Fig. 7. A one shell Rh-Rh EXAFS function is calculated 

by means of experimental phase and amplitude functions derived 

from rhodium metal foil. In Fig. 7a a standard k 1-weighed Fourier 

transform is shown. The transformation range was chosen such 

that truncation effects could be neglected. Clearly visible is 

the large sidelobe on the left side of the main Rh-Rh coordina

tion peak. A Fourier transform which is only phase corrected, is 

shown in Fig. 7b. The peak becomes more symmetric with two iden

tical sidelobes, caused by the low frequency amplitude variation. 

After both phase and amplitude correction, one obtains a single 

symmetrical peak without sidelobes (Fig. 7c). Note that the 

imaginary part of the transform has a simple and symmetrical 
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r-dependence, peaks at the magnitude of the radial structure 

function and is located at the actual coordination distance. 

Analysing the imaginary part together with the magnitude 

of a corrected Fourier transform has several important advan

tages over the use of only the magnitude of a normal Fourier 

transform: 

a) When the imaginary part of a Fourier transform which is 

corrected for phase and amplitude of a specific absorber

scatterer pair is asymmetric, it immediately indicates that 

contributions of other types of atoms are present. 

b) The imaginary part can give much more information than the 

absolute part since it contains both phase and amplitude 

information. A peak in the magnitude of a FT does not 

necessarily correspond with a real interatomic distance. 

Since the imaginary part consists of high frequency oscilla

tions, two different but nearby coordination distances may 

cause severe interference patterns which can result in the 

extinction of one coordination distance and/or amplification 

of a feature in the imaginary part which does not correspond 

with a real coordination distance. Therefore assignments of 

coordination distances based only upon the magnitude of the 

FT may result in a wrong interpretation of the spectrum. 

studying the shape of the imaginary part of several 

possible absorber-scatterer pairs under various transform 

corrections, it is possible to unravel complicated imaginary 

parts and to anticipate interference effects. 

c) The imaginary part can be used to easily distinguish between 

possible scatterers. For instance, in the catalysts presented 

in chapter 5, two low Z elements, 0 and Cl, can both be 

present in the EXAFS spectrum. The difference between these 

two scatterers consists of a constant difference in phase 

shift of approximately n radians. The shape of the magnitude 

of FT' will be the same for both elements. However, applying 

a Rh-O phase correction to the FT will result in an imagina

ry part which peaks positively for Rh-O and negatively for 

Rh-Cl. 

d) The symmetry of the imaginary part (after applying the 
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appropriate corrected transformation) can be used as a 

mathematical criterion in the derivation of the parameters 

for that coordination shell. For instance, when there is a 

strong overlap between two shells, the parameters derived 

for one shell can be checked by subtracting the contribution 

of that shell from the experimental data and applying a cor

rected Fourier transformation on the residual spectrum. Assuin

ing that the type of atom in the remaining shell is known, this 

second corrected Fourier transformation should result in a sing 

peak with a symmetric imaginary part of which the maximum coin

cides with the maximum of the magnitude. 

4.6 MODELLING 

In the process of data analysis, a lot of computational 

work has to be done such as forward and inverse Fourier trans

formation and fitting. In order to study the errors in the 

determination of the coordination parameters, some model cal

culations were carried out. The errors in these calculations 

are mainly caused by noise in the data and by the interval in 

R-space used for inverse transformation. The model calculations 

are divided in two parts. The first part deals with model 

calculations on an EXAFS signal which consists of only one 

coordination shell. The second part deals with calculations 

on an EXAFS signal which consists of a dominant coordination 

shell which is distorted by a small signal arising from a 

second coordination shell, which has a strong overlap with the 

first shell in R-space. This means that they cannot be separated 

into two isolated coordination shells. 

The model calculations and the data analysis of the single 

coordination shell EXAFS have been performed in the following 

way. The element rhodium is used for both the absorber and the 

scatterer. With the aid of the experimental phase shift function 

and a backscattering amplitude obtained from measurements on 

rhodium metal foil, an EXAFS signal was synthesized using the 
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following structural pa.cameters: N=S, R=2.66 ~' Lio 2=0.005 ~2 

and E
0

=0 eV. In a sub~~1uent step, a signal is constructed, 

consisting of the .;ynthes .. zed EXAFS data upon which a noise 

signal is superimposed with an amplitude, equal to 10% of the 

amplitude of the signal at k=4 ~- 1 . Five different noise spectra 

were analysed to study the influence of noise. These data sets 

were used as the input for the data analysis procedure. The 

analysis consisted of: 

a) forward Fourier transformation over a k-interval from 

k=3.3 ~- 1 to k=12.6 ~-1 , where the limits of integration 

were chosen in the nodes of the signal. During transforma

tion both a k 1-weight and a k 3-weight were used. 

b) Inverse Fourier transformation over a large interval (LiR1 ) 

and a short interval (LiR ) , respectively. The boundaries s 
for the inverse transformation were chosen in the nodes of 

the imaginary part. 

c) Determination of coordination distance R and inner potential 

E
0 

by means of phase fitting, as described in section 4.4.1. 

d) Determination of coordination number N and relative disorder 

term Lio 2 , as described in section 4.4.2. 

Since steps c) and d) are relative methods, they require com

parison with a reference signal. This reference signal was 

also synthesized from the experimental phase ~nd amplitude 

functions, using reference parameters N =6, R =2.687 ~' 
2 2 r r 

Lio =0.002 ~ and E = 0 eV. By using the same phase shift r o,r 
and backscattering amplitude for both the 'reference signal' 

and the 'unknown' calculated signal, an exact phase and amplitude 

transferability is assumed in this data analysis. To minimize 

truncation errors made in the Fourier transformation, the syn

thesized 'reference signal' was treated in exactly the same 

way (steps a) and b)) as the 'unknown signal'. 

The results of the single shell analysis are presented 

in Table I. All the Fourier transforms were corrected for the 

Rh-Rh phase shift and backscattering amplitude. For the 

k 1-weighed Fourier transform square windows were used during 

backtransformation with widths LiR1=1.8 ~and LiR =1.0 ~, while s ' 
in the case of the k 3 transform, widths of LiR1=2.0 ~and 
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amplitude, as a function of various ways of analysis: 

6a .005 ~ 2 , 6E
0

=0 eV. 
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6R =0.8 R were used. All determined parameter values agree with 
s 

the real values, except for the k 3-weighed Fourier transform 

with 6R =0.8 R. This transform results in values for N and 6o 2 
s 

which are systematically too low, caused by the small range of 

backtransformation leading to a loss of important information. 

The average of the other attempts resulted in: N=5.0+1.1, 

R=2.66+0.007 R, 6o 2=0.0030+0.0016 R2 and E =-0.1+0.9-eV. The 
- - 0 -

errors are rather large, mainly caused by the 10% noise signal, 

of which the influence is magnified by the weight factor and 

strongly disturbs the Fourier transform. Therefore, model 

calculations were performed in which the noisy spectra were 

smoothed by means of a Fast Fourier transform smoothing, 

(1024 points) before the spectra were analysed in the way 

described above. Again, the k 3 Fourier transform 6R gives 
2 s 

systematically too low values for N and 6o . The average of the 

other results is: R=2.658+0.004 R, N=5.0+0.3, 

6o
2
=0.0033+0.0004 R2 and E-=-0.2+0.5 eV. ;he effect of smoothing 

0 

is clear. The accuracy in N and 6o 2 has increased by a factor 

of 4, while the accuracy in Rand 6E
0 

increased by a factor of 

2. Although the average coordination number of the unsmoothed 

spectra is exactly equal to the real number, the analysis 

showed large deviations (N=2.9 and N=8.5). After the Fourier 

smoothing, only maximum deviations of N=4.5 and N=5.7 occurred. 

In all cases there was little difference between the fits done 

over 6k=4-10 ~- 1 and 6k=5-11 ~- 1 . Therefore, in order to obtain 

reliable results, a Fourier smoothing has to be performed on the 

raw EXAFS signal before the data analysis is started. 

In the following model calculations, a second shell 

consisting of a rhodium-oxygen contribution was added to the 

one-shell model. The parameters used for the Rh-O EXAFS were: 

N=1, R=2.7 R, 6o 2=0.001 R2 and E =0 eV. Due to the coordination 
0 

distance of 2.7 R, this second signal strongly interferes with 

the Rh-Rh signal, especially at low k-values, where oxygen has 

most of its scattering power. Again, 5 double shell spectra 

were synthesized and Fourier smoothed after a preceding addition 
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of 10% noise. Since oxygen changes the spectrum primarily at 

low k-values, the influence of weighing and fit-intervals on 

the Rh-Rh parameters were determined. Forward transformation 

was done from k=3.3 A- 1 to k=12.6 A- 1 • Three backtransforma

tion windows were used: ~R =2.40-2.96 A, ~R =2.16-3.16 A and s m 
~R1=1.78-3.56 A, all indicated by the arrows in Fig. 8, and 

two fit intervals: ~k 1=4-10 A- 1 , including oxygen information 

and ~k2=7-11 A- 1 , excluding almost all oxygen information. 

4 

r A 
6 8 

3 o-1 
Figure 8 k -weighed Fourier transform (~k=3.3-12.6 A ), per-

formed on a synthesized Rh-Rh + Rh-O EXAFS signal 

(Rh-Rh: N=5, R=2.66 ~. 6a
2
=0.005 ~ 2 , E =0 eV, 

o 2 o2 ° Rh-O : N=1, R=2.70 A, 6a =0.001 A , E =0 eV) which 
0 

was smoothed after preceding addition of 10% noise. 

The three backtransformation windows are indicated by 

the arrows: 

nR
8
=2.40-2.96 X. fiRm 2.16-3.16 ~. 6Rz=1.7B-3.56 ~-

The results are presented in Table II. The window fiR could 
s 

only be used in the k 3-transformation, since the imaginary part 

of the k 1- and k 2-transformation does not have nodes in this 

reqion. Although the Rh-Rh and the Rh-O have the same coordina

tion distance, the peaks in the radial structure function are 
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somewhat shifted, due to the phase difference ¢Rh-Rh{k) and 

¢Rh-O{k). However, a separation of both contributions cannot be 

done by choosing the small window fiRs, since this will lead to 

wrong Rh-Rh parameters, as described above. The weight factor 

kn showed little influence on the values of the Rh-Rh para

meters, although the Rh-Rh region is more emphasized in a 

k 3-transform than in a k 1-transform. A variation in tR also 

showed little influence, although the coordination numbers, 

determined with 6R are somewhat closer to the correct value 
m 

than those determined with tR1 , which include more oxygen 

contributions. The most important effect is caused by the fit

ting range tk. The averaged results of both tk ranges are: 

tk 1 :N=5.8~0.4, R=2.660~0.00l ~'to .0046~0.0007 ~ 2 , 
E

0
=0.8+0.2 ev and tk2:N=4.8~0.5, R=2.66 .008 ~~ 

to 2 =0.0033+0.0008 ~2, E =1.9+1.4 eV. Within the limits of 
- 0 

accuracy, the results obtained with tk1 do not agree with the 

correct values, except for the coordination distance which is 

y 

v/,_,/ 

O+---------r--------4--------~~ 
0 50 100 150 

k2 A-2 

Figure 9 Plot of Zn{A/Aref) as a function of k-square. 
A is the envelop& of the synthesized Rh-Rh + Rh-O 
EXAFS function, A ~ is the envelope of the 
reference Rh-Rh Eff~s function. The dashed line 
indicates a straight line t which s used to 
determine the Rh-Rh parameters N, . The e which 
the Rh-O signal may have on this determination can be 
clearly seen. 
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quite accurate. Because the added Rh-O contribution is in phase 

with the Rh-Rh contribution, the signal is enlarged at low 

k-values, while remaining approximately the same at high 

k-values. Using the total k-range will therefore lead to an 

increased coordination number and an increased damping (larger 

~o 2 ). The effect of Rh-O on Nand ~o 2 can be seen in the 

log-ratio plot (see section 4.4.2) (Fig. 9). The results ob

tained with ~k2 nicely agree with the actual parameters, due to 

the negligible contribution of oxygen in this range. Comparing 

the results from the single shell simulation with those of the 

double shell simulation, the accuracy of all parameter values 

has been decreased by a factor of 2. This is quite acceptable 

considering that N and ~o 2 in the latter case are obtained from 

a much shorter fitting range. 
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chapter 5 

THE DETECTION OF RHODIUM SUPPORT OXYGEN BONDS 

IN RHODIUM SUPPORTED ON ALUMINA CATALYSTS 

5.1 ABSTRACT 

Four highly dispersed and fully reduced rhodium on 

alumina catalysts with different particle sizes in the range 

from 6-12 X were with the EXAFS in order 

to derive information about the structure of the metal-support 

interface. This information can only be obtained when the 

signal-to-noise ratio of the experimental EXAFS data is high 

enough and an improved way of data analysis is used. With the 

aid of phase and amplitude corrected Fourier transforms it 

was possible to detect a small additional which could 

be ascribed to a Rh-O bond. Since the catalysts were fully 

reduced, and since the intensity of the small signal increased 

size, the oxygen neighbour was 

assigned to metal-support interface. From 

the intensity of the Rh-O bond it was estimated that, on the 

average, each interfacial rhodium atom is surrounded by 2-3 

oxygen ions of the support. The detected Rh-O bond has a 

coordination distance of 2.7 X which is about 0.6 X larger 

than the first coordination distance in Rh2o3 (2.05 A). The 

coordination distance of 2.7 X can be explained by assuming 

an interaction between metallic rhodium (atomic radius 1.34 A) 
and ionic oxygen belonging to the support (ionic radius 1.4 A). 
This would possibly imply an ion-induced dipole bonding between 

the metal particle and the support. 
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5.2 INTRODUCTION 

Supported metal catalysts are widely used in the chemical 

and petroleum industry. Such catalysts consist of small metal 

particles which are onto an oxidic support, such as 

Al 2o 3 , Si02 , Tio2 or MgO. The shape (two- .or three-dimensional), 

the size and the composition of the supported metal particles 

and their interaction with the support surface layer are im

portant subjects with respect to catalytic properties as 

selectivity, activity and stability. Particle sizes are normal

ly smaller than 20 R and therefore difficult to study. One 

suitable technique to study these small particles is the EXAFS 

(Extended X-ray Absorption Fine Structure) technique (1-4) 

since it can be applied to systems long range order. 

Because EXAFS can determine the local structure around a 

specific type of atom, it is not only possible to gain informa

tion about the metal atoms surrounding a metal atom but also 

about the oxygen ions surrounding this metal atom. Thus it 

should be possible to gain information about the interface 

between the small metal crystallite and the oxidic support. The 

detectability of the coordination of interfacial metal atoms 

by oxygen ions in the surface of the support has been dis

cussed in the recent literature (4-9). Since all metal atoms 

in the catalyst contribute to the EXAFS s , the ratio 

between the amplitude of the EXAFS signal aris from the 

metal-support interface and the amplitude of the EXAFS signal, 

originating from the metal-metal bonds in the , will 

be low. Therefore, the coordination of interfacial metal atoms 

with support oxygen ions can only be detected reasonably in 

highly dispersed catalysts, containing very small metal 

particles with a relatively large metal-support interface. 

In this chapter we present an EXAFS study on highly dis

persed rhodium catalysts which are supported on alumina. 

Measurements were carried out on four catalysts with different 
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particle sizes in the range from 6-12 R diameter. After reduc

tion, thebonding between the metal crystallite and the support 

was studied as a funr-tion of particle size. In addition the 

catalyst with the highest dispersion was also measured after 

impregnation and drying, to study the bonding between the 

precursor (RhC1 3 ) and the support. 

Since the amplitude of the EXAPS signal arising from the 

metal-support interface is very small, accurate data for EXAFS 

phase and amplitude functions are required both for the 

catalyst samples and the three reference compounds (rhodium 

metal foil, rhodium(III)oxide and rhodium(III)chloride). Due 

to the interference between the signal arising from the metal

support interface with the signal arising from the metal-metal 

bonds in the crystallite, a modification of the usual data 

analysis involving phase and amplitude corrected Fourier trans

forms has been developed. The imaginary part of the Fourier 

transform has been used to identify the different types of 

scattering atoms which contribute to the EXAFS spectrum. 

5.3 EXPERIMENTAL SECTION 

For this study different Rh/y-Al 2o3 catalysts were 

prepared by changing the metal loading and the reduction 

temperature. This resulted in four catalysts with different 

average particle sizes in the range6-12 R. The weight per

centages were: 0.57 wt% (A), 0.47 wt% (B), 1.04 wt% (C) and 

2.00 wt% (D). The rhodium contents of the catalysts were 

determined colourimetrically. All catalysts were prepared by 

incipient wetting of y-Al 2o
3 

with an aqueous solution of 

RhC1
3

.3H2o (39 wt%, Drijfhout). The support y-Al 2o3 which was 
2 -1 used for catalyst A and D (BET area of 150 m g , pore volume 

of 0.65 cm3g- 1 ) was obtained by heating boehmite (supplied by 

Martinswerk 

catalysts B 

area of 290 

GmbH) at 873 K. The support, which was used for 

and C, was a y-Al 2o3 of Ketjen (000-1.5E, BET 
2 -1 3 -1 m g , pore volume of 0.65 em g ). After im-

pregnation, catalyst A was dried in air at 393 K for 20 hours 
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to remove the adsorbed water, catalysts Band C were dried 

overnight at room temperature and subsequently for 16 hours 

at 393 K, while catalyst D was dried at 373 K for 3 hours. 

After drying, catalyst A was stored for further use. Catalysts 

B and C were directly reduced at 773 K (heating rate 5 Kmin-1 ) 

for 1 hour in flowing hydrogen (researchgrade, Hoekloos), 

cooled down to 300 K and passivated (controlled oxidation at 

room temperature). Catalyst D was directly reduc.ed at 573 K 

for 6.5 hours, again followed by a passivation. Details of the 

preparation procedure are compiled in Table I. 

Catalyst Weight Drying Pre reduction Reduction H/Rh 

% T(K)/t(hr) T(K)/t(hr) T(K)/t(hr) 

A 0.57 393/20 - 573/1 1.7 

B 0.47 300/14 773/1 773/1 1.7 

+ 

393/16 

c 1.04 300/14 773/1 773/1 1.65 

+ 

393/16 

D 2.00 363/3 573/6.5 573/1 1.2 

Table I Details of aatalysts preparation and treatment. 

Results of hydrogen ahemisorption measurements. 

After reduction at 573 K hydrogen chemisorption measure

ments were performed in a conventional glass system at 298 K. 

They resulted in H/Rh values (the total amount of chemisorbed 

H atoms per total amount of rhodium) which are presented in 

Table I. Temperature Programmed Reduction (TPR) studies con-
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firmed that the reduction of the catalysts was complete. Further 

detailed information about chemisorption and TPR is extensively 

reported (3,10). The H/Rh values and also the TPR results in

dicate that the systems contain small crystallites and indeed 

are highly dispersed. 

The X-ray absorption spectra of the catalysts performed 

on the K-edge of rhodium (23219.8 eV) were measured on beam 

line I-5 at the Stanford Synchrotron Radiation Laboratory 

(SSRL), operating at 3 GeV beam energy and 40-80 mA beam 

current. The catalysts were made as thin pressed self support

ing wafers (thickness in accordance with an optimal signal

to-noise ratio) and were mounted in an EXAFS cell, designed for 

in-situ treatments and measurements (11). Catalyst A was redu

ced in-situ at 573 K, the passivated catalysts B and C were re

reduced at 773 K and catalyst D was rereduced at 573 K, all 

for one hour under 100 kPa of flowing hydrogen. The EXAFS 

spectra were recorded in a hydrogen atmosphere both at liquid 

nitrogen and room temperature. 

The data analysis was carried out with experimentally 

determined phase shift functions and backscattering amplitudes 

instead of the theoretical values of Teo and Lee. To extract 

the necessary functions, three reference compounds with known 

crystal structures were measured: (i) rhodium metal foil with 

a thickness of 2 vm, (ii) powdered RhC13 , mixed with alumina, 

(iii) powdered Rh 2o3 , made by oxidizing rhodium metal for 3 

days at 1073 K, mixed with alumina. The rhodium(III)oxide 

structure has been checked with X-ray diffraction. 

5.4 RESULTS 

5.4.1 REFERENCE COMPOUNDS 

Fig. 1a, 1d and 1g present the EXAFS functions of the 

three reference compounds rhodium foil, Rh 2o3 and RhC1 3 , 

measured at liquid nitrogen temperatures, while Fig. lb, 1e 

and 1h show the corresponding radial structure functions. All 

the data have a very good signal-to-noise ratio, allowing a 
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large transformation range. In the magnitude of the FT of 

rhodium foil even up to 6 coordination shells can be seen. This 

also indicates the high quality of the data. In all cases the 

first coordination shell is well separated from the other 

coordination shells, so reliable phase and amplitude functions 

can be obtained from the inverse transformation. The isolated 

single shell functions with their envelopes are plotted in 

Fig. 1c, 1f and 1i. The parameters used for the Fourier trans

formation are given in Table II. 

Reference kn ~k (~-1) ~R (~) R f(~) N ref re 
compound 

Rh foil k3 2.68-24.4 1.5-3.05 2.687 12 

Rh 2o3 
k1 2.7 -18 0 -2.05 2.05 6 

RhC1 3 
k1 2.7 -18 0 -2.5 2.31 6 

Table II Crystallographic data and Fourier transformation 

ranges of reference compounds. 

Care must be taken in using these functions since, due to the 

finite transformation range, distortions are present at the 

start and the end of the range. The crystallographic data 

N t' R t) which were used in the extraction of the crys crys 
experimental phase and amplitude functions, are given in 

Table II. Since the determined backscattering amplitudes still 

contain an unknown static and thermal disorder and a damping 

due to photoelectron losses in the first shell, the values of 

the disorder parameter reported for the catalysts will be 

given relative to the reference compound. 
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5.4.2 RH(0.57 WT%)/AL203 CATALYST) AFTER IMPREGNATION AND DRYING 

Before the rhodium of the was reduced to the 

metallic state, an EXAFS measurement was carried out on an 

impregnated and dried in order to gain information 

about the state of the RhCl
3 

on the support. Fig. 2a presents 
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Figure 2 Impregnated and dried 0.5? wt% Rh/AZ 2o
3 

catalyst: 

a) EXAFS 

b) normal Fourier transform (k
1
-weighed, 

~k 2.58-10 ~-l) of experimentaL data (solid 

Zine), calculated EXAFS: (----) 

(NRh-0 3 • NRh-Cl = 3 ), (-.-.-) (NRh-0 =3 · 8• 

NRh-Cl 3 ) 

the raw EXAFS data of the impregnated catalyst. The FT of the 

untreated 

forms of Rhcl 3 

has been compared with the Fourier trans

. lh) and Rh2o3 (Fig. le) to obtain a first 

impression of the interpretation of the EXAFS spectrum. There 

is a large similarity with the spectrum of RhCl 3 , with the 

exception that the coordination distance does not coincide. On 

the other hand the first shell coordination distance in the 

radial structure function of the catalyst is about equal to the 
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first shell distance in the FT of the Rh
2
o

3 
reference com

pound, but the magnitude of the Fourier transform of the 

catalyst differs largely from that of Rh
2
o

3
• Thus, regarding 

the amplitude of the transform of the impregnated catalyst, 

the EXAFS function cannot be explained by only oxygen ions 

as scatterers. Most likely there are contributions from 

oxygen as well as from chlorine neighbours. To analyse the 

contributions of each ion, the following method was used. An 

EXAFS function containing both ions as neighbours was calculated 

as a function of N0 (number of oxygen scatterers), while keeping 

NCl (number of chlorine scatterers) equal to 6-N0 • This was done 

because the rhodium ions in the catalyst have a valence state 

of 3+ (proven by TPR experiments (10)) and the most likely 

coordination number of Rh 3+ ions is six. The mean square 

deviation between this calculated EXAFS function and the EXAFS 

function obtained by backtransformation of the main peak in 

the Fourier transform of the impregnated catalyst can be 

calculated as a function of N
0

. Equal contributions of chlorine 

and oxygen give the best fit to the experimental results. The 

Fourier transform of the optimal calculated EXAFS is shown in 

. 2b (dashed line). Some deviations still exist between 

R 0.5 R and R = 2 R. Although chemically the sum of the 

coordination numbers N0 and NCl cannot exceed 6, the fit can 

be improved by increasing the oxygen coordination number to 

about 3.5-4. This fit is also presented in Fig. 2b {dash-dot). 

In the next section the results of the reduced catalysts 

will be presented. The full data analysis will be presented for 

catalyst B. The other catalysts have been analysed using the 

same procedure. 

5.4.3 CATALYST B~ RH(0,47 WT%)/AL203~ REDUCED AT 773 K 

Fig. 3b shows the EXAFS function of catalyst B, measured 

at room temperature. The spectrum was Fourier filtered to 

remove most of the high frequency noise components. Fig. 4a and 

4b show the magnitude and the imaginary part of the k
1

-weighed 
o-1 

Fourier transform from kmin = 3.3 A to kmax =12.7 . The 
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integration limits are chosen in nodes of the EXAFS function 

such that the integration is performed over an integral number 

of oscillations. The FT shows the following features: 

a) a main peak at approximately 2.4 R which must unquestionably 

be assigned to the first shell rhodium-rhodium distance in 

the metal crystallite 

Figure 
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b) the clear absence of significant contributions of higher 

shells, indicating that the catalyst consists primarily of 

very small crystallites, as also shown by the hydrogen 

chemisorption experiments 

c) a broad feature at low R-values which will be examined in 

detail. 
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Figure 4 Fourier transforms of the 0.47 wt% Rh/Al 20 3 catalyst 

(B) (k 1-weighed, l':.k = 3.3-12.7 }1- 1
;. 

Normal: a) Magnitude, b) Imaginary part 

Rh-Rh phase and amplitude aorr.: a) Magnitude 

d) Imaginary 

Solid line: experimental data 

Dotted line: calculated single Rh-Rh shell (see 

Table III). 
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As pointed out in the data analysis section, a normal 

k 1-weighed Fourier transform of a Rh-Rh EXAFS function 

has a strong sidelobe on the left side of the main • In 

the present case this sidelobe may drastically interfere with 

other possible contrib~tions in that region. To reduce or 

eliminate these sidelobe effects, a phase and amplitude 

corrected Fourier transform is used. Fig. 4c and 4d show the 

magnitude and the imaginary part of a k 1-weighed transform 

which is corrected for the rhodium-rhodium phase shift and 

backscattering amplitude {k . = 3.3 A- 1 , k 12.7 A- 1 ). m1n max 
The lower limit of the ~ransformatlon was chosen to be k . m1n o-1 3.3 A to avoid truncation errors caused by the forward and 

inverse transforms of the reference data which are known to 

primarily distort both ends of the data set. The effect of the 

transformation for this system can be seen frcm a comparison 

of Fig. 4a and 4c. Due to the removal of the shift 

function, the position of the main peak is shifted towards the 

real rhodium-rhodium coordination distance, while due to the 

removal of the backscattering amplitude the peak on the low 

r side of the main peak has decreased in intensity. However; 

if this peak was only due to a single rhodium-rhodium shell, 

one would expect just a single symmetrical peak. Thus, the 

extra contributions which are still visible between R = 1.2 A 
and R = 2.4 A must be ascribed to the presence of other types 

of neighbour atoms. 

A first estimate for the parameters of the main peak at 

2.7 A was obtained by inverse transformation. Since it was 

presumed that the second, smaller peak was caused by a low Z 

scatterer, containing only information at low k-values, the 

inverse transformation was carried out after a k 3-weighed 

corrected Fourier transformation which emphasizes the Rh-Rh 

information. To extract the Rh-Rh information an inverse 

transformation was performed over the R-interval ~R = 1.78-

3.06 A. Since the parameters of the catalyst are unknown, 

first rough parameter values were obtained by phase fitting 

and the application of the log-ratio method using the first 
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Rh-Rh shell of Rh metal foil as the phase and amplitude 

reference. An EXAFS function was now calculated using these 

rough parameter values and the experimental phase and amplitude 

functions of rhodium so that this calculated function 

approximates the EXAFS function of the catalyst. Subsequently, 

this calculated function was Fourier transformed and inverse 

transformed in exactly the same way as was done for the catalyst. 

This inverse transformed signal was then used as the new 

reference signal in the phase fit and the log-ratio technique. 

Since the calculated EXAFS signal before transformation already 

approaches the unknown measured signal, the new reference 

signal contains almost the same transformation artefacts as the 

backtransformed unknown signal and thus may be considered as a 

better reference signal. Because phase fitting and the log-ratio 

technique are relative methods, the transformation artefacts are 

almost eliminated. Fig. Sa and 5b show the results of the phase 

fit and the log-ratio plot, respectively. An optimal phase fit 

was obtained with R = 2.664 ~. The log ratio plot which showed 

some oscillations due to the contribution of oxygen and some 

oscillations due the Fourier transform, resulted in a coordina

tion number of N 4.9 and a squared disorder parameter of 

6a
2 

= 0.0064 ~2 . An EXAFS function has been calculated, using 

the obtained values and transformed in the same way as was done 

for the catalyst. Fig. 4c and 4d compare the magnitude and the 

imaginary part of the corrected Fourier transforms performed on 

the catalyst data (solid line) and the calculated Rh-Rh data 

using the refined values from above (dashed line). Differences 

between the two curves between R 1.2 ~and R = 2.4 ~ are 

clearly visible. In order to analyse these differences and 

determine their origin, the calculated EXAFS function was sub

tracted from the measured signal of the catalyst, yielding the 

difference spectrum shown in Fig. 6a. As a check on the chosen 

Rh-Rh parameters, the obtained residual spectrum has been 

Fourier transformed, corrected for the Rh-Rh phase shift. The 

absence of typical Rh-Rh beats around R = 2.7 A in the imaginary 

part of the Fourier transform is an indication for the correct

ness of the Rh-Rh parameter values. Normally we find that these 
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parameter values are already quite accurate. However, if no 

satisfactory difference spectrum is obtained, the parameter 

values can be optimized manually. 

From the shape of the envelope in the difference spectrum, 

which is a monotonically decreasing function, it is concluded 

that the second scatterer must be a low-Z element. In this 

the most likely elements 0 and Cl have to be con

sidered. A Fourier transformation, corrected for the Rh-O 

phase shift was performed on the residual spectrum. Fig. 6b 

and 6d (solid line) present the magnitude and the imaginary 

part of the k
1
-weighed corrected Fourier transform, performed 

over an interval from k 3.4 R- 1 to k = 10 R- 1 • Since 

Im FT' peaks positively, the scatterer is identified as oxygen 

at a coordination distance of approximately 2.7 R. Applying a 

Fourier transformation, corrected for Rh-Cl phase shift, did 

not result in a positively peaking imaginary part. A mixture 

of both 0 and Cl must also be excluded since the symmetry of 

the imaginary part strongly points to the presence of only 

one type of scatterer. The FT' of the difference spectrum was 

inversely transformed over a range R . 1.3 R toR 3.1 R. 
m~n max 

From the EXAFS oscillations which show the characteristics of 

an oxygen scatterer, parameter values for this Rh-O con

tribution were obtained by a fit in k-space from k ; 4 R- 1 to 

k = 9 R-1
. From the comparison between measured and calculated 

signal it is seen that a good fit was obtained (Fig. 7c). An 

Rh-O EXAFS function was calculated from k = 3.4 R- 1 to 

k = 10 R- 1 and Fourier transformed (Rh-O phase corrected) 

(Fig. 6b and 6d, dotted line). Most of the features in the Im 

FT' between R 0 R and R = 3.2 R of the residual spectrum can 

be reproduced by the calculation. 

At this point a further check and if necessary a refine

ment of the Rh-Rh parameters can be obtained by subtracting the 

calculated Rh-O EXAFS signal from the measured EXAFS signal, 

resulting in a spectrum containing mainly a Rh-Rh signal. If 

the imaginary part of the Fourier transformation (k 3-weighed, 

Rh-Rh phase and amplitude corrected) of this difference 

spectrumissymmetric, then the Rh-Rh parameters which were 



ba Rh0 - Rh0 Rh0 - "s 

T N R 
2 3 

l.lo x10 N R t.1o 2x10 3 

(K) (]~) <~h dl> (1\.2) 

140 3.7 2.680 5.0 1.9 2.74 0 
A 300 3.8 2.667 6.6 - - -

95 5.3 2.680 5.1 1.3 2.73 0 
B 

• 300 4.9 2.664 6.4 1. 35 2. 71 1 

77 5.8 2.680 5.0 1.2 2.73 0 
c 300 5.7 2.670 6.8 1.2 2.68 l 

90 6.5 2.687 3.2 1.0 2.73 0 
D 300 6.7 2.680 4.9 1.0 2.68 1 

Table III Structural parameters for Rh 0 
- Rh0 

and 

Rho - o 2-coordination. 
s 

used, are satisfactory. If it is not then an inverse trans

form of this spectrum can be reanalysed for improved Rh-Rh 

parameter values. In this recursive way accurate parameter 

values can be obtained for both Rh-Rh and Rh-O. But in all 

cases, residual Fourier transforms containing only one type 

of scatterer, must show a symmetric imaginary part when the 

appropriate correction has been applied to the FT . 

Finally, • 7a, 7b and 7c show, both in k-space and 
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R-space, the experimental results of the catalyst (solid line) 

in comparison with the calculated EXAFS (dotted line), con

taining both Rh-Rh and Rh-o coordinations with optimized 

parameter values: NRh-O = 1.3, RRh-O 2. 71 R, llcr
2 

= 0.001 1\.
2 

(See Table III). The magnitude and the imaginary· part of the 
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Fourier transform are almost identical, giving confidence in 

the obtained results. 
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7 Data of the 0.47 wt% Rh/Al
2
o

3 catalyst (B). 

a) Magnitude 

a) Imaginary part of Fourier transform (Rh-Rh 

and amplitude cor~r._, 6k = 3.3-12.7 _:rl) of 

experimental data (so lid line) and calculated 

Rh-Rh + Rh-O EXAFS (dotted line). 

b) Experimental data (so lid line) and calculated 

Rh-Rh + Rh-O EXAFS. 

d) Magnitude of the Fourier transform (k 1-weighed, 

6k - 3. 3-12.7 1) of experimental data (solid line) 

and of calculate EXAFS: Rh-Rh (dotte line) and 

Rh-O (-.-). 
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Fig. 7d shows separately the contributions of the Rh-Rh and 

the Rh-O distance in a normal Fourier transform. The Rh-O 

distance overlaps with the Rh-Rh distance, causing severe 

interference in the imaginary part. This clearly shows that 

one ought to be careful with a simple assignment of distances 

based on peak locations in the magnitude of the Fourier trans

form. 

5,4,4 CATALYST A~ RH(0,57 WT%)/AL203 ~ REDUCED AT 573 K 

Fig. 3a shows the EXAFS of this catalyst. The signal 

looks very similar to that of catalyst B, except for some 

differences around k 10 R- 1 . We believe that the sudden 

decrease at k = 9 R- 1 and the increase at k = 9.5 R- 1 is due 

to an artefact in the measurement and cannot be explained by 

any EXAFS simulation. Therefore, in this catalyst a maximum 

k-value of S.s'R- 1 was used to avoid the influence of the 

artefact. Using the same data analysis technique as applied to 

the 0.47 wt% Rh/Al 2o
3 

catalyst resulted in a Rh-Rh coordination 

number N = 3.7. This coordination number points to even smaller 

rhodium particles than present in catalyst B. The relatively 

larger contribution of the metal-support interface is con

firmed by an increase in the measured Rh-O coordination number 

(NRh-O = 1.9). Fig. 8a presents the Fourier transform of the 

residual spectrum, obtained after subtraction of the optimized 

Rh-Rh EXAFS function. The FT was corrected for Rh-O phase and 

again points to the presence of oxygen. Fig. 9a shows the 

IFT'I of the catalyst and the calculation, containing Rh-Rh and 

Rh-O coordination. Although the Rh-O distance is again 2.7 R, 
a strong peak appears at a distance of 1.8 R, due to inter

ference of the imaginary (and real) part of the Rh-Rh and the 

Rh-O transform. 
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Figure 8 Magnitude of the Fourier transform (k
1
-weighed, Rh-O 

phase corrected) of the difference spectra, obtained 

after subtraction of the Rh-Rh contribution from the 

experimental data (solid line). The dotted line 

represents the transform of the calculated Rh-O signal 

a) 0.57 wt% Rh/AZ 2o
3

, l!.k = 3.3-8.5 51- 1 

b) 0.47 wt% Rh/Al
2

0
3
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c) 1. 04 wt% Rh/Al 2o3 , M 3.3-10 51-1 

d) 2.00 wt% Rh/Al 20 3 , l!.k = 3.3-10 51-1 
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5,4,5 CATALYST CJ RH(l,04 WT%)/AL203, REDUCED AT 773 K 

The EXAFS function is shown in Fig. 3c. Due to the larger 

rhodium loading as compared with catalyst B, the size of the 

metal particles is larger. However, due to the increased signal

to-noise ratio of the Rh-Rh EXAFS, the Rh-O contribution can 

still reasonably be detected. The corrected Fourier transform 

of the residual Rh-O signal is given in Fig. 8c. The amplitude 

has decreased in comparison with the increase in particle size. 

Fig. 9c shows the agreement between the FT' of the measured 

signal and the calculated Rh-Rh + Rh-O EXAFS. 

~.4.6 CATALYST DJ RH(2.00 WT%)/AL203J REDUCED AT 573 K 

The EXAFS function of the catalyst is given in Fig. 3d. 

Again, the intensity of the signal has increased with respect 

to the previous catalysts. The particle size is further in

creased which is confirmed by the significant presence of 

higher coordination shells. Still, the main peak in the Fourier 

transform cannot be fully explained by a single rhodium

rhodium distance and a small amount of oxygen neighbours has 

to be included. Fig. 8d and 9d give the FT' of the calculated 

Rh-O and Rh-Rh + Rh-O EXAFS which closely correspond with the 

FT' of the residual and the experimental spectrum, respective

ly. Despite the fact that the data extend to a maximum k-value 

of 15 R- 1 , theFT was taken over the same interval as catalysts 

B and C to allow an easy comparison of the Fourier transform. 

The parameters of the Rh-Rh and Rh-O coordinations of 

catalysts A,B,C and D are given in Table III. The relative 

accuracy of the Rh-Rh coordination number is estimated to be 

10%, the coordination distance better than 1%. The value of the 

the Rh-O distance is dependent on the value of the subtracted 

Rh-Rh distance, so the accuracy is estimated to be 2-3%. The 

accuracy of NRh-O is dependent on the noise of the spectrum 

and the accuracy of the Rh-Rh coordination number. The 
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accuracy is estimated to be 20%. 

5.5 DISCUSSION 

About equal contributions of oxygen and chlorine neigh

bours are present in the EXAFS of the impregnated and dried 

catalyst. Yet, the Fourier transform of the impregnated 

catalyst is larger in the region 1 R < R < 3 R than theFT of the 

calculation assuming a total coordination of six. At the same 

time the FT of the impregnated catalyst shows significant higher 

shell contributions between R = 3 R and R = 4 R. From these 

results, two models can be proposed for the initial state of 

the catalyst: 

a) Assuming that the rhodium is distributed homogeneously over 

the surface of the Al 2o3 support, the equal coordination of 

chlorine and oxygen can be explained by an ~~c1 3 molecule, 

which in water coordinates three water molecules to form 

a Rh(H2oJ 3cl3 complex and during the proces of drying does 

or does not exchange these three coordinating water molecules 

for three hydroxyl groups of the Al 2o
3 

support. Since the 

surface density of the rhodium ions is very low (~0.2 Rh/nm2 ) 

the higher shell contributions, present between R 3 R and 

R 4 R, cannot be explained by interactions between 

different rhodium sites, if a homogeneous surface dis

tribution is assumed. In this case the presence of higher 

shells must be ascribed to contributions of oxygen and/or 

aluminium ions from a second layer of the support. 

b) It is also possible that, despite the low rhodium concentra

tion, a mixture of isolated Rh(H2o) 3cl 3 surface complexes 

and small RhCl
3 

agglomerates is formed. The higher shells 

can then be assigned to Rh-Rh distances and higher Rh-Cl 

distances in the agglomerates. Since such chloridic agglom

erates will never contain more rhodium atoms than the metal 

particles which are generated from them, it follows from the 

analysis of the reduced catalyst that the agglomerates do not 

contain more than 10 rhodium ions. 
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The rhodium ions present on the surface of the y-Al 2o
3 

support as described above are converted into very small rhodium 

metal crystallites by reduction with H2 at elevated tempera

tures. The measured average coordination numbers (3.7, 4.9, 

5.7 and 6.7) of the four different catalysts are lower than 

coordination numbers reported in earlier papers for different 

metal supported catalysts (1). Only Via et al. claim a coordina

tion number of 1.5 for a 0.5 wt% Rh/Al 2o3 catalyst (4). However, 

the amplitude of their EXAFS signal is equal to the amplitude 

of our catalyst A (N = 3.7), which has a two times better 

signal-to-noise ratio. Therefore, it seems reasonable to believe 

that the coordination numbers of both catalysts are not too 

much different. The relative accuracy of the coordination num

bers, determined with the data analysis described in this 

work, is estimated to be better than 10%. Therefore the in

crease in coordination number implies a significant increase 

in particle size. The same trend is noticeable in the hydrogen 

chemisorption experiments (See Table I). 

The Debye-Waller Factor (DWF) of the catalyst shows a 

significant deviation relative to the DWF of rhodium metal foil 

(measured at 77 K). A slightly decreasing DWF as a function of 

increasing size can be noticed. As expected, the DWF 

measured at liquid nitrogen temperature is smaller than those 

measured at room temperature. 

All highly dispersed rhodium catalysts show first shell 

coordination distances which are approximately equal to the 

first shell coordination distance in bulk rhodium (2.687 X). 
This is in agreement with other results obtained on supported 

metal under the same experimental conditions. However, 

according to measurements of Apai et al. (15) on Ni and Cu sup

ported on amorphous carbon, a contraction in the metal-metal 

bond length is expected to occur with decreasing particle size. 

Moraweck et al. (16) observed a contraction of 0.12 X in the 

Pt-Pt coordination distance of platinum metal crystallites in 

a Y-zeolite catalyst when the catalyst was measured in vacuum 

but they showed that the bond length relaxed to the bulk plati-
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num distance (2.77 R) after adsorption of hydrogen gas. In the 

latter case the platinum atoms at the surface of the particle 

are completely coordinatively saturated by the hydrogen, through 

which the bond relaxes to the value in bulk platinum. 

A similar contraction was recently shown by van 't Blik et al. 

(17) for a Rh/Al 2o
3 

catalyst after evacuation. Since all our 

catalysts were measured under hydrogen, we expect to see no 

significant contraction in the bond length. The coordination 

distances which were measured at room temperature tend to be 

smaller than those measured for the liquid spectra. 

This could be caused by the effect of an asymmetric distribution 

function (12-14). Marques et al. (2) performed temperature 

dependent experiments on a 1 wt% Pt/Sio2 catalyst and deter

mined the apparent contraction due to asymmetry at high 

temperatures. In the temperature region between 100 K and 300 K 

they did not detect a contraction. However, this need not to be 

in contradiction with our measurements since their catalyst was 

less dispersed (N 7.5) than ours. 

As indicated by the hydrogen chemisorption measurements 

(Table I) and by the average coordination numbers (Table III), 

the size of the metal crystallites is very small. Therefore it 

is not surprising to see an interaction between the rhodium in 

the crystallites and the oxygen of the support, considering 

that for a very small crystallite a relatively large fraction 

of the rhodium atonts will be present in the interface layer 

between the particle and the support. Due to the good signal

to-noise ratio of the spectra and the data analysis procedure 

based upon the application of phase and amplitude corrected 

Fourier transforms, the detection of interfacial coordinations 

was possible. 

In all the measured rhodium , the area in the 

Fourier transform between R = 0.5 Rand R = 3 a could not be 

explained by a single rhodium distance. From the envelope of 

the filtered residual spectrum, obtained by subtracting the 

calculated rhodium-rhodium EXAFS from the original spectrum, 

it was obvious that the unknown scatterer had to be a low 

Z element. Since all catalysts were prepared by impregnating 
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N(Rh-Rh) d Number of Number of N (Rh 0-o2-) 

(i) 
m s 

atoms interfacial 

atoms 

3.7 6.7 7 5 1.9 

4.9 8.4 12 7 - 8 1.35 

5.7 10 20 11 1.2 

6.7 12 35 15 - 16 1.0 
I 

Table IV Relation between particle size, number of atoms and 

measured coordination numbers. 

I 

. 

the oxidic y-Al 2o3 support with the precursor RhC1
3

.3H2o, both 

the low Z elements Cl and 0 had to be considered. The k-depen

dence of the backscattering amplitude and the phase shift 

function of chlorine and oxygen are almost equal and can hard

ly be used to distinguish between the two scatterers. However, 

the phase function of oxygen shows a constant difference of 

approximately TI radians with respect to the phase function of 

chlorine. The fact that yet the EXAFS data of RhC13 (Fig. 2g) 

and Rh2o3 (Fig. 2d) are nearly in phase, is due to the 

difference in coordination distances. Therefore, only the phase 

of the imaginary , obtained by a Rh-O phase shift corrected 

Fourier transform on the residual EXAFS spectrum, can be used 

to distinguish between the two possible scatterers. The results 

showed that the low z element for all of the reduced catalysts 

was oxygen. There are three possible origins for this oxygen: 

a) the catalyst was not completely reduced. However, TPR measure

ments showed that more than 95% of the catalyst was reduced 

(10). Besides, an incompletely reduced catalyst would show 

oxidic distances (2.05 il for the rhodium-oxygen bond (18) 

instead of the measured Rh-O coordination distance of 2.7 A, 
b) the oxygen could be caused by contamination with air during 
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the treatment. This would have led to a complete oxidation 

of the very small metallic particles {10), which again 

would have been detected as an oxidic distance of 2.05 R, 
c) oxygen which is part of the support could be possible so 

that the observed Rh-O bond represents the interaction of 

the metal crystallite with the surface layer of the support. 

The measured Rh-O coordination distance of 2.7 R is al

most 0.7 R larger than the oxidic Rh-O distance such as in 

Rh 2o3 {2.05 R). Considering that the radius of an Rh3+ ion, 

such as present in Rh 2o3 , is about 0.7 R smaller than the 

radius of the Rh atoms in the metal crystallites, a bond length 

of 2.7 R can be explained by an interaction between zerovalent 

Rh atoms and oxygen ions of the support. For catalytic systems 

such as Ni/Si02 , Ni/Al 2o3 and Co/Al2o3 {19-20) it is well 

known that the metal particle is bound to the support via an 

interdiffusion of the metal oxide and the oxidic support. 

However, for Rh and Pt supported catalysts, the mechanism of 

the metal-support interaction is still unknown. Koningsberger 

et al. {18) have recently shown that for Rh/Al 2o3 catalysts the 

binding of the metallic rhodium particle with the oxidic sup

port is not caused by an oxidic layer with normal cation 

{Rh 3+)-anion {0 2-) distances. The measured long Rh-O coordina

tion distance of 2.7 R is a strong indication that the binding 

of the metallic rhodium particle with the oxidic support takes 

place by an ion-induced dipole interaction between the sup

port oxygen ions and the metal atoms present in the interface 

between metal particle and support. This kind of binding mecha

nism was proposed earlier by our group for the same type of 

Rh/Al 2o3 catalyst {5). The results presented in this work are 

a further confirmation of this kind of interaction. 
3+ 2-

Questions may arise about the use of the Rh -0 ab-

sorber scatterer pair as a reference compound for the deter

mination of the Rh0-o2- parameters. Besides the backscattering 

amplitude and Debye-Waller factor, the amplitude is also deter

mined by s0
2 , the atomic overlap factor, and A, the mean free 

path concept {25). A non-transferability of one of these 

parameters causes a wrong determination of the Rh0-o2- coordina-
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tion number. According to Stern, the EXAFS is only affected by 

the atomic values of s0
2 and not by chemical variations. There

fore, a change in the valence state of the central atom 
3+ 0 (Rh -Rh ) will hardly have any influence on the amplitude. His 

results also show that, despite the dependence of A and ~ on 

the ionicity of the bond, for the first coordination shell the 

exponential term is equal to 1 within the limits of accuracy. So; 

in the ideal case no correction has to be made to the determined 

Rh
0-o2- coordination number. The fact that both systems are not 

much different is supported by the small differences in the 

measured phase shift functions. On the other hand, the central 

rhodium atom is also surrounded by other rhodium metal atoms. 

If the Rh0-o2- distance is treated as a second shell, a correc

tion of 20%-30% should be made due to the different coordination 

distances of the Rh 3+-o2- and the Rh0-o2- bond. In this case the 

determined coordination numbers will be too low. Since it is 

very difficult to obtain a suitable reference compound for the 
0 2-

Rh -0 bond, no accurate coordination number can be given, 

but following the above considerations the measured coordina

tion number will be 0-30% toolow. 

By comparing the measured average Rh-Rh and Rh-O coordina

tion numbers with model calculations, it is possible to obtain 

information about the structure of the metal-support inter

face. The Rh-Rh coordination numbers obtained for the first 

shell, are directly correlated with the size and shape of the 

metal particle. Assuming a certain particle shape and structure, 

one can theoretically calculate the expected average first shell 

Rh-Rh coordination number as a function of the particle dia

meter. 

We will use a simple model to gain insight into possible 

interfacial structures. Since our knowledge about the morphol

ogy of the rhodium particles is not complete, this model is 

not intended as a specific proposal for the structure of these 

particles. Nevertheless we feel that it does give an idea about 

some of the aspects of the structure of the interface between 

particles and support. In Fig. 10 we show the result of our 

calculation for the Rh-Rh coordination number versus particle 
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Figure 10 First shell Rh-Rh coordination number as a function 

of the diameter of a half-spherical rhodium particle~ 

having an FCC structure. 

diameter for rhodium particles having an FCC structure and an 

appro~imately half spherical shape. These calculations were 

done by successively adding more and more atoms to the particle 

while keeping the FCC way of sticking and approaching as much 

as possible the half spherical shape. The jumps in the curve 

are due to the discrete grqwth of the particle. The total 

number of atoms in a half spherical particle, Nt, can now be 

derived from the equation: 

f d 3 
_£___ 

16 R 3 
at 

(1) 
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where V is the volume of the particle, V the volume of a 
p a 

rhodium atom, f the packing fraction, d the diameter of the 
p 

particle and Rat the radius of a rhodium atom. For smaller 

diameters there may be some deviation from this simple model. 

The number of atoms, Nint' which in a half spherical shape is 

present at the interface between particle and support, can be 

calculated in the same way, res'.llting in: 

Nint "' 
f d 2 
___E_ 

4 R 
2 

at 

( 2) 

Since the measured oxygen coordination number of a rhodium 
0 2-atom, N (Rh -0 ) , is an average over all rhodium atoms, the 

m s 0 2-
coordination number Nc(Rh -Os ) which represents the number of 

oxygen ions, which are in contact with a rhodium atom in the 

metal-support interface, can be derived from the equation: 

( 3) 

4 Rat 

Table IV summarizes the measured Rh-Rh coordination numbers, 

the expected particle diameter, average number of rhodium 

atoms per particle, the number of interfacial rhodium atoms 

and the measured Rh-O coordination numbers for the four 

catalysts. Fig. 11 shows the measured Rh-O coordination number 

as a function of the measured Rh-Rh coordination number. Using 

equation (3) and the relation between the particle diameter 

and the measured Rh-Rh coordination number (Fig. 10), it is 

now possible to calculate the average number of oxygen atoms, 

which are coordinated to the interfacial rhodium. In Fig. 11 

we have drawn three lines for N = 2, 3 and 4. It is clear c 
that within the uncertainty of the measurements all our 

catalysts confirm to the value N = 2-3. 

On the basis of these results, we can now make some 

general remarks about the structure of the metal-support inter

face of our catalysts. 

The y-alumina support is a complicated surface which may con

sist of a mixture oflowindex surface planes such as (111)-, 

(110)- and (100)-planes (23). All exposed faces might serve 
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A 

B 

c 

4 6 8 10 
N(Rh-Rh) 

(Rh
0-o 2-J coordination number versus the measured s 

Rh-Rh coordination number. The dots represent 

measured values with limits 

uncertainty (see text}. The 

B and C reflect equation 10 

and 4, respectively. 

of accuracy and 30% 

lines indicated by A, 

with N (Rh 0-o 2-J 2 3 c s , 

as sites for metallic rhodium particles. The coordination of 

rhodium with oxygen will depend on the structure of the sur

face plane and the structure of the rhodium particle. Rhodium 

particles were modelled based on the assumption of an epitaxial 

growth onto the surface support, which is quite possible since 

there is only a slight difference between the oxygen-oxygen 

distance of the support (2.80 A} and the rhodium-rhodium 

distance in the metal crystallite (2.687 R>. For each of the 

planes which were considered, two sites were found possible, 

as shown in . 12. One site (Fig. 12a) is energetically less 
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favourable and gives for each plane an oxygen coordination of 

2 for every rhodium atom in the interface. The energetically 

more favourable site (Fig. 12b) has interfacial rhodium atoms 

coordinated by 4,4 and 3 oxygen ions for the (100), (110) and 

(111) planes, respectively. A Rh-O coordination number Nc of 

2-3 can thus be explained by rhodium particles which are 

situated on a variety of (110)-,(111)- and (100) planes of the 

a b 

100 

Figure 12 First layer of the rhodium particle positioned onto 

several y-Al 2o3 surface sites (100-, 110- and 111 

faces). The average Rh-O coordination number, NRh-O' 

depends on the surface structure of the alumina and 

the position the rhodium particle. 
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alumina but also by rhodium particles which are epitaxially 

grown on an Al 2o 3 (111) surface. It is also possible that 

rhodium particles grow onto all kinds of defects, kinks and 

steps present on the y-Al 2o 3 surface, resulting in an average 

oxygen coordination of 2 to 3. It should be stressed that the 

above results have been obtained under the assumption of half 

spherical FCC rhodium particles which grow epitaxially on ideal 

low index surface planes of y-·Al 2o
3

. Another approach could 

have been to model the rhodium particles under the assumption 

of non-ideal y-Al2o 3 surface planes. Since the rhodium was 

reduced at temperatures of at least 573 K, one might envisage 

that some dehydroxylation of the support surface has taken 

place (23), at least in the neighbourhood of the metal 

particles. As will be shown in a future publication, one can 
0 2-

also fit in that case the measured N(Rh-Rh) and N(Rh -os ) 

values, but the resulting particle shape is certainly not al

ways half spherical. However, the experimental coordination 

numbers could never be fitted with a two-dimensional raftlike 

shape for the metal particle. 

An important question in the literature has been raised 

about the morphology of the rhodium particle. Yates et al. (24) 

have asserted on the basis of TEM measurements on highly dis

persed rhodium catalysts that up to a diameter of 40 R the 

rhodium particles are present as raftlike structures with a 

two-dimensional shape. Van 't Blik et al. (3) discussed the 

influence, which oxygen might have on the results obtained with 

TEM measurements. They concluded that rhodium is present as 

three dimensional crystallites. There are several arguments to 

reject the idea of two dimensional structures: (i) catalyst B 

shows a Rh-Rh coordination number of 4.9 which, assuming one 

atom thick two dimensional (111) rafts, implies a particle 

which has a diameter of 40 X and contains about 200 atoms of 

which 50 atoms belong to the edges and corners of the particle. 

Taking an H/Rh stoichiometry of 2 for the edge and corner atoms 

and 1 for the "bulk" atoms (24) hydrogen chemisorption experi

ments would have resulted in an H/Rh value of 1.2 instead of 

the measured value of 1.7, (ii) the measured average oxygen 
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coordination number would be of the particle size. 

Although the measured coordination numbers of catalyst A 

cannot distinguish between a two-dimensional or a three-dimen

sional structure, the coordination numbers and the hydrogen 

chemisorption measurements of catalyst B, C and D can only be 

explained by accepting a three-dimensional structure for the 

rhodium. 

5.6 CONCLUSIONS 

The structure of the metal-support interface of four high

ly dispersed Rh/Al 2o 3 catalysts was studied using the EXAFS 

technique. Because of the small particle sizes (6-12 A) the 

oxygen at the particle-support interface gave a measurable con

tribution to the EXAFS signal. To analyse this contribution 

which is small relative to the Rh-Rh contribution, a modifica

tion of the normal data analysis procedures involving 

and amplitude corrected Fourier transforms was used. 

To reliably use this analytical procedure, several con

ditions have to be fulfilled: 

a) The data must have a very good signal-to-noise ratio. 

b) Experimental amplitude and phase functions, directly derived 

from suitable reference compounds, must be used to avoid the 

uncertainties which can be introduced when using theoretical 

or parameterized functions. 

c) The unknown and reference compounds must be analysed in the 

same way to cancel the effects of truncation and other data 

errors. 
0 0 0 2-

this analytical procedure, the Rh -Rh and Rh -os 

coordination numbers were found for each catalyst. From these 

results the average number of oxygen ions in contact with an 

interfacial rhodium atom was determined to be equal to 2-3, 
2- 0 while the corresponding Rh-O bond length was 2.71~ 0.04 A. 

This bond length strongly indicates that in the Rh/Al 2o 3 system 

the metal-support interaction is between zerovalent Rh atoms at 
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the interface and oxygen ions of the support. 
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chapter 6 

AN EXAFS STUDY OF RHODIUM OXYGEN BONDS IN 

A HIGHLY DISPERSED RH I AL20 3 CATALYST 

6.1 ABSTRACT 

Analysis of in-situ EXAFS measurements on a 2.4 wt% 

Rh/Al 2o3 catalyst, reduced at 473 K after calcination at 
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623 K, shows the presence of two different rhodium oxygen bonds 

(viz. 2.05 and 2.68 X). The oxygen neighbours of rhodium at a 

distance of 2.05 X disappear after reduction at 673 K. The coor

dination distance of 2.05 X is the same as found for Rh2o
3 

and 

indicates that this rhodium oxygen bond is present due to in

complete reduction of the catalyst at 473 K. 

Rhodium oxygen bonds with a coordination distance of 

2.68 X are present at both reduction temperatures. These bonds 

arise from a coordination of the interfacial rhodium atoms with 

the oxygen ions of the support. The presence of these bonds 

demonstrates that rhodium particles are mainly bound to the 

support via a kind of ion-induced dipole bonding. 

Assuming a half spherical shape for the rhodium metal 

crystallites, numerical values for the average interfacial 

rhodium oxygen coordination number (N=2.8) and the crystallite 

diameter (d=ll X) are derived from the experimental EXAFS 

parameters. 

6.2 INTRODUCTION 

The interaction between metal crystallites and the support 

have a significant influence on the catalytic behaviour of 
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a supported catalyst. Several models have been proposed for 

the structure of the interface between the metal particle and 

the support. One model suggested that calcination of the cata

lyst before reduction is of importance to generate metal oxides 

which can interdiffuse with the oxidic support: Ni/Si02 , 

Ni/Al 2o 3 and Co/Al 2o 3 (1-4). Other authors have emphasized that 

the presence of metal ions in the interfacial region is func

tional in the metal-support interaction, with these metal ions 

serving as anchors for the metal crystallite: Ru/Si0 2 , Pt/Al 2o 3 , 

Pt/Tio2 (5,6). Besson et al. (7) proposed that os 3 (C0) 12 
clusters are bound to the silica support by means of an oxida

tive addition of supported hydroxylgroups to an Os-Os bond. 

The EXAFS technique has been used as a spectroscopic tool 

to gain information about the metal-support interface because 

of its sensitivity to short range order. From EXAFS measure

ments on a 1 wt% Ru/Sio 2 catalyst, reduced at 673 K, Lytle et 

al. (8) attributed a peak in the magnitude of the Fourier 

transform to a Ru-0 bond with a distance larger than the dis

tance known from Ruo 2 (2.03 ~).They claimed that this oxygen 

belonged to the support. Lagarde et al. (9) reported the 

presence of a Pt-0 bond (the coordination distance being equal 

to the Pt-0 distance in Pt02 ) in a 1 wt% Pt/Al 2o 3 catalyst, 

which was reduced in-situ at 753 K after calcination. The Pt-0 

bond was interpreted as arising from a metal-support inter

action. Bassi et al. reported EXAFS measurements on a 0.2 wt% 

Au/MgO (10) and a 3.5 wt% Au/MgO (11) catalyst. Again, peaks 

in the magnitude of the Fourier transform were ascribed to 

Au-0 bonds, which originated from a gold-support interaction. 

Some questions have to be raised about the results men

tioned above. The quality of some of the data is poor and 

assignments were made only by comparing distances of peaks in 

the magnitude of the Fourier transform with those obtained from 

standard materials. In none of the above mentioned cases clear 

evidence was given that these peaks originated from metal

oxygen bonds involved in a metal-support interaction. 

Recently van Zon et al. (12) showed that a metal support 

oxygen distance could be detected using EXAFS measurements on 
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a highly dispersed and well reduced catalyst. They studied a 

catalyst prepared by direct reduction in a flow reactor at 

773 K followed by passivation at room temperature. Before the 

EXAFS measurements were carried out, the catalyst was rereduced 

at 773 K in an in-situ EXAFS cell. By separating the Rh-Rh and 

Rh-support oxygen contributions from the data, an Rh-O distance 

of 2.71 R was determined. 

In this chapter results of EXAFS measurements on a highly 

dispersed 2.4 wt% Rh/y-Al 2o
3 

catalyst will be reported. This 

catalyst has been calcined at 623 K so that initially all 

rhodium was present in the oxidic state. EXAFS spectra were 

then measured after in-situ reduction at low (473 K) and high 

(673 K) temperature. 

6.3 EXPERIMENTAL 

The 2.4 wt% Rh/Al 2o3 catalyst was prepared by ion

exchange on a y-Al 2o3 support using a solution of sulphate-
2 -1 free Rh(N03 )

3
• The support y-Al 2o3 (BET area of 194m .g ) 

was obtained by heating boehmite (Conoco Catapal) at 723 K. The 

catalyst was dried in air at 383 K overnight to remove the 

adsorbed water and then calcined in flowing o2 at 623 K for two 

hours, after which it was stored for further use. Atomic 

absorption spectroscopy was used to determine the metal 

Hydrogen chemisorption was measured at room temperature 

after reduction at 473 K for four hours, followed by outgassing 

at 473 K for two to four hours. The sample was cooled under 

vacuum to room temperature and hydrogen chemisorption was 

measured. The total adsorption isotherm yields a dispersion 

of 1.2, assuming a H/Rh stoichiometry of 1. H/Rh values higher 

than 1 on Rh/Al 2o
3 

catalysts have been observed previously 

(13,14) and are explained by multiple adsorption. 

The dried catalyst was pressed into a thin self supporting 

wafer and mounted in the in-situ EXAFS cell (15). The thickness 

of the wafer was chosen to give a ratio of incident-to-trans

intensity of 5. Reduction was carried out under flowing 
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H2 for 2 hours at 473 K, with the temperature being increased 

at a heating rate of 2.5 Kmin-1 • The sample was then cooled to 

room temperature under flowing H2 and EXAFS spectra were 

recorded at 90 K with the catalyst exposed to 1 atm of static 

hydrogen. The same procedure was used for the subsequent 

reduction at 673 K. 

The EXAFS spectra of the rhodium K-edge were recorded in

situ on X-ray beamline I-5 at the Stanford Synchrotron Radiation 

Laboratory (SSRL) with a ring energy of 3 GeV and ring. currents 

between 40-80 mA. 

6.4 DATA ANALYSIS AND RESULTS 

EXAFS oscillations in k-space are obtained from the 

X-ray absorption spectrum by a cubic spline background sub

traction starting at 20 eV above the edge (16). The EXAFS 

oscillations are normalized by division by the height of the 

edge. Reference compounds are used to obtain phase and back

scattering amplitude functions and are treated in the same 

way. The EXAFS spectrum of the catalyst is smoothed by removing 

noise via Fourier filtering. Fig. la and lb present the EXAFS 

oscillations in k-space of the 2.4 wt% Rh/Al 2o
3 

catalyst 

reduced at 473 K and 673 K, respectively. 

It has been shown (12) that Fourier transformation 

(k
1
-weighed) of the EXAFS data obtained from a highly dispersed 

Rh/Al2o3 catalyst produces a strong sidelobe in the R-region, 

where contributions of oxygen can be expected. However, this 

sidelobe also has contributions due to non-linearities in the 

rhodium phase shift and due to the k-dependence of the rhodium 

backscattering amplitude. These effects can be decreased by 

raising the power n of the weightfactor kn in the Fourier 

transformation. However, when using higher n values the Fourier 

transform becomes less sensitive to contributions from oxygen, 

since low Z elements (like oxygen) have most scattering power 

at low k-values. By removing the phase shift and the back

scattering amplitude from the EXAFS function before a trans-



.04 
a 

.02 
.02 

% O+-~HH+K~~HT~~------1 % 0 
() 

1\~~A .. 
vvv () 

-.02 

0 

Figure 1 

5 

a) 

b) 

10 15 

k _a-1 

-.02 

-.04 

20 0 5 

of the 2.4 wt% Rh/Al
2
o

3 
catalyst. 

171 

b -
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formation is done, the Fourier transform simplifies to a trans

form of a sine-like function (17). In a Fourier transform which 

is corrected for the rhodium phase shift function and back

scattering amplitude (further indicated by FT'), a Rh-Rh 

coordination peak will show up as a single symmetrical peak 

localized at the actual coordination distance. Reliable data 

for phase and backscattering amplitude have been obtained from 

EXAFS measurements on rhodium foil (18). The solid lines in 

Fig. 2a and 2b show the k 1-weighed FT' of the smoothed EXAFS 

data for both reduction temperatures. Clearly visible are extra 

contributions in the R-region between 1 A and 2.2 A. 
Fitting in k-space is a widely used technique to determine 

the EXAFS parameter values. However, this method is not reliable 

enough to determine the smaller oscillations from other atoms 

(e.g. support oxygen), whose frequencies are close to the 

of the main peak. However, by using the phase and 

amplitude corrected Fourier transform described above, the Rh-Rh 

contribution may be more localized and separated from other 
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Figure 2 Fourier transform (k 1-weighed, Rh-Rh phase and amplitude 
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EXAFS data (solid line) and calculated Rh-Rh (---) and 

Rh-O EXAFS ( ... )data (parameters see Table I). 

a) Tred=473 K, 

b) Tred=673 K. 

contributions. The data analysis has been started with the 

catalyst reduced at 673 K because of its less complex structure 

compared with the catalyst reduced at 473 K. By means of first 

guess parameters, obtained by a log-ratio plot, a Rh-Rh EXAFS 

function is calculated (using the experimental Rh-Rh phase and 

amplitude, obtained from the rhodium foil) and subtracted from 

the experimental data. As a check on the Rh-Rh start paramete 



Treat- Coordi-
Rh(2.4)/Al 2o3 

ment nation N R (i) 6a 
2 (i2) 

Reduc- Rh
0
-Rh 0 5.2 2.69 0.0055 

tion at Rh 3+-02- 1 2.05 0 

473 K Rho-02-
s 1.3 2.68 0 

Reduc- Rh
0
-Rh

0 
6.3 2.69 0.0053 

tion at 

673 K Rh 0 -02-
s 1.2 2.68 0 

Table I Coordination parameters. 
2 (N: number, R: distance, 6a : Debye-Waller 

factor, difference wi~h reference compound) 
2 Accuracies: N+ 10-20%, R+ 0.5-1%, 6a + 10-20%. 
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the residual spectrum is transformed (Rh-Rh phase and amplitude 

corrected). The start parameters have to be adjusted when large 

Rh-Rh oscillations are still present in the imaginary part of 

this transform. The Rh-Rh parameters, obtained in this way, are 

not too much different from the real parameter values. Therefore, 

the residual spectrum can reveal the identity of the scatterer(s), 

causing the differences between R=1 R and 3 R. Since the catalyst 

has been prepared from Rh(N0 3 ) 3 , the only possible scatterer can 

be oxygen. A Fourier transform (corrected for Rh-O phase shift, 

obtained from EXAFS measurements on Rh 2o
3 

(18)) performed on the 

residual spectrum, shows that the imaginary part of this trans

form is symmetric for 2<R<3 R (see Fig. 3b, solid line) and 

peaks at 2.68 R in the maximum of its magnitude. This confirms 

the presence of oxygen as a scatterer at a coordination distance 

R. This is further verified by backtransformation to 

of the peak at 2.68 A (see Fig. 4b, solid line). Fitting 

(using phase shift and backscattering amplitude of 

parameter values for a single Rh-O bond. Peaks 
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due to higher Rh-Rh coordination shells are also visible in 

Fig. 3b. These peaks will not be analysed in this paper. As a 

final check on both sets of parameters (Rh-Rh and Rh-O) , an 

EXAFS function calculated with the obtained Rh-O parameters, is 

subtracted from the experimental data, resulting in a spectrum 

which should contain only the frequency of rhodium scatterers. 

A Rh-Rh phase and amplitude corrected Fourier transform on this 

spectrum should therefore result in a symmetric imaginary part 

which peaks positively in the maximum of the magnitude. If 

necessary, better Rh-Rh parameters can be obtained from back

transformation of this transform to restart the whole 

In this recursive way the Rh-Rh and Rh-O parameters have been 

determined as given in Table I. 

The same procedure has been applied to the EXAFS data o 
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9 10 

the Rh/Y-Al 2o3 sample, reduced at 473 K. Two distinct peaks can 

be observed (Fig. 3a) in the Fourier transform of the difference 

spectrum for l<R<3 R. Backtransformation of this transform gives 

an EXAFS signal, which can be fitted with two different Rh-O 

coordinations (see Fig. 4a, parameters see Table I). The reliabi

lity of the Rh-O parameters obtained for both reduction tempera

tures has been checked by comparing the Fourier transforms of the 

difference spectra with the transforms of the Rh-O EXAFS func

tions calculated with the parameters given in Table I. It can 

be seen in Fig. 3 that within the R-region used for backtrans

formation to k-space both transforms are very similar. 

The Fourier transforms of the calculated Rh-O coordina

tion(s) can now be compared in Fig. 2 with the transforms of the 

corresponding calculated Rh-Rh coordination and those of the 
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experimental data. As a final check for the reliability of the 

Rh-Rh and Rh-O parameters derived in this work the EXAFS func

tions of both coordinations have been added and transformed. The 

equivalence of these transforms with those of the corresponding 

experimental data can be seen in Fig. 5. It is also shown that 

the calculated Rh-Rh + Rh-O EXAFS functions are identical with 

the EXAFS functions obtained by backtransformation (R . =0.8 ~~ 
m~n 

Rmax=3.2 ~) of the Fourier transform of the corresponding 

experimental data. 

6.5 DISCUSSION 

The analysis of the EXAFS data obtained on the 2.4 wt% 

Rh/Al 2o3 catalyst gives evidence for the presence of two types 

of Rh-O bonds. The presence of possible Rh-Al bonds in the 

spectrum was neglected during the data analysis, due to the 

expected low coordination number. One Rh-O bond has a coordina

tion distance of 2.05 ~which is equal to the distance found 

in Rh2o3 . This Rh-O bond disappears after reduction at 673 K. 

Therefore we conclude that this bond originates from Rh2o3 
species which are still present after the reduction at 473 K. 

The second Rh-O bond with a coordination distance of 2.68 ~~ 
detected at both reduction temperatures, is similar to the 

bonds measured for a 0.5 and 1.0 wt% Rh/Al 2o
3 

catalyst (R=2.71 A) 
reported previously (12,18). This Rh-O bond has been assigned 

to a coordination of the interfacial rhodium metal atoms with 

support oxygen ions. However, in contrast to the calcination 

and reduction procedure employed for the 2.4 wt% catalyst, the 

0.5 and 1.0 wt% Rh/Al 2o3 catalysts were directly reduced at 

773 K without a preceding calcination step. Thus, even a 

preceding calcination at 623 K of the Rh(2.4)/Al 2o3 catalyst, 

followed by a complete reduction, does not lead to the presence 

of normal cation-anion distances, which have been supposed in 

the literature (8-11) to be representative for an interaction 

between metal crystallites and support. From the results repor

ted earlier (12,18) and from results obtained in this work, one 
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has to conclude that in RhiA1 2o 3 catalysts the structure of the 

metal-support interface consists of bonds between rhodium atoms 

and oxygen ions of the support with a bond length of about 

2.7 R. This means that the rhodium metal crystallites are not 

bound to the support via a rhodium oxide layer with coulombic 

rhodium-cation oxygen-anion interactions but via a kind of 

ion-induced dipole bonding. 

The fraction of rhodium still present in the rhodium 

oxide phase after reduction at 473 K can be calculated by 

assuming that partially reduced rhodium metal crystallites are 

not present. This is a reasonable assumption since it is general

ly accepted that the nucleation phase of the reduction of small 

metal oxide particles is rate determining. Thus, once the re

duction process starts, the small crystallite is completely 

reduced. It is also known (19) that highly dispersed RhiA1 2o 3 
catalysts are neither monatomically dispersed nor have a form 

of dispersion consisting of a mixture of rhodium metal crystal

lites and isolated Rh 0 atoms. Thus it follows that after reduc-

tion at 473 K rhodium is present only 
0 

particles. Both the Rh atoms and the 

in oxidic or in metallic 

Rh 3+ ions contribute to 

the edge jump and thus influence the normalisation. This implies 
0 0 3+ 2-

that the real coordination numbers (N (Rh -Rh) and N (Rh -0 )) 

are related to the measured 
3+ 2-

r r 
coordination numbers (N (Rh

0
-Rh

0
) 

m 
and Nm(Rh -0 )) by: 

0 0 
Nr (Rh -Rh ) 

N (Rh3+-o2-) 
r 

0 0 
Nm(Rh -Rh ) I (1-f) 

N (Rh 3+-o2-) I f 
m 

with f being the fraction of rhodium present in the Rh 2o
3

. 

Since the crystallographic coordination number Nr(Rh3+-o2-) 

( 1) 

(2) 

in rhodium(III)oxide equals 6 and the measured coordination 

number N (Rh 3+-o2-)=1 (cf. Table I), it follows by equation 2 
m 

that after reduction at 473 K, 17% of the rnodium atoms is still 

present in the rhodium oxide phase. Given the fact that f=0.17 

and N (Rh
0
-Rh

0
)=5.2, the real rhodium coordination number 

lTI 

Nr(Rh
0
-Rh

0
) (after reduction at 473 K) is calculated to be 

6.3 (equation 1). This value can be compared with the real 
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rhodium-rhodium coordination number found after reduction at 

673 K. In this case only one type of rhodium atoms is present, 
0 0 0 0 

implying that N (Rh -Rh )=N (Rh -Rh )=6.3. This number is r m 
equal to the value obtained after reduction of the catalyst at 

473 K. This shows that the reduction at 673 K has not led to a 

noticeable sintering of the metal crystallites. This also in

dicates that the presence of partially reduced metal crystallites 

with a metal-oxide layer between the metal particle and the 

support is very unlikely, since a further reduction of these 

particles at higher temperatures should give an increase of the 

coordination number. 

The number of support oxygen ions which are in contact 

with one interfacial rhodium atom can be estimated as follows. 

The ratio between the number of interfacial metal atoms, Nint' 

in a particle with (assumed) half spherical shape and the total 

number of atoms, N, present in this particle is given by (18): v 

4 Rat 
-d- (3) 

with d the diameter of the particle and Rat the atomic radius 

of the rhodium atom. The relationship between the real 
0 2- 0 2-

Nr(Rh -os ) and the measured Nm(Rh -os ) coordination number 

of the rhodium support oxygen bond can now be derived: 

d 
(4) 

From calculations which relate the average rhodium-rhodium 

coordination number to the diameter d for half spherical shaped 

particles (18), a diameter of about 11 X is derived from the 

coordination number N=6.3. By using this value, .34 X and 
0 2- 0 2-N (Rh -0 )=1.3, we obtain N (Rh -0 )=2.8. Possible structures 

m s r s 
for the metal-support interface are discussed in (18) . 

In summary, we have found experimental evidence for a 

coordination of interfacial rhodium atoms with oxygen ions of 

the support. The bondlength is 2.68 R with an estimated average 



182 

coordination number of 2.8 atoms. Short oxide like coordination 

distances have not been detected in fully reduced rhodium 

catalysts. The metal-support interaction is possibly through a 

kind of ion-induced dipole bonding due to the of the 

metal with the support. The results presented in this 

work show that metal to support-oxygen bonds in supported metal 

catalysts can be detected if both the dispersion of the metal 

particles and the signal-to-noise ratio of the EXAFS data are 

high enough. The results also demonstrate that care must be 

taken in the preparation of the catalyst and is of the 

data in order to separate the metal-support effects from those 

due to incomplete reduction. 

6.6 REFERENCES 

1. H. Suzuki, s. Takasaki, I. Koga, A. Meno, Y. Kotera, T. Sato 

and N. Tode, Chem. Lett., 127 (1982) 

2. E.G. Derouane, A.J. Simoens and J.C. Vedrine, Chem. Phys. 

Lett., (1977) 549 

3. R.B. Shalvoy, B.H. Davis and P.J. Rencroft, Surf. Int. Anal., 

~ (1980) 11 

4. R.B. Greegor, F.W. Lytle, R.L. Chin and D.M. Hercules, 

J. . Chem., 85 (1981) 1232 

5. A. Bossi, F. Garbassi, G. Petrini and L. Zanderighi, 

J. Chem. Soc. Farad. Trans. I, 78 (1982) 1029 

6. T. Huizinga and R. Prins, J. Phys. Chem., 87 (1983) 173 

7. B. Besson, B. Moraweck, A.K. Smith, J.M. Basset, R. Psaro, 

A. Fusi and R. Ugo, J. Chem. Soc. Chem. Comm., (1980) 569 

8. F.W. Lytle, G.H. Via and J.H. Sinfelt, J. Chem. Phys., 

(1977) 3831 

9. P. Lagarde, T. Murata, G. Vlaic, H. Dexpert, E. Freund and 

J.P. Bournonville, in "EXAFS and Near Edge Structure", 

Springer Verlag, Eds. A. Bianconi, L. Incoccia and 

S. Stipcich, Berlin, (1983) 319 

10. I.W. Bassi, F.W. Lytle and G. Paravano, J. Catal., 42 

(1976) 139 



183 

11. I.W. Bassi, F. Garbassi, G. Vlaic, A. Marzi, G.R. Tauszik, 

G. Coco, s. Galvagno and G. Paravano, J. Catal., 

405 

(1980) 

12. J.B.A.D. van Zon, D.C. Koningsberger, H.F.J. van 't Blik, 

R. Prins and D.E. Sayers, J. Chern. Phys., (1984) 3914 

13. S.E. Wanke and N.A. Dougharty, J. Catal., 24 (1972) 367 

14. H.C. Yao, S. Japar and M. Shelef, J. Catal., (1977) 407 

15. S.A. Kent, Thesis, University of Delaware, Newark, Delaware 

(1975) 

16. J.W. Cook jr. and D.E. Sayers, J. Appl. Phys., 

5024 

17. P.A. Lee and G. Beni, Phys. Rev. B, (1977) 2862 

(1981) 

18. J.B.A.D. van Zon, D.C. Koningsberger, H.F.J. van 't Blik 

and D.E. Sayers, submitted to J. Chern. Phys. 

19. H.F.J. van 't Blik, J.B.A.D. van Zon, T. Huizinga, J.C. Vis, 

D.C. Koningsberger and R.Prins, J. Phys. Chern., 87 (1983) 

2264 



184 

chapter 7 

THE INFLUENCE OF HYDROGEN DESORPTION AND TEMPERATURE 

ON THE STRUCTURE OF SMALL METAL RHODIUM 

CRYSTALLITES SUPPORTED ON AL203 

7.1 INTRODUCTION 

Metal-on-support catalysts are used on a large scale, 

especially in the petroleum industry. During the 

reaction the metal catalyst is exposed to different kinds of 

gases and a large range of temperatures. It is of great im

portance for the performance of the catalyst to know in which 

way the metal particles are affected by different gases and 

temperatures. With regard to the influence of temperature it 

is known that for a number of metal-on-support catalysts the 

size of the metal particle remains the same going from low 

temperatures to high temperatures. In these cases the support 

plays an important role in maintaining particle size. The 

influence of gases on the particle size may be tremendeous. 

Recently van 't Blik et al. (1) showed the effect of adsorp

tion of CO on the metal particles of a highly dispersed 

rhodium-on-alumina catalyst in which the admission of CO at 

room temperature led to a complete disruption of the rhodium 

metal particle. A technique which has proven to be extremely 

useful in studying the size and morphology of small metal 

crystallites is the EXAFS technique. 

Apai et al. (2) studied with EXAFS the first shell coordina

tion distance and the position of the absorption edge in small 

metallic Ni and Cu particles, evaporated on a carbon layer, as 

a function of temperature. They observed a contraction in the 
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coordination distance and a shift in the absorption edge to 

lower energies with decreasing particle size. These results 

are in agreement with theoretical calculations of Delley et 

al. (3) on small Cu particles. Moraweck et al. (4,5) investi

gated the influence of hydrogen adsorption on the structure of 

the particles in a Pt in Y-Zeolite catalyst, containing small 

metallic particles with a diameter of 12 ~- The first shell 

coordinationdistancecontracted 0.12 ~when the catalyst was 

evacuated, while it relaxed back to the bulk value when 

hydrogen gas was admitted again. However, it is possible that 

due to the removal of the hydrogen, the motion of the platinum 

atoms at the surface of the particle might change from a sym

metrical vibration to an asymmetrical vibration. As is known 

in literature (6,7,8), asymmetrical vibrations might cause an 

apparent contraction in the coordination distance. However, in 

their data analysis Moraweck et al. did not check whether the 

measured contraction was real or just apparent. Marques et al. 

(9) studied the effect of asymmetrical vibrations on the phase 

shift as a function of temperature. The measurements were per

formed in a helium atmosphere on a 1 wt% Pt/Sio2 catalyst with 

rather large particles (average first shell coordination number 

of 7.5 + 1). In a temperature range from 100 to 500 K, small 

phase differences could be measured. They ascribed these phase 

differences to asymmetry and not to a change in coordination 

distance. 

In this chapter we investigate with EXAFS the influence of 

hydrogen desorption and the influence of temperature on the 

structure of very small rhodium metal crystallites. Temperature 

dependent EXAFS measurements are important since they can give 

valuable information about the vibrational behaviour of the 

rhodium atoms and thus about the binding strength between the 

rhodium atoms. Besides, changes in the morphology and sintering 

of the metal particles can be studied. The temperature measure

ments were carried out in a range from 77 to 523 K with the 

catalyst in a helium atmosphere. 
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7.2 EXPERIMENTAL 

was prepared by pore volume 

impregnation of the y-Al 2o3 support (Ketjen, 000-1.5E, specific 
2 -1 3 -1 

area of 290m g , pore volume of 0.65 em g ) with an aqueous 

solution of .aq (39 wt%, Drijfhout). After impregnation the 

catalyst was dried overnight at room temperature and subsequent

ly for 16 hours at 393 K to remove the adsorbed water. The dried 

catalyst was directly reduced at 773 K (heating rate 5 Kmin- 1 ) 

for 1 hour in flowing hydrogen (researchgrade, Hoekloos} and 

passivated (controlled oxidation at room temperature). The 

rhodium content of the passivated was determined 

spectrophotometrically. Temperature Programmed Reduction (TPR) 

studies (10) confirmed that after reduction at 773 K, the 

reduction of the catalyst was . After rereduction at 

573 K (heating rate 5 Kmin- 1 ) of a passivated catalyst 

hydrogen chemisorption measurements were performed in a con

ventional glass system at 298 K. Following the method of Benson 

and Boudart (11) the hydrogen chemisorption measurement resul

ted in a H/Rh value (the total amount of chemisorbed H atoms, 

corrected for adsorption on the bare support, per total amount 

of rhodium} of 1.65. The TPR results and the H/Rh value indicate 

that the catalyst is fully reduced and contains very small metal 

crystallites. 

The X-ray absorption spectra of the catalyst, performed on 

the K-edge of rhodium (23219.8 eV) were measured on beam line 

I-5 at the Stanford Synchrotron Radiation Laboratory (SSRL}, 

operating at 3 GeV beam energy and 40-80 rnA beam current. The 

catalyst was made as a thin pressed self supporting wafer 

(thickness in accordance with an optimal signal-to-noise ratio) 

and was mounted in an EXAFS cell (12), designed for in-situ 

treatments and measurements. The passivated catalyst was re

reduced at 673 K for one hour under 100 kPa of flowing hydrogen. 

The EXAFS spectra were recorded in a hydrogen atmosphere both 

at nitrogen and room temperature. Subsequently, a fresh 

passivated 1.04 wt% Rh/Y-Al 2o3 sample was reduced at 673 K for 

one hour, evacuated (10- 2 Pal foranotherhour and cooled to 
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room temperature under dynamic vacuum. Highly purified helium 

was admitted up to 100 kPa. EXAFS spectra of the catalyst under 

helium were recorded at the temperatures 77, 298, 373, 448 and 

523 K. 

7.3 DATA ANALYSIS AND RESULTS 

The EXAFS functions of the catalyst under H2 and the 

catalyst under He were isolated from the absorption coef

ficient by means of a cubic spline background subtraction and 

subsequently normalized through a division by the edge-jump. A 

detailed description of these procedures is given in chapter 4. 

Before analysing the fine structures, the EXAFS functions were 

smoothed by removing high frequency components (noise) in the 

spectra via a Fourier filtering. The r-region from l to 4 R of 

the radial structure function (RSF) in which we are interested, 

is not affected by the smoothing operation. 

In the first two parts of this section the data will be 

analysed by the standard way of is. Because the data may 

contain distortions due to the presence of asymmetrical distri

bution functions, the third part will investigate the results 

for contributions of asymmetry. 

7.3.1 RH(l,04 WT%)/AL203 CATALYST~ IN HYDROGEN AND IN HELIUM 

First we are interested in the changes in the metal 

which appear when the hydrogen at the surface of 

the particle is removed by evacuation and exchanged for helium. 

The changes will be discussed by comparing the phase and 

amplitude functions of the catalyst under hydrogen and of the 

catalyst under helium. 

7.3.1.1 Comparison of the Fourier transforms 

On both catalysts a k 1-weighed Fourier transformation, 

corrected for the Rh-Rh shift and backscattering 

amplitude, was performed from k 3.5 to k = 14 R- 1
. The 
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Rh/Al
2

D3 (k
1
-weighed, ak = 3.5-14 

and amplitude corrected) 

6 

Solid line: catalyst under hydrogen 

Dashed line: catalyst under helium 

8 

the 1.04 wt% 

, Rh-Rh phase 

lower limit was chosen at k = 3.5 x-1 to avoid transformation 

errors which are present at the start and end of the EXAFS 

function of the reference compound. Fig. 1 shows both Fourier 

transforms. The catalyst under helium is indicated by the dot

ted line. The height of the first coordination peak of the 

catalyst under helium is larger than that o~ the catalyst under 

hydrogen. This indicates either an increase in coordination 

number or a decrease in the disorder of the catalyst. 

Another striking point is the difference in the amplitude 

of the sidelobe at the left side of the main peak, which is 

much larger for the catalyst under helium. In chapter 5 and 
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6 this sidelobe was ascribed to a Rh-O bond in the interface 

between the metal crystallite and the alumina support. A 

detailed analysis of this sidelobe will not be given in this 

chapter. 

7.3.1.2 Comparison of phase shift functions 

In order to determine the coordination distances, the phase 

shift functions have to be analysed. Therefore, the first 

coordination sphere, including the information of the sidelobe, 

was isolated from possible higher coordination shells. On both 

catalysts, measured at liquid nitrogen temperature, a forward 

k 2-weighed Fourier transform (~k = 2.7-14 R- 1 ) and an inverse 

Fourier transform (DR= 1-3.3 Rl were performed. This results 

in the EXAFS functions xa
2

<kl = AH2 (k)sin~a2 (k) and 

Xae(k) AHe(k).sin~He(k). The function ~(k), the total phase 

shift functlon, is expressed as ~(k) = 2kR + ~(k) in which Rand 

~ are the first shell coordination distance and the phase shift 

function, respectively. Analysing ~H2 (k) with the aid of rhodium 

metal foil as a reference compound resulted in a first shell 

coordination distance of 2.68 R, which is very close to the 

value for bulk rhodium (R = 2.687 RJ. In Fig. 2a the phase shift 

functions, ~(k), of both catalysts are plotted as a function of 

k. These functions were obtained by subtracting the term 2kR 

with R equal to 2.68 R from the total phase shift function ~(k). 

~H2 (k) is given by the solid line, while ~He(k) is represented 

by the dotted line. Surprisingly both phase shift functions 

show a more or less constant phase difference of about 1 radian. 

Since a difference in coordination distance should result in a 

difference in slope between both phase shifts, a first conclu

sion could be that there is no change in coordination distance 

when the hydrogen is removed from the surface. However, if no 

change in bond length is assumed, the constant phase difference 

is hard to explain. Because of the removal of the hydrogen, it 

would be possible that the electronic configuration of the 

rhodium has changed, affecting both the central atom phase and 

the scatterer phase. Teo and Lee (13) made theoretical calcula

tions of both the central atom phase and the scatterer phase 
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for the elements Pd and Cu, in which they changed the electron

ic configuration. For palladium a change from a d 8s 2 configura

tion to a d
10

s
0 

configuration, shifted the central atom phase 

and the scatterer phase 0.3 and 0.25 radian at k = 10 R- 1 , 

respectively. 

45 

II) -20 c 
«< 

"'0 
«< ... 
~ 
S- -15 

-20 

3 5 7 9 11 13 
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Figure 2 a) Phase shift functions ~(k) of the 1.04 wt% Rh/A~ 2 o 3 
cata~yst under hydrogen (so~id ~ine) and under he~ium 

(dashed line). 

b) Phase shift funct{on of the catalyst under he~ium 

fitted with the phase shift function of the catalyst 

under hydrogen as reference to determine the differ

ence in coordination distance and energy 
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The same trends were observed in Ca when they changed the 

valence state of ca0 to ca2+. However, these shifts are large 

at low k-values and low at high k-values, approximately ac-
-1 cording to a k dependence, and cannot account for the ob-

served constant phase shift. 

Because the shifts in the phase functions due to a change 

in electronic configuration or valence state show the same 

behaviour as a change of the inner potential, Teo and Lee 

argued that such effects can be largely compensated by a 

variation in inner potential. Therefore it is impossible that 

a change in electronic configuration in combination with a 

wrong choice of the inner potential can result in a constant 

phase shift. Therefore, we have to conclude that the most 

likely explanation of the constant phase shift is a change in 

coordination distance (~k) in combination with an inner poten

tial correction (~k- 1 ). To determine ~Rand ~E 0 a phase fit 

was applied which resulted in a coordination distance of the 

catalyst under helium of 2.645 R (Fig. 2b). This value is 

about 0.04 R smaller than for the catalyst under hydrogen. For 

~E0 a value of -3.5 eV was obtained. Due to the contributions 

of the sidelobe which enter in the phase shift, this value 

might be slightly inaccurate. However, the sign of this energy 

shift is in agreement with the position of the K-edge of both 

catalysts. 

7.3.1.3 Comparison of amplitude functions 

Changes in the coordination number and the Debye-Waller 

factor can be investigated by plotting 1n(AHe(k)/AH
2

(k)) versus 

k-square. This plot is shown in Fig. 3. The k-range from k = 8 

to k = 12 R- 1 may be considered as being unaffected by effects 

of the sidelobe and noise. From the intercept of the straight 

line fit at k = 0 R- 1 it is determined that the coordination 

number of the catalyst under helium is equal to the coordina

tion number of the catalyst under hydrogen within 3%. The 

difference in Debye-Waller factors canbedetermined from the 

slope of the straight line. The significantly negative slope 

of this line indicates that the static disorder of the cata-
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Figure 3 Log-ratio plot of A8 e!A
82 

VePsus k 2 (solid line). 

A8 e: envelope of the EXAFS funetion of the eatalyst 

under helium 

A
82

: envelope of the EXAFS funetion of the eatalyst 

under hydrogen 

The dashed line represents the best fit straight line. 

lyst under helium is smaller than in the catalyst under 

hydrogen by 0.0014 ~2 . The constancy of the coordination 

number and the decrease in the Debye-Waller factor are in 

agreement with the increase in the peak height of the first 

coordination shell in the Fourier transform (Fig.1). Fig. 4 

shows the k 1-weighed Fourier transform of the catalyst un~er 
helium, corrected for the rhodium phase and amplitude, and the 

Fourier transform of the calculated Rh-Rh contribution (N = 5.8, 

R 2.645 g, /J,cr 2 = 0.0036 g2 , /J,EO = -3.5 eV). The Debye-Waller 

factor is given relative to the DWF of rhodium metal foil, 
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Figure 4 Magnitude of the Fourier transform (k 1-weighed. 
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~k 3.5-14 ~- 1 • Rh-Rh phase and amplitude corrected). 

Solid line: 1.04 wt% Rh/Al 2o3 catalyst under helium. 

Dashed line: calculated Rh-Rh contribution (N 5.8. 

measured at 77 K. 

R = 2.645 ~. ~a 2 = 0.0036 ~ 2 • 
~E 

0 
= - 3. 5 e V) • 

Compared with the sidelobe of the catalyst under hydrogen, the 

sidelobe in this Fourier transform is about 2-2.5 times larger 

in magnitude. 

7,3,2 TEMPERATURE DEPENDENT MEASUREMENTS UNDER HELIUM 

In this section the results of a temperature dependent 

measurement on the 1.04 wt% Rh/Al 2o3 catalyst under helium will 

be presented. The catalyst was measured at 77, 298, 373, 448 
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and 523 K. To eliminate errors as much as possible, the changes 

in the spectra were determined relative to the spectrum measured 

at 77 K. To obtain the amplitude and phase information of the 

first coordination sphere, a forward k 2-weighed Fourier trans

form {~k = 3.5-13.8 A- 1 ) was carried out, followed by an in

verse Fourier transformation (~R = l-3.3 A). The isolated 

coordination shell still contains information arising from the 

sidelobe. 

ac:t 
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Figure 5 Measured contraction in the coordination distance of 

the 1.04 wt% Rh/Al
2
o3 catalyst as a function of the 

temperature the catalyst. 

The coordination distances were determined relative to the 

distance in the catalyst, measured at 77 K. The results are 

presented in Fig. 5. A contraction in the first shell coordina

tion distance with an increasing temperature of the catalyst 

can be observed. During the analysis it was assumed that the 

measured coordination distances were not affected by effects of 

asymmetrical distribution functions. 

The changes in coordination number and Debye-Waller factor 
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were determined by plotting 1n(AT(k)/A77 tk)) versus k-square. 

AT(k) is the envelope function of the catalyst measured at 

temperature T. For all catalysts reliable straight line_fits 

could be obtained. From the variation in the intercept at 

k = 0 A -1 a spread in the coordination number of approximate

ly 5% was determined. The coordination numbers did not show a 

systematic trend with the temperature, which points to a stable 

configuration of the metal particle. The Debye-Waller factors 

were determined from the slope of the straight line fit. The 

final results are given in Table I. The values of the Debye

Waller factors are given relative to that of rhodium metal 

foil, measured at 77 K. 

T(K) N !Jo2 (A2> 

77 5.8 0.0036 

298 5.9 0.0058 

373 6.0 0.0070 

448 5.8 0.0083 

523 5.9 0.0096 

Table I Coordination numbers and Debye-Waller Factors the 

1.04 wt% Rh/Al 2o
3 

catalyst under helium, measured at 

77, 298, 3?3, 448 and 523 K. 

The Debye-WaZZer Factors are given reZative to the 

DWF rhodium metaZ foil, measured at Liquid nitrogen 

temperature. 

7.3.3 ASYMMETRICAL DISTRIBUTION FUNCTIONS 

In the previous section the coordination distances were 

determined by phase fitting, using the normal EXAFS equation. 

However, the EXAFS formula is a simplification, which is only 

valid for small, gaussian disorders. A large disorder or a non

symmetric pair distribution function between the atoms can lead 
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to an inadequate treatment of the data. 

In our catalyst a large fraction of the atoms belongs to 

the surface of the crystallite. Especially when these atoms are 

covered with helium, which is physisorbed on the surface of the 

particle, asymmetricalvibrations are quite possible. This might 

cause the measured contractions in the coordination distances. 

To distinguish between real and apparent contraction, a more 

general EXAFS formula has to be discussed below. 

In general, the EXAFS signal of the jth shell, Xj{k), 

can be written as: 

X. (k) 
J 

Im E 
i 

F.(k) +oo -2r./A 
~ k J e ~ (l) 

in which the summation extends over all atoms in the jth shell 

and where Pf<ri)dri is the probability of finding the ith atom 

of the jth shell in the ranger. to r.+dr .. When the pair . ~ ~ ~ 

distribution function pi(ri) is gaussian, i.e. is described as: 

2 2 
1 -(r.-R.) f2a. 

- .,--.;;_...., e ~ J ~ dr. 

V 2' ~ 
2na i 

(2) 

where R. is the average distance between the central atom and 

the jthJshell and a. 2 is the mean square fluctuation in the 
~ 

average interatomic distance; and when the mean square fluctua-

tion is small, evaluation of Eq. 1 leads to the normal expres

sion for EXAFS. However, when the disorder is large or the pair 

distribution function is asymmetric, deviations 

EXAFS formula occur. By defining 

+foo . 2ikllr. . ilj!. (k) 
pi(ri)e ~ dllri := Qi(k)e ~ 6 

-oo 

from the common 

and assuming that exp(-2r./l..)/r. 2 has a constant value equal to 
~ ~ 

exp(-2R./A)/R. 2, the general equation (1) can be simplified to: 
J J 



r N. Q~(k) 
j l l k 

-2R./A. 
e J 

R. 2 
J 
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sin(2kR.+¢. (k)+1jl. (k)) 
J l l 

( 4) 

Ni is the number of identical atoms in the jth shell and the 

summation extends over all different types of atoms in the jth 

shell. Applying cumulant theory (14) 

2ikr. 
<e l> 

. 2ikr. 
p~(r.)e ldr. 

l l l 

n 
c 

n (5) 

where en are the cumulants, the amplitude correction Ql(k) and 

the phase correction 1jl. (k) can be expressed in terms of the 
l 

cumulants (lS) : 

Q~ (k) 
-2k2c + ?4c4 -2 e 

l 
( 6a) 

1jl~(k) -±k3c + 4 k 5c -
l 3 3 1 5 

(6b) 

From Eq. 5 one can see that all even cumulants add to the 

amplitude correction term while all odd cumulants add to the 

phase shift correction. Unless the disorder is very , all 

cumulants above c3 can be neglected. Let us focus on the total 

sine-argument with inclusion of the third cumulant: 

(7) 

Since c3 is positive, careless fitting of an EXAFS in 

which c3 is not negligible, will lead to a coordination 

distance which is too low. Therefore, before a is fitted, 

the phase shift should be examined for a possible k-cube term. 

The cumulant theory, described above, uses a simplifica

tion in the fact that exp(-2r./A.) 2 has a constant value. 
l 

This might be incorrect for large disorders or large asym-

metries. To calculate the effect of this term, the integral 
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Figure 6 Phase differenee between the total phase shift 

funetions ~T(k) and ~ 77 (k) of the eatalyst under 

helium, determined at various measuring temperatures T 

( 2 9 8, 3 7 3, 4 4 8 and 52 3 K) 
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has to be evaluated, assuming a pair distribution function. 

The following pair distribution p(r,T), based on a Morse 

potential U(r) (16) can be used: 

p(r,'l') = e kT (Sa) 

-a~r-R ) 
U ( r) = c { ( 1-e 0 ) 1 } (8b) 

In these equations C is the depth of the well (binding energy) 

in eV and a (in R- 1 ) is a parameter which is correlated with 

the disorder. A reasonable value for the C of rhodium can be 

taken from the average Rh-Rh bond energy of 44.5 kJ/Mol, 

equivalent to C = 0.45 eV. A value for a can be obtained from 
2 the measured temperature dependence of ~cr (T) (Table I). 

Expanding the ,Pair distribution function based on the Morse 

potential, yields in first order a gaussian distribution with 

disorder cr 2 , leading to the equation: 

( 9) 

Since ~cr2;~T=169 .10-7 R2 
/K, a value of 2. 38 R- 1 for a is ob

tained. By calculating numerically fp(r,T)r- 2exp(2ikr)dr the 

exact contribution to the phase difference ~~ can be evaluated. 

To verify the origin of the measured contraction in the 

coordination distance as a function of the temperature, the 

k-dependence of the phase shift functions was investigated. 

Therefore, the differences in the measured phase functions 

(WT(k)-~ 77 (k)) were plotted versus k. wT(k) is the total phase 

shift of the catalyst measured at temperature T. The phase dif

ference of all the catalysts is given in Fig. 6. ~~ (k) might be 

affected in the low k-region by the sidelobe contribution and in 

the high k-region by the decreasing signal-to-noise ratio. As

suming that the sidelobe consists mainly of a Rh-O contribution, 

model calculations showed that the influence is negligible for 

k>8 R- 1 . Since the Fourier transform was stopped at k = 12.7 A- 1
, 

the phase difference is only reliable for 8<k<12 A- 1 • The uncer-
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tainty in the phase shift is indicated by the error bars, which 

were calculated from the signal-to-noise ratio of the catalyst, 

using a simple model, drawn in . 7. 

Figure 7 A simple model to oaleulate the uncertainty in the 

phase> eaused by noise in the amplitude. 

k 

The uncertainty is approximately given by cr¢=0~ and is in good 

agreement with the uncertainty in the phase estimated from 

the spectra. At first sight all the phase differences show a 

linear behaviour with a decreasing slope. This could be ex

plained by a difference in coordination distance between 

Xn(k) and XT(k) which causes a difference in the total phase 

of6¢=2k6R. Since these differences 6¢ become larger with in

temperature, this would be in agreement with the 

measured contraction as a function of temperature. As pointed 

out earlier, asymmetric vibrations of the surface atoms might 

cause a significant distortion of the phase shift. Therefore, 
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the phase differences 8~{k) were examined for possible k-cube 

contributions. The function 8~{k)=- !c k 3 was fitted, inclu-
3 3 

ding the error bars. The results are given in Fig. 6 (dashed 

lines). Although some cumulants could be chosen which satisfied 

the error bars, a good fit could never be obtained. Application 

of the Morse potential, calculated with C = 0.45 eV and the 

experimental determined a=2.38 R- 1 to simulate asymmetrical 

vibrations, should provide a better estimate for the phase 

distortions. A calculation, done with T 523 K, is presented 

in Fig. 8. Again, no acceptable agreement was found. Changing 

the Morse potential to a Lennard-Jones potential did hardly 

affect these results. 

A last effect which might cause a phase distortion, is 

the effect of a purely Gaussian distribution with a large dis

order. Fig. 8 presents the phase distortions for several dis

orders. Apparently, the large disorder causes the desired 

linear phase effect with a negative slope. However, a disorder 

which is much larger than the experimentally determined disorder 

of the catalyst, was needed to fit the experimental phase shift. 

It seems that the measured difference in phase shift cannot be 

explained by a phase distortion due to large disorder or asym

metry. Therefore, it has to be concluded that a real contrac

tion in the coordination distance is measured. 

An analysis of the phase shift of the catalyst under 

hydrogen and under helium did not show distortions, as described 

above, either. 

7.4 DISCUSSION 

In the previous section two real contractions in the 

coordination distance were measured: i) a contraction of 0.04 R 
was observed when the 1.04 wt% catalyst under hydrogen was 

evacuated and helium was admitted {both measured at 77 K), ii) 

a subsequent contraction of 0.03-0.04 R was measured when the 

catalyst under helium was heated from 77 K to 523 K. The first 

result can be understood as follows. Due to the removal of the 
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Figure 8 Phase difference ~¢(kJ=¢ 523 (kJ-@ 77 rkJ as a function 

of k. 

a) Phase difference, aa~au~ated with a k-aube term 

( 4 7 3) 
3K • 

b) Phase difference, aa~au~ated with a distribu-

tion function, based on a Morse potentia~. 

a) Phase difference, ~au~ated with a pair distribu-

tion tion, based on a Lennard-Janes potentia~. 

d) Phase difference, ca~cu~ated from a pure~y Gaussian 

pair distribution function (u 2=0.02 ~ 2 J 
e) Phase difference, ca~cu~ated from a pure~y Gaussian 

pair distribution function (u 2=0.044 ~ 2 J 
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hydrogen, the atoms at the surface of the particle become 

more coordinatively unsaturated. To compensate this, the 

coordination distance between the surface atoms and their 

neighbour atoms is lowered. This result is in agreement with 

EXAFS measurements carried out by Moraweck (4) and Apai (2). 

Moraweck et al. performed EXAFS measurements on a Pt in 

Y-Zeolite catalyst and noticed a contraction in the coordina

tion distance of 0.12 R when the hydrogen was removed. The 

coordination distance relaxed back to the value of bulk 

platinum when the hydrogen was admitted again. et al. 

measured the first shell coordination distance in Ni and Cu 

particles, deposited on a carbon support, in vacuum as a func

tion of particle size. Their results showed that the coordina

tion distance decreased with adecreasingparticle size. 

Also for the catalysts in chapter 5 a small contraction 

in coordination distance could be observed when the catalyst 

was heated from 77 to 298 K. To study this in more detail the 

phase shift functions of 3 catalysts under different conditions 

were investigated. Coordination numbers and estimated particle 

sizes for these catalysts are given in Table II. 

N d<R> description 

A 5.0 8.4 Rh(0.5 wt%)/Al 2o3 (K) + H2 

B 6.5 11.2 Rh(0.5 wt%)/Al 2o3 (M) + H2 

c 5.8 9.8 Rh(1.04 wt%)/Al 2o3 
(K) + H2 

D 5.8 9.8 Rh(1.04 wt%)/Al 2o3 (K) + He 

Tab~e II Three different cata~ysts with their coordination 

number and average partic~e diameter. 

(K) Ketjen support, (M) Martinswerk support 

Fig. 9a, 9b and 9c show the phase shift functions at 77 K 

(solid line) and 298 K (dashed line) for catalysts A,B and C 

under hydrogen, respectively. Fig. 9d shows the phase shift of 

catalyst c under hydrogen (solid line) and under helium 
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Figure 9 Phase shift functions ¢(k) as a function of k. 

a) 0.5 wt% Rh/Al
2
o3 (K) catalyst under hydrogen, 

measured at ?? K (solid line) and 298 K (dashed 

line). 

b) 0.5 wt% Rh/Al
2
o3 (M} catalyst under hydrogen 

measured at ?? K (solid line) and 298 K (dashed 

line) 

e) 1.04 wt% Rh/Al2o
3 

(K) catalyst under hydrogen 

measured at ?? K (solid line) and 298 K (dashed 

line) 

d) 1.04 wt% Rh/Al 2o3 (K) catalyst under hydrogen 

(solid line) and under helium (dashed line), both 

measured at ?? K 

(K) Ketjen Al 2o3 support, (M) Martinswerk Al
2
o

3 
sup

port. 
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(dashed line). In all cases significant changes in the be

haviour of the phase shift are observed. The largest effect 

is found for the catalyst which is evacuated and to which 

helium is admitted. The same kind of effect but smaller is 

observed for the catalysts under hydrogen when heated from 77 

to 298 K. This could be explained by desorption of hydrogen 

with rising temperature. That the phase difference is smaller 

for the more dispersed catalyst A, can be explained by the 

fact that hydrogen is more strongly bound to small metal 

crystallites than to large metal crystallites. Due to the 

presence of , kinks and edges and more coordinatively 

unsaturated rhodium atoms at the surface for smaller crystal

lites, the hydrogen will be more strongly adsorbed. 

It appears that at all times a contraction in coordina

tion distance can be explained by a hydrogen desorption. This 

effect may also the contraction as a function of tem

perature for the catalyst under helium. Although this catalyst 

was evacuated at 673 K, it is still possible that some hydro

gen was present in the atmosphere, because the vacuum was not 
-2 better than 10 Pa. When the catalyst is cooled down to 298 K, 

this hydrogen adsorbs on the metal crystallites. An increase 

in temperature again leads to a desorption of hydrogen. A 

total contraction of 0.08 ~ is found between the catalyst under 

hydrogen at 77 K and the catalyst under helium at 523 K. 

Moraweck et al. measured a contraction of 0.12 ~when a 

Pt/Y-Zeolite catalyst was evacuated. However, evacuation was 

carried out at 673 K with the cell connected to a UHV line 

operated by a turbomolecular pump, which probably leads to a 

better vacuum. 

The coordination number of the catalyst under hydrogen 

did not change when the hydrogen was replaced by helium. This 

implies that the morphology of the metal crystallite does not 

change drastically. However, a significant decrease in the 

disorder of the catalyst could be measured, which correlates 

with the measured decrease in coordination distance. 

Also during the temperature dependent measurements, the 
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first shell coordination nu~ber remained unchanged, indicating 

that no structural changes (like ) in the metal 

crystallite occurs. 

From the dynamical disorder as a function of the tem

perature, important information about the strength of the 

binding between the rhodium metal atoms can be obtained. In 

order to compare the binding in the crystallite with the bin

ding in bulk metal, the Debye-Waller factor as a function of 

temperature for the bulk metal has to be known. Assuming a 

Debye model of the lattice vibrations in a monatomic cubic 
2 crystal, the values of the Debye-Waller factor, o (T), may be 

2 
calculated from values of 0

00 
, the mean square displacement 

of the atoms about their equilibrium positions by means of the 

equation ( 10) : 

2 2 o (T) = 20
00 

(1-y) (10) 

In this equation o
00

2
.y is the displacement correlation function 

which ensures that only out-of-phase thermal motion of atoms 

determines the decrease in the EXAFS amplitude. Values for 
2 

0
00 

.y which are dependent on the temperature and the coordina-

tion shell one is interested in, are given by Beni and Platzman 

(17). At high temperatures o 
2

.y approaches the value of 0.4. 

The mean square displacement
00

o
00

2 can be calculated from the 

2 
0 

00 

¢' 
( + 0.25) (11) 

where~ is Planck's constant divided by 2n, k is Boltzmann's 

constant, M is the mass of a rhodium atom, T is the absolute 

temperature, e
0 

is the Debye temperature and ¢' (x) is the 

function, given by: 

¢ (x) (12) 
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Using a Debye temperature of 480 K for rhodium (18), values 
2 

for cr can be calculated as a function of temperature. The 

calculation is given in Fig. 10, indicated by the solid line. 

1 

5 
0 

.-------

,~ 
... ~_,.cr;::,-,., .. :;:;_,....,-."' 

.. 4---" .--~-~--
B ·315 K ---o --_.---
-------

0~------r-------~----_,-------+------~--~ 
0 100 200 300 

T K 
400 500 

10 Debye-Waller Factor cr
2

(T) as a function of temperature 

T. 

(-.-.)Measured disorder of the catalyst, relative 

to the disorder of rhodium foil, measured at 

liquid nitrogen temperature. 

(----) Disorder of rhodium metal foil calculated with 

a Debye temperature 480 K. 

(----) Disorder, calculated with a Debye temperature 

315 K. 

It is clear that the Debye temperature of the catalyst signif

icantly differs from that of the bulk metal. Using the same 

equations, e0 of the catalyst was determined to be 315 K. 

Speaking in terms of force fields this would mean that the 

rhodium atoms in the crystallites are more weakly bound than 
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those in bulk metal. Although one might intuitively expect 

that the atoms in a small crystallite are more tightly 

bound, this measurement is in agreement with theoretical 

predictions on small Cu clusters by Delley et al. (3). Since 

the strength of the force fields probably depends on the 

size of the metal crystallite, temperature dependent measure

ments on the catalyst under hydrogen should yield the same 

Debye temperature. However, it is impossible to perform these 

measurements because of the desorption of the hydrogen. 

7.5 CONCLUSIONS 

Evacuation of the catalyst followed by admission of 

helium resulted in a contraction of the average bond length 

in the metal crystallite of 0.04 R. A subsequent contraction 

was found when the catalyst under helium was heated from 77 

to 523 K. Although the catalyst was evacuated at 623 K, still 

some hydrogen may have been present in the in-situ cell, since 

the vacuum which has not been measured in the direct sur

roundings of the catalyst, was not better than 10-2 Pa. During 

cooling to 298 K, this hydrogen adsorbs on the crystallite. 

Therefore, the latter contraction can be explained by a further 

desorption of the hydrogen. In such small metal crystallites 

most of the atoms are situated at the surface. Therefore, most 

of the atoms become coordinatively unsaturated, due to the 

desorption of the hydrogen. By means of a shortening of the 

average bond length, the crystallite tries to compensate for 

this lack of saturation. 

An important result is that the first shell coordination 

number does not change during the desorption of the hydrogen. 

This indicates that the morphology of the metal crystallite is 

not affected by the desorption, so no sintering or other 

structural changes occur. For instance, for small metal 

crystallites Yates et al. (19) proposed the theory of the 

'breathing' crystallite. They assumed that crystallites which 

are covered with hydrogen are spread over the support. After 



209 

desorption of hydrogen, the surface atoms become (more) 

coordinatively unsaturated and consequently the particles 

curl up to crystallites with the smallest possible amount of 

surface atoms. However, based on our results, their theory is 

not very likely. 

A final remark has to be made concerning eD for the 

small crystallite. For the catalyst, measured at 77 K, evacua

tion and admission of helium resulted in a significant decrease 

in disorder, correlating with a contraction in coordination 

distance. Therefore, a subsequent decrease in disorder may be 

expected when the catalyst is heated from 77 to 523 K. Since 

this decrease in disorder is superimposed on the normal increase 

of disorder with temperature, the Debye temperature of the small 

metal crystallite, which is derived from the slope of a 2 (T), 

might be too large. 
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SUMMARY 

A recent x-ray absorption technique which is used for 

structure determination of amorph and crystalline materials, 

is the EXAFS (Extended X-ray Absorption Fine Structure) 

technique. This technique is based on the phenomenon that a 

modulation behind the absorption edge in the absorption coef

ficient of a certain type of atom is present, whenever the ab

sorbing atom is surrounded by neighbour atoms. By analysing this 

modulation, the local structure of the absorbing atom (coordina

tion distances, coordination numbers, thermal and static disor

der) can be determined. 

In this thesis the development of a spectrometer, which 

is capable of measuring EXAFS spectra in the laboratory, is 

described. Furthermore, a description of the data analysis 

technique, developed to extract the correct information from 

the EXAFS spectra, is given. This data analysis technique has 

been used for the analysis of the EXAFS spectra of supported 

metal catalysts. Specifically, the structure of rhodium metal 

particles on an alumina support and the interaction of the me

tal particles with the support has been investigated. 

A laboratory EXAFS spectrometer has been developed, con

sisting of a commercially available rotating anode x-ray genera

tor and a translation mechanism which is used to tune a mono

chromator crystal, and onto which a sample holder and two x-ray 

detectors can be mounted. The mechanical demand that the spectro

meter has to be able to measure an absorption spectrum at 25 keV 

with energy increments of l eV (using a Si(3ll) monochromator 

crystal) has resulted in a translation mechanism (designed by 

the Technological Development and Design Group (CTD) of the 

Eindhoven University of Technology) with the desired absolute 

positioning accuracy and resetability of 5 pm. The mechanical 
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resolution wa3 designed so that it would not become the limi

ting element of the spectrometer resolution, when the spectro

meter is optimized. Resolution measurements performed with a 

Si(400) Johann monochromator crystal with a width of 10 mm, 

resulted in energy resolutions of 5.8 eV at 8.4 keV, 8.1 eV at 

9.7 keV and 12.8 eV at 11.3 keV. Using this crystal, EXAFS 

spectra, measured at the Cu-, Pt- and Ir-edge, were qualitati

vely comparable with or even better than equivalent spectra 

obtained with other laboratory spectrometers. However, the 

measured energy resolution is about a factor three worse than 

the energy resolution, predicted by the calculation. Recently, 

a spherically bent and ground Si(lll) Johansson monochromator 

crystal (developed by Philips Research Laboratories) has become 

available. The energy resolution, obtained with this type of 

crystal, is in good agreement with the calculated resolution. 

The poor energy resolution of the Johann crystal is therefore 

most likely caused by mechanical strain in the crystal. 

A platinum EXAFS spectrum, measured with the Johann crystal, 

has been compared with a platinum spectrum, measured at the 

storage ring in Stanford (SSRL). The difference which exists 

between the two spectra, can be fully explained by a difference 

in energy resolution. When the spectrometer will be fully 

optimized (i.e. helium-flow beamline, gold anode, Si(3ll) 

Johansson monochromator crystal), a resolution of 3 eV at 

11.5 keV with a photon intensity of 5.10 7 photons.s-1 can be 

expected. It is shown that the laboratory spectrometer is a 

useful alternative to perform EXAFS measurements on a large 

variety of samples. 

The data analysis, which is necessary to extract structural 

information from the spectra, consists of a procedure to 

separate the EXAFS signal from the monotonically decreasing 

absorption coefficient, a normalization of the EXAFS signal to 

convert the structural information to a per-atom basis, and a 

Fourier transformation to separate the var~ous coordination 

shells. This data analysis has been extended with a phase and 

amplitude correction in the Fourier transformation. Such a 

transformation allows a much easier interpretation of the 
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radial structure function, especially when heavy scatterers 

are primarily causing the EXAFS spectrum. It has also been shown 

that the imaginary part of such a corrected Fourier transform 

can be used for an easy distinction between different scat

terers. 

This modified way of data analysis has been used to study 

the structure of metal particles in reduced rhodium supported 

on alumina catalysts. 

- In the fully reduced catalysts, a small rhodium-oxygen signal 

can be detected, along with the main rhodium-rhodium con

tribution of the metal particle. From the value of the 

average coordination distance between rhodium and oxygen 

(2.7 ~), it is concluded that the signal has to be assigned 

to a coordination of rhodium metal atoms, present in the 

interface layer between the metal particle and the support, 

with oxygen ions, belonging to the alumina support. It is 

suggested that the bonding between the metal crystallites 

and the support does not involve Coulombic anion-cation 

interaction, but takes place via an ion-induced dipole 

interaction. 

- In a partially reduced catalyst, two Rh-O coordination dis

tances (2.05 ~and 2.7 ~) can be detected. The short Rh-O 

bond, equal to the Rh3+-o2- distance in Rh 2o
3

, disappears 

when the reduction temperature is increased. This result 

again supports our conclusion that the metal-support inter

action for rhodium metal atoms is not connected with the 

existence of a short oxidic distance, as is suggested by 

other authors, and demonstrates that care must be taken in the 

data analysis in order to separate metal-support effects from 

effects due to incomplete reduction. 

The average Rh-Rh bond length in a metal particle, which is 

covered with hydrogen is, within the limits of accuracy, 

equal to the bond length in bulk rhodium. EXAFS measurements 

have revealed that desorption of hydrogen leads to a contrac

tion in the rhodium-rhodium distance. Proper data analysis has 

shown that the contraction is real indeed, in contrast to the 

result of Marques et al., who ascribe the contraction to a 

modification within the EXAFS function, caused by assumed 
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asymmetrical vibrations of the surface atoms. Furthermore, 

during desorption of the hydrogen, no changes in the Rh-Rh 

coordination number have been detected, indicating that the 

morphology of the metal particle does not alter, thereby 

rejecting the 'breathing raft' theory of Yates et al. 
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SAMENVATTING 

Een recente rontgenabsorptie techniek voor de struktuur

bepaling van amorfe en kristallijne materialen is de EXAFS 

(Extended X-ray Absorption Fine Structure) techniek. Deze tech

niek maakt gebruik van het verschijnsel dat een modulatie ach

ter de absorptiebandkant in de absorptiekoefficient van een be

paalde atoomsoort aanwezig is, wanneer er zich nabuuratomen 

random de absorberende atomen bevinden. Door de modulatie te 

analyseren kan de lokale struktuur lkoordinatieafstanden, om

ringingsgetallen, thermische en statische wanorde) random de 

absorberende atomen worden bepaald. 

In di t proe,fschrift wordt het on twerp en de bouw van een 

spektrometer beschreven, waarmee EXAFS spektra in het laborato

rium kunnen worden gemeten. Daarnaast wordt een beschrijving 

gegeven van de data analyse die ontwikkeld is om de juiste in

formatie uit de spektra te halen. Deze data analyse is gebruikt 

voor de analysering van EXAFS spektra van metaal op drager ka

talysatoren. Men name is gekeken naar de struktuur van rhodium 

metaaldeeltjes op een Al 2o3 drager en de interaktie tussen het 

metaaldeeltje en de drager. 

De ontwikkelde laboratorium EXAFS spektrometer bestaat 

uit een commercieel verkrijgbare rontgengenerator met roteren

de anode en een bewegingsmechanisme, waarop een monsterhouder 

en twee rontgendetektoren geplaatst kunnen worden en waarmee 

een monochromatorkristal op de gewenste rontgenenergie 

stemd kan worden. De mechanische eis dat de spektrometer in 

staat moet zijn om, met gebruikmaking van een Si(311) mono

chromatorkristal, een absorptiespektrum bij 25 keV met stap

pen van 1 eV te meten, resulteerde in een bewegingsmechanisme 

(ontworpen door de Centrale Technische Dienst van de Techni

sche Hogeschool Eindhoven) dat het monochromatorkristal en de 
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monsterhouder absoluut en reproduceerbaar kan positioneren 

met een nauwkeurigheid van 5 vm. Alhoewel op dit moment een 

energieresolutie van 1 eV bij 25 keV nog niet bereikt kan wor

den, mede door het ontbreken van een voldoende klein rontgen

focus, is het bewegingsmechanisme dusdanig gedimensioneerd dat 

het bij optimalisering van de spektrometer nooit de beperkende 

faktor zal zijn. Resolutiemetingen uitgevoerd met een Si(400} 

Johann monochromatorkristal, resulteerden in een resolutie van 

5.8 eV bij 8.4 keV, 8.1 eV bij 9.7 keV en 12.8 eV bij 11.3 keV. 

Met dit kristal zijn EXAFS spektra aan de Cu-, Pt- en Ir-ab

sorptiebandkant gemeten, die kwalitatief vergelijkbaar zijn met 

of zelfs beter zijn dan spektra, gemeten met andere laborato

rium spektrometers. Echter, de gemeten resoluties zijn ongeveer 

een faktor drie slechter dan de resoluties die verwacht kunnen 

worden op grond van berekeningen. Recentelijk is een sferisch 

gebogen en geslepen Si(l11) Johansson monochromatorkristal 

(ontwikkeld door het Philips Natuurkundig Laboratorium) gein

stalleerd. De resoluties die met dit kristal zijn gemeten, ko

men goed overeen met de berekende resoluties. Mechanische span

ningen in het Johann kristal zijn dus waarschijnlijk de oorzaak 

van de slechtere energieresolutie. 

Tevens is een EXAFS spektrum van platina folie, gemeten met het 

Johann kristal, vergeleken met een EXAFS spektrum van platina 

folie, gemeten aan de opslagring te Stanford (SSRL). Het ver

schil dat er tussen beide spektra bestaat kan volledig ver

klaard worden met een verschil in scheidend vermogen. Wanneer 

de spektrometer volledig geoptimaliseerd is (opstelling ge

spoeld met helium, goud anode, Si(311) Johansson monochromator 

kristal) kan een scheidend vermogen van 3 eV bij 11.5 keV en 

een fotonenintensiteit van 5.107 fotonen per sekonde bereikt 

worden. Hiermee is aangetoond dat de laboratorium spektrometer 

voor een grote varieteit van monsters een bruikbaar alternatief 

is voor het meten van EXAFS spektra. 

De data analyse die noodzakelijk is om struktuurinforma

tie uit het EXAFS signaal te halen, bestaat uit een procedure 

om het EXAFS signaal te isoleren van de monotone absorptiekoef

ficient, een normalisering van het EXAFS signaal om struktuur-
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informatie per atoom mogelijk te maken, en een Fouriertrans

formatie om de diverse koordinatieschillen van elkaar te kun

nen scheiden. Deze Fouriertransformatie is uitgebreid met een 

mogelijkheid om een fase en amplitude korrektie te kunnen uit

voeren. Dit maakt bet interpreteren van de radiale struktuur

funktie aanzienlijk eenvoudiger, in bet bijzonder wanneer aan 

het EXAFS spektrum wordt bijgedragen door nabuuratomen met een 

hoog atoomnummer. Het imaginaire deel van deze gekorrigeerde 

Fouriertransformatie kan gebruikt worden om op eenvoudige wijze 

tussen verschillende typen nabuuratomen onderscheid te maken. 

Met deze methode van data analyse is de struktuur van 

metaaldeeltjes in vollediggereduceerde rhodium op Al 2o3 kata

lysatoren bestudeerd. 

Bij volledig gereduceerde katalysatoren is er naast het rho

dium-rhodium signaal, afkomstig van het metaaldeeltje, een 

klein rhodium-zuurstof signaal gedetekteerd. Uit de gemiddel

de waarde voor de koordinatieafstand tussen deze rhodium en 

zuurstofatomen (2.7 R> is gekonkludeerd dat het signaal toe

geschreven moet worden aan een omringing van rhodium metaal 

atomen, aanwezig in de grenslaag tussen bet metaaldeeltje en 

de drager, door zuurstofionen van de oxidische drager. Er 

wordt verondersteld dat de binding tussen bet metaaldeeltje 

en de niet verloopt door middel van een Coulombse 

anion-kation interaktie, maar via een door ionen geinduceerde 

dipool interaktie. 

- In een niet volledig gereduceerde katalysator Z~Jn twee rho

dium-zuurstof afstanden van 2.05 R en 2.7 R gedetekteerd. De 

korte Rh-O afstand, die overeenkomt met de afstand tussen 

Rh 3+ en o2- ;n bulk Rh 0 d · · t d k t 1 t ~ 2 3 , ver W~Jn wanneer e a a ysa or 

bij een hogere temperatuur gereduceerd wordt. Ook dit resul

taat aan dat de metaal-drager interaktie voor rhodium 

atomen los staat van het voorkomen van korte oxidische Rh-O 

afstanden, in tegenstelling tot wat vaak door andere auteurs 

wordt aangenomen. Daarbij tonen de resultaten duidelijk aan 

dat er nauwkeurig geanalyseerd dient te worden om metaal-dra

ger effekten te scheiden van effekten die te maken hebben 

met een onvolledige reduktie. 
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- De gemiddelde rhodium-rhodium afstand in een metaaldeeltje, 

waarop waterstof geadsorbeerd is, is binnen de meetnauwkeu

righeid gelijk aan de afstand zoals die voorkomt in bulk rho

dium metaal. Met EXAFS metingen is aangetoond dat desorptie 

van de waterstof tot een verkorting van de gemiddelde Rh-Rh 

koordinatieafstand leidt. Door zorgvuldige analyse van de 

EXAFS spektra is aangetoond dat er sprake is van een werkelij

ke verkorting. Dit is in tegenstelling met resultaten van 

Marques e.a., die deze verkorting klassificeren als een 

schijnbare verkorting, veroorzaakt door een verandering in de 

EXAFS funktie ten gevolge van de asymmetrische trilling van 

de rhodium atomen aan de oppervlakte van het metaaldeeltje. 

Verder blijkt dat het omringingsgetal van rhodium konstant 

blijft tijdens de desorptie van waterstof. Dit geeft aan dat 

de morfologie van het metaaldeeltje ongewijzigd blijft en dat 

het metaaldeeltje niet gaat opkrullen zoals gesuggereerd 

wordt door Yates e.a. 
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