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Abstract

The accuracy of the structural parameters (i.e. type of neighbour, number of neighbours of a speci®c type, distance between

absorber and neighbour, and disorder) that are obtained from the analysis of EXAFS spectra is in theory only depending on the

errors in the data. However, the experimental set-up, the standard used to build the model EXAFS, and data analysis method

may introduce systematic errors. This paper discusses several methods to decrease the errors associated with the method of

data analysis. With MoS2 as an example the use of phase corrected Fourier transforms to determine the type of neighbour is

demonstrated. The conventionally applied k3-weighting of the data was compared to k1-weighting and weighting by the

inverse of the statistical error in the re®nement of the structural parameters of PtO2. Weighting the data with the inverse of the

statistical error gives results in agreement with XRD structure determinations and the best goodness of ®t values ��2
��.# 1998

Elsevier Science B.V.
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1. Introduction

Immediately after Stern and coworkers [1] formu-

lated the current theory of the origin of the extended

X-ray absorption ®ne structure (EXAFS) in the early

1970s, the potential of EXAFS for the study of

catalysts was recognized. At ®rst, studies focused

on obtaining particle sizes for highly dispersed sup-

ported metal catalysts, which yielded data available

from neither TEM nor XRD. Developments in the

brightness of X-ray sources, sensitivity and linearity

of detectors as well as the availability of in situ

equipment extended the amount of information that

can be obtained with X-ray absorption spectroscopy

(XAS) signi®cantly. The most challenging, but

already possible, application of XAS is the determina-

tion of the structure of a catalyst during preparation or

under reaction conditions.

For particle size determination as aimed for in the

®rst XAS experiments on catalysts, analysis of the ®rst

single scattering shell suf®ces. The structural para-

meters of a model EXAFS spectrum with one con-

tribution can be re®ned with non-linear least-squares

methods, but phase and log-ratio ®ts [2] decrease the

correlations between the parameters and hence yield

more reliable results. In highly dispersed metal cata-

lysts and oxides the ®rst coordination shell contains

several different scatterers ± often at different dis-

tances as well ± limiting the applicable analysis

methods to non-linear least-squares methods. In order

to decrease the correlations between the structural

parameters of different contributions with nearly equal
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distances, Koningsberger and coworkers [3,4] devel-

oped the `̀ difference ®le technique''. The difference

®le technique allows the visualization of the contribu-

tion of different scatterers to a single coordination

shell, but this ability to look at very small signals does

not increase the amount of information that can be

obtained from EXAFS.

The momentum to extend the analysis of EXAFS

spectra beyond the ®rst coordination shell came from

research on enzymes and complexes. However, ana-

lysis of higher coordination shells calls for the inclu-

sion of multiple scattering paths in the model EXAFS

and it was not until the late 1980s that computer codes

[5,6] and hardware became available which made

routine analysis using multiple scattering feasible.

The accuracy of the structural parameters derived

from the analysis of an EXAFS spectrum is still under

debate due to the large number of sources for both

systematic and statistical errors. A general approach to

the problems and errors that should be dealt with

during measurements can be found in the book `̀ X-

ray Absorption'' edited by Koningsberger and Prins

[7], a paper that speci®cally focuses on XAS experi-

ments with catalysts appeared recently [8]. The errors

that arise from errors in the various types of absorber±

scatterer potentials or standards were discussed by

Vaarkamp et al. [9] and Li et al. [10]. This paper only

addresses the errors that are attributable to the analysis

of an EXAFS spectrum and the statistical variations

(noise, errors) in the data.

It is possible to make a huge systematic error in the

analysis of an EXAFS spectrum by choosing the

wrong backscatterer for a contribution. Phase cor-

rected Fourier transforms and different k-weightings

can be very helpful in this aspect of data analysis.

In 1982, Morrison et al. [11] showed that statistical

noise affects the shape of Fourier transforms and

generates ghost peaks. In single shell systems that

can be analysed with the phase ®t and log-ratio

method, noise affects the structural parameters for

light elements more than the structural parameters

for heavy elements due to the shorter data range that

can be used to determine the structural parameters of

the light elements [12]. However, at high noise levels,

distance determinations remained accurate (�0.02 AÊ ),

while the errors in the coordination number and dis-

order reached 30%. It has also been pointed out that in

model spectra with several shells, correlations

between parameters contribute signi®cantly to the

errors in the structural parameters [13].

Mathematically, data should be weighted with the

inverse of their error to obtain the best parameters

from (non-linear) least-squares re®nement. The effect

of different weighting schemes on the structural

parameters derived from the EXAFS of PtO2 will

be demonstrated.

2. Backscatterers

A neighbour of the absorbing atom is characterized

by its phase shift {�(k)} and scattering potential

{F(k)}. Consequently, identi®cation of a scatterer

involves the extraction of these two functions from

the EXAFS and/or comparison with known values.

However, ®nding the exact atomic number of the

neighbouring atom is not as easily accomplished as

would be expected due to the similarity of both phase

shift and scattering potential of neighbours in the

periodic table. Model studies and calculations

[14,15] have revealed that it is possible to distinguish

between neighbours at the beginning of the periodic

table, but that distinguishing between next nearest

neighbours becomes very dif®cult for elements hea-

vier than Ba. Thus, contributions from oxygen or

nitrogen to the EXAFS can be identi®ed without

any knowledge of the sample composition, but con-

tributions from platinum and osmium are very dif®cult

to distinguish. It is therefore desirable to know the

elemental composition of the sample at the time of

analysis (it is even better to have this information

available at the time of data collection as one can

calculate the optimal thickness of the sample from the

elemental composition).

Visual inspection of Fourier transforms with differ-

ent k-weightings and over different intervals often

supplies at least as much information on the type of

neighbours of the absorber as mathematical compar-

ison of the data with a model. Fig. 1 illustrates this for

the Mo K-edge EXAFS of MoS2. The Mo atoms in

MoS2 has six sulphur neighbours at 2.41 AÊ and six

molybdenum neighbours at 3.16 AÊ . The difference in

imaginary part of the two peaks in the k1-weighted

Fourier transform (Fig. 1(a)) demonstrates that the

peaks at 2.0 and 2.9 AÊ are due to different scatterers.

The relative magnitude of the peaks reverses in the k3-
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weighted Fourier transform (Fig. 1(b)), providing evi-

dence that the scatterer at 2.9 AÊ (Mo) is heavier than

the scatterer at 2.0 AÊ (S).

The shape of the magnitude and the imaginary part

of the Fourier transform (FT) gives a fairly accurate

indication of the exact nature of the scatterer. Fig. 2(a)

again shows the Fourier transform of the MoS2

EXAFS, but this time the data were Mo±S phase

corrected prior to the calculation of the transform.

This results in a large change in the shape and position

of the peaks, i.e. the peak at 2.0 AÊ in the uncorrected

FT shifts to 2.4 AÊ and becomes symmetric, and the

peak at 2.9 AÊ in the uncorrected FT shifts to 3.2 AÊ

changes shape, but remains asymmetric. Note that the

imaginary part of the peak at 2.4 AÊ has a positive peak

at the maximum of the magnitude. All this indicates

that the peak at 2.4 AÊ indeed arises from a Mo±S

contribution to the EXAFS. An increase in k-weight-

ing does not affect the peak positions, but affects the

peak magnitudes similarly for uncorrected and phase

corrected Fourier transforms (Fig. 2(b)). Comparison

of the uncorrected FT and the Mo±S phase corrected

Fig. 1. Uncorrected Fourier transform of the EXAFS of MoS2, (a) k1-weighted, �k: 3.12±19.9 AÊ ÿ1, (b) k3-weighted, �k: 3.12±24.4 AÊ ÿ1. The

solid lines are the positive and negative magnitude, and the dotted line is the imaginary part.
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FT reveals that the peak due to the heavy element (Mo)

is hardly affected by the phase correction, but that the

peak associated with S becomes symmetric. Mo±Mo

phase correction (Fig. 3) shifts the peak positions

differently from the Mo±S phase correction, i.e. the

shifts are smaller. The most striking effect of Mo±Mo

phase correction is, however, that in the k1 weighted

FT the peak associated with S smears out over a larger

distance interval and loses amplitude, bringing about a

reversal in peak amplitudes. In short, one should

remember that a change in the weighting of FTs is

useful to identify the presence scatterers of different

weight and that phase corrected FTs can be used to

identify the scatterer that is present in a peak in the FT.

3. Building a model EXAFS

After identi®cation of the absorber±scatterer pairs

that possibly contribute to the EXAFS of the sample, a

detailed analysis of these contributions can be under-

taken, i.e. the coordination number (N), the distance

Fig. 2. Mo±S phase corrected Fourier transform of the EXAFS of MoS2, �k: 4.0±19.9 AÊ ÿ1, (a) k1-weighted, (b) k3-weighted. The solid lines

are of positive and negative magnitude, and the dotted line is the imaginary part.
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(R), and the disorder (�2, DW factor) can be obtained

from curve ®tting. Besides the above-mentioned struc-

tural parameters, each contribution also contains the

edge energy shift (�E0) to account for differences in

the edge energy of the experimental data and the used

prescription of �(k) and F(k). Thus, adding one con-

tribution to the model EXAFS involves the optimiza-

tion of four parameters.

The evaluation of the results of parameter optimi-

zation with the presently available computing power is

more time consuming than the actual calculations. It is

therefore important to be able to judge the quality of a

model in a routinely and versatile manner. An overlay

plot of the (Fourier transform of the) experimental

data and the model EXAFS is in general suited for this.

A well-known quantitative criteria is the percentage

difference between the kn-weighted experimental data

and the model EXAFS, this number has also been

called kn-variance [9] or R factor [13]. Low values of

these numbers indicate a good agreement between

data and model. However, the percentage difference

suffers from two weaknesses that make it unsuitable to

Fig. 3. Mo±Mo phase corrected Fourier transform of the EXAFS of MoS2, �k: 4.0±19.9 AÊ ÿ1, (a) k1-weighted, (b) k3-weighted. The solid lines

are of positive and negative magnitude, and the dotted line is the imaginary part.
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judge the quality of models: (1) it does not take into

account the accuracy in the data and (2) it has no

relation to the amount of information that is present in

the data.

The information content (�) in an EXAFS spectrum

is de®ned by the so-called Nyquist theorem [16] and

the EXAFS speci®c modi®cations thereof described

by Stern [17]:

� � 2�k�R

�
� 2: (1)

Information content, which is a synonym for the

number of independent data points, is an abstract term

for something that is probably best rephrased as the

number of parameters that can be used to build a

model EXAFS. It is important to realize that not only

the complete model EXAFS spectrum should satisfy

this criterion but also each subset of contributions.

This often becomes dif®cult for systems with several

shells in a short distance interval. For example, the

analysis of the Mo±O distances in MoO3 (1.8, 2.1, and

2.4 AÊ ) requires a k-range of at least 9.8 AÊ ÿ1 if one

assumes that these contributions extend from 1.2 to

2.8 AÊ . This k-range requirement is often not met in the

analysis of the oxides of ®rst row transition metals.

4. Errors in the data and the refined parameters

The calculation of errors in the structural param-

eters (N, R, �2) of the model EXAFS is straightfor-

ward, once the errors in the data are known and if one

assumes that the phase shift and scattering amplitude

used in the re®nement are error free. These simple

statements encompass the crux as well as an often

ignored aspect of the analysis of EXAFS spectra. For

example, errors in the data can be systematic and

statistical in nature and their relative importance

depends on the system studied. Moreover, systematic

errors are dif®cult to estimate and there are many

possible sources, i.e. higher harmonics in the X-ray

beam, non-linear detectors, inadequate parametriza-

tion of the post-edge background, errors in the phase

shift and scattering amplitude [9], etc. To obtain the

statistical errors in the data points several methods are

available: (i) calculation from repeated measurement

of the same sample, (ii) calculation by ®tting poly-

nomials through a limited number of data points [18],

(iii) estimation from the difference between model

function and experimental data [13], and (iv) estima-

tion from the high frequency components in the

spectrum, i.e. Fourier ®ltering. An energy dependent

error can be obtained from the ®rst two methods, the

other methods assume that the error is independent of

the energy.

Fig. 4(a) shows that the magnitude of the statistical

error in the EXAFS of MoS2 decreased with k, this was

also reported for Br2 [18] and platinum foil [9].

Fig. 4(b) shows that the relative statistical error in

the EXAFS of MoS2 increased with k, while for

platinum foil the relative error was independent of k

[9]. Fig. 5 shows the absolute and relative error for

PtO2. Comparison with the data for MoS2 reveals that

both the absolute and the relative statistical error were

about twice as large for PtO2 as for MoS2. An impor-

tant implication of the k-dependence of the statistical

errors in an EXAFS spectrum is that there is no

mathematical justi®cation to apply k-weightings dur-

ing parameter re®nement if the statistical errors are

larger than the systematic errors. It should be men-

tioned that the application of k-weighted counting

schemes during the measurement jusiti®es the use

of a kn-weighting if the errors are mainly statistical

in nature. Naturally, averaging several scans obtained

with a kn-weighted counting scheme will yield a k-

dependent error that encompasses the intrinsic k-

dependence of the error in the data as well as the

decrease in error due to the counting scheme.

Tables 1 and 2 show the results of parameter opti-

mization for PtO2 using different weighting schemes

Table 1

Structural parameters obtained from the refinement of a model EXAFS with a Pt±O contribution to the PtO2 EXAFS

Weighting N R (AÊ ) ��2 (105 AÊ 2) �E0 (eV) �2
�

Errors 5.43�0.02 2.065�0.000 95�3 2.20�0.06 325

k1 10.80�0.07 2.044�0.001 1069�9 7.99�0.10 597

k3 5.87�0.02 2.067�0.000 110�3 4.85�0.06 390

276 M. Vaarkamp / Catalysis Today 39 (1998) 271±279



Fig. 4. (a) Absolute and (b) relative statistical error in the EXAFS of MoS2. The absolute error was obtained by averaging several background

subtracted datasets. The straight line in (b) was obtained by fitting the data to AeBk.

Table 2

Structural parameters obtained from the refinement of a model EXAFS with a Pt±O and a Pt±Pt contribution to the PtO2 EXAFS

Weighting Scatterer N R (AÊ ) ��2 (105 AÊ 2) �E0 (eV) �2
�

Errors O 5.94�0.02 2.077�0.000 190�4 1.11�0.06 125

Pt 2.49�0.05 3.071�0.001 35�9 3.59�0.21

k3 O 6.23�0.02 2.064�0.000 176�4 5.39�0.07 184

Pt 3.56�0.06 3.076�0.001 159�8 1.80�0.19
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between 3.5 and 13.0 AÊ ÿ1 in k-space. The goodness of

®t ��2
�� [19] was calculated using a r-space interval

from 1.0 to 4.0 AÊ . Structural parameters for the model

with only a Pt±O contribution depended heavily on the

used weighting scheme. Results for multiplying the

data with the third power of the k-value and division of

the data by the error were in good agreement com-

pared to the results obtained with k1-weighting of the

data. In fact, the results of the k1-weighted re®nement

are physically impossible. A model with a Pt±O and a

Pt±Pt contribution yielded a Pt±O coordination num-

ber that was 10% higher than the single shell model,

due to the correlation between the Pt±Pt and the Pt±O

contribution. The Pt±Pt contribution had a statistical

signi®cance of 90%, while an additional Pt±O con-

tribution at 3.7 AÊ had a statistical signi®cance of only

68%. The errors calculated from the statistical error in

the data were much smaller than the errors that are

generally quoted when the systematic errors are taken

into account (N�10%, R�0.02 AÊ , ��2�20%,

Fig. 5. (a) Absolute and (b) relative statistical error in the EXAFS of PtO2. The absolute error was obtained by averaging several background

subtracted datasets. The straight line in (b) was obtained by fitting the data to AeBk.
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E0�20%). Note however that by de®nition systematic

errors affect all models in the same way, thus enabling

comparison of models. This argument can be

expanded to the comparison of data and models

obtained under the same experimental conditions

and analysed with identical phase shifts and scattering

amplitudes.

In the PtO2 case described above, weighting the

data by the inverse of the statistical errors gives good

results. However for MoS2, the statistical errors were

smaller than the systematic errors and re®nement of

the structural parameters yielded physically unrealis-

tical values for the coordination number. Experience

from the analysis of other spectra indicates that the

ratio of statistical to systematic errors decreases with

increasing edge energy and increasing step height. A

full evaluation of the errors at a particular absorption

edge in a particular experimental set-up involves the

measurement of a number of model compounds and an

estimation of the statistical noise. A comparison of the

analysis results of the model compounds will yield the

magnitude and direction of the systematic errors.

Statistical errors should be obtained from repeated

measurements of the sample. This is time consuming,

but it enables one to quote quantitative errors in the

structural parameters and enables more reliable com-

parisons between samples that were measured and

analysed with the same methods.

5. Conclusion

Phase corrected Fourier transform were shown to be

useful in the determination of the type of backscat-

terers that contribute to an EXAFS. Mathematically,

there is no justi®cation for the conventionally applied

kn-weightings of the data during re®nement of struc-

tural parameters. Division of the data by the statistical

error is the preferred method of weighting if the

statistical error is larger than the systematic error.
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