
Brazilian J o ~ r n a l  of Physics, vol. 24, no. 3, September, 1994 

The X-ray Absorption Spectroscopy 
Applied to the Study of Catalysts 

M. C. Martins Alves 
Laboratório Nacional de Luz Sáncrotron/CNPq 

Caixa Postal 6192, Campinas, SP, Brazil 

Received June 27, 1994 

This article intends to give an overview of the capabilities of the X-ray absorption spec- 
troscopy for studies of structural properties of materials. Particular emphasis is given to the 
iwestigation of supported metallic catalysts as those used in fuel cells and in the petroleum 
r rforming . 

I. In t roduc t ion  

The XAIYi (X-ray Absorption Fine Structure) 

technique, which includes XANES (X-ray Absorption 

Near Edge !;tructure) and EXAFS (Extended X-ray 

Absorption IPine Structure) spectroscopies, is a pow- 

erful techniqiie to determine the local atomic structure 

in a11 forms of matter irrespective of their degree of 

crystallinity[: -41. I t  provides information on: (i) tlie 

oxidation state of the element, (ii) the symmetry of its 

local environment, (iii) the partia1 density of unoccu- 

pied states, (iv) the nature of the surrounding atoms, 

(v) the coordination number, (vi) the distances be- 

tween the absorber and its neighbors. The most im- 

portant goal in this field is the understanding of the 

local atomic arrangement, of the nature of the various 

electronic exchanges and even of the chemical composi- 

tion. Some practical examples are its use to  character- 

ize catalysts, electrochemical systems, colloids, super- 

conductors, 1 hin films, multilayers, glasses, inorganic 

and biological compounds.[5-91. 

This technique is well suited for detailed physical 

studies of catalysts, especially heterogeneous catalysts, 

where the airn is to  understand quantitatively the role 

played by the metal. The main problem is the deter- 

mination of structural properties such as the type of 

bonding that occurs between the metal and the atoms 

of the support and the relationship between the activ- 

ity of the system, the structure of the metal and the 

nature of thc s ~ ~ ~ o r t [ ~ ] .  In a supported metal cata- 

lyst, the metidlic atoms are widely dispersed, typically 

arranged in clusters with dimensions averaging 20-50 

A. This has two consequences: first, diffraction tech- 

niques can give very little information on such small 

crystallites, and second, the structural properties, and 

therefore the catalytic activity of clusters of that size, 

are expected to be different from those of the bulk el- 

ementa1 metal. Since XAFS depends only on the lo- 

cal atomic environment, by reason of the short mean 

free path of photoelectrons, it is particularly useful for 

the study of catalysts. This paper is not an exhaus- 

tive review of a11 that has been done in catalysis with 

XAFS spectroscopy, but intends to  focus attention on 

the capability of this technique. In the following sec-' 

tions we will give a brief overview of the basic aspects 

of XAFS spectroscopy including the instrumentation 

currently used. In the final we will present some typi- 

cal physical results obtained in systems of technological 

importance. 

11. Genera l  principles 

In XAFS experiments one measures the absorbance 

near a particular absorption edge as 'a  function of the 

photon energy. Fig. 1 shows tlie X-ray absorption spec- 

trum of a Co metal foil, which corresponds t o  the exci- 

tation of the Co 1s electron. The initial monotonically 

decreasing part of the spectrum is due to  the interac- 

tion of X-rays with the outer shell electrons. When the 

X-ray energy (hv) is equal to  or slightly larger than the 

threshold energy Eo, the bound electron is promoted 

due to the photoelectric process and a sharp increase 
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in the absorption spectrum is observed. This is called 

the absorption edge and its position is characteristic for 

a particular type of absorber atom (for the cobalt I( 
edge, E. = 7709 eV). For photon energies larger than 

the threshold energy, the X-ray absorption coefficient 

shows a series of oscillations wliicli may extend up to 

1000 eV above the absorption edge. The origin of the 

fine structure is outlined below. 

ENEFGY (eV) 

Figure 1: Co K edge X-ray absorption spectrum of a Co 
metal foil. The physical processes leading to the features 
appearing at different energies of the X-ray absorption spec- 
trum are indicated at the botton and the XANES and EX- 
AFS regions are defined. 

In the photoelectric process, the energy of an X- 

ray photon is completely absorbed by a core electron, 

which is promoted to an unoccupied valence leve1 or to 

the continuum. The kinetic energy Ek of the emitted 

photoelectron is 

where hv is the incident photon energy and E. is the 

binding energy of the electron. Dependirig upon the 

energy of the photon, different physical processes lead 

to different features of an X-ray absorption spectrum. 

a. XANES (X-ray Absorption Near Edge Struc- 

ture) 

The XANES region is dominated by different pro- 

cesses involving localized transitions of the excited elec- 

tron to  unoccupied electronic levels as well as multiple 

scattering. The ejected photoelectron with low kinetic 

energy has a wavelength of the order of the inter atomic 

distance and its mean free path is long enough to allow 

multiple reflections by the closest neighbors (Fig. 2). 

The spectral features in the low energy range (up to 

50 eV above the edge) contain information on tlie ox- 

idation state and the local symmetry of the absorbing 

atom. 

EX AFS XANES 

@ Absarbing stom - Photoelectrm pathways 

Figure 2: Schematic view of the multiple scattering path- 
ways in tlie EXAFS single ~cat~tering regime and in the 
XANES multiple scattering regime. 

b. EXAFS (Extended X-Ray Absorption Fine 

Structure) 

The basic physical process leading to the oscillations 

in the EXAFS region is the backscattering of the ejected 

photoelectron by the surrounding atoms. In this region 

the photoelectron is excited into tlie continuum with a 

high kinetic energy and its wavelength is much smaller 

than the inter atomic distance. In addition tlie mean 

free path is short and only simple scattering process 

occurs. The backscattered part of tlie wave interferes 

with the outgoing part creating an interference pattern 

(Fig. 3). As the photon energy changes, the energy 

and thus the wavelength of the ejected photoelectron 

also changes, causing the constructive and destructive 

interference at the absorber atom. This region, extend- 

ing from 50 to 1000 eV above the edge, contains infor- 

mation about the local structure around the absorbing 

atom and gives the radial distance function in a sphere 

up to 4-5 A. 
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oulgolng wave outgolng wnre + bnckrcnllered wivelel 

Figure 3: For an isolated atom the final state of the one 
electron transition is just an outgoing wave. The EXAFS 
spectrum of a diatomic molecule is caused to by interference 
between the outgoing and the backscattered wave. 

11. 1 The Fiirmi-Golden-Rule 

The probability of photoelectric absorption is given 

by the Fermi.Golden Rule: 

where a is the absorption cross section, Q; is tlie ini- 

tia1 state wave function of the bound electron, 4/ is 

the final stat,: wave function of the ejected pliotoelec- 

tron, N(E)  i:; the density of the allowed states at the 

final state energy Ef, E is the electric field polarization 

vector of the X-ray photons, r is the position vector of 

the scatterer with respect to the absorber atom and 6 is 

the Dirac Function which expresses energy conservation 

where hv is t'ie energy of the photon. This expression 

shows that X-ray absorption spectroscopy is sensitive 

to tlie valence shell occupancy and the site symmetry. 

The trans tion moment ( < !Pf /E.r/!P; > ( is gov- 

erned by the òllowing atomic selection rules: 

a) The operator for the transition is mainly the elec- 

tric dipole operator. Electric quadrupole operator ex- 

ists but gives rise to much weaker transitions. 

b) The allowed transitions are the ones with As = 0, 

A1 = r1 and A j  = 0 , ~ 1 ,  where As  is the change of 

spin*momentiim of the atom during the electric dipole 

transition, AI is tlie change of orbital angular momen- 

tum and A j  i:< the change in total angular momentum. 

At I( and LI  edges, an s electron (1 = O) is excited to 

p atomic orbitals (A1 = +l )  and transitions to d levels 

are forbidden (Ai = $2). Thus X-ray absorption spec- 

troscopy is a technique probing selectively the angular 

momentum of the vacant state levels. 

11.2 The EXAFS formalism 

Lytle, Sayers and stern[lo] formulated a single scat- 

tering short-range order theory which gave excellent 

agreement with the experimental data beyond 50 eV 

above the absorption threshold["]. Shey showed that 

the frequency and amplitude of the EXAFS could be 

related to the interatomic distances and the coordina- 

tion number around the photoexcited atom. They also 

pointed out that the experimental EXAFS data can 

he Fourier transformed to give a radial structure func- 

tion containing direct information on the bond lengths, 

number of atoms and widths of coordination sphere 

around the excited atom. 

The EXAFS can be expressed as the normalized 

modulation of the absorption coefficient as a function 

of energy: 

Here p(E) is the total absorption coefficient a t  energy 

E and po(E) is tlie smooth atom like absorption coef- 

ficient. In order to extract structural information from 

the EXAFS, we need to use a wave vector (k) formula- 

tion given by 

wliere rn is the electron mass and h is the Planck con- 

stant. 

For simplicity of understanding, a plane wave is as- 

sumed for tlie photoelectron wave although in practice 

the curvature of wave-front may be quite important. 

Tlie modulated part of the spectrum ~ ( k )  as a function 

of the photoelectron wave vector k can be given by 

where 4 = 2&(k)  + Q>, k represents the wave vector, 

fi(a) and \E are amplitude and phase terms depending 



M. C. Martins Alves 

I ' ' . ' I . ' - '  

800 1 O00 

ENERGY (eV) 

-0.10 

2 4 6 8 10 12 1 4  16 

k (A"') 
0 2 4 6 8 1 0  

DISTANCE (A) 

Figure 4: Example of the three main successive steps of an EXAFS analysis; (a) extraction of the atomic absorption coefficient 
(broken line); (b) extraction of the EXAFS signal; (c )  Fourier transforming; (d) modeling the filtered first shell against the 
theoretical expression. 
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on the central atom and on the backscatterer, Ni is the 

coordination number of one given type of atoms at a 

distance R vrith a Debye Waller factor a and X is the 

electron mean free path. Also, SI is the phase shift 

induced by the emitting atom and @ is that associated 

to the scattering atom. 

This forniulation of EXAFS is carried with the im- 

plicit assumption that the effect is dominated by sin- 

gle scattering. Most paths for the photoelectron wave 

function in E:XAFS which involve two or more scatter- 

ing events require scattering angles around 90' which 

are highly improbable. One exception to this is the case 

where the absorbing atom and two scattering atoms lie 

in a straight line. This would involve two forward scat- 

tering events by the first scatterer and a back scattering 

event by the second. Each of these has a relatively high 

probability, rnaking the overall contribution to the EX- 

AFS significmt. Such an alignment is very common in 

highly ordered materials such as ~ r ~ s t a l s [ ~ ~ ] .  

A more ~ophisticated approach to the analysis of 

EXAFS is the curved-wave theory. However, as a con- 

sequence of the change from plane to spherical waves, 

the phase-shiR and backscattering amplitude functions 

become depe ~ d e n t  of the interatomic distance between 

absorber and backscatterer[13]. Thus, they cannot be 

calibrated anymore on model compounds, but have to 

be calculated on the basis of quantum-mechanics. The 

usefulness of the curved-wave approach critically de- 

pends on the correctness of these calculations. In prin- 

ciple, more reliable results should be extracted from 

EXAFS data by curved-wave theory. However, the er- 

rors involved in the analysis based on plane-wave theory 

may be miniriized by a careful choice of the model com- 

pound, and, i l  these errors are a ~ c e ~ t a b l e I ~ ~ 1 ,  the plane- 

wave model is for many scientists a clearer and more 

direct approach. Refs. 15-17 present discussions about 

this question and the exact formula which takes into 

account the curved-wave nature of the electron propa- 

gators. 

Details of the EXAFS analysis are given in Refs. 18- 

19 and the mirin features are recalled here. The analysis 

of the data is performed in three major stages as sum- 

marized in Fig. 4: 

1) Extraction of the EXAFS signal from the raw 

data by obtaining an atomic absorption coefficient po 

and application of Eq. (3). 

2) Application of a Fourier Transform (FT) opera- 

tion to ~ ( k )  to obtain the modified radial distribution, 

and 

3) Application to the theoretical formula (5) to the 

filtered signal, and isolation of the shell of interest. Am- 

plitude and phase shifts are extracted from model com- 

pounds, or calculations, so parameters as R, N and a 

can be determined. The accuracy is typically of the 

order of 0.01 A for R and 10 % in N. 

111. Exper imenta l  considerat ions 

111.1 T h e  X-ray source 

Synchrotron radiation is the ideal X-ray source to 

do XAFS experiments because it provides a continuum 

of photon energies at intensities that can be from lo3 

to 106 higher than those obtained with conventional 

X- ray tubes. The most attractive features of syn- 

chrotron radiation are the high intensities, broad spec- 

tral range and high degree of linear polarization. Syn- 

chrotron radiation is based on the emission of electro- 

magnetic waves by accelerated charged particles (elec- 

trons or positrons) at relativistic speedsf3]. 

111.2 The exper imenta l  s ta t ion  

In Fig. 5 a schematic generalized experimental ap- 

paratus is shown to illustrate the various components 

comprising X-ray absorption experiment. 

The optical elements are: 

mirror - This optical element is used for collimation and - 
focusing of the beam as well for rejection of harmonics. 

monochromator - This element allows to select a narrow - 
monochromatic energy band (AX/X R IO-~) according 

to Bragg's law: 

where d is the lattice spacing of crystallographic planes 

and O is the Bragg angle between the incident beam 

and the lattice planes. 
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detection system - The measurement of the absorp- - 
tion coefficient of a sample can be accomplished ei- 

ther directly by measuring the attenuation of the inci- 

dent beam in a transmission experiment, or indirectly 

by measuring the products of absorption, the fluores- 

cent radiation or the non radiative Auger or secondary 

e ~ e c t r o n s [ ~ ~ - ~ ~ ] .  The transmission mode is well adapted 

to the study of powders and solutions. The fluores- 

cence technique is preferred for thin or dilute saniples 

(< 0.5%). Due to the low mean free path of electrons 

(5 - 100A), the electron yield detection is a surface 

sensitive method, adapted to  the study of multylayers, 

coatings and irradiated materials. 

A more sophisticated scheme used for time resolved 

spectroscopy associates synchrotron radiation and dis- 

persive optics. This alternative allows fast and simul- 

taneous data acquisition wliich permits the study of ki- 

netic experiments a t  tlie 100 millisecond-1 second time 

scale. More information can be found in Ref. 24. 

detectors - 
I sample 

---, 
source monochromator 

I 

mlrror - I 

Figure 5: Schematic overview of a XAFS experimental sta- 
tion. 

IV. Expe r imen ta l  resu l t s  

In tliis Section it  will be presented some recent 

results concerning tlie application of the XAFS spec- 

troscopy to the study of catalysts involved in reactions 

of technological importance. The first part is dedicated 

action is a crucial problem. Platinum has tradition- 

ally been employed as the oxygen reduction catalyst 

in sucli systems on account of its ability to meet the 

tliree criteria of: electrocatalytic activity, electronic 

conductivity and long term stability. Tlie interest in 

replace Pt by another performant and less expensive 

material increased significantly the search for effective 

oxygen reduction catalysts. In particular, transition 

metal chelates (plithalocyanines and porphyrines) are 

good candidates as catalysts for the oxygen reduction 

reaction (Fig. 6). These compounds become more ac- 

tive if they are adsorbed on high-area carbons and lieat 

treated at high temperature (around 900°C) under in- 

ert atmospliere. Intense research was made to find op- 

timum conditions for the heat treatment and to eluci- 

date tlie nature of the active center after tlie thermal 

treat.ment. However, controversies existed in the liter- 

ature concerning tlie active center responsible for 0 2  

reduction after the heat treatment. According differ- 

ent authors tlie structure responsible for tlie gain of 

activity was (i) a "special kind of c a r b ~ n " [ ~ ~ I ,  (ii) a 

modified ligand whicli preserves its M-N4 coordinated 

e n v i r ~ n m e n t [ ~ ~ - ~ " ,  (iii) a modified carbon surface on 

which transition metal ions are adsorbed through in- 

teraction witli residual n i t r ~ ~ e n [ ' ~ I ,  and (iv) unknown 

nitrogen ~ ~ e c i e s [ ~ ~ I .  

Figure 6: Some macrocyclic N4-clielates structures h4 = 
transition metal, A - Metal Porpliyrin, B - Metal Phthalo- 
cyanine. 

to the studv of catalvsts utilized in fuel cells used to tlie 
In order to understand the origin of tlie electrocat- 

electric energy production and the second one presents 
alytic properties of such systems a systematic study was 

the reforming catalysts used in the petroleum industry. 
made to correlate electrochemical and structural prop- 

erties. The structural characterization waç made by 
IV.l Inf luence of the Iieat t r e a t m e n t  o n  tlie cat- 

X-ray absorption spectroscopy at the Co and N edge K 
alyt ic  p rope r t i e s  of t r ans i t i on  m e t a l  chelates  

and by TEM, tlie electrochemical characteristics were 

In fuel cell technology, the search for efficient and obtained by cyclic voltametry. The results presented 

cost-effective electrocatalysts for cathodic oxygen re- concern the Co phthalocyanine (CoPc) adsorbed on 
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charcoal (V~ lcan  XC-72- 254 m2/g) and heat treated 

at different f,emperatures under inert atmosphere. More 

experimentzl details are given in Ref. 31. 

Fig. 7 presents the performance a t  a potential of 

-0.150 mV/SCE of CoPc catalyst for a wide range of 

temperaturc.~. The catalytic activity is initially quite 

constant un;il 700 'C. A maximum is obtained aroiind 

850 'C and it decreases for higher temperatures. 

L o . . l . . . l n s .  I B . . I  
1000 4OD 600 800 

TEW'ERANRE ('C) 

Figure 7: Vaiiation of electrocatalytic current for O2 reduc- 
tion in H2S04 (pH = 0.5) at -150 mV vs SCE, as function 
of the annealing temperature. CoPc on Vulcan XC-72 118 

The XANES data for the pure compounds (cobalt ph- 

thalocyanine) (a), cobalt metal (f) and the untreated 

sample (b) are given for comparison. 

Cobalt phthalocyanine lias a D4h symmetry where 

the metallic center atom is in a square-planar environ- 

ment. The cobalt plithalocyanine spectrum (Fig. 8a) 

exhibits severa1 transitions labeled 1, 2, 3, 4 and 5; their 

energy values are listed in Table I. The most striking 

feature of the spectrum is a well resolved peak a t  7716 

eV (transition 2) with a strong intensity as is generally 

found for square planar or linear c ~ n f i ~ u r a t i o n s [ ~ ~ ] .  In 

this case, this is a fingerprint of the Co-N4 structure, 

any modification of the coordination greatly affects this 

transition. The XANES spectra for cobalt metal in a 

hcp structure is given in the Fig. 8f. Tlie features ob- 

served iii the spectra arise from multiple scattering ef- 

fects of the photoelectron by the different cobalt sliells. 

(w/w). Catalyst loading = 6.4 mg/cm2. Ref. 31. 

- 2 0  O 20 4 0  6 0  8 0  1 

ENERGY (eV) 

Figure 8: Co K edge XANES for CoPc on Vulcan XC-72 (a) 
pure CoPc; (h) CoPc on Vulcan XC-72; (c) CoPc on Vulcan 
XC-72 treated at 700 'C; (d) at 800 'C; (e) at 1000 'C; (f) 
Co metal. T:le zero energy reference corresponds to 7709 
eV. Ref. 31. 

The XANES results a t  the Co K edge are presented 

in Fig. 8 as a function of the annealing temperature. 

0.0 

O 2 4 6 8 1 

OISTANCE (A) 

Figure 9: Fourier Transform of the k3 weighted EXAFS 
data for CoPc on Vulcan XC- 72 (a) pure CoPc; (b) CoPc 
on Vulcan XC-72; (c) CoPc on Vulcan XC-72 treated at 700 
'C; (d) at 800 'C; ( e )  at 1000 'C; (f) Co metal. (Ak = 1.65 
- 6.48 A-1). Ref. 31. 
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TABLE I. Energies and proposed assignments for features observed in the Co K XANES spectrum of cobalt 
phthalocyanine. 

features I energy(eV) I assignment 
1 

L .- 

TABLE 11. Coordination number (N), bond lengths (R), and Debye-Waller factor (Au) obtained by fitting the first 
shell in the Fourier-filtered EXAFS spectra for CoPc catalyst as a function of tlie annealing temperatures (T). Ref. 
31. 

7709 I 1s 4 3d (p-d hybridization) 
2 

4 
5 

7716 I 1s -+ 4p, + ligand liole 

I I 

Co metal I 12 2.46 i 

7728 
7735 

T ('C) 

A11 tlie parameters were left floating during the fit. 
Accuracy: R, f 0.01A; N, f 15%. 

3 
1s -+ 4pZy ligand bole 
1s -+ 4pZy 

When tlie phthalocyanine is deposited onto the car- 

bon support and upon heating up to 700 'C (Fig. 8b,c) 

the XANES data reveal that the Co-N4 structure is re- 

tained. For temperatures above 700 'C (Fig. 8d,e), sig- 

nificant changes are observed, especially in the pre-edge 

region. In particular transition 2 is no longer observed, 

which means that the square-planar configuration is de- 

stroyed. Moreover, the XANES spectra become very 

similar to the one of cobalt metal. Thus the XANES 

characteristics clearly reveal the appearance of metallic 

cobalt particles. 

Fig. 9 shows the k3 weighted Fourier transform of 

the Co K edge EYAFS results in the range of temper- 

atures studied. The standard compounds are given for 

comparison. 

The Fourier transform of cobalt phthalocyanine 

(Fig. 9a) exhibits a peak located at 1.6 A (uncor- 

rected from the pliase sliift) and is relative to the Co-N 

distance in the plithalocyanine structure. The Fourier 

transform of Co metal (Fig. 9f) is composed of three 

peaks located a t  2.2, 4, and 4.7 A. The first peak is 

related to  the Co-Co distance in the first neiglibor shell 

and the others are related to more distant neighbors. 

For the catalyst annealed to 700 'C (Fig. 9b and 

9c) the peak located a t  1.6 A due to the Co-N distance 

in the CO-N4 structure is still observed. For temper- 

7724 I 1s 4 4p, 

coordination 
number N 

atures between 800 and 1000 'C, tlie intensity of this 

peak continuously decreases and tliree new peaks ap- 

pear at approximately 2.2, 4 and 4.7 A. The compari- 

son of these distances with those found in cobalt metal 

demonstrates tlie formation of metallic cobalt in good 

agreement with the XANES data. 

The fit parameters (bond lengths, coordination 

iiumbers and Debye-Waller factor) for the first coordi- 

nation shell are shown in Table 11. These results clearly 

show a continuous increase of the coordination number 

with increasing temperature while the Co-Co distances 

remain constant a t  2.46 A. The change in the coordi- 

nation number from 8 to 12 suggests that in the lower 

temperature range (900 'C) very small metallic clusters 

are synthesized (size in the order of 20 Wlien the 

temperature increases, these aggregates become bigger 

and for temperatures as high as 1000 'C, 12 neighbors 

are obtained, whicli correspond to the coordination of 

bulk cobalt. 

TEM experiments confirmed that a t  900 'C clusters 

having an average size between 15-20 A are synthesized. 

At higher temperatures, the size increases being in the 

range 100-200 A. These results are in agreement with 

the results deduced from the EXAFS data. They con- 

firm the influence of the heat treatment on the size of 

the clusters. 

distance (A) R Debye-Waller 
variation Aa2 
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Figure 10: N I< edge XANES spectra obtained for CoPc 
catalyst (a) pure CoPc; (b) CoPc/ Vulcan XC-72 untreaded 
sample; (c) C!oPc/ Vulcan XC-72 heat treated at 600 'C; 
(d) at 800 'C; (e) at 900 'C. Ref. 31. 

The Co E: edge experiments and TEM revealed that 

(i) the increase in the catalytic activity is directly con- 

nected to  tEe synthesis of metallic cobalt aggregates 

and (ii) there is a direct correlation between the elec- 

trocatalytic sctivity and the cluster size of the metal. 

The optimuin activity is obtained when the smallest 

cobalt clusters are dispersed on the surface of the car- 

bon black. 'The decrease in efficiency of the electrodes is 

assotiated with tlie increase in size of the cluster. The 

origin of the catalytic effects is directly connected to 

the synthesis of small metallic Co particles, the Co-N4 

centers being; destroyed. 

XANES experiments a t  the N K edge were per- 

formed in order to  verify if nitrogen atoms remain af- 

ter heat t reament  even a t  very low concentration (Fig. 

10). The spectrum of cobalt phthalocyanine (Fig. 10a) 

is composed of severa1 t r ans i t i on~[~~I ,  and the corre- 

sponding encrgy values are listed in Table 111. These 

results clearly show the gradual decomposition of the 

macrocycle of the phthalocyanine with the tempera- 

ture. Finally nitrogen atoms are no longer detected 

TABLE 111. Energies and proposed assignments for fea- 
tures observed in the N K XANES spectrum of cobalt 
phthalocyanine. 

features I energy(eV) I assignment 
1 399.8 

This study proved that the catalytic centers after 

the heat treatment contains no nitrogenous species. 

XANES and EXAFS results revealed that metallic clus- 

ters are tlie catalytic centers and small Co clusters hav- 

ing size around 20 A give the highest' activity. 

IV.2 Applicat ion to the s t u d y  of  re forming  cat-  

alysts  

Another area in which which heterogeneous cataly- 

sis plays an important role is the petroleum reforming 

where the aim is to produce molecules capable of in- 

creasing the octane number of gasoline. The octane 

number is a quantitative measure of combustion effi- 

ciency. 

Guyot Sionnest et a1[351 developed a cataly tic reac- 

tor that allows the investigation of the behavior of P t  

catalysts particles by EXAFS while a reaction is oc- 

curring under conditions of high temperature and pres- 

sure. These authors studied the structure, oxidation 

state and coordination number of platinum particles 

on tlie y-A1203 support after calcination, during reac- 

tion and during carbon deposition. Industrial reform- 

ing processes are carried out under operation conditions 

(P=10-25 atm, T=480-535 'C, hydrogen to hydrocar- 

bon mole ratio H2:HC =3-6:l) required to obtain max- 

imum reaction rates and high conversions. 

Here the EXAFS technique was used to understand 

some questions important to the petroleum industry 

that involves the following problems: 

i) to find optimal conditions to  obtain highly dispersed 

Pt  cluster, and ii) to maximize catalyst efficiency, un- 
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derstanding the causes of deactivation and developing 

catalysts more resistant to  poisoning by carbon. 

t v Pt-o 
i Pl-Pi (mehi) 

Figure 11: Evolution of the Fourier transform modules as a 
function of distance from tlie absorber Pt atom for clilori- 
nated 1.0% wt Pt/A1203 during reaction under flowing H2 
from 150-300 'C (P(H2 total) = 15 atm) and at 400 'C 
(P(H2 total)= 7 atm). From ref. [35]. 

Since their work aimed at obtaining small metal 

clusters, monitoring Pt-Pt metal coordination was cru- 

cial for their purpose. For example, Fig. 11 shows the 

evolution of the Fourier transforms of the chlorinated 

catalyst Pt/A1203 during tlie reduction reaction under 

H2 atmosphere as a function of the temperature. These 

results sliow a progressive reduction of the oxide to the 

metal, as can be seen by the decreasing of the average 

Pt-O coordination and increasing of the amplitude for 

the Pt-Pt metal coordination. 

Table IV lists the quantitative analysis obtained by 

fitting. I t  reveals the existence of Pt-Pt bonds, having 

an average inter atomic distance of 2.76 A, compared 

to 2.77 A in bulk P t .  Rapid forrnation of the metal 

cluster has occurred by 190 ' C  and its growth continues 

as reduction proceeds. 

The preparation of catalysts is an important step in 

providing tliem with an optimum activity and selectiv- 

ity. This is often accomplished by additives that modify 

the catalyst beliavior. In tlie preparation of reforming 

catalysts, chlorined is often used. In Table V it is pre- 

sented a comparative analysis of the EXAFS results 

obtained for chlorinated and non chlorinated catalysts. 

For both samples the number of Pt-O distances de- 

crease continuously. The average Pt-O distances re- 

mained constant a t  around 2.04 A. The average Pt- 

Pt  coordination numbers for the chlorinated sample by 

460 OC are N(Pt-Pt)=4. For the non chlorinated sample 

the average Pt-Pt coordination number has increased to  

5.4. These results confirmed that the P t  cluster growtli 

and particle dispersion during H2 reduction depends on 

the presence or absence of chlorine. I t  seems that the 

growth of the cluster is intimately linked with the dis- 

persion of the P t  clusters. 

The deposition of carbon on reforming catalysts is 

an important plienomenon affecting catalyst efficiency. 

In order to maximize tlie iifetime of reforming catalysts, 

tlie meclianism of catalyst deactivation by carbon de- 

position and its effects on tlie catalyst activity and se- 

lectivity toward desired reactions must be understood. 

Consequently it is important to investigate the effect of 

deposited carbon on the P t  particles of a typical reform- 

ing catalyst during a reforming reaction. Tlie results 

obtained for the Pt/A1203 chlorinated catalyst under 

reducing conditions of liydrogen and liydrocarbon flow 

are presented in Fig. 12. 

0.03 8 r 

o after hydrocarbon renction 

U - --der reducuon 
5 .=, 0.02 Pt-Pt 
tn v I 

Figure 12: Evolution of the Fourier Transform module mag- 
nitudes as a function of distance from the absorber Pt atom 
for chlorinated 1.0% Pt/A1203 after reduction under flowing 
Hz (T=460 'C) and after 4 hours of h~drocarbon reaction 
(P(H2 total)= 5 atm, T=460 ' C .  From Ref. 35. 

Tlie first distance in the Fourier Transform after hy- 

drocarbon reaction was identified as a Pt-C distance. 



Brazilian Journal of Physics, vol. 24, no. 3, September, 1994 817 

TABLE IV. Summary of structural Parameters for 1 wt. % Pt/A1203 catalysts during reduction in H2 from 150-300 
'C a t  15 atni., frorn 80-400 'C a t  7 atm. and a t  450 'C at 1 atm. (H2 flow rate= 21/h.) Ref. 35. 

TABLE V. Coordination number (N), bond lengtlis (R), and Debye-Waller factor (Ao) obtained by fitting the first 
and second :ihell in the Fourier-filtered EXAFS spectra for Pt/A1203 catalyst s with variable treatment. From Ref. 
35. 

Tliis fact intlicates tliat carbon deposition occurs very 

rapidly over the Pt/A1203 catalyst at the beginning of 

the reforming process. Thus the P t  surface is expected 

to be at l e z t  partially covered with carbonaceous de- 

posits. T h e ~ e  results support tlie long term deactiva- 

tion in which these catalysts is a carbon or graphite 

multilayer ori top of the chemisorbed Pt-C layer. Tliese 

authors also showed that the exposition of tliese "car- 

bonated" car,alysts to a reducing atmosphere regener- 

ated the metal structure. 

We liave presented a short review of recent work 

concerning t'le characterization of catalysts by X-ray 

absorption s~ ectroscopy. Although this is a partia1 view 

of a much wider field, our discussion illustrates the po- 

tentiality of t his technique to solve current problems of 

catalysis. The results given above may make clear that 

good quality XAFS data combined with complementary 

technique as TEM can give very accurate information 

about the structure of supported metal catalysts. That 

knowledge w 11 certainly increase our understanding of 

catalysis and will lead to significant improvements in 

systems of terhnological irnportance. 

In addition we would like to mention other im- 

R(Pt-Pt, A) 

2.67 

2.68 

portant studies carried out in XAFS applied to 

~ a t a l ~ s i s [ ~ ~ - ~ ~ l .  

N (Pt-Pt) 

4.1 

5.4 
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