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Structure of Rh/Ti02 in the Normal and the SMSI State As Determined by Extended 

X-ray Absorption Fine Structure and High-Resolution Transmission Electron Microscopy 

J. H. A. Martens, R. Prins, H. Zandbergen,+ and D. C. Koningsberger* 

Laboratory zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof Inorganic Chemistry and Catalysis, Eindhoven University of Technology, 5600 MB Eindhoven, 
The Netherlands (Received: July 1 ,  1987) 

Extended X-ray absorption fine structure (EXAFS) and high-resolution transmission electron microscopy (HRTEM) have 
been used to study the structure of a Rh/Ti02 catalyst. After reduction in H, at 473 K (when the catalyst is in the normal 
state) the metal particles contain on the average five rhodium atoms and are situated preferably on edges of the Ti0, crystallites 
but also on [ lo l l  and to a lesser extent on [ O O l ]  anatase crystal faces. Reduction in H2 at 723 K leads to the SMSI state. 
Besides oxygen neighbors from the support, the rhodium metal atoms in the metal-support interface have Ti“’ neighbors 
at 3.4 and 4.3 A. These distances and their coordination numbers fit well with a model in which the metal particles rest 
on a TiO, suboxide. This indicates that the supporting oxide near the metal particle has been reduced to a suboxide of TiO,. 
In the SMSI state no indication for coverage has been found with either EXAFS or HRTEM. On the contrary, exposing 
the catalyst in the SMSI state to oxygen at 100 K resulted in changes in the EXAFS spectrum due to physisorption of oxygen. 
Consequently, in the SMSI state the particles are either not covered or are incompletely covered with TiO,. Since a Rh/AI2O3 
catalyst under the same conditions became partly oxidized, it is evident that for the Rh/Ti02 catalyst oxidation has been 
suppressed. This is most probably the result of an electronic influence from the reduced supporting oxide. Even after oxygen 
admission at room temperature, the rhodium particles on the TiO, support remain in the metallic state. The TiO, suboxide 
in the vicinity of the metal particles starts to reoxidize and the metal-support interaction becomes weaker. 

Introduction 
In heterogeneous metal catalysis the support is used to provide 

a large surface area to facilitate the preparation of well-dispersed 
catalysts and to prevent sintering of the small supported metal 
particles, in order to preserve their state of high dispersion. It 
is often found that support materials modify the chemical reactions 
of the metal catalyst. Examples are shape selectivity induced by 
a zeolitic support and bifunctional catalysis of metal particles 
dispersed on an acidic support, where the metal component 
catalyzes the hydrogenation/dehydrogenation reactions and the 
acidic support facilitates isomerization of olefinic compounds. In 
addition, the support may have a more direct influence on the 
chemical properties of supported metal particles, especially after 
reduction at  high (>650 K) temperature. Thus, it is well-known 
that, for metals dispersed on certain transition-metal oxides, the 
capacity to adsorb hydrogen or carbon monoxide drastically di- 
minishes when the catalyst is reduced at  high, rather than low 
temperatures (<650 and usual zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA>450 K) even though the particle 
size remains unchange~l-~ Non-transition-metal oxides like A1,03 
and SiOz do not influence the capacity to adsorb gasses; the 
decrease in adsorption after reduction at high temperature of the 
metal particles dispersed on these supports can be accounted for 
by sintering. Another interesting phenomenon is observed in 
chemical processes. When metal particles are dispersed on 
transition-metal oxide supports, their properties in chemical re- 
actions such as (de)hydrogenation and Fischer-Tropsch synthesis 
differ markedly from those supported on traditional oxides, like 
A1203 and SO,.  

A clear distinction between the two classes of support materials 
can be based on their reducibility. Oxides like A1203 and S O 2  
are hard to reduce, while transition-metal oxides like T i02  and 
Ta205 can be reduced to suboxides at moderate temperatures. 
These suboxides are thought to be responsible for the inability 
of the metal particles to adsorb gasses after reduction at  high 
temperature. Most of these suboxides are known to have semi- 
conducting properties. In the first reports dealing with this 
phenomenon,l” these semiconducting suboxides were thought to 
have a strong (electronic) influence on the supported metal 
particles and the phenomenon was labeled SMSI, an acronym for 
strong metal-support interaction. Thus, SMSI refers to the state 
of inability of supported metal particles to adsorb hydrogen and 
carbon monoxide, invoked by a reduction at temperatures where 
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the support is known to be at  least partially reduced. 
Oxidation at  mild temperatures (>450 K) restores both the 

original oxide and the original properties (Le., the properties when 
reduced at  mild temperatures) of the metal particles, demon- 
strating that suboxide formation and inability to adsorb hydrogen 
and carbon monoxide are Hence, the SMSI state 
can be removed under (slightly) oxidizing conditions at elevated 
temperatures. 

Since the first discovery, many studies have been devoted to 
SMSI. In addition to the model based on an electronic effect 
several other explanations for SMSI have been suggested. The 
most important of them is the coverage modeL9-I7 Reduced 
transition-metal oxides can wet metal, in contrast to unreduced 
oxides. Thus, it has been suggested that, after reduction at high 
temperature, the suboxides cover the metal particles and conse- 
quently reduce their capacity to adsorb gasses. 

SMSI has so far been studied mostly by using model systems 
like metal films deposited on oxidized titanium (TiO,), or TiO, 
deposited on a metal. The techniques frequently used in these 
studies are “surface sensitive”, such as Auger and XPS, and in 
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the majority of cases these studies report coverage. These tech- 
niques however are not truly surface sensitive. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn XPS even up 
to five layers of the sample can contribute to the spectrum and 
the results of sputtering can be questioned because of the de- 
structive character of the technique. Kelley et al.,'* using EELS 
and other surface-sensitive techniques, did not report complete 
coverage. Their results pointed rather to "electron structural 
changes" in both metal and support. 

Recently, evidence for alloy formation under SMSI-like con- 
ditions has been reported by Beard and Ross.I9 In the alloy 
formation model it is assumed that part of the T i02 supporting 
oxide is reduced to metallic Ti and forms an alloy with the sup- 
ported metal particles. For each noble metal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(M) at least three 
stable titanium alloys are known: M3Ti, MTi, and MTi,. It has 
been shown that alloying can reduce the hydrogen and carbon 
monoxide adsorption capacity as wellB and alloying may therefore 
be another plausible explanation for SMSI. 

Up to now, no hard evidence in favor of any of the models to 
explain SMSI in real catalysts has been presented in literature. 
The model of covered metal particles, though, has been accepted 
most widely. In addition, suggestions have been made that cov- 
erage alone cannot explain the anomalous properties of the sup- 
ported metal particles under SMSI conditions, and it has been 
said that an electronic influence of the covering oxide on neigh- 
boring (bare) metal sites might also play an important r0le.'"-'~-'~3'~ 

EXAFS has proven to be an excellent tool to investigate the 
local environment around metal atoms in a supported metal 

Since only metal atoms in the metal-support in- 
terface will be sensitive to changes in the supporting oxide and 
because only surface metal atoms will be sensitive to (changes 
in) coverage, it is evident that highly dispersed catalysts must be 
used. Furthermore, since the contribution to EXAFS spectra of 
the low-Z atoms of the support (02- and Ti4+) will be low, 
high-quality data are a prerequisite as well. In a preceding 
we presented the results of an EXAFS study of the structure of 
the rhodium metal particles in a Rh/Ti02 catalyst. This highly 
dispersed 2.85 wt zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA% Rh/Ti02 catalyst was studied after reduction 
at  low temperature and high temperature, the latter leading to 
the SMSI state. After reduction at low temperature, the Rh-Rh 
coordination number was 3.2, proving that the metal particles were 
very small indeed. The rhodium atoms in the metal-support 
interface had oxygen neighbors at 2.75 A. These oxygen neighbors 
originated from the support. From this it was concluded that the 
metal particles rested on a [OOl] anatase crystal face. When 
reduced at higher temperature, in the EXAFS spectrum a 3.4-A 
Rh-Ti contribution could be detected, indicating that the [OOl] 
anatase crystal face was reduced as well. Since the Rh0-O2- 
coordination number hardly changed upon reduction at higher 
temperature and no other type of oxygen neighbors could be 
detected, we concluded that with EXAFS no evidence for coverage 
was found. 

In the following, we will present the results of a consecutive 
EXAFS study of a highly dispersed 4 wt % Rh/Ti02 catalyst in 
the *normal" and the "SMSI" state. Because of the higher metal 
loading, a better signal-to-noise ratio could be realized. High- 
resolution transmission electron microscopy (HRTEM) has been 
used to verify the average metal particle size determined by 
EXAFS. Since in our earlier EXAFS study we found no evidence 
for coverage, we have complemented these experiments by in- 
vestigating the catalyst after reduction at higher temperature (723 
K compared to 673 K in the previous study) and we have studied 
the influence of oxygen on the metal particles in the normal and 
the SMSI state. After reduction at 723 K and evacuation at 623 
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K, the Rh/Ti02 catalyst was exposed to oxygen at  liquid nitrogen 
temperature and at room temperature and after each exposure 
an EXAFS spectrum was recorded. The same experiments were 
carried out on a Rh/A1203 catalyst in order to study oxygen 
adsorption on "normal" rhodium metal particles. 

Experimental Section 
In order to obtain highly dispersed catalysts, a high surface area 

support is imperative. Since surface areas of commercially 
available Ti02 are low, in the range of 10-50 m2 g-l, we prepared 
our own T i02  support according to the following procedure. A 
solution of 8 mL of Ti(OC3H7)4 in 200 mL of ethanol was added 
slowly, dropwise, to 4 L of a 1 : 1 well-stirred mixture of ice and 
distilled water. The precipitated Ti(OH)4 was filtered off, washed 
with distilled water, and dried for 24 h at  room temperature, 1 
h at 363 K (heating rate 1 K min-I), and finally 12 h at 393 K 
(heating rate 1 K m i d ) .  The sample was powdered and calcined 
for 3 h at 923 K (heating rate 5 K m i d ) .  The uncalcined sample 
had a surface area of 700 m2 g-I. After calcination the surface 
area had decreased to 130 m2 g-' and the pore volume was 0.65 
mL g-I. Calcining for longer than 3 h at 923 K did not affect 
surface area or pore volume. 

A 4 wt % Rh/Ti02 catalyst was prepared by adding 5 mL of 
an aqueous solution of Rh(N03)3.6H20 (90 mg mL-l) to 3 g of 
TiOz. After 48 h, the TiO, with adsorbed Rh3+ was filtered off, 
washed, filtered off, and dried as described above for the Ti(OH)4 
precipitate (heating rate 5 K min-I). The dried catalyst was 
calcined at 623 K for 3 h (heating rate 5 K min-I). This sample 
was used as starting material for further experimentation. 

The H/Rh value as determined by hydrogen chemisorption for 
the calcined sample after reduction at 525 K was found to be 1.2. 
Recently we published an empirical calibration of hydrogen 
chemisorption with EXAFS results for several supported rhodium, 
platinum, and iridium catalysts.24 According to this calibration 
a H/Rh value of 1.2 corresponds to a EXAFS Rh-Rh coordi- 
nation number in the range of 7-8. For half-spherical particles, 
this coordination number corresponds to particles containing 
roughly 40-60 atoms and thus to rather large metal particles. 
However, as will be discussed, our EXAFS results and High- 
resolution transmission electron microscopy prove that the metal 
particles are very small with five or six metal atoms per particle 
and a particle size of about 7 A. Two explanations for this 
contradiction are possible. In the first place, the rhodium metal 
particles in the present sample are much smaller than the (rho- 
dium) metal particles in the most highly dispersed catalyst in ref 
24. Their chemistry, therefore, may deviate from the behavior 
of the larger metal particles in hydrogen atmosphere as described 
in ref 24. Because of their size, the small rhodium metal particles 
approach the quantum size limit and consequently may not be 
able to adsorb as much hydrogen per surface metal atom as a 
larger (fully metallic) particle. Another plausible explanation is 
that during reduction at 525 K the formation of TiO, suboxides 
has already started and that the influence of SMSI is reflected 
in a low adsorption capacity of these very small rhodium particles. 
After reduction at  723 K, the H /M value decreased to 0.2, in- 
dicating that the catalyst is in the SMSI state. 

In temperature-programmed reduction, a sharp peak at 330 
K was observed for the calcined catalyst. After oxidation at 773 
K, the temperature-programmed reduction profile contains one 
single and sharp peak at 350 K. According to Vis et al.,25 a TPR 
reduction peak at 330-350 K corresponds to highly dispersed metal 
particles. 

EXAFS spectra were recorded at the synchrotron radiation 
source (SRS) in Daresbury, United Kingdom. The storage ring 
was operated at 1.8 or 2.0 GeV, and the ring current was in the 
range of 100-300 mA. The samples were pressed into thin 
self-supporting wafers. The thickness of the wafers was chosen 

(24) Kip, B. J.; Duivenvoorden, F. B. M.; Koningsberger, D. C.; Prins, R. 

(25) Vis, J. C.; van't Blik, H. F. J.; Huizinga, T.; van Grondelle, J.; Prins, 
J .  Catal. 1984, 10.5, 26. 

R. J. Mol. Catal. 1984, 25, 361. 



EXAFS and HRTEM of Rh/TiOz 

to give an absorbance zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( k x )  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.5, assuring an optimum signal- 
to-noise ratio. The pressed samples were mounted in an in situ 
EXAFS cell, enabling in situ treatments and measurements in 
different gas atmospheres. The EXAFS spectra of the rhodium 
K edge were recorded with the sample at  approximately 100 K. 
EXAFS spectra of the reference compounds were recorded at  room 
temperature. 

The experiments on the catalyst were carried out in two series. 
In all cases the heating rate was 5 K min-I. After each pre- 
treatment an EXAFS spectrum was recorded. The samples were 
cooled by using liquid nitrogen; the temperature of the samples 
was approximately 100 K. In the first series, the catalyst was 
reduced at  473 K for 0.5 h and subsequently at  723 K for 1 h. 
In the second series, a fresh (calcined) sample was reduced at  723 
K for 1 h and subsequently evacuated at  623 K for 2 h. After 
the EXAFS spectrum was recorded, a small amount of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO2 was 
admitted to the evacuated sample at  100 K. After an EXAFS 
spectrum was recorded, the sample was allowed to warm up to 
room temperature and after 10 min at  room temperature an 
EXAFS spectrum was recorded at  liquid nitrogen temperature. 
The same experiments have been carried out with a Rh/A1203 
catalyst after reduction at 623 K. 

Phase shifts and backscattering amplitudes from reference 
compounds were used to calculate EXAFS spectra and to correct 
in the Fourier transformations for the k dependence in both phase 
shifts and backscattering functions. Rhodium foil was used as 
a reference for Rh-Rh contributions, RhZO3 for Rh-O, and RhTi 
alloy for Rh-Ti contributions in the EXAFS spectra. The RhTi 
alloy was prepared by arc melting equimolar amounts of rhodium 
and titanium. The structure and homogeneity were checked by 
X-ray diffraction and microprobe analysis. After careful pow- 
dering and sieving, 43 mg of the alloy was mixed and crushed with 
32 mg of Al,O, and pressed into a self-supporting wafer with 
absorbance k x  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 2.5. For Rh203, a supporting wafer with an 
absorbance of 2.5 was prepared in the same way (70 mg of Rhz03 
and 30 mg of A1203). A rhodium foil was chosen with a thickness 
of 20 km thick, ~x = 1.4. 

Before the HRTEM experiments, the 4 wt % Rh/Ti02 catalyst 
was reduced at  773 K in a 4% Hz in Ar mixture (heating rate 
5 K min-I). After the reduction treatment the catalyst was 
carefully passivated at room temperature in a 4% O2 in He  
mixture. In order to study the passivated sample in the electron 
microscope, the catalyst was suspended in methanol. A droplet 
of this suspension was put on a carbon-coated Formvar holey 
copper grid. For the HRTEM recordings, an objective aperture 
of 7 nm-' was used. The photographs were taken with a mag- 
nification of 5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlo5 and an exposure time of 1 s. 

An electron microscope image is formed from two contributions, 
the absorption contrast and the phase contrast. Absorption 
contrast originates primarily from an intensity deficiency caused 
by the exclusion of a number of electrons with scattering angles 
larger than the aperture used. Secondly, inelastically scattered 
electrons will have wavelengths different from the incident and 
elastically scattered electrons and will contribute only noncon- 
structively to the image. Phase contrast arises from constructive 
interference of diffracted and undiffracted electrons within the 
aperture used. 

When low scattering and thin supports are used, metal particles 
can be detected best at focus values very close to zero. Since at 
this focus phase contrast is almost zero, absorption contrast, due 
to the higher electron scattering amplitude of the metal particles, 
is most pronounced. However, near zero focus, the resolution of 
the absorption contrast is approximately twice the point resolution 
of the microscope and the particle size determinations will have 
about the same uncertainty. Since the point resolution of the 
microscope used is approximately 2.4 A, the uncertainty in the 
particle sizes is about 5 A, provided no image calculations are 
carried out. The best resolution is obtained near Scherzer focus, 
where, for thin specimen, phase contrast dominates the absorption 
contrast. Here, the uncertainty is about the point resolution of 
the microscope. Compared to zero focus, where absorption 
contrast dominates, the visibility of the metal particles is worse 
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Figure 1. Raw EXAFS data of (a) Rh/Ti02 after reduction at 473 K; 
(b) Rh/Ti02 after reduction at 723 K; (c) Rh/AI2O3 after reduction and 
evacuation at 623 K; (d) Rh/Ti02 after reduction at 723 K and evacu- 
ation at 623 K (e) Rh/AI2O3 after oxygen exposure at 100 K; (f) 
Rh/Ti02 after oxygen admission at 100 K; (9) Rh/A1203 after oxygen 
admission at 300 K; (h) Rh/Ti02 after oxygen exposure at 300 K. 

at Scherzer focus. We have taken a number of photographs at  
different focus. Such a through-focus series can help to identify 
the presence of metal particles (at zero focus) and to determine 
their size (at Scherzer focus). Therefore, the uncertainty in the 
metal particle size determined in this way is about the point 
resolution of the microscope, which is 2.4 A. 

In case of very small metal particles, it is difficult to distinguish 
them from artifacts. There is also the possibility that very small 
particles are overlooked. Partial in situ sintering of the metal 
particles with a very intense electron beam can help in this respect. 
By comparing the total volumes of the metal particles before and 
after sintering, an estimation can be obtained of the metal particle 
size before sintering. The in situ sintering experiment has been 
performed by taking out the condensor aperture and focusing the 
electron beam on the agglomerate of TiOz crystallites and rhodium 
particles. The degree of sintering can be regulated by the focus 
of the condensor lens. 

Results 
1.  Analysis of the EXAFS Spectra. The EXAFS functions 

( ~ ( k ) )  were obtained from the X-ray absorption spectra by 
subtracting a Victoreen curve, followed by a cubic spline back- 
ground removal.26 Normalization was performed by division to 
the height of the edge. In Figure 1, the raw EXAFS functions 
of the Rh/TiOz catalyst after reduction at 473 and at 723 K and 
the raw EXAFS functions of the Rh/AlZO3 and Rh/TiO, catalysts 
after evacuation at 623 K and after 0, admission at 100 and 300 
K are shown. 

The spectra of the reference compounds, used to obtain phase 
shifts and backscattering functions, were processed in the same 

(26) Cook, J. W.; Sayers, D. E. J .  Appl.  Phys. 1981, 52, 5024. 
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TABLE I: Crystallographic Data and Fourier Transform Ranges for 
the Reference Comoounds 

~~ ~ ~ ~~ 

Fourier transformation 
compd NN” Rb N‘ nd krange r range 
Rh foil Rh 2.687 12 3 2.16-24.0 1.42-3.00 

RhTi Rh 2.949 4 3 2.83-16.6 e 
Rh203 0 2.05 6 1 2.35-20.0 0.00-2.10 

Ti 2.676 8 1 3.00-15.0 1.06-2.59 

“Nearest neighbor. bCoordination distance (A). ‘Coordination 
number. Weighting factor in Fourier transformation. e On these 
data, no direct inverse transformation has been applied. Crystallo- 
graphic data derived from ref 27. 

way as the catalyst samples. To obtain phase shifts and back- 
scattering amplitudes, the EXAFS spectra of the reference com- 
pounds were Fourier transformed over the largest possible range 
in k space. To avoid cutoff effects, kmin and k,,, were chosen 
in nodes of the EXAFS function. Table I presents the Fourier 
transform ranges and the crystallographic data for the reference 
 compound^.^' In the Fourier transforms of the EXAFS functions 
of the rhodium foil and Rh2O3, the Rh-Rh and Rh-0 peaks are 
clearly separated from higher coordination shells. An inverse 
transformation over a limited range in r space gave the EXAFS 
spectra for the single-shell Rh-Rh and Rh3+-02- absorber- 
scatterer pairs. Since the Fourier transforms have not been 
corrected for the k dependence in phase shift and backscattering 
amplitude, the transforms contain side lobes. These side lobes 
were included in the inverse transformation range. The required 
phase and backscattering amplitude have been derived from these 
spectra. 

For the RhTi alloy this procedure was more complex. In the 
Fourier transform, two contributions are present. The first 
contribution is from eight titanium neighbors at  2.676 A and the 
second from four rhodium neighbors at  2.949 Since these 
contributions overlap, they could not be separated by an inverse 
Fourier transform over a window in r space. A Rh-Rh contri- 
bution was calculated by using the phase shift and backscattering 
amplitude obtained from the rhodium foil. The best agreement 
in r space in the region of the main Rh-Rh peak in the k3-weighted 
Fourier transform of the measured and calculated EXAFS 
function was obtained with the following Rh-Rh parameters N 
= 4.0, R = 2.95, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPaZ = 0.0042, and Eo = -1. ( N  is the coor- 
dination number, R the coordination distance, Aa2 the Debye- 
Waller factor, a measure for the disorder, and Eo is a correction 
on the edge position; see ref 28 for more details.) This calculated 
Rh-Rh EXAFS was subtracted from the experimental data and 
the difference spectrum was used to obtain the Rh-Ti phase shift 
and backscattering amplitude. The Fourier transform of the 
difference spectrum showed one single peak at  2.16 A. The 
Fourier transform has not been corrected for the k dependence 
in phase shift and backscattering amplitude. Because of the phase 
shift, the main peak in the Fourier transform has shifted from 
the real coordination distance. Inverse transformation over the 
r range 1.06-2.59 resulted in the Rh-Ti EXAFS function, from 
which the Rh-Ti phase shift and backscattering amplitude could 
be obtained. 

The spectra of the different catalyst samples as presented in 
Figure 1 may contain several contributions. Because of the higher 
backscattering amplitude of the high-Z elements, the contribution 
from rhodium neighbors will be dominant. Other contributions 
are to be expected from oxygen and possibly from titanium 
neighbors. The information of the low-2 elements such as oxygen 
and titanium is limited in k space to about k = 7 or 8 ,&- I .  For 
high-Z elements such as rhodium, the information extends, de- 
pending on coordination number, up to k = l l or 13 A-’ and for 
high coordination numbers even up to k = 15 ,&-I. A k3-weighted 
Fourier transform emphasizes the high k part of the EXAFS 

(27) Crystal structures: Rh metal, Wyckhof, R. W. G. Crystal Structures; 
Wiley: New York, 1963; Vol. I ,  p IO. Rh203. Structure Reports 1974, 400, 
301. RhTi, Structure Reports 1964, 29, 13. 

spectrum, therefore strongly enhances the high-2 element in- 
formation relative to the low-2 scatterer information, and has thus 
been used to separate high- and low-Z scatterer Contributions. 

For a detailed description of the data analysis procedure, we 
refer to ref 28-30. Briefly, the analysis consisted of the following 
steps. An Rh-Rh EXAFS function was calculated. The pa- 
rameters N, R, A d ,  and Eo were chosen to give the best agreement 
in r space with the main peaks in the k3-weighted Fourier 
transform of the calculated and the measured EXAFS function. 
This calculated Rh-Rh EXAFS spectrum was subtracted from 
the measured spectrum. In most cases, the resulting difference 
spectrum contained up to 3 or 4 different contributions. Since 
it was impossible to further separate these contributions, a 2-, 3-, 
and 4-shell EXAFS spectrum was calculated and optimized to 
model the difference spectrum in k space as well as the kl-weighted 
Fourier transform in r space (the Fourier transform was corrected 
for Rh-O phase shift obtained from RhZO3). In order to calculate 
Rh-O and Rh-Ti EXAFS spectra, phase shifts and backscattering 
amplitudes obtained from Rh203 and RhTi were used. For each 
contribution, a separate spectrum was calculated. These calculated 
spectra were added to give the resulting 2-, 3-, or 4-shell Rh-0, 
Ti EXAFS spectrum. 

The resulting calculated Rh-0, Ti EXAFS function was sub- 
tracted from the original spectrum, in order to start an optimi- 
zation cycle. Since this new difference spectrum contained mostly 
Rh-Rh information, both the k l -  and k3-weighted Fourier 
transforms and the data in k space could be used to calculate the 
best-fitting Rh-Rh EXAFS. This improved Rh-Rh EXAFS 
spectrum was subtracted from the original data and the resulting 
difference spectrum was analyzed to further optimize the Rh-0 
and (if present) Rh-Ti parameters. In this way a cyclic opti- 
mization process was started. The procedure of subtracting a 
calculated spectrum to separate the information of the low-Z 
scatterers from the high-2 scatterer was followed until the pa- 
rameters N, R, A d ,  and E, for each contribution became constant. 
Figure 2 shows the k3-weighted Rh-Rh corrected Fourier 
transform of the original data and the calculated Rh-Rh EXAFS 
for all samples are shown. The observed differences are due to 
low-Z scatterer contributions present in the original data. Figure 
3 shows the kl-weighted Rh-0 corrected Fourier transform of 
the final difference spectrum (original data minus calculated 
Rh-Rh EXAFS, which contains oxygen and, if present, titanium 
contributions) and the calculated Rh-O, Ti EXAFS functions for 
all samples. Finally, Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 shows the k’-weighted Rh-Rh 
corrected Fourier transform of the original EXAFS function and 
the EXAFS function obtained by adding the calculated Rh-Rh 
and Rh-0, Ti EXAFS functions. In a k’-weighted Fourier 
transform the low-Z scatterer is much more pronounced compared 
to a k3-weighted Fourier transform (as in Figure 2). From Figures 
3 and 4 it is evident that the calculated spectra reproduce the 
measured spectra extremely well, which emphasizes the reliability 
of the results. 

The structural parameters obtained in this way are presented 
in Table 11. The contributions of the Rh-0 and Rh-Ti absor- 
ber-scatterer pairs in the difference spectra are sometimes small 
and could be due to artifacts induced by an incorrectly calculated 
Rh-Rh EXAFS. In order to ensure that these contributions are 
indeed real, and to ensure that the set of parameters we obtained 
is indeed the solution that led to the best fit with the experimental 
data, for all Rh/TiOz catalyst samples Rh-Rh EXAFS spectra 
were calculated for which N a n d  Aa2, or R and Eo, were varied 
over a large range. Au2 was varied concurrently with N so as to 
give a constant magnitude in the k3-weighted Fourier transform, 
while Eo was varied concurrently with R in order to prevent the 
main peak in the Fourier transform of the calculated EXAFS from 
shifting with respect to the main peak in the Fourier transform 

(28) van Zon, J. B. A. D.; Koningsberger, D. C.; van’t Blik, H. F. J.; 

(29) Duivenvoorden, F. B. M.; Koningsberger, D. C.; Uh, Y. S.; Gates, B. 

(30) van’t Blik, H. F. J.; van Zon, J. B. A. D.; Huizinga, T.; Vis, J. C.; 

Sayers, D. E. J .  Chem. Phys. 1985, 12,  5742. 

C. J .  Am. Chem. SOC. 1986, 108, 6254. 

Koningsberger, D. C.; Prins, R. J .  Am. Chem. SOC. 1985, 107, 3139. 
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Figure 2. Imaginary parts of the Fourier transforms of the original 
EXAFS spectra (solid lines) and calculated Rh-Rh EXAFS spectra 
(dashed lines). The Fourier transforms are !&weighted and corrected 
for the Rh-Rh phase shift and backscattering amplitude. The Fourier 
transform ranges in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk space are indicated in parentheses. (a) Rh/TiOz 
after reduction at 473 K (3.33-10.24); (b) Rh/Ti02 after reduction at 
723 K (2.82-10.13); (c) Rh/AI2O3 after reduction and evacuation at 623 
K (2.97-14.58); (d) Rh/TiO, after reduction at 723 K and evacuation 
at 623 K (2.85-10.06); (e) Rh/AI20, after oxygen exposure at 100 K 
(3.26-12.03); (f) Rh/Ti02 after oxygen admission at 100 K (2.84- 
10.06); (g) Rh/AI2O3 after oxygen admission at 300 K (2.55-12.45); zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn 
this case, the dashed line represents the dominant Rh3+-02- contribution, 
the Fourier transform is k'-weighted and corrected for Rh-O phase shift; 
(h) Rh/Ti02 after oxygen exposure at 300 K (3.22-10.18). 

of the original data. In all cases, the difference spectra contained 
the same features and the same contributions; only the magnitude 
of the contributions varied slightly with varying Rh-Rh param- 
eters. In all cases, the data analysis procedure as described above 
led to the parameters as presented in Table 11. The experimental 
errors have been estimated by slightly varying the parameters in 
Table 11. Small deviations from the "best fit" in the Fourier 
transform were not allowed. In this way, a good approximation 
for the experimental errors could be established. The overall errors 
which are presented in Table I1 are the sum of this experimental 
error and an estimation for the systematic error. The systematic 
error is induced by the procedure of analyzing the data and 
incorporates errors induced by phase and magnitude transfera- 
bility, electron main free path, etc. 

2. Characterization with HRTEM. The metal particles were 
observed to have a very uniform and narrow size distribution. In 
Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 ,  a micrograph near Schemer focus, the metal particles 
size was determined to be between 7 and 8 A, the uncertainty being 
about 2-3 A, in very good agreement with the results from EX- 
AFS, based on the Rh-Rh coordination number of 3.2-3.4 (see 
Discussion). It can be seen that the metal particles seem to favor 
positions at the edges of the surface planes and not on flat surfaces. 
The number of metal particles observed on the micrograph is 
roughly in agreement with the estimated occupation based on the 
size of the TiOz crystallites, the 4 wt 7% metal load and a metal 
particle size of about 7 or 8 A. The in situ sintering experiments 
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Figure 3. Imaginary parts of the Fourier transforms of the difference 
spectra (original EXAFS spectra minus the calculated Rh-Rh EXAFS 
functions, solid lines) and the Fourier transforms of the calculated Rh-O, 
Ti EXAFS functions (dashed lines). The Fourier transforms are kl- 
weighted and corrected for Rh-0 phase shift. The Fourier transform 
ranges in k space are indicated in parentheses. (a) Rh/TiOz after re- 
duction at 473 K (2.56-8.73); (b) Rh/TiO, after reduction at 723 K 
(2.95-8.39); (c) Rh/AIz03 after reduction and evacuation at 623 K 
(3.46-8.33); (d) Rh/Ti02 after reduction at 723 K and evacuation at 623 
K (2.94-8.48); (e) Rh/AI2O3 after oxygen exposure at 100 K (2.54- 
8.00); ( f )  Rh/Ti02 after oxygen admission at 100 K (2.97-8.53); (g) 
solid line, Rh/AI2O3 after oxygen admission at 300 K (2.55-12.45) and 
Fourier transforms of two calculated EXAFS functions; dotted line, 
Rh3+-02- + Rho-Rho; dashed line, Rh3+-02- + Rho-0'- (see text for 
further details); (h) Rh/TiO, after oxygen exposure at 300 K 

(see Figure 6) indicate that indeed the major part of the metal 
particles is visible. During sintering by exposing the catalyst to 
an intense electron beam, large rhodium metal particles were 
formed. The d spacings in these particles indicated that all metal 
particles were fcc rhodium; alloy particles in which Rh and Ti 
are ordered (RhTi,, RhTi or Rh,Ti) have not been observed. The 
same sintering experiments on TiOz supported Ir catalysts resulted 
in Ir3Ti alloy formation. Clearly, for rhodium catalysts, alloy 
formation in the SMSI state is unlikely to occur. 

During the HRTEM experiments, several Rh/TiOz catalysts 
were studied extensively after reduction at  high temperature. In 
these experiments no sign of even the slightest coverage has been 
found. Image c a l c ~ l a t i o n s ~ ~  show that a monolayer of TiO, on 
top of a rhodium particle containing five rhodium atoms should 
be visible. The visibility depends on the defocus of the microscope, 
the atomic configuration of the monolayer, and the thickness and 
orientation of the support. Before the sample is transferred to 
the microscope, the sample will always be passivated. On larger 
rhodium particles (other Rh/TiOz catalysts have been investigated 
as well) islands of TiO, will be formed on top of the metal particles 
during passivation. Since these islands will be several atomic layers 

(2.87-8.92). 

(31) Zandbergen, H. W.; Martens, J. H. A,, to be published 
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Figure 4. Imaginary parts of the Fourier transform of the original EX- 
AFS spectra (solid lines) and calculated best fitting EXAFS spectra 
(using the parameters presented in Table 11. The Fourier transforms are 
kl-weighted and corrected for Rh-Rh phase shift and backscattering 
amplitude. The Fourier transform ranges in k space are indicated in 
parentheses. (a) Rh/Ti02 after reduction at 473 K (3.33-10.24); (b) 
Rh/Ti02 after reduction at 723 K (2.82-10.13); (c) Rh/AI2O3 after 
reduction and evacuation at 623 K (2.97-14.58); (d) Rh/Ti02 after 
reduction at 723 K and evacuation at 623 K (2.85-10.06); (e) Rh/A1203 
after oxygen exposure at 100 K (3.26-12.03); (f) Rh/Ti02 after oxygen 
admission at 100 K (2.84-10.06); (8) Rh/AI2O3 after oxygen admission 
at 300 K (2.55-12.45); (h) Rh/TiO, after oxygen exposure at 300 K 

thick, they must be visible with HRTEM. Although investigations 
were performed to image these in particular, such islands were 
never observed. In conclusion, we feel that coverage is unlikely 
to occur for Rh/Ti02 catalysts. 

In Figure 7 it is shown that the crystallographic surface plane 
exposed most is evidently the [ l o l l  crystal face. Other planes 
exposed are [OOl] and [ 1031. In Figure 7 an example is given. 
The particles on these micrographs are found mainly on edges 
of the TiO, crystallites and on [ lol l  crystal faces; only a few 
particles were found on [OOl] crystal faces. 

Discussion 
1. Rh/Ti02 after Reduction at 473 K. After reduction at 473 

K and cooling down under H,, the average Rh-Rh coordination 
number is 2.5 (Table 11), demonstrating that the metal particles 
were highly dispersed. The Rh-Rh distance was found to be equal 
to the Rh-Rh bulk distance, 2.687 A. In addition to rhodium 
nearest neighbors, two different rhodium-oxygen contributions 
could be discerned. These contributions arise from approximately 
1.3 oxygens at 2.07 8, and 1.0 oxygen at 2.78 8,. The first Rh-O 
distance is only slightly longer than the Rh3+-02- distance in bulk 
Rh2O3 (2.05 A). This indicates that reduction was incomplete 
and that part of the rhodium was still in the calcined, oxidized 
state. This might seem to contradict our TPR results, which 
indicated that reduction was complete at 400 K. There is, however, 
a slight difference between the two reduction treatments. In TPR, 

(3.22-1 0.18). 

~~2 b,c 

treatment NN coord no.b distance.6 8, h-2 eV 

I .  Rh/Ti02 
R473 Rh 2.5 (0.2) 2.687 (0.005) 8 (1) 2.6 (1)  

0 1.3 (0.4) 2.075 (0.01) 2 ( 1 )  -1 ( I )  
0 1.0 (0.3) 2.78 (0.01) 2 (1) -7 (2) 

0 1.9 (0.3) 2.60 (0.01) 7 (2) -2 ( 1 )  
R473-R723 Rh 3.4 (0.2) 2.634 (0.005) 1.6 ( I )  7.5 ( I )  

Ti 2.8 (0.4) 3.41 (0.03) 3.5 (1) 10 (2) 
Ti 2.8 (0.4) 4.39 (0.05) 3.5 (1) 10 (2) 

R473-R723- Rh 3.4 (0.2) 2.646 (0.005) 1 ( 1 )  3.8 (1) 
E623 0 1.8 (0.3) 2.61 (0.01) 9 (2) -2.0 (1)  

Ti 2.7 (0.3) 3.43 (0.03) 4.5 (1)  10 (2) 
Ti 2.4 (0.4) 4.32 (0.05) 4.5 (1) 10 (2) 

R723-E623- Rh 3.4 (0.3) 2.637 (0.005) 1.5 (1)  5.1 ( I )  
0100 0 1.0 (0.3) 2.09 (0.01) 6.5 (2) -5 (1) 

0 1.2 (0.3) 2.61 (0.01) 9.8 (2) -5 (1) 
Ti 3.3 (0.4) 3.43 (0.03) 1.2 (1)  8 (2) 
Ti 2.8 (0.4) 4.33 (0.05) 4.5 ( I )  10 (2) 

R723-E623- Rh 3.4 (0.2) 2.63 (0.01) 2.9 (2) 2.4 (2) 
0100- 0 2.2 (0.3) 2.06 (0.02) 6.5 (2) -3 (2) 
0 3 0 0  0 1.5 (0.3) 2.75 (0.02) 9.8 (2) 5 (2) 

Ti 2.5 (0.3) 3.48 (0.03) 1.2 (2) 10 (3) 
Ti 1.4 (0.4) 4.36 (0.05) 4.5 (2) 10 (3) 

2. Rh/AI2O3 
R623-E623 Rh 5.6 (0.2) 2.635 (0.005) 3 (1) 1.7 (1) 

0 0.6 (0.3) 2.055 (0.01) 1 (2) 8.4 (2) 
0 2.0 (0.2) 2.73 (0.01) 2.5 (1) -4.1 (2) 

R623-E623- Rh 4.1 (0.2) 2.63 (0.005) 3.4 (1)  7.9 (1) 
0100 0 1.4 (0.2) 2.055 (0.01) 1 (2) -2.5 (1) 

0 1.4 (0.2) 2.77 (0.05) 2.5 (1) -2.9 (1) 

0100- 0 3.6 (0.3) 2.03 (0.01) 4.7 (2) -0.5 (2) 
R623-E623- Rh 1.9 (0.3) 2.645 (0.01) 4.4 (2) 4 (2) 

0300 0 1.7 (0.3) 2.76 (0.03) 6 (3) 4 (2) 

"R reduction in H2 at the temperature indicated. E = evacuation at 
the temperature indicated. 0 = admission of oxygen at the tempera- 
ture indicated. Estimated overall (experimental + systematic) error is 
given in parentheses. chu2, the Debye-Waller factor, is a measure for 
the disorder and Eo is a correction on the edge position; see ref 29 for 
more details. 

the H2 mixture is forced to flow through the catalyst bed, whereas 
in the in situ EXAFS cell H2 flows along and not through the 
self-supporting sample wafer. Thus, in TPR the removal of water 
out of the catalyst bed is by convection and consequently much 
faster than during the in situ reduction in the EXAFS cell, where 
water is removed only by diffusion. In the EXAFS cell, therefore, 
reduction may take longer to complete. In our earlier paper,23 
we found that the catalyst was completely reduced after reduction 
at 473 K. This can readily be explained by the lower heating rate 
(2.5 K min-' vs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 K min-l) and the longer reduction treatment 
(2 h vs 0.5 h) used in our earlier study. 

Reduction of supported noble metal oxide particles is known 
to be a fast process, limited only by nucleation and not by particle 
size.25 As a consequence, once the reduction of an oxide particle 
has started (nucleation) the reduction process is rapidly completed. 
We expect the particles to be either fully metallic or fully oxidized. 
Therefore, in the catalyst reduced at 473 K, metal particles as 
well as oxide particles will exist. Since the information in EXAFS 
is averaged over all rhodium atoms and ions present in the sample, 
the actual Rh-Rh coordination number for the rhodium atoms 
in the metal particles is higher than the measured coordination 
number.32 We will assume that the Rh-0 coordination number 
in the oxide particles is 6, the same as in bulk Rh203.32 This 
assumption is reasonable, even for small oxide particles, since Rh3+ 
ions may have 0,- ions from the support as one or more of the 
six oxygen nearest neighbors. The fraction of rhodium present 
in the oxidic form is then 1.3/6 = 0.22 and the fraction of rhodium 
atoms in the metal particles is 0.78. This means that the actual 

~~ ~ ~ 

(32) Koningsberger, D C , van Zon, J B A D , van't Bhk, H F J , Visser, 
G J ,  Prlns, R ,  Mansour, A N ,  Sayers, D E ,  Short, D R ,  Katzer, J R 
J Phys Chem 1985, 89, 4075 
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Figure 6. HRTEM micrograph of the Rh/TiO, catalyst after reduction at 173 K and subsequent passivation and in situ sintering. 

Rh-Rh coordination number for the rhodium atoms in the metal 
particles is equal to 2.5/0.78 = 3.2. 

As in earlier p a p e r ~ , 2 ~ J ~  we ascribe the oxygen neighbors at 
2.78 A to oxygen ions from the supporting oxide. The rhodium 
atoms in the metalsupport interface have oxygen ions from the 
support as nearest neighbors. The radius of zerovalent rhodium 

is about 1.34 A, and the radius of divalent oxygen ions is about 
1.4 A. One may therefore expect a Rho-Oz- distance of about 
2.74 A, in good agreement with the reported value of 2.78 A. 
Since the oxygen ions a t  2.78 A are only nearest neighbors to 
rhodium atoms in the metallic particles, the Rho-* coordination 
number must be corrected in the same way as we have corrected 
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Figwe 7. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHRTEM micrograph of the Rh/TiO, otalyst after reduction at 113 K and subsequent passivation. Several exposed crystal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAface a n  indicated. 

the Rh"-Rho coordination number, the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcorrected value is 1.0/0.78 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
= 1.3. To find the real number of oxygen neighbors for each 
interfacial rhodium metal atom, this value has to be divided by 
the fraction of metal atoms in the metalsupport interface." 

It is often found that background subtraction is difficult in 
EXAFS spectra of catalysts in which the metal component is 
(partly) oxidized. Using the cubic spline method, there is no 
unambiguous criterion for a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcorrect background subtraction. For 
metallic catalysts. the choice of the smwthing parameter in the 
cubic spline routine should be such that the magnitude of the 
Fourier transform in the region below I A is low. For oxidic 
samples as the present one, this can be achieved, but it is always 
observed that the first peak in the Fourier transform, in this case 
the RhWa-contr ibution has slightly decreased in intensity. The 
semnd peak, in general, has not decreased in intensity. Therefore, 
the Rh'+-O> coordination number will be slightly underestimated 
and so will be the corrected Rho-Rho and Rho-Oz- coordination 
numbcrs. In general, the error will not exceed 20%. 

In the analysis described above, we have used the phase shift 
and backscattering amplitude obtained from Rhz03 to calculate 
the EXAFS functions. Since in Rh,O, the absorber- 
scatterer pair is Rh3+-02- with a coordination distance of 2.05 
A. it is incorrect to use data from Rh203 EXAFS functions to 
calculate 2.78 A Rho-02- EXAFS functions in which the cwr-  
dination distance is considerably larger and the valence state of 
one of the members of the absorber-scatterer pair is different. 
It has becn shownZ8J3 that in such cases the calculated distances 
are reliable. The Rho-; coordination numbers, however, are 
underestimated. There is no indication for the degree of un- 
derestimation. The actual average Rho& coordination number 
must therefore be higher than the above reported value of 1.3. 

At this point, we are in a position to estimate the size of the 
metal particles. In Figure 8, examples of four-, five, seven-, and 
eight-atom metal particles are shown. In the four-atom metal 
particle, each metal atom has three direct rhodium nearest 
neighbors. The average Rh-Rh coordination number for this 
particle therefore is 3.0. In the five-atom metal particle, each 
interfacial atom has three nearest neighbors, two interfacial atoms, 
and the top atom. The top atom has four direct nearest neighbors, 
the four interfacial atoms. The average number of rhodium 
nearest neighbors in this particle is therefore 3.2 and the average 
diameter is about 6.5 A. The average coordination number for 
the seven- and eight-atom metal particles is 4.0 and their diameter 
is about 8.5 A. Since the observed Rh-Rh coordination number 
is about 3.4 f 0.3, we conclude that the metal particles in the 

(33) Stem. E. A,; Bunker. B. A,; Heald, S. M. Phys. Reu. B 1980. 21. 
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8. Small metal particles: (a) four-atom metal particle, (b) Iive- 
atom metal particle, (c) seven-atom metal particle, (d) eight-atom metal 
particle. 

Rh/Ti02 catalyst contain roughly five or six metal atoms. The 
results of the HRTEM characterization, a very uniform and 
narrow particles size distribution around 7 A, are in good 
agreement with this conclusion. Obviously, even for very small 
metal particles, the EXAFS coordination number very accurately 
determines the metal particle size. These results, however, leave 
some room for discussion about a particle size distribution. The 
EXAFS results give a Rh-Rh coordination number of 3.4 f 0.3. 
This corresponds to metal particles containing from four up to 
six or seven or even eight atoms. The particle diameter determined 
with HRTEM is about 7.5 & 1.5 A. This corresponds to metal 
particles containing roughly three up to about nine atoms per 
particle. Because the average particle size as determined by both 
EXAFS and HRTEM points to particles containing about five 
atoms, we assume the metal particles contain between four and 
eight metal atoms. The average metal particle will contain five 
atoms. Even explanations in terms of bimodal size distributions 
are possible. In that case, a minor part of the Rh atoms is present 
in particles containing one or two metal atoms and the major part 
in larger particles, which contain on the average seven or eight 
atoms per particle. We believe, however, that the latter situation 
is unlikely. 

2. Rh/Ti02 aftcr Reduction at 723 K. After reduction at 723 
K, we found no evidence for the presence of rhodium oxide 
particles. Apparently, at this tempertaure the reduction was 
complete. The Rh-Rh wrdinat ion number was 3.4, in good 
agreement with the corrected (and possibly underestimated) value 
of 3.2 reported above. This indicates that during the high-tem- 
perature reduction no sintering had taken place. The Rh-Rh 
coordination distance had decreased markedly. For non-SMSI 
catalysts such as Rh/A1203, such a decrease in the Rh-Rh distana 
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has been observed after reduction and evacuation a t  high tem- 
p e r a t ~ r e ? ~  After removal of adsorbed hydrogen, the remaining 
surface metal atoms contract in order to compensate for the loss 
of hydrogen nearest neighbors. Obviously, since the measurement 
was performed in an Hz atmosphere a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA100 K, the metal particles 
in the Rh/TiO, catalyst after reduction at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA723 K did not chemisorb 
H,. Clearly, the metal particles were in the SMSI state. In our 
earlier Rh/TiO, study we reported the same observations. 

The presence of the long-distance Rh-O contribution is as 
e x p t e d .  However, the bond length between interfacial rhodium 
atoms and supporting zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA02- ions has decreased from 2.78 to 2.60 
A. The decrease in Rh-Rh distance, 0.053 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk indicates a decrease 
in the average rhodium atomic radius of 0.027 A. This decrease, 
however, is too small to account for the observed decrease of 0.18 
A in the Rho-02- bond. Although it is obvious that this decrease 
is the result of a change in the metalsupport interaction, it is 
not evident what kind of interaction has caused this decrease. In 
our earlier study we reported a decrease in the Rho-02- distance 
of 0.04 A. That catalyst was reduced at a temperature 50 K below 
the reduction temperature of the present catalyst (673 and 723 
K, respectively). The metal-support interaction induced by the 
high-temperature reduction is ohviously stronger when the catalyst 
is reduced at higher temperatures. 

In the SMSI state, two additional contributions were detected, 
titanium neighbors at 3.41 and 4.39 A. These contributions could 
not be detected after the low-temperature reduction. In our 
previous paper?' we reported that a 3.4-A Rh-Ti contribution 
was present after reduction at 673 K. The better signal-to-noise 
ratio of the present experiments and the enhanced metalsupport 
interaction obviously enable us to distinguish even more contri- 
butions. To explain these contributions, we zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAneed to take a closer 
look a t  the supporting oxide, anatase TiO,. The HRTEM mi- 
crograph show that the [IO11 anatase crystal face is exposed most. 
HRTEM also showed that the majority of the metal particles was 
present on the edges of the TiO, crystallites and the rest of the 
metal particles was present predominantly on [I011 crystal faces. 
It is therefore not evident what the structure of the (average) 
crystal face is on which the particles rest. The majority of the 
crystal faces are [ l o l l  faces. I t  is not unlikely that the crystal 
face on the edge of the crystallites, between two zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 1011 crystal faces, 
is indeed a [OOI] type crystal face. Surface energy calculations 
have shown that the [OOI] crystal face is indeed a stable crystal 
face?s We therefore assume that the metal particles rest on [OOl] 
and [ l o l l  type crystal faces. 

In Figure 9, a and b, both a [OOl] and [ IO11 anatase crystal 
face are shown. Both crystal faces consist of a two-dimensional 
rectangular array of oxygen ions, with as many octahedral sites 
as oxygen ions. Half of these octahedral sites are occupied by 
Ti'+ ions. We assume that the five zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(or eight)-atom metal particle 
(see Figure 8) rests on these crystal faces. Figure 9c,d shows the 
most plausible arrangement for this metal particle on both faces: 
four metal atoms are interfacial atoms and each interfacial atom 
has four oxygen nearest neighbors. The average Rho-0'- coor- 
dination number in this arrangement is 3.2. Earlier we argued 
that our method of calculating Rh0-O2- coordination numbers 
underestimates the real RhO-0,- coordination numbers. The 
apparent discrepancy between the expected and the measured value 
of 1.9 is therefore acceptable. 

In the models we have described, we assumed that in a first 
approximation the rhodium atoms of the metal particles are 
situated on latticeoxygen positions, that is, positions which would 
have been occupied by oxygen ions if another TiO, layer had been 
deposited on the crystal. Therefore, it does not matter whether 
the metal particles rest on [ IO I ]  or [OOI] or any other crystal face. 
Because the rhodium atoms occupy oxygen-equivalent positions, 
the Rh-0,- distances (and Rh-Ti"'distances, these will be dis- 
cussed later) will he the same, regardless of the crystal face on 
which the particles rest. The coordination distances are model- 

(34) Van? Blik, H. F. I.; van Zon, 1.6. A. D.; Koningsberger. D. C.; Bins, 
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The Journal ofphysical Chemistry. Vol. 92, No. 7 ,  1988 1911 

d 

Rh (' ' 02- *Ti".  

Figure 9. TiO, crystal faces: (a) [IO11 anatase crystal face; (b) [OOI] 
anatase crystal face; (c) [ lol l  anatase crystal face with a five-atom metal 
particle; (d) [OOI] anatase crystal face with a five-atom metal particle; 
(e) [ lo l l  anatase crystal face with a five-atom metal particle after re- 
duction; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(0 [OOI] anatase crystal face with a five-atom metal particle 
after reduction. R, = 2.7 A (Rho4ii); R, = 2.0 A (Rho-Ti); R, = 3.4 
A (Rho-Ti); R, = 4.3 A (Rho-Ti). 

independent. The coordination numbers, however, may vary, hut 
only slightly. Another consequence of this assumption is that the 
metal particles grow epitaxially on the supporting oxide, which 
is not unlikely for very small metal particles. The metal particles 
in Figure 8a,c, which have been grown epitaxially on [ 11 I ]  type 
crystal faces, also fit on the [OOI] and [ l o l l  type crystal faces. 
Thus, the four-, five-, seven-, and eight-atom metal particles in 
Figure 8 represent possible structures of the metal particles. For 
the sake of clarity, however, we will focus only on the five-atom 
metal particleon a [OOI] or [I011 type anatase crystal face. One 
more detail needs closer attention. Anatase is built of slightly 
distorted octahedra. As a result, in pure anatase, two 02--0'- 
distances are encountered. If the Rh atoms are situated on 0 
positions, one should expect the same two Rh-0'- distances as 
well. We found however only one Rh-0'- distance. This can he 
accounted for as follows. In the [IO11 plane (see Figure 9a), the 
lower 0'- ions, the ions underneath a Ti4+ ion, are shifted al- 
ternately slightly to the right and slightly to the left with respect 
to their position as shown in Figure 9a. This has very little 
influence on the Rh-Oz- distances because the displacement is 
perpendicular to the distance. For metal particles situated on [ 1011 
type crystal faces we thus expect only one Rh-02- distance with 
possibly a increased disorder around that distance. From Table 

' 11, it is indeed clear that the disorder in the Rho-0'- distances 
is larger than any other disorder (note that the disorder is expressed 
relative to the disorder in the reference compounds). The Oz- ions 
in the [OOI] plane (sze Figure 9b) are situated alternately a little 
above and a little underneath the horizontal plane. We assume 
that the outermost [OOI] plane of 0'- ions has relaxed in such 
a way that all 0" ions are in the same plane. In that case we 
once more expect only one Rh-02- distance with possibly an 
increased disorder. 

A closer look at our model in Figure 9 reveals three RhO-Ti" 
distances: R, = 2.1, R, = 3.4, and R, = 4.3 A. The average 
coordination numbers for these contributions are respectively 0.4, 
1.6, and 3.2. (The latter coordination number is higher than one 
might derive from Figure 9. In Figure 9, however, only the Ti4+ 
ions in the top layer are shown. The Ti4+ ions in the second layer 
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will also contribute to the 4.3-8, Rho-Ti4+ contribution. Another 
"hidden" 4.3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8, Rho-Ti4+ contribution arises from the top rhodium 
atom in the five metal atom particle and the Ti4+ ion directly 
underneath the top atom). These coordination numbers are low 
and one would expect their contributions, especially for the longer 
distance, not to be detectable by EXAFS. The EXAFS amplitude 
is in a first approximation inversely proportional to the square 
of the distance. The values of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN/R2 for the three contributions 
are 0.09, 0.15, and 0.16, respectively. Because of the Debye- 
Waller factor, however, these values will change. For comparison, 
N / R *  for the Rho-0'- contribution is 0.44. Since the back- 
scattering amplitudes for the Rh-Ti and Rh-0 contributions do 
not differ much in magnitude (the Ti backscattering amplitude 
is slightly larger), it is evident that the Rh0-Ti4+ contributions 
will be hard to detect, compared to the RhO-O*- contribution. 
Because of the Debye-Waller factor, the 3.4-A contribution is 
expected to be the most dominant of the three Rh0-Ti4+ con- 
tributions. In Figure 3a, the difference spectrum for the 473 K 
reduced catalyst, a small contribution around 3.4 can indeed 
be observed. But this contribution is too small to allow a reliable 
analysis. 

In our previous paper, we already reported the presence of a 
3.4-A Rh-Ti" coordination in the SMSI-state catalyst. In the 
723 K reduced sample of the present study, both the 3.4- and 4.3-A 
Rh-Ti4+ contributions are indeed observed, but the coordination 
numbers are higher than anticipated. The explanation for the 
enhanced presence of these Rh-Ti4' contributions in the SMSI 
state can be found in the reducibility of the TiOz supporting oxide. 
During the reduction process, oxygen is removed from the T i 0 2  
surface in the form of water. This process is centered around the 
metal particle, which provides reactive hydrogen atoms and thus 
catalyzes this reduction process. After a few oxygen ions have 
been removed, the second [OOl] or [ l o l l  crystal plane becomes 
exposed. Bare Ti3' ions from the first (outermost) crystal face 
remain on top of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA02- ions of the second plane. This situation 
is energetically very unstable and these Ti3+ ions will migrate to 
empty octahedral sites in the second oxygen layer and possibly 
the third or even further crystal planes. What we see here is the 
formation of a TiO, suboxide and especially the formation of part 
of a shear plane. The five-atom metal particle is positioned in 
the same way on the second crystal planes as it was on the out- 
ermost plane before reduction, but now the interfacial rhodium 
atoms have more Ti3+ and Ti4+ nearest neighbors at 3.4 and 4.3 
8, (see Figure 9e,f). This increase in Ti"+ nearest neighbors 
explains our EXAFS results. We thus conclude that, after re- 
duction at high temperature, the metal particles rest on partially 
reduced Ti02. 

Our first conclusion from this analysis is that the metal particles 
are very small indeed. The average rhodium metal particle in the 
4 wt zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA% Rh/Ti02 catalyst contains about five rhodium atoms. The 
diameter of these particles is about 6.5 A. This was confirmed 
by HRTEM. This technique revealed even more information. 
After exposure of the sample to an intense electron beam, which 
resembles reduction at high temperature, the metal particles had 
sintered to large fcc rhodium metal particles; the presence of any 
ordered alloy of Rh and Ti could be ruled out. The same ex- 
periments on Ir /Ti02 resulted in Ir3Ti alloy particles. Thus, it 
is unlikely that in the Rh/Ti02 catalyst in the SMSI-state alloy 
formation takes place. This is in accordance with the results 
reported by Beard and Ross.'9 They found that upon heating a 
platinum catalyst supported on carbon and impregnated with TiCI4 
Pt3Ti alloy particles were formed. For iridium and platinum alloy 
formation may play a role in the SMSI state, but for rhodium 
catalysts this is not the case. 

Secondly, we found with EXAFS no evidence for coverage, and 
HRTEM confirmed this. In the HRTEM study, this catalyst and 
other Rh/Ti02 catalysts with larger metal particle sizes were 
studied extensively after reduction at high temperatures and 
subsequent passivation. In these studies no sign of even the 
slightest coverage was found. I t  is known that after passivation 
and subsequent reduction at low temperature the normal hydrogen 
adsorption capacity of the metal particles is partly, but not com- 
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pletely, re~ to red .~  Therefore, if coverage occurs after reduction 
at high temperature and suppresses the hydrogen chemisorption 
by decreasing the exposed metal surface area, passivation will not 
completely remove the covering oxide. Since in our HRTEM 
experiments on Rh/TiO, catalysts we never observed covering, 
we conclude that coverage is unlikely to occur for Rh/Ti02. 

In the following we will discuss oxygen adsorption experiments 
which have been performed in order to investigate whether the 
metal surface of the rhodium particles in the SMSI state is blocked 
by a covering TiO, (subjoxide. We exposed the catalyst in the 
in situ cell to pure O2 at 100 K. Before oxygen admission the 
catalyst had been evacuated at  623 K. Subsequently the tem- 
perature was raised to room temperature and another EXAFS 
spectrum was recorded. We performed the same experiments on 
a Rh/AI2O3 catalyst (reduced at  623 K j  in order to compare 
oxygen adsorption properties of rhodium metal particles in the 
SMSI state and the normal state (AI2O3 supported). For the sake 
of clarity, we will discuss alternately the results of the experiments 
on the Rh/AI2O3 and Rh/Ti02 catalysts. 

3. Euacuation at 623 K. 3a. Rh/AIzOj.  After reduction and 
evacuation of the Rh/A1203 catalyst, the major contribution is 
from rhodium neighbors with a Rh-Rh coordination number of 
5.6. This indicates that the metal particles contain about 15 atoms 
and are roughly 10 8, in diameter.24 Compared to the bulk value, 
the Rh-Rh coordination distance has decreased by 0.052 A. As 
we have described in the foregoing this contraction is the result 
of the evacuation procedure. Because of the removal of adsorbed 
hydrogen the surface metal atoms contract in order to compensate 
for the loss of neighbors. A Rho-0'- contribution is also present, 
originating from neighboring 0'- ions in the metal-support in- 
terface. The small contribution at  2.06 A has to be ascribed to 
the presence of rhodium oxide. The maximum temperature during 
the reduction treatment (623 K) was high enough to obtain 
complete reduction of the Rh/A1203 catalyst.2R However, it is 
possible that partial oxidation has taken place due to formation 
of water during the evacuation procedure or because of a small 
leakage during or after the evacuation treatment. 

3b. R h / T i 0 2 .  After reduction at 723 K of a fresh Rh/Ti02 
sample followed by evacuation at 623 K,  the EXAFS spectrum 
(in k space as well in r space after Fourier transformation) re- 
sembles very closely the EXAFS spectrum measured directly after 
reduction. All differences are within the indicated experimental 
errors. The Rh-Rh distance is still significantly smaller than the 
bulk value (2.687 A) and almost equal to the Rh-Rh distance 
in the evacuated Rh/A1203 catalyst. Thus, we have confirmed 
that in the SMSI state the rhodium metal particles do not adsorb 

4. Oxygen Admission at 100 K. 4a. Rh/A120,. After ad- 
mission of O2 to the Rh/AI20, catalyst at 100 K, the EXAFS 
spectrum changed drastically. The Rh-Rh contribution dimin- 
ished, as is clearly reflected in the decreased amplitude of the 
EXAFS function at higher k values ( k  > 7 .k', see Figure le). 
Obviously, after O2 admission at this temperature all the metal 
particles are partially oxidized. This situation is different from 
the partially reduced Rh/TiOz catalyst, where some of the particles 
are already fully reduced and others were still oxidized. I t  is 
impossible to calculate the size of the remaining metal kernel 
because now this metallic kernel is covered with Rh,O, or possibly 
another form of rhodium oxide and the Rh3+-02- coordination 
number in the covering shell of oxide will be different from six. 
At lower k values, the influence of the pronounced presence of 
the two Rh-0 contributions is obvious. These qualitative con- 
clusions are confirmed by the quantitative analysis (cf. Table 11). 
The decrease in the Rh-Rh coordination number and the increase 
of the Rh3+-02- coordination number indicate that the oxidation 
process has started. Note, that the high-k-value part of the 
EXAFS function is very sensitive for changes in the Rh-Rh 
contribution (i.e., average metal particle size) and the low-k-value 
part is sensitive for low-Z scatterer contributions. 

4b. Rh/Ti02.  The results for the Rh/AI2O3 catalyst presented 
above are in sheer contrast to the results for oxygen admission 
to the Rh/TiOl catalyst. At higher k values, the EXAFS spectrum 

H2. 
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of the Rh/Ti02 catalyst after zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO2 admission at  100 K resembles 
very closely the spectra of the reduced and the evacuated samples 
(cf. Figure 1, d and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf). No changes in the Rho-Rho parameters 
could be detected. Obviously, for the Rh/Ti02 catalyst, the basic 
structure of the metal particles remained intact and oxidation has 
not taken place. At lower k values there are small differences. 
This becomes clear from the Fourier transform of the difference 
spectrum, Figure 3f. Apart from the Rh-0 and Rh-Ti contri- 
butions discussed before, a Rh-O contribution at 2.09 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8, is clearly 
visible with a coordination number of 1.0. This Rh-O contribution 
must be different, however, from that of the sample reduced at 
423 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK. In the EXAFS spectrum of that sample, the 2.06 8, Rh-O 
contribution was assigned to Rh3+-02- absorber-scatterer pairs, 
present in Rh2O3 particles. But in the spectrum taken after oxygen 
admission (cf. Figure If) no differences with the spectrum taken 
after evacuation (Figure Id) can be observed at k zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA> 6 A-1. In 
this region, EXAFS is very sensitive to changes in the Rh-Rh 
contribution; therefore, neither the Rh-Rh coordination number 
nor the metal particle size has changed. The results of the detailed 
data analysis confirm this (see Table 11). Clearly, oxidation of 
the rhodium particles on the T i02 support has not taken place. 
The only possibility left is to ascribe the 2.09-A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARh-O contribution 
to oxygen adsorbed on the surface of the metal particles. The 
atomic radius of zerovalent rhodium in the metal particles is 2.64/2 
= 1.32 and the radius of covalent oxygen is about 0.73. The 
expected RhO-OO distance (2.05 8,) is in good agreement with the 
calculated distance of 2.09 A. 

A very important result of this analysis is that the metal particles 
in the SMSI state are capable of adsorbing oxygen. In order to 
be able to adsorb oxygen, the metal particles must be bare, un- 
covered, or at  least not fully covered with a TiO, suboxide. Even 
though oxygen was able to adsorb on the metal particles, oxidation 
did not take place, in contrast to the Rh/A1203 catalyst. This 
suppressed oxidation can only be the result of an electronic in- 
fluence from the TiO, suboxide. 

5. Oxygen Admission at 300 K .  5a. Rh/AI2O3. After oxygen 
admission at  100 K, the Rh/A1203 catalyst was warmed up to 
room temperature. The EXAFS spectrum (Figure lg)  differed 
completely from the spectra of the Rh/AI2O3 catalyst after 
evacuation and oxygen admission at 100 K (Figure lc,e). At high 
k values, almost no high-Z scatterer EXAFS is visible, while at 
low k values, the low-2 scatterer contribution differs markedly 
from the low-k-value part of the two preceding spectra. The main 
reason for this is a decrease in the Rh-Rh coordination number 
and an increase in the oxidic Rh3+-02- contribution. Because 
of the high RhZ3-O2- contribution, the analysis of this spectrum 
was different from the procedure as described above. The major 
contribution to the spectrum originated from oxygen scatterers 
and therefore a kl-weighted Rh-0 phase corrected Fourier 
transform rather than a k3-weighted Rh-Rh phase and back- 
scattering corrected Fourier transform was used to calculate the 
different contributions in the EXAFS spectrum. Since in this 
Fourier transform an incorrect phase shift function has been used 
for the (small) Rho-Rho contribution, the accompanying Rh-Rh 
peak is shifted and coincides with the peak originating from the 
Rh0-02- bond of about 2.76 A. The fact that the peak at  the 
righ-hand side of the Rh3'-02- contribution is indeed the result 
of two (Rho-Rho and Rho-02-) contributions is indicated if Figure 
3g, in which the magnitude of the Fourier transform of the original 
data and of the Fourier transforms of the calculated EXAFS 
spectra of Rh3+-02- + Rho-Rho and of Rh3+-0" + Rho-@- are 
presented. In the Fourier transform of the former calculated 
EXAFS function, a strong destructive interference is visible in 
the region between both peaks, in the latter Fourier transform 
there is a slightly constructive interference. In the same region 
in the Fourier transform of the original data, there is a slightly 
destructive interference. Therefore, we must conclude that the 
right-hand-side peak in Figure 3g is the result of the sum of two 
contributions, namely Rho-Rho and Rh0-O2-. In a kl-weighted 
Rh-Rh phase and backscattering amplitude corrected Fourier 
transform, all contributions are separated, but, as mentioned above, 
this Fourier transform is not suitable to optimize the dominant 
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low-2 scatter contribution. Because of this, the errors in the 
parameters of the Rh-Rh and Rh0-02- contributions used to 
calculate the best-fitting spectrum are larger than the errors in 
the same parameters of the other EXAFS spectra of the Rh/A1203 
catalyst. 

As argued before (see Rh/Ti02 after Reduction at 473 K), the 
Rh3+-02- coordination number is not very accurate. The value 
of 3.6 must be considered as a lower limit. The Rho-Rho and the 
Rh0-02- coordination numbers on the other hand are more re- 
liable. The Rho-Rho contribution had diminished markedly, while 
the contribution of the long-distance Rho-02- coordination number 
increased relative to the Rh-Rh coordination number. From this 
we conclude that the remaining metal kernel of the rhodium 
particles is covered with rhodium oxide. The presence of rhodium 
oxide on top of the metal particle creates an extra interface in 
which zerovalent rhodium is in contact with an oxide. In this 
interface, new Rh0-02- bonds will be present. This proves that 
EXAFS is capable of detecting coverage. It implies that coverage 
of titania-supported metal particles in the SMSI state is even more 
unlikely than we have suggested up to now. 

56. Rh/Ti02 .  When the Rh/TiO, catalyst after oxygen ad- 
mission at 100 K was warmed up to room temperature, the EX- 
AFS spectrum at higher k values still resembled quite closely the 
spectrum of the sample after evacuation. This indicates that the 
basic structure of the metal particle size had not changed and that 
the formation of rhodium oxide had not yet taken place. Detailed 
analysis confirmed that the Rh-Rh coordination number remained 
constant. Compared to the spectra after evacuation and after 
oxygen admission at  100 K, the differences in the EXAFS 
spectrum at lower k values were much more pronounced. The 
main reason for this is an enhanced influence from the short- 
distance RhO-OO contribution. Obviously, since oxidation had still 
not taken place, the metal particles had adsorbed more oxygen. 
This will be explained in the following paragraph. 

The contributions from the support ions (Ti"' and 02-) all 
relaxed to longer distances. For the Rho-Ti"' contributions, this 
may seem to be in contradiction with the indicated error. However, 
the errors indicated in Table I1 are overall errors. They are the 
sum of the experimental error and the systematic error. The 
experimental error is the result of (in)accuracies during analysis 
of the data. The systematic error is the result of the procedure 
of analyzing the data and may be regarded as being equal for 
comparable contributions. For example, the error (quoted) of 0.03 
in the RhO-Ti"' distance of 3.43 8, in the sample after oxygen 
admission at  100 K indicates that the real Rho-Ti"' distance has 
a 95% probability of being in the range of 3.40-3.46 A. When 
the two distances are compared, however, the systematic error 
can be ruled out and only the experimental error should be taken 
in account. In a good approximation, the experimental error in 
the Rh-Ti"+ distances is about 0.01 A. Thus, the RhO-Ti"' 
distance in the sample after oxygen admission at 300 K is in fact 
significantly larger than the distance found after oxygen admission 
at  100 K. The Rho-02- contribution relaxed to 2.75 A, which 
is very close to the Rho-02- distance for the catalyst in the normal 
state. The Rho-Ti"+ contributions increased to 3.48 and 4.41 A, 
indicating that the metalsupport interaction has weakened. Both 
Rho-Ti"' coordination numbers have decreased. The decrease 
in the coordination number of the 3.48-A contribution is almost 
within the experimental error, but the decrease in the 4.36-A 
Rho-Ti"' contribution is more pronounced. Clearly, Ti"+ ions in 
the vicinity of the metal particles have disappeared. This indicates 
that the TiO, suboxide around the metal particles has started to 
reoxidize. This is, of course, in agreement with the fact that the 
metalsupport interaction has decreased in strength and the SMSI 
state has been removed partly and it may explain the fact that 
the metal particles have adsorbed more oxygen. 

6. Different Rho-Ti"' Contributions. In the preceding para- 
graphs, we discussed two Rh-Ti"' contributions present in the 
EXAFS spectra. Based on these findings, on literature data and 
on HRTEM, we concluded that the rhodium metal particles in 
Rh/TiO, probably rest on anatase zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[OOI] and [ l o l l  crystal faces. 
In a model in which a five-atom metal particle rests on a [OOl] 
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or [ lo l l  anatase crystal face, the distances found with EXAFS 
are indeed present. It is evident that EXAFS will not be able to 
detect the distances longer than 4.4 A. However, the short 2.1-A 
Rh-Ti"' distance should be detectable by EXAFS but we have 
not been able to straightforwardly detect this Rh-Ti"+ contribution. 
One of the most important reasons is that especially in the normal 
state, the expected coordination number for this 2.1 bond is 
low. Consider for example the particle on the [OOl] plane: two 
rhodium atoms have one Ti"' neighbor each; the coordination 
number therefore is 2/5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.4. We may expect that this coor- 
dination number will increase for the metal particle in the SMSI 
state by a factor of 2 (or less). Thus, the maximum coordination 
number one may expect for this contribution is 0.8 and therefore 
still too small to be detectable by EXAFS. See, for example, 
Figure 3b,d. The Rh0-0*- coordination number is 1.9. This 
contribution is well above the noise level (about 1 X but 
decreasing it by a factor 2 brings it already very close to the noise 
level. Therefore, a Rh0-O2- coordination number of 1 would be 
difficult to detect and even more difficult to analyze. Conse- 
quently, a RhO-Ti"' contribution with a coordination number less 
than about 1 is almost impossible to detect or analyze. However, 
in the imaginary parts of the Fourier transforms of the difference 
spectra of the Rh/TiO, catalyst in the SMSI state (Figure 3b,d) 
small deviations between theory and experiment are visible around 
2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA. These deviations could not be completely eliminated but 
adding a 2.1-A Rh-Ti"' contribution improved the agreement 
between calculated and experimental spectra. Because of the low 
coordination number, there remains some uncertainty about the 
scatterer. It was not possible to unambiguously identify the 
scatterer as oxygen or titanium, although titanium as neighbor 
resulted in better fitting spectra. It is evident that at the low-R 
side in the Fourier transform of the EXAFS spectrum, a small 
contribution is present and it is likely that this contribution is due 
to a Rh-Ti"' coordination. 

7 .  Comparison with Literature Data. Recently, similar EX- 
AFS spectra of a Rh/Ti02 catalyst in the SMSI state were re- 
ported by Sakelson et a1.36 They ascribed the major peak in the 
magnitude of the Fourier transform at the low-r side of the 
dominant Rh-Rh contribution to a Rh-Ti contribution, while our 
results point to a Rh0-O2- contribution for the same peak in the 
Fourier transform. We question the assignment of this peak to 
Rh-Ti for the following reasons: 

(i) The above-mentioned contribution, referred to as Rh-X, 
resembles closely the peak in the Fourier transform of the EXAFS 
functions of Rh/A1,03 catalysts, which has unambiguously been 
ascribed to a Rh-0 c o n t r i b u t i ~ n . ~ ~ ~ ~ ~  Furthermore, we observed 
the same Rh-X contribution in the "normal" as well as in the 
SMSI state of the catalyst. Since in the normal state there is no 
reason to assume Rh-Ti coordination, the assignment of the Rh-X 
peak to oxygen neighbors in the metalsupport interface is much 
more likely. 

(ii) In the fitting procedure described in ref 36, only titanium 
as a neighbor was taken into account; oxygen was not tried as a 
possible neighbor. The fitting procedures on our spectra yield, 
in terms of sum-of-least-squares and variance, better results with 
oxygen than with titanium as scatterer in the Rh-X Contribution. 

(iii) The Rh-Rh and Rh-Ti contributions in the RhTi reference 
compound overlap both in the k'- and in the k3-weighted Fourier 
transforms. A rough approximation indicates that the overlap 
is at least 25%. Also, the well-known side lobe of the Rh-Rh peak 
(due to the k-dependence in phase and backscattering functions) 
is hidden under the Rh-Ti peak. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn Figure loa, the kl-weighted 
Fourier transforms of the calculated Rh-Ti zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( N  = 8, R = 2.676) 
and Rh-Rh ( N  = 4, R = 2.949) EXAFS spectra are shown, 
demonstrating their overlap. Thus, inverse transformation as 
performed in ref 36, using a window to separate both contributions, 
definitely results in incorrect phase and backscattering functions 
for the Rh-Ti absorber-scatterer pair. In Figure 10b is shown 
the Rh-Ti EXAFS function as we have calculated it and the same 
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Figure 10. (a) Magnitude of the k'-weighted Fourier transforms of (solid 
line) EXAFS spectrum of the RhTi alloy; (dotted line) calculated Rh-Ti 
EXAFS function; (dashed line) calculated Rh-Rh EXAFS function. (b) 
Reference spectra of (solid line) calculated Rh-Ti EXAFS function; 
(dotted line) Rh-Ti EXAFS function from inverse Fourier transform. 

contribution which has been achieved by an inverse Fourier 
transform over the window 0.00-2.38 A. It is obvious that es- 
pecially at  lower k values the differences are substantial. 

(iv) Sakelson et al. stated that, after a kl-weighted Fourier 
transform, the Rh-Rh and Rh-X contribution can be separated 
much better.36 However, in a k'-weighted Fourier transform, the 
low-Z scatterer information is much more pronounced than in a 
k3-weighted Fourier transform. As a result, both Rh-Rh and 
Rh-X peaks still overlap, and the overlap is even larger. Because 
of the larger overlap, there is a strong destructive interference in 
the region between the two peaks. This can best be seen in the 
imaginary part of the Fourier transform. Because of the antiphase 
behavior of the imaginary part of the separate contributions, there 
is a strong destructive interference and the magnitude of the 
Fourier transform shows a sharp minimum between both peaks. 
In a kl-weighted Fourier transform, the Rh-Rh and Rh-Ti 
contributions are therefore separated even less clearly than in a 
k3-weighted Fourier transform. This can also be seen in Figure 
10, where the magnitude of the k'-weighted Fourier transform 
of the RhTi alloy is compared to the separate Rh-Ti and Rh-Rh 
contributions. Because of the destructive interference, the sum 
of the two separate contributions (solid line) is lower in magnitude 
than the respective contributions at  their maximum. A careful 
inspection also reveals that the peak maxima are shifted slightly. 
Also for this reason, it is incorrect to use a window in a k'-weighted 
Fourier transform to separate the Rh-Rh and Rh-X contributions. 

(v) It is insufficient to use a k 3 x ( k )  plot to show the result of 
the best fit,36 since the k3 term strongly enhances the high-2 
Rh-Rh contribution which makes the plot less sensitive to the 
low-2 Rh-X contribution. A plot of ~ ( k )  is necessary to compare 
experimental and calculated data. 



EXAFS and HRTEM of Rh/Ti02 

Rh-Ti phase and backscattering functions have in a first ap- 
proximation the same general zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk dependence as the Rh-0 phase 
and backscattering functions. This is as expected, because of the 
low-Z character of both oxygen and t i t an i~m.~ '  As a result, it 
is always possible to fit a Rh-0 EXAFS function with Rh-Ti 
parameters, and vice versa. A difference in backscattering am- 
plitude can be compensated with a particular (Le,, wrong) choice 
of coordination number and Debye-Waller factor. Because of 
a different phase function, however, such a fit will result in in- 
correct coordination distances. Clearly, to discriminate between 
Rh-Ti and Rh-0 contributions, a very careful data analysis 
procedure is required. The procedure which we have used in our 
analysis procedure is superior to the procedure described in ref 
36. We believe that the assignment of the Rh-X contribution 
to oxygen neighbors is correct and that the conclusion drawn by 
Sakelson et al. about RhTi alloy formation in the SMSI state is 
not justified. 

Final Conclusions 
From the observed neighboring Ti"+ ions, we conclude that in 

the SMSI state the metal particles rest on a TiO, suboxide. This 
has already been suggested in the first reports on SMSI.'q3 In 
the SMSI state, the metal particles are incapable of adsorbing 
H2 and as a consequence the Rh-Rh distance has contracted by 
about 0.05 A. The Rh0-02- distance in the metal-support in- 
terface has contracted as well, by about 0.18 8,. This is the result 
of an interaction between metal and support. In the SMSI state, 
the rhodium metal particles are capable of adsorbing O2 at 100 
and 300 K. Therefore, and because we found no evidence for a 
covering suboxide with EXAFS nor with HRTEM, we conclude 
that coverage is not complete or is even absent in Rh/Ti02. 
Oxidation of the metal particles in the SMSI state, however, is 
suppressed, even at  300 K. This again must be the result of an 
electronic metal-support interaction and cannot be explained by 
coverage. 

Another interesting phenomenon observed has been observed 
with EXAFS. When the oxygen-exposed Rh/Ti02 catalyst is 
warmed to room temperature, the TiO, suboxide in the vicinity 
of the metal particles starts to reoxidize. At the same time, the 
metal-support interaction weakens. This proves that indeed the 
suboxide underneath and around the metal particles plays a key 
role in the anomalous properties of the supported rhodium metal 
particles in the SMSI state. At this point, however, it is not clear 
what the role of the suboxide is. A clue for further studies may 
possibly be found in the contribution present around 2.1 8, in the 
EXAFS spectra of the Rh/Ti02 catalyst in the SMSI state. 

During the past years, the majority of the literature dealing 
with SMSI reported coverage."' Since the results of this study 
do not support complete coverage, we will focus on covering in 
the following. Covering of metal particles by an oxide can take 
place in two ways. The covering oxide may have a chemical 
interaction or may have no interaction at  all with the metal 
particles. When there is an interaction between covering oxide 
and metal particle, the oxide will "wet" the metal surface. Most 
authors see this kind of covering as the origin for the decrease 
in adsorption capacity of metal particles in the SMSI state. Such 
a covering would greatly enhance the number of 02- neighbors 
for the metal atoms in the surface of the metal particles. Since 
in such a case there is an attractive interaction between oxide and 
metal particle (and because the state of coverage has been formed 
at high temperatures), the disorder in these Rh0-O2- bonds that 
are formed in the SMSI state is expected to be small. Therefore, 
EXAFS should be able to detect such bonds. For instance, in the 
5-atoms metal particle in Figure 9, each rhodium atom is a surface 
atom. In the case of complete coverage, the interfacial rhodium 
atoms should have seven (three more than in the normal state) 
02- neighbors and the top rhodium atom should have eight new 
02- nearest neighbors. Therefore, the Rh0-02- coordination 
number should increase at least by a factor of 2 or 3. For the 
Rh/A120, catalyst reduced at 623 K and oxidized at  room tem- 
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perature, the Rho-Rho coordination number decreased by a factor 
3, the Rh0-O2- coordination number by a factor 1.2 (cf. Table 
11). Relative to the Rho-Rho coordination number, the Rh0-O2- 
coordination number increased by a factor of 2.5. From this we 
concluded that the metallic kernel of the oxidized particles was 
covered with rhodium oxide and it proves that EXAFS can detect 
a covering oxide. For the Rh/Ti02 catalyst in the SMSI state 
we certainly did not find any evidence for such as increase in 
Rh0-O2- coordination number. In this study, after reduction at 
723 K, the Rh0-02- coordination number increased from 1.3 f 
0.3 to 1.9 f 0.3. In our previous study, we found a small decrease 
in the Rh0-02- coordination number. The analysis of the EXAFS 
spectrum of the Rh/Ti02 catalyst reduced at 473 K was hampered 
by the presence of Rh203. Therefore, the Rh0-02- coordination 
number for this catalyst is rather inaccurate (after correction, this 
coordination number is 1.3) and, in our view, too low. Therefore, 
the apparent increase in the Rh0-02- coordination number when 
the reduction temperature is increased is insignificant and certainly 
too small to justify the conclusion that the metal particles are 
tightly covered with TiO,. On the basis of these Rh0-O2- coor- 
dination numbers, one could state that perhaps a small (partial) 
covering of the rhodium metal particles has taken place. It is also 
possible that a very loose covering occurs; this induces only a small 
number of additional 02- neighbors. In the following paragraph 
we will discuss the effects of such a loose covering. 

When there is no interaction between metal and support, wetting 
and tight packing of the oxide around the metal particles will not 
take place. Coverage then simply means the physical presence 
of oxide crystallites over the metal particles. The spread in the 
Rh0-O2- distances will then be large, which makes it impossible 
for EXAFS to detect the oxide.3s On the basis of the EXAFS 
results, we therefore cannot exclude the presence of a loosely bound 
TiO, suboxide on top of the metal particles. Such a coverage does 
not have to be complete, but may still be able to suppress ad- 
sorption of hydrogen and carbon monoxide. 

From the oxygen adsorption experiments we learned that metal 
atoms are exposed. Our results therefore exclude complete 
coverage for rhodium metal particles supported on Ti02 in the 
SMSI state. The metal particles may, however, be partially 
covered with TiO, if this covering oxide does not tightly adhere 
to the metal surface. But such a loosely packed covering oxide, 
which does not interact with the metal particles, cannot be re- 
sponsible for the observed behavior of the SMSI-state catalyst 
during oxygen exposure. 

We feel that a loose coverage may occur in the SMSI state and 
may also explain the difference in catalyst performance between 
metals supported on the traditional supports like A1203 and on 
reducible supports (see, for example, ref 39). It is our conviction, 
however, that coverage alone cannot explain the large decrease 
in adsorption capacity (usually one order of magnitude) of the 
rhodium metal particles in the SMSI state in the discussed 
Rh/Ti02 catalyst. From this and many other studies in this 
field7-1G'3,16-20 it is clear that SMSI is a complex phenomenon 
and may vary from system to system. It may well prove impossible 
to condense this complexity into one model which can explain all 
the results presented up to now in the literature on SMSI. Rather, 
the explanation for SMSI may vary from system to system. The 
present study indicates that coverage is a phenomenon unlikely 
to occur in Rh/Ti02. Although, based on the EXAFS results, 
coverage cannot completely be excluded, it is evident that if a 
covering oxide is present, the interaction between this covering 
oxide and the surface metal atoms is weak. But such a loose 
packed weakly interacting oxide cannot account for the fact that 
oxidation was greatly suppressed when the surface metal atoms 
were exposed to oxygen. Therefore, an electronic perturbation 
is the most likely explanation for the anomalous properties of these 
small rhodium metal particles supported on TiOz in the SMSI 
state. 
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Ethylene clusters that are generated in an adiabatic expansion with He are size selected by scattering from a He beam. By 
measurement of angular-dependent mass spectra and time-of-flight distributions at one monomer fragment mass ( m  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 26 
amu), the complete fragmentation pattern for electron impact ionization of clusters up to tetramers is obtained for electron 
energies of 100 eV. For ionization of the dimer aside from typical monomer fragment masses (25-28 amu) the results are 
dominated by ion-molecule reactions within the cluster leading to the dimer to fragment channels at m = 29, 41, and 5 5  
amu. No product is observed at the parent mass 56 amu. For larger clusters the main fragmentation product is the C4H8,+ 
(56) ion which is stabilized by third-body collisions with the other partner molecules within the cluster. The scattering analysis 
is also used for deriving information on the cluster formation and density as a function of the concentration and stagnation 
pressure as well as on the energy transfer to the clusters during the collisions with He. 

I. Introduction 
Interest in the properties and dynamics of atomic and molecular 

clusters has dramatically increased during recent years.] Part 
of this interest comes from the fact that clusters provide a bridge 
between molecular physics and the condensed phase. Experimental 
studies of neutral clusters frequently involve ionization, followed 
by analysis and detection of cluster ions in a mass spectrometer.2 
Numerous experimental results have been published in which the 
measured ion distributions are attributed to properties of the 
neutral precursors. However, this is a very dangerous procedure, 
since significant fragmentation following the ionization process 
has been observed in many  experiment^.^-'^ 

It is very difficult to get quantitative information about this 
fragmentation process, since, at  present, there is no cluster source 
available that produces only one cluster size. Therefore the cluster 
size has to be labeled by an experimental method independent 
from the ionization process. This can either be done by spec- 
troscopic or by a scattering p r o c e s ~ . l ~ ~ ~ ~  In the latter 

method the different kinematical behavior of the clusters in a 
scattering experiment is used to separate them from each other. 
By measuring the angular and velocity distribution of the scattered 
clusters, their intensity can be uniquely attributed to a certain 
cluster size independent from the subsequent detection process. 
In particular, this procedure allows the determination of the 
fragmentation during the ionization process if the intensity of 
certain clusters is detected at  different masses. Applications to 
the fragmentation by electron impact ionization of the van der 
Waals clusters ArnI6 and (C02)n17 and the stronger bonded 
(NH3),,l8 clusters have been carried out. In the present contri- 
bution we present a detailed investigation of the fragmentation 
of ethylene clusters (C2H4),,. This is an especially complicated 
case, since already the monomer is fragmented upon ionization 
by electron bombardment. There has been great interest in these 
clusters in photoioni~ation’~ and infrared photodissociation20$21 
processes. Some of the measurements indicate that the mass 
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