
Mechanism Elucidation by EXAFS

Time Scale and Elementary Steps of CO-Induced
Disintegration of Surface Rhodium Clusters**

Akane Suzuki, Yasuhiro Inada, Aritomo Yamaguchi,
Teiji Chihara, Makoto Yuasa, Masaharu Nomura, and
Yasuhiro Iwasawa*

While the reaction kinetics and dynamics of molecules
adsorbed on catalyst surfaces have been extensively studied,
little is known about the dynamic structural change of active

[*] Prof. Dr. Y. Iwasawa, A. Suzuki
Department of Chemistry
Graduate School of Science
the University of Tokyo
Hongo, Bunkyo-ku, Tokyo, 113-0033 (Japan)
Fax: (+81)3-5800-6892
E-mail: iwasawa@chem.s.u-tokyo.ac.jp

Dr. Y. Inada
Graduate School of Science
Nagoya University
Chikusa, Nagoya (Japan)

Dr. A. Yamaguchi, Prof. Dr. M. Yuasa
Faculty of Science and Technology
Tokyo University of Science
Noda, Chiba (Japan)

Dr. T. Chihara
RIKEN
Wako, Saitama 351-01 (Japan)

Prof. Dr. M. Nomura
Photon Factory
Institute of Materials Structure Science, KEK
Ibaraki 305-0801 (Japan)

[**] This study was supported by a Grant-in-aid for The 21st Century
COE Program for Frontiers in Fundamental Chemistry from the
Ministry of Education, Culture, Sports, Science and Technology.

Supporting information for this article is available on the WWW
under http://www.angewandte.org or from the author.

Angewandte
Chemie

4943Angew. Chem. 2003, 115, 4943 –4947 DOI: 10.1002/ange.200352318 � 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



metal sites in supported metal cluster/nanoparticle catalysts,
such as the time scale of formation and disintegration of the
active structure induced by reaction gases and the sequence of
bond rearrangements involved in the dynamic event on the
surfaces. The in situ time-resolved structural characterization
of surface metal clusters and nanoparticles by energy-
dispersive X-ray absorption fine structure (DXAFS) is
essential to document their dynamic property on an atomic
basis, which has been a long-term challenge to be addressed.
We have succeeded in observing the CO-induced disintegra-
tion process of Rh clusters on an Al2O3 surface by DXAFS
every 100 ms. Previous static studies on the similar surface
phenomenon have been performed by IR,[1–3] XAFS,[4,5] and
STM,[5,6] which revealed the structural modification of highly
dispersed Rh nanoparticles/Al2O3 catalysts that leads to the
formation of isolated Rh(CO)2 species by CO adsorption. The
DXAFS technique has been developed and improved to
provide in situ structural information on dispersed catalytic
materials at a time resolution of 1 s—several 10 s.[7–25] Herein,
we report novel issues found by the time-resolved DXAFS
characterization of the structural disintegrity of Rh clusters
on an Al2O3 surface, namely, the time scale and sequence of
dynamic bond rearrangements in the clusters and at the
interface.

Figure 1 shows XANES (XANES=X-ray absorption
near-edge spectroscopy) spectra at the Rh Kedge during the
carbonylation process of the Rh/Al2O3 catalyst under
26.7 kPa of CO at 298 K. The DXAFS spectra were recorded

every 100 ms. There is an isosbestic point at 23.234 keV (point
1) in the serial XANES spectra during the period of 0.8–3 s as
shown in the inset of Figure 1, thus indicating a direct change
from a Rh species to another Rh species in its time scale. The
spectra at the beginning of CO adsorption (0–600 ms) did not
pass the isosbestic point. The k3-weighted EXAFS oscillations
at the Rh K edge during the carbonylation process are shown

in Figure 2a. The amplitude of extended X-ray absorption
fine structures (EXAFS) oscillations did not change signifi-
cantly at 0–600 ms, but a remarkable decrease in the
amplitude in the higher k range was observed from 600 ms
till 3000 ms. This indicates that the observation of the
isosbestic point is due to a structural change in the Rh
clusters. The second isosbestic point was observed at

23.239 keV (point 2) after 3 s as shown in the inset of
Figure 1. The existence of the isosbestic point different from
the first one means that another structural change occurred as
a sequential process during the period of 3–6 s. Two distinct
peaks in the FT at 0.174 and 0.248 nm (phase-shift uncor-
rected), which are assigned to Rh�O and Rh�Rh, respec-
tively, were observed at t= 0 as shown in Figure 2b. After CO
adsorption an FT peak due to the formation of the Rh�C�(O)
bond appeared at 0.123 nm (phase-shift uncorrected) within
the first 200 ms, while the FT peaks for Rh�O and Rh�Rh
remained unchanged over 600 ms. A drastic change in the FT
was observed at 800–3000 ms, and the Rh�Rh peak com-
pletely disappeared at 3000 ms. The quality of the DXAFS
spectra observed every 100 ms was good enough for the
structural analysis. The values of the coordination numbers
(C.N.) and bond length (R) determined by the curve fitting

Figure 1. A series of XANES spectra at the Rh K edge during the car-
bonylation of Rh/Al2O3 under CO (26.7 kPa) at 298 K. The acquisition
time of each spectrum is 100 ms, Cat.weight (wafer)=80 mg.

Figure 2. a) The k3-weighted EXAFS oscillations and b) their Fourier
transformed functions for Rh/Al2O3 at the Rh K-edge during the car-
bonylation process at 298 K measured by DXAFS every 100 ms.
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were plotted as a function of CO exposure time at 298, 333,
and 353 K in Figure 3. There were no changes in the Rh�Rh
and Rh�O parameters at 0–600 ms, but the C.N. values for
Rh�CO increased from 0 to 0.7 at 600 ms. After the interval
of 600 ms, the C.N. of Rh�Rh bond decreased uniformly
during the period of 800–3000 ms, accompanied by elongation
of the Rh�Rh bond length and an increase of the C.N. for Rh�
O from 1.6 to 2.5 at 3000 ms. The C.N. values for Rh�O and
Rh�CO were almost constant at 2000–3000 ms, thus indicat-
ing the existence of a semistable structural state for CO-
adsorbed Rh clusters on Al2O3. After 3000 ms the C.N. for
Rh�O increased from 2.5 to 3.2 and for Rh�CO from 1.2 to
1.9 as shown in Figure 3; the R of Rh�O also decreased from
0.213 to 0.200 nm. The rate of the change was greater with an
increase temperature. The observed and fitted FTs for the
samples at 0 ms, 600 ms, 3000 ms, and 7000 ms are shown in
the Supporting Information and the determined structural
parameters are given in Table 1. The change in the C.N. values
determined by the DXAFS analysis was in excellent accord-
ance with the result of volumetric measurements (see
Supporting Information); the amount of adsorbed CO
molecules is plotted as a function of CO exposure time at
298 K.

Thus the time-resolved DXAFS analysis reveals three
elementary steps for the surface dynamic structural rear-
rangement of Rh clusters involving two intermediate states as
depicted in Figure 4. Before CO exposure (t= 0) Rh atoms in

the cluster interact with the surface oxygen atoms of Al2O3 at
the distance of 0.213 nm. The C.N. (5.0) and R (0.265 nm) of
Rh�Rh (Table 1) are in good agreement with those deter-
mined by conventional XAFS (4.9 and 0.264 nm). These
structural parameters assume that the Rh cluster consists of
seven atoms in the first layer and three atoms in the second
layer as shown in Figure 4, which shows the C.N. of 5.4 for
Rh�Rh bond. The C.N. value of 1.6 for Rh�O indicates that
each Rh atom in the lower layer interacts with two O atoms of
the Al2O3 surface. At the first step of the dynamic processes
(0–600 ms) CO rapidly adsorbs on the Rh cluster to give a
C.N. of 0.7 for Rh�CO, which indicates that one COmolecule
adsorbs on each Rh atom of the second layer. At this stage no
Rh�Rh bond breaking occurs. At the second step after 600 ms
the Rh�Rh bonds become weaker by further CO adsorption
and the Rh cluster is completely disintegrated at 3000 ms, at
which point the ratio of adsorbed CO to Rh is one (see

Figure 3. The values of coordination number (C.N.) and bond length
(R) determined by the curve fitting as a function of CO exposure time
at 298, 333, and 353 K. 298 K: Rh-Rh 298 (&), 333 (~), 353 (*); Rh-CO
298(&), 333 (~), 353 (^); Rh-O 298 (&), 333 (~), 353 (^).

Table 1: Structural parameters for the 2 wt% Rh/g-Al2O3 catalyst.
[a]

abs.-scat C.N. R [10�1 mm] s2 [10�2 nm2]

(Species A) after reduction at 593 K (flow of H2) (0 s)
(DE0=2.6 eV, Rf=2.8%, R range=0.15–0.3 nm)

Rh-Rh 5.0�0.4 2.65�0.02 6.7�0.2
Rh-O 1.6�0.5 2.13�0.02 13.7�1

(Intermediate B) CO adsorption at 298 K (600 ms)
(DE0=2.4 eV, Rf=30%, R range=0.10–0.32 nm)

Rh-Rh 5.0�0.4 2.65�0.02 6.7�0.2
Rh-O 1.6�0.5 2.12�0.02 13.7�2
Rh-C 0.7�0.6 1.85�0.03 8.0�3
Rh-(C)-O 0.7�0.6 3.00�0.04 9.7�3

(Intermediate C) CO adsorption at 298 K (300 ms)
(DE0=2.8 eV, Rf=4.8%, R range=0.10–0.32 nm)

Rh-O 2.5�0.5 2.13�0.03 10.9�2
Rh-C 1.2�0.6 1.86�0.03 8.0�3
Rh-(C)-O 1.2�0.6 2.99�0.04 9.7�3

(Species D) adsorption at 298 K (7000 ms)
(DE0=1.8 eV, Rf=4.5%, R range=0.10–0.32 nm)

Rh-O 3.2�0.5 2.00�0.03 10.9�2
Rh-C 1.9�0.6 1.87�0.03 8.0�3
Rh-(C)-O 1.9�0.6 3.00�0.04 9.7�3

[a] A after reduction at 593 K (flow of H2), and three intermediate B, C
and D during CO adsroption at 298 K by DXAFS (see Figure 4).

Figure 4. An illustrative mechanism, with times given as taken from
the beginning of the reaction, of three elementary steps at 298 K for
the disintegration of Rh clusters on Al2O3 during CO adsorption by
time-resolved DXAFS.
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Supporting Information). The existence of the isosbestic point
(1) in Figure 1 indicates that the second step consists of a one-
to-one direct conversion, namely from [Rh10(CO)3] (B) to
[Rh�CO]10 (C) in Figure 4. The [Rh�CO] can migrate across
the Al2O3 surface to react with OH groups. The fragmentation
of the Rh cluster permits the adsorption of further CO
molecules on the Rh atoms at the third step (3000–6000 ms)
to form [Rh(CO)2], which interacts with three surface
O atoms as shown in Figure 4. This process is also a direct
transformation process as evidenced by the second isosbestic
point (2), in which the Rh atoms more strongly interact with
the surface because of a decrease in the Rh�O distance from
0.213 to 0.200 nm (Table 1). The [Rh(CO)2] monomers form
on the Cl-free Rh/Al2O3 catalyst, which is in contrast to the
situation previously reported.[26]

The [Rh�CO] species and the [Rh(CO)2] species were
also confirmed by in situ FTIR. The FTIR spectra were
recorded as difference spectra on a JASCO FTIR230
spectrometer in a transmission mode. In FTIR spectra (see
Supporting Information) a peak at 2060 cm�1 is assigned to
uCO for a terminal CO molecule on a Rh atom, while two
peaks around 2095 and 2023 cm�1 are assigned to symmetric
and asymmetric uCO for Rh discarbonyl species. After the 1.5 s
CO exposure, the peak intensity at 2060 cm�1 increased at
first, followed by the development of peaks at 2095 and
2023 cm�1 (4.5 s). Only these two bands were observed at
10.5 s. The formation of Rh dicarbonyl species is in accord-
ance with the previous reports.[1–3]

We have carried out the DXAFS measurements at three
different temperatures. The rates of the first and second steps
were independent of the temperature at the present con-
ditions. In contrast, the rate of the third step clearly depended
on the temperature and the activation energies were esti-
mated to be 15� 2, 17� 2, and 19� 2 kJmol�1 for the changes
in the C.N. of Rh�CO, the C.N. of Rh�O, and the R of Rh�O,
respectively, which are in good agreement with each other. By
CO adsorption, the Rh�Rh bond distance increased from
0.26 nm for the incipient Rh clusters to 0.27 nm for the [Rh�
CO]10 species, while the Rh cluster framework disintegrated
during the Rh�Rh elongation. Thus the [Rh�CO] species can
move off from the cluster at the surface without any
significant energy barrier. The slowest step in the cluster
disintegration with the energy barrier of 17 kJmol�1 is the
formation of [Rh(CO)2] monomers, which occurs concertedly
with the bond rearrangement (C.N. and R of Rh�O) at the
interface and probably with the oxidation of Rh0 to Rh+ by
surface OH groups.

In summary we have shown the time scale and bond
sequence in the dynamic structural disintegration of Rh
clusters on the g-Al2O3 surface, which proceeds through two
intermediate states and is detected by time-resolved DXAFS
every 100 ms. The present time-resolved structural analysis
provides crucial structural aspects to elucidate the mechanism
for dynamic surface processes and contributes to a new area
of structural dynamics of metal clusters/nanoparticles dis-
persed at surfaces.

Experimental Section
A 2 wt% Rh/g-Al2O3 catalyst was prepared by an incipient wet-
impregnation method with an aqueous solution of RhCl3·3H2O,
followed by drying at 393 K for 30 h to remove the solvent. The
obtained sample of 80 mgwas pressed to a disk (4 mmf) and placed at
a holder of an in situ DXAFS cell, and reduced at 613 K for 1.5 h
under a flow of hydrogen, followed by evacuation at 573 K for 1 h. It
is noteworthy that the amount of residual Cl in the Rh/Al2O3 sample
was below detection limits by XRF and elemental analysis.

DXAFS measurements in the energy range 23.0–24.2 keV were
carried out at BL-9C in KEK-PF. A four-point supporting crystal
bender was newly developed for a Si(311) bent-crystal polychromator
(Bragg-type) to obtain elliptical optics for focusing incident X-rays on
the sample. A self-scanning photodiode array (PDA: 1024 sensing
elements: 25 mm width and 2.5 mm height for each element)
manufactured by HAMAMATSU Photonics (S3904-1024FX
SPL3402) was used as a position-sensitive linear detector. A fiber
optical plate embrocated by a CsI(Tl) fluorescent was directly
coupled at the active area of PDA to convert X-ray to visible light.
The energy calibration at each sensing element of the PDA was
performed by comparison with an XAFS spectrum of a Rh foil
recorded by using an Si(311) channel-cut monochromator. The in situ
DXAFS cell was made of stainless steel and had two slit windows with
capton films to measure the incident and transmitted X-rays. The
obtained XAFS spectra were analyzed by using the UWXAFS
program.[27] After the background subtraction by the AUTOBK
program,[28] the Fourier transformation for the k3-weighted EXAFS
oscillation was performed, and the structural parameters were
determined by a curve fitting procedure in the R space by using the
FEFFIT program involving multiple scattering effects.[29] The back
scattering amplitude and phase shift functions, and the mean free
paths were generated by the FEFF8 code that accounted for energy
resolution of the DXAFS spectrometer (4.0 eV). The time-resolved
DXAFS spectra were fitted by using a model function composed of
four shells, that is, Rh�C�(O) and Rh�(C)�O for carbonyl ligands,
Rh�Rh for Rh clusters, and Rh�O at the interface between the Rh
cluster and the Al2O3 surface. The coordination numbers of Rh�C�
(O) and Rh�(C)�O bonds were fixed to be the same. The Debye–
Waller factors of all the contributions were fixed at the values
obtained by conventional XAFS to reduce the number of independ-
ent parameters in the fitting procedure.[30] The validity of this
procedure was confirmed for stable Rh species by comparing the
Debye–Waller factors obtained by the DXAFS and conventional
XAFS. The residual factors for the fitting were typically 4%.
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