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Rh-Sn/Si0, catalysts, prepared by the selective reaction be-
tween Sn (CH;), and small Rh metallic particles supported on
Si0,, showed much higher catalytic activities for NO-H, reaction
and NO dissociation than Rh/SiO, and coimpregnation Rh—Sn/
Si0,. In order to examine the important factors for the efficient
catalysis of the Rh—-Sn/SiO, catalysts, the samples were character-
ized by Sn K- and Rh K-edge EXAFS, FTIR, H,; and CO adsorp-
tion, and TEM. For the Rh-Sn/SiO, catalysts (Sn/Rh = 0.4), the
surface concentration of Sn to Rh was estimated to be Sn/Rh; =
3, where a Rh atom is surrounded by six Sn atoms. According to
the results of the Sn K-edge EXAFS analysis, the bond distance
between a Sn atom and the nearest-neighbor atom in the first layer
atoms was 0.270 nm, and the bond distance between a Sn atom
and a metal atom in the second layer was 0.290 nm, suggesting
a relaxation of the first bimetallic layer. A surface model structure
of Rh-Sn particles on SiO, as a catalytically active bimetallic

ensemble is discussed. © 1994 Academic Press, Inc.

INTRODUCTION

In the NO-H, reaction on Rh/SiO,, the rate-determin-
ing step has been reported to be NO dissociation assisted
by adsorbed hydrogen atoms (1). A possible way to pro-
mote NO dissociation, and hence the catalytic activity of
Rh/SiO,, may be the addition of a second metal (M) as
a promoter to form Rh—M alloys or intermetallics on SiO, .
The strategy for the design of bimetallic surface structures
on SiO, active for NO-H, reaction in the present study
was, first, to create bimetallic sites composed of Rh and
an oxophilic metal which can interact wth the oxygen
atom of NO molecule in order to weaken the N-O bond
for its activation; second, to choose a suitable second
metal with ready reducibility of its oxidized form (M-O
bond) by hydrogen under mild reaction conditions so that
the M-O bond which produced as a result of NO dissocia-
tion might easily be converted to a metallic state again;
and, finally, to prepare an arrangement of surface atoms
with a shorter M --- O (NO) distance for easier interaction
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between NO oxygen and the adjacent M to Rh when NO
adsorbs on an Rh atom.

The first and second ideas bring some limitations in the
choice of the second metal. Many metals show advanta-
geous interaction with oxygen. Table 1 lists the oxygen
affinity of metals (2). The larger the p O value, the stronger
the M-0O bond becomes, and the reduction of the M-0O
bond is less likely to occur. The pO of the second metal
(M) should be larger than that of Rh, by which oxygen
atoms produced by NO dissociation can selectively be
bound to the second metal atoms. Again the pO of the
resultant M-O bond should be smaller than that of
H,-H,0, preferably than that at Py /Py, = 1 in Table 1,
so that the oxygen atom of the M-O bond can be trans-
ferred to H, to form H,O. The third geometric requirement
in the designing strategy may be achieved by a selecting
as a second metal the one with the larger atom size com-
pared to that of Rh. In fact, very recently the surface
structure of a Pt—Sn single crystal has been characterized
by LEED and ISS, which revealed that the Sn atoms are
slightly protruded from the surface in the V3 x V3 or-
dered structure due to their larger atom size compared to
Pt (3). If a similar arrangement is also achieved in the
bimetallic particles of Rh—Sn/Si0, systems, the distance
between the oxygen atom of NO molecule adsorbed on
Rh atom and the adjacent second metal atom (Sn) may
be shorter as compared to a flat surface, leading to an
easier dissociation of the NO bond. In the present study,
consequently, we chose Sn among the metals listed in
Table 1 as the second metal to be added to Rh/SiO,. The
surface Sn atoms are reported to be stable up to 1000 K
in the alloy single crystals (3), making the use of Sn as
additive metal feasible.

While Sn metal has no significant catalytic activity by
itself because it does not interact with H,, hydrocarbons,
CO, NO, and so on, Sn has been used as a promoter for
SiO,-supported transition metal catalysts to enhance their
catalytic activity and selectivity. On Pd-Sn/SiO, and
Ni-Sn/SiO, catalysts used for the dehydrogenation of
cyclohexanone, cyclohexylamine, cyclohexane, and 2-
propanol, the additive effect of Sn to Pd or Ni is suggested
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TABLE 1
Oxygen Affinity of Metals

Oxide pO*
Rh,0 4.2
TeO, 7.2
Cu,O 9.6
BiO 11.4
ReO, 13.6
CoO 16.2
NiO 16.2
GeO, 18.4
Sn0, 19.7
H,-H,0 (Py /Py, = 1) 20.1
MoO- : . 20.1
FeO 20.6
WO, 21.2
K,0 23.2
ZnO 25.8
H,-H,O (Py o/ Py, = 1079 26.0

“ pO = ~log Po, = —A GE/(2.3 R}/ 1000
for oxygen in equilibrium at 1000 K.

to be due to the dilution of the metal sites active for
undesirable carbonaceous material deposition and due to
the weakening of the adsorption bond by electronic modi-
fication (4, 5). These promoter effects are caused by the
formation of alloys or intermetallic compounds. In addi-
tion, there is another additive effect owing to the interac-
tion of Sn with the oxygen atoms of the reactants. In the
CO oxidation reaction over Rh~Sn/SiO, catalysts, it was
claimed that Sn enhanced the activation of oxygen mole-
cules, decreased the self-poisoning by CO and/or O,, and
promoted the surface reaction between adsorbed oxygen
and weakly adsorbed CO (6). In the selective hydrogeno-
lysis of ethylacetate into ethanol over Rh-Sn/SiO,,
Ru-Sn/Si0,, and Ni-Sn/SiO, catalysts which were pre-
pared by the reaction between Sn(C,Hy), and oxidized
Rh/SiO,, Ru/Si0,, and Ni/Si0,, respectively, the selec-
tivity to ethanol was much higher than the corresponding
monometallic Rh/SiO,, Ru/SiO,, or Ni/SiO,. It has been
suggested that Sn atoms interacted with the oxygen lone
pair of the carbonyl group of ethyl acetate (7-10).
There are many reports about the structure of Sn-con-
taining alloy catalysts. The alloy phases such as Ni;Sn,,
Ni,Sn,, and NiSn, and Pd;Sn,, PdSn, PdSn,, and PdSn,
have been detected to be present in Ni-Sn/SiO, and
Pd-Sn/Si0,, respectively, by means of XRD (4, 5).
According to TEM observation, Pt-Sn particles in re-
duced Pt-Sn/Si0, form multiple phases containing PtSn,
Pt,Sn, and PtSn,, and Rh-Sn particles in reduced Rh-Sn/
Si0, form Rh;Sn,, RhSn, and RhSn, phases, where all
particles are covered by thin layers of microcrystalline
MSn, (M = Pt, Rh) (11). EXAFS, together with XRD
measurements, indicates that alloy phases of Pt;Sn, PtSn,

and crystallites of Pt are present in Pt—Sn/SiO, (12). These
results indicate that many bimetallic phases may be pro-
duced in Rh—Sn catalysts when the catalysts are prepared
by a conventional coimpregnation method. To prepare
better-defined Rh-Sn/Si0O, catalysts the selective reac-
tion of Sn (CH,), vapor with Rh metal particles supported
on SiO, was employed in this study.

We have found that the obtained Rh—Sn/SiO, catalysts
show much higher activity than Rh/SiO, and coimpregna-
tion Rh-Sn/SiO, catalysts for the NO dissociation and
the catalytic NO reduction by H, (13-15). The steady-
state activity of the NO-H, reaction at 373 K increases
with increasing the Sn content in the range of Sn/Rh =
0.4, showing an S-shaped dependency, while the activity
is nearly constant in the range of Sn/Rh = 0.4 (13). At
Sn/Rh = 0.4, the activity of Rh-Sn/SiO, becomes highest,
and the turnover frequency (TOF) at 373 K is 75 times
higher than that of Rh/SiO,. In addition, on the Rh-Sn/
Si0, catalysts, NO molecules were found to dissociate
at ca. 200 K, whereas on Rh/SiO, little NO molecule
dissociates in similar conditions. This kind of activation
of the NO molecules is thought to be due to specific
bimetallic ensemble structures. Typical results on the
characterization of the first layer of Rh-Sn/SiO, by
EXAFS have beenreported (14). Very recently, the inter-
action of surface Sn atoms with the oxygen atoms of NO
adsorbed on Rh atoms has also been observed (15, 16).

In this article, we report the detailed characterization
of the Rh-Sn/SiO, catalysts by Sn K- and Rh K-edge
EXAFS, TEM, FTIR, and CO and H, adsorption mea-
surements in order to find structural features of bimetallic
ensembles for the highly efficient catalysis.

EXPERIMENTAL

Preparation of Catalysts

Si0, (Aerosil 200 : 200 m*/g) was immersed with a meth-
ano! solution of RhCl;-3H,0 (Soekawa Chemical Co.),
followed by drying at 373 K for 12 h and reduction with
H, at 573 K for 1 h. The obtained Rh particles on SiO, were
then reacted with given amount of Sn (CH,), (Soekawa
Chemical Co.) vapor (<0.6 kPa) at 423 K for 1S minina
closed circulating system (dead volume: 200 cm?). Figure
1 shows the CH, production during the reaction of
Sn(CH,), with Rh/SiO, and SiO, alone. It is suggested
from the results of the temperature-programmed reaction
that more CH, molecules are produced by the reaction
with Rh/SiO, than with SiO,. In fact, the reactions of
Sn(CH,}, took place much more rapidly on Rh metal sur-
faces than with OH groups of SiO,. Under the present
conditions most of Sn(CH;), preferably reacted with Rh
particles. The samples were finally reduced with H, at
573 K for 1 h, followed by evacuation in situ before use
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FIG. 1. The CH, production in the reaction of Sn(CHj), with Rh/
SiO; and SiO;: filled circle, reaction of Sn(CH3), (4.6 x 107* mol) with
Rh/SiO, (1.0 g) at 423 K: filled square. reaction of Sn(CH,), (4.6 x 1077
mol) with SiO, (1.0 g) at 423 K; open circle, temperature-programmed
reaction of Sn{CH,), (1.7 x 107° mol) with Rh/SiO,(0.2 g) (integrated
amount); open triangle, temperature-programmed reaction of Sn(CH,),
(1.7 x 107° mol) with SiO-(0.2 g) (integrated amount); heating rate,
2 K/min.

as catalysts and also before each run. When Sn(CH,),
reacted with Rh metal particles, two molecules of CH,
per Sn(CH,), were evolved in gas phase and any other
hydrocarbons were not observed. By further reduction
at 573 K, two more CH, molecules were formed, leaving
no residual carbon on the surface. The loading of Rh was
controlled to be 1.0 wt%, while the Sn/Rh ratio was varied
in the range 0-1. Coimpregnation Rh-Sn/Si0O, (denoted
as Imp-Rh-Sn/Si0,) was prepared from a methanol solu-
tion of RhCl; - 3H,0 and SnCl,. The pretreatment of these
catalysts was performed in a similar way to the case of
Rh-8n/Si0O,.

Characterization of Catalysts

The amount of H, and CO adsorption on all catalysts
was measured volumetrically in a closed circulating sys-
tem (dead volume : 80 ¢cm?) under H, or CO of 13.3 kPa
at 273 K. The amount of irreversible adsorption was esti-
mated by subtracting the value obtained for reversible
adsorption at the second adsorption experiment from the
corresponding one from the first adsorption measurement.
The catalysts were reduced by H, at 573 K for 1 h and
evacuated for 1 h before the measurement.

X-ray absorption spectra at the Rh K- and Sn K-edges
were measured at the BL-10B and 6B stations of the
Photon Factory in the National Laboratory for High En-
ergy Physics (Proposal No. 90003 and 92008) with a posi-
tron energy of 2.5 GeV and a maximum storage ring cur-
rent of 350 mA. EXAFS data were collected in a

transmission mode using ionization chambers filled with
Ar for the I, signal and Kr for the [ signal. X-rays from
synchrotron radiation were monochromatized by a Si
(311) channel cut crystal. The second harmonic is elimi-
nated owing to the extinction rule of the Si (311), and the
third and higher harmonics could be neglected owing to
the low intensity of the photons with the corresponding
energies emitted from the storage ring. The samples were
treated in a closed circulating system and transferred to
a glass cell with thin X-ray transparent glass windows
for EXAFS spectra without contacting air. The EXAFS
measurements were performed either at 298 or 70 K. The
resulting data were analyzed by the EXAFS analysis pro-
gram ““EXAFS2N’’ (17). The analysis involves preedge
extrapolation, background removal by a cubic spline
method to extract EXAFS data, and Fourier transforma-
tion using a Hanning window function with 1/10 of the
Fourier transform range. The typical ranges of Fourier
transformation from the & space to the r space is 30-150
nm~' for Rh K-edge EXAFS, and 30-120 nm™' for Sn K-
edge EXAFS spectra. The inverse Fourier transformation
to the k space and the curve fitting were carried out to
obtain detailed structural information.

We used the EXAFS formula based on a single scatter-
ing theory by the jth shell atom in the curve fitting analysis
of EXAFS data,

x(k}) = X, NjF(k}) exp(= 2k} o) sin(2k/ R,
J
(l
+ UDIKRS,
ki = (kj = 2mAE,/h*)'", 2]

J J

where &; and AE0 are the photoelectron wavenumber and
the dlfference between the origin of the photoelectron
wave vector and that conventionally determined, respec-
tively. F(k} is the backscattering amplitude function, and
¢;(k;) is the phase shift function. N;, o;, and R; are the
coordination number, the Debye—Waller factor, and the
interatomic distance respectively. The fitting parameters
are N;, , and AE,. The curve fitting is evaluated
by an R factor (Ry) which is defined as

Rf Jm” k3 obs (k)

Knin

. . DB
dk/ j “ 1k x dk.

min

k3 xcalc (k)

Error bars for each parameter can be estimated by step-
ping each parameter, while optimizing the others parame-
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TABLE 2
Curve Fitting Results for Sn K-Edge EXAFS Spectra of 8-Sn
C.N.« R um)* AE,(eV)" oom)¢ R (%)
Teo and 4.0 0.301 3.0 0.0087 4.7
Rh foil/ 20 0.316 2.3 0.0094
FEFF* 3.6 0.300 4.2 0.0082 3.0
1.8 0.315 7.0 0.0100
X-ray crystallographic 4.0 0.302
analysis data 2.0 0.318

Fourier transform range (30-140 nm™"); Fourier filtering range (0.21-0.32 nm).

4 Coordination number (coordination numbers were fixed in the curve fitting
analysis).

» Bond distance.

* The energy difference between origins of the photoelectron wave vector.

4 Debye-Waller factor.

*R  factor, defined as R;= fr"‘“‘ kY o™ (k) — &Y x5 (k) dk/f:"‘"‘
min min

2

lk’y"“(k)' dk.
f Curve fitting parameters: theoretical phase shift function (18) and empirical
amplitude parameter extracted from Rh metal (C.N. = 12, R = 0.268 nm,

o = 0.0060 nm, AE, = 0.0 eV),
# Curve fitting parameters in FEFF was calculated by FEFFS5.

ter, until R factor becomes two times as its minimum
value. Since no good reference compound is available for
Sn-Rh bonding, in the Sn K-edge EXAFS analysis we
used the Rh backscattering amplitude derived from Rh
foil for Sn~Rh because the atomic numbers of Rh and Sn
only differ by 5. The phase shifts for this bonding were
taken from the tabulated values (18). Validity of the theo-
retically derived parameters was checked by curve fitting
analysis of Sn foil, as shown in Table 2. In addition, we
performed the curve fitting analysis by FEFFS5 (19, 20).
The R factor of the curve fitting by FEFF is smaller than
that by the parameter of Teo and Rh foil, but their fitting
results are similar. In our case, the error bar may be
estimated from the R factor and a little smaller error bars
can be obtained by the FEFF analysis. The parameters
(18-20) indicate that it was difficult to discriminate Sn—Rh
and Sn-Sn bondings each other by the curve fitting analy-
sis because of the similar values of the fitting parameters.
In this article, curve fitting results show the average values
of Sn—Rh and Sn-Sn bonding.

Transmission electron microscope photographs for de-
termination of particles sizes were taken by means of
JEM 2000EX (JEOL) equipment operated at 200k V. After
the reduction with H,, the samples were stored under
vacuum until the measurements were made. Samples
were dispersed in tetrachloromethane by supersonic wave
and put on Cu grids for the TEM observation under atmo-
sphere. It took about 30 min of this handling before putting
the sample into the TEM chamber, leading to oxidation
of metal particle surfaces. However, the TEM images
would be useful for comparing the photographs of bimetal-

lic samples with those of monometallic samples to exam-
ine the distribution of particles of particles sizes and to
check whether or not the distribution of particle size
changes by Sn addition.

FTIR spectra were measured on a JASCO FT-IR 7000
spectrometer in an in situ IR cell which was combined
in a closed circuiating system. The Rh/SiO, sample was
pressed into a self-supporting disk and put into a slit of
the holder in the IR cell. The reduction of Rh/SiO, and
the subsequent reaction with Sn (CH,), were conducted
in the IR cell in the similar conditions above mentioned.
IR absorption spectra were taken in a transmission mode
and with 2-cm ! resolution.

RESULTS

H, and CO Adsorption

Figure 2 shows the dependence of the steady-state ac-
tivity of NO-H, reaction and H, and CO uptake on the
amount of added Sn. The amount of adsorbed H, de-
creased steeply with increasing the Sn/Rh ratio and even-
tually to nearly zero in the range of Sn/Rh > 0.4. The
CO uptake decreased almost linearly in the range of Sn/
Rh < 0.4. Since H, and CO do not adsorb on Sn, the
decrease in the amounts of H, and CO adsorbed is due
to the decrease in the amount of Rh atoms at the surface of
the bimetallic particles on SiO, . The H, uptake decreased
more drastically compared to that of CO adsorption be-
cause H, dissociation demands multisites (ensemble sites)
of surface Rh atoms. The sharp break in activity for
NO-H, reaction at 373 K corresponds to the sharp de-
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FIG. 2. The turnover frequency (product molecules per min per
surface Rh atom) (TOF) for N, + N,O formation in NO~H, reaction at
373 K on Rh-Sn/Si0; and the amount of H, and CO adsorbed on Rh—-Sn/
Si0, at 273 K: filled circle, TOF (NO: H, = 2.7:13.3 kPa); open circle,
H/Rh (H, = 13.3 kPa); open triangle., CO/Rh (CO = 13.3 kPa).
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FIG. 3. The particle size distributions observed by TEM: (a) Rh/SiO,; (b) Rh-Sn/SiO, (Sn/Rh = 0.45); (c¢) Rh-8n/SiOQ, (Sn/Rh = 0.90).

crease and break in CO and H, uptakes, and perhaps to
structural changes characterized hereinafter.

TEM Observation

Figure 3 shows the size distribution of the metal parti-
cles for Rh/SiO, and Rh-Sn/SiO,(Sn/Rh = 0.45 and 0.90)
samples obtained by TEM. The averaged particle sizes
of Rh/Si0, and Rh~Sn/SiO, (Sn/Rh = 0.45) were found
to be almost the same (2.5 £ 0.5 nm). The size distribution
of metal particle is also similar to each other for both
samples. On the other hand, the average particle size of
Rh-Sn/SiO, (Sn/Rh = 0.90) was 3.0 = 0.5 nm as shown
in Fig. 3c. The TEM photographs were taken after expo-
sure of the samples to air for about 30 min. From the Sn
K-edge EXAFS for Rh-Sn/Si0, (Sn/Rh = 0.4) Sn-Rh
or —Sn bonds disappeared by exposing the sample to O,,
but on Rh—Sn/SiO, (Sn/Rh = 0.7) a part of Sn—-Rh or
—Sn bonds were sustained (14). Combined these results
and the amounts of CO adsorption, in the range of Sn/
Rh = 0.4, Sn atoms are located at the surface of the metal
particles where O, is accessible to Sn, whereas in the
range of Sn/Rh > 0.4, a part of Sn atoms are located at
the inside of the metal particles where O, is inaccessible.
Under the condition of TEM observation, almost all the
Sn atoms on Rh—-Sn/Si0O, (Sn/Rh = 0.45) were oxidized,
while on Rh—Sn/Si0, (Sn/Rh = 0.90) about a half of Sn
atoms remained nonoxidized at the inside of the particles.
Thus the reason that the average particle size of Rh-Sn/
Si0, (Sn/Rh = 0.45) was almost the same as that of Rh/
SiO, may be due to the spreading of oxidized Sn formed
during transfer of the sample to the TEM or due to an

accidental coincidence with uncertainty of =0.5 nm. In
the case of Rh—Sn/SiO, (Sn/Rh = 0.90) the larger particle
size (3.0 = 0.5 nm) as compared to the size (2.5 = 0.5
nm) for Rh/SiO, was observed. It would be valid to sug-
gest that Rh metal particles do neither aggregate nor dis-
perse by the addition of Sn from these results. Thus the
decrease in the uptakes of H, and CO in Fig. 2 is not due
to the change of the particle size.

IR Spectra of Adsorbed CO

Figure 4 shows the FTIR spectra obtained after CO
adsorption on Rh-Sn/Si0O, with various Sn/Rh ratios. The
spectra were taken at 298 K and under CO of 13.3 kPa.
On Rh/SiO,, linear CO is observed at 2076 cm™' and
twofold bridge CO is observed at 1914 cm™!. Besides
them, geminal CO appears at 2100 and 2048 cm™!. These
assignments are based on the corresponding values re-
ported in the literature (21-24). The geminal CO is known
to be formed by the CO-induced oxidative disruption of
Rh crystallites on Al,O, and SiO, (25-27). It was reported
that mobile metal carbonyl species are formed following
CO adsorption and that these species diffuse across the
surface, to become stabilized by the interaction with the
support. The mobility of the species across the surface
and the strength of the interaction may govern the rate
at which particle disruption and agglomeration occur, and
these are strongly influenced by the nature of the support
surface (26, 27).

On Rh-Sn/Si0O; (Sn/Rh = 0.08), the intensities of gemi-
nal and twofold bridge CO peaks decreased. At Sn/Rh =
0.31 these peaks disappeared, and only linear CO was
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FIG. 4. FTIR spectra of CO adsorbed of Rh~Sn/SiO,: pressure of

CO, 13.3 kPa. Measurement temperature, 298 K; resolution, 2 cm™!,

observed at 2064 cm™'. This indicates that Rh atoms are
isolated by the Sn atoms. Upon increasing Sn content,
the frequency of linear CO peak shifted from 2076 to 2068,
2064, and 2050 cm™' for Sn/Rh = 0.18, 0.31, and 0.45
respectively. The observed red shift of the linear CO peak
induced by the more addition of Sn may be caused by
the electronic modification of Rh sites and/or the decrease
of dipole-dipole coupling of CO at surface. The large
decrease in the amount of adsorbed CO in Fig. 2 would
lead to certain red shifts of the CO peak due to the di-
pole—dipole decoupling, but, actually the small red shift
of linear CO by 26 cm ™! on Rh~Sn/Si0, (Sn/Rh = 0.45)
was only observed. Hence, the peak shift may be attrib-
uted mainly to the decrease of the dipole-dipole coupling
while the electronic effect seems to be small.

EXAFS Analysis

Figure Sa shows the k>-weighted Sn K-edge EXAFS
oscillation for the reduced Rh-Sn/SiO, (Sn/Rh = 0.45)
and its associated Fourier transform is shown in Fig. 5b,
where the Fourier transforms for the catalysts with Sn/
Rh = 0.17, 0.27, and 0.70 are also shown. The peak inten-
sities for Sn—Rh or —Sn bonds in Fig. 5(b) did not largely
depend on the amounts of Sn added. To obtain structural
information of the Sn sites of the bimetallic particles, we
performed at first a one-wave (Sn~Rh or —Sn) analysis
for the EXAFS data using curve fitting technigue. The
Fourier transform of Fig. 5b was inversely Fourier-trans-

formed to the k-space oscillation in Fig. 6a (solid line).
The one-wave fitting curve shown by the dotted line in
Fig. 6a does not well reproduce the experimental line in
view of both the interval of oscillation and the feature of
the envelope. The fitting result by one-wave analysis for
the Rh—Sn/Si0, sample with Sn/Rh = 0.45 is shown in
Table 3. The result for Sn/Rh = 0.27 was similar to that
for Sn/Rh = 0.45. Next, we performed the two-wave (Sn
— Rh or —Sn + Sn — Rh or — Sn) fitting analysis as
shown in Fig. 6(b). The fitting was much improved as
compared to the one-wave fitting. The best-fitting results
for the three typical catalysts (Sn/Rh = 0.17, 0.27, and
0.45) are listed in Table 3. In the same Table are also
listed the two-wave curve fitting results obtained with
FEFFS5. The relatively smaller coordination numbers are
obtained because of the intrinsic loss of S} which is typi-
cally 0.9. We think that the resuits obtained by both theo-
retical analyses are essentially the same. There exist two
different bond lengths with the values of 0.270 and 0.290
(£0.002) nm. The shorter bonds are the principal ones
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FIG.5. SnK-edge EXAFS spectraon Rh—Sn/SiO, after H, reduction
at 573 K: (a) EXAFS oscillation of Rh-Sn/SiQ, (Sn/Rh = 0.45);
(b) Fourier transforms of Rh~Sn/SiQ, for Sn/Rh = 0.17 ¢( )
0.27 (---), 0.45 (—~-~ ), 0.70 (---). Fourier transform range, 30- {20 nm '3
measurement temperature, 298 K.
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FIG. 6. Curve fitting of Sn K-edge EXAFS spectra for Rh-Sn/SiO,
(Sn/Rh = 0.45): (a) curve fitting of Rh-Sn/Si0, by one wave (Sn-Rh
or -Sn); (b) curve fitting of Rh-Sn/Si0, by two waves (Sn-Rh or
-Sn + Sn—Rh or -Sn). Measurement temperature, 298 K; Fourier trans-
form range, 30-120 nm™'; Fourier filtering range, 0.15-0.32 nm; curve
fitting parameter: theoretical phase shift function and empirical back-
scattering amplitude extracted from Rh metal measured at 70 K.

and the longer bonds have the smaller coordination num-
bers. The 0.270-nm bond length is much smaller than the
bond lengths of Sn-Sn bonds in «—Sn (0.284 nm) and 8-
Sn (0.302 nm). The obtained value is rather close to the
bond length of Rh—=Rh (0.268 nm) in the bulk metal. It
means that all Sn atoms occupy the Rh metal lattice sites
to form Rh-Sn alloy. It is well known that Sn forms
substitutional alloys with some fcc metals.

Figure 7 shows the k*-weighted Rh K-edge EXAFS
oscillation for the Rh-Sn/Si0, (Sn/Rh = 0.45) catalysts
(a), its associated Fourier transform (b), and a curve-
fitting analysis (c). The oscillation (a) is similar to that for
Rh metal EXAFS. We were able to obtain the best fitting
by only using one-wave analysis of Rh—Rh (c). The inten-
sity of the Rh—Rh peak at 0.2-0.3 nm in the Fourier
transform decreased gradually by upon adding Sn as
shown in Fig. 7b, suggesting a decrease in the coordina-
tion number of Rh—Rh bond. The best-fit results are listed
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TABLE 3

Curve Fitting Results by One Wave and Two Waves of
Sn—Rh or -Sn for Sn K-Edge EXAFS Spectra of the Reduced

Rh-Sn/SiO,

Sn/Rh C. N.@ R(nm)*® AEyeV)* a(nm}4 Ry %)*
gq7ex 5220 02680002  0.0=x40 0010200016 5

' 1.7 + 0.7 0.286 + 0.002 7.9 = 4.0 0.0115 = 0.0016 :
ga7ex G4 £26 027020002 44 =40 0.0109 = 0.0016 40

: 2.2+09 0.289 = 0.002 8.0 =45 00114 = 0.0016 :
p4see 59 E 24 0.270 £ 0.002 4.4 x40 00109200016
o 26 1.0 0.290+0002 63=*40 00114 = 0.0016 :
0.45%x 3020 0268 = 0.002 1.9+ 30 00111 = 0.0011 »

o 242 1.0 0290 +0.002 -8.0=3.0 00134 % 0.00(1 :
0.45% 47 +£2.1 0269 %0002 -08 =40 00l = 0.0016 5.7

Nate. * One-wave fitting; **two-wave fitting. Fourier transform range (30-120
nm !); Fourier filtering range (0.15-0.32 nm); curve fitting parameters: theoretical
phase shift function and empirical amplitude parameter extracted from Rh metal
(C. N. = 12, R = 0.268 nm, o = 0.0060 nm, AE, = 0.0 eV) except the FEFF
analysis.

“ Coordination number.

# Bond distance.

“ The difference between origins of photoelectron wave vector.

4 Debye-Waller factor.

J’*max
&

min

: K,
k‘x“*“(khk—‘x““‘(k)* dk/j ™

‘R factor, defined as R,
‘mm

}k‘x""“(k)[ dk.
/ The FEFF curve fit by curve fitting parameters calculated by FEFFS.

in Table 4. Debye—Waller factors for Rh—Rh bonding were
constant in the range of Sn/Rh < 0.3, and increased at
Sn/Rh = 0.38 and 0.45. The decrease of the coordination
number is thought to due to the fact that the Rh—Sn alloy
phase has more static disorder than Rh metal particles,
as indicated by the results of Sn K-edge EXAFS analysis
shown in Table 3. This decrease in the peak intensity
is not due to the decrease in the particle size as shown
by TEM observation (Fig. 3). For the samples with
Sn/Rh = 0.65 and 0.90, we were not able to obtain good

fitting results,

TABLE 4

Curve Fitting Results for Rh K-Edge EXAFS Spectra of the
Reduced Rh-Sn/Si0,

Sn/Rh C. N.« R (nm}* AE, (eV)© o(nm)¥ R; (%)
0.0 11.0 £ 1.5 0.266 = 0.001  10.5 = 1.9 0.0075 = 0.0004 12
0.09 9.7 £ 0.8 0.267 = 0.001 3.0 = 1.0 0.0074 x 0.0002 0.6
0.19 82 09 0.268 + 0.001 0.7 £ 1.3 0.0074 = 0.0003 09
0.27 78 + 0.9 0.268 = 0.001 0.5 = 1.5 0.0076 = 0.0003 1.1
0.38 62 =23 0.268 £ 0001 -0.5=40 0.008 = 0.0011 34
0.45 63 +09 029 %0001 -1.8=30 0.009 * 0.0009 2.8

Note. Fourier transform range (30—150 nm™'); Fourier filtering range (0.15-0.30
nm); curve fitting parameters: empirical parameters extracted from Rh metal (C.
N. = 12.0, R = 0.268 nm, AE, = 0.0 ¢V, o = 0.0060 nm).

u-¢ See Table 3.
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FIG. 7.

Rh K-edge EXAFS spectra for Rh—Sn/SiO;: {a) EXAFS oscillation of Rh—-Sn/8i0; (Sn/Rh = 0.45); (b) Fourier transforms on Rh-Sn/

SiO, with various Sn/Rh ratios; (c) curve fitting of Rh—=8n/Si0, (Sn/Rh = 0.45) by one wave (Rh-Rh). Measurement temperature, 298 K; Fourier
transform range, 30—150 nm™'; Fourier filtering range, 0.15-0.30 nm: curve fitting parameter: empirical phase shift and backscattering amplitude

functions extracted from Rh foil measured at 70 K.

DISCUSSION

The catalytic activity of Rh—Sn/SiO, for NO-H, reac-
tion shows a characteristic S-shaped dependency on the
amount of Sn (Fig. 2). This type of dependency often
indicates the formation of particular bimetallic ensemble
sites at the surface of particles which are very active for
NO dissociation and catalytic NO-H, reaction as com-
pared to the monometallic Rh sites. The sharp break in
activity at Sn/Rh = 0.4 corresponded to the sharp break
in CO adsorption (Fig. 2) and also the discontinuous in-
crease the Debye—Waller factor (Table 4). Therefore, it
is important to estimate the surface Sn/Rh ratios and to
determine the Rh—Sn bimetallic ensemble structures.

Estimation of Surface Composition of Rh—Sn
Bimetallic Particles

Generally, it is not easy to estimate the surface compo-
sition of alloy catalysts because of the various possible
location of the additive metal, for example, on the surface,

in the bulk, or on the support. In the case of our Rh-Sn/
Si0, (Sn/Rh = 0.4) catalysts which were prepared by the
selective reaction between given amounts of Sn (CH,),
vapor and Rh particles on Si0O,, Sn atoms preferentially
reacted with the surface of the Rh particles at 423 K as
shown in Fig. 1. At 423 K only a few percent of Sn(CHs),
vapor reacted with silanol groups in 30 min, showing a
slow reaction with SiO, support. Similar results were re-
cently reported by Nedez et «l., who also observed higher
reactivities of SnR, (R : Et, i-Pr, and n-Bu) with SiO, (28).
The reaction of Sn (CH,), vapor with Rh metal particles
proceeded much more rapidly, where the reaction was
completed with 5 min. In addition, it is possible to know
the number of surface Rh atoms on Rh-Sn/SiO, by the
amount of CO adsorbed. This is because on Rh—Sn/SiO,
catalysts (Sn/Rh > 0.17) only linear CO was observed by
FTIR in Fig. 4, and Sn-atoms do not adsorb CO.

The amount of adsorbed CO decreased with an increase
of Sn added. According to the TEM results shown in Fig.
3, the decrease in CO uptake is not due to the aggregation
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to larger particles. The EXAFS data for the Rh—Sn/SiO,
samples demonstrate that Sn is situated in a metallic state,
showing Sn-Rh and/or Sn—-Sn bonds. Sn atoms in the
bimetallic particles with Sn/Rh = 0.3 are all accessible
to oxygen and can form Sn-0O bonds at 0.205 nm at 298 K
(14). This phenomenon was also observed with all Rh—Sn/
SiO, (Sn/Rh = 0.4) samples. In contrast, the peak inten-
sity of Sn—-Rh or Sn-Sn bonds for the Imp-Rh-Sn/SiO,
(Sn/Rh = 0.30) samples only decreased to about half of
the original intensity when exposed to O, at 298 K, sug-
gesting that about half of the Sn atoms in the Rh-Sn
bimetallic particles prepared by a coimpregnation method
are located inside the particles, even at Sn/Rh = 0.30.
Furthermore for the Rh-Sn/SiO,, in the composition
range of Sn/Rh > 0.4 a part of Sn—Rh or —-Sn bonds
remained without oxidation with O,. This indicates that
an excess of Sn atoms intrude into Rh particles (14). The
amount of CO adsorbed on the Rh—-Sn/SiO, catalysts was
constant in the composition range of Sn/Rh > 0.4, indicat-
ing that above this value, the surface becomes saturated
with Sn atoms.

There are two possibilities for the location of the Sn
atoms for samples in the composition range of Sn/Rh =
0.4; simple adsorption on the Rh particle surface and
bimetallic layer formation at the particle surface. Little
change in the peak intensity of the Sn—Rh or —Sn bonds
in the Fourier transform of the Sn K-edge EXAFS ob-
served in the range Sn/Rh = 0.17-0.70 implies the incor-
poration of Sn to the first layer of the Rh particles surface
rather than the adsorption on the Rh particles (Sn/Rh <
0.4), followed by the incorporation into the second layer
and the bulk (Sn/Rh > 0.4), because Sn atoms in the
Rh-Sn/SiO, catalysts with Sn/Rh = 0.70 are located at
the surfaces accessible to O, and also in the bulk inaccessi-
ble to O, . If Sn atoms at Sn/Rh < 0.4 are simply adsorbed
on the Rh particle surfaces, the peak intensity of the
EXAFS Fourier transforms in Fig. Sb which reflects the
number of metal atoms around a Sn atom would be more
strongly varied upon increasing the Sn content from
0.17-0.27 to 0.45-0.70 for Sn/Rh ratios. Furthermore,
the coordination number of the Rh—~Rh bonds (Table 4)
calculated from the EXAFS data of Fig. 7 decreased grad-
ually and from the initial stage by Sn addition. This fact
may exclude a simple adsorption of Sn atoms on the Rh
surface. Thus we conclude that Sn atoms form the Sn—-Rh
bimetallic top-layer at the Rh particle surface in the com-
position range of Sn/Rh < 0.4. A recent report on Sn/
Cu(111), Ni(111), and Pt(111) which shows the V3 x

3 structure of stable surface alloys supports our conclu-
sion (3).

On the basis of these results, we estimated the surface
composition of Rh-Sn/Si0,, assuming that (1) the mor-
phology of metal particles is a sphere, (2) the surface of
particles is fcc (111) as the most surfaces of fcc metal,

and (3) the size of Rh metal particles on which Sn atoms
form the surface alloys is 2.5 nm (TEM). A 2.5-nm Rh
metal particle has about 6.0 x 10> Rh atoms and the
particle becomes a little bigger by surface alloying with
Sn. The size of these alloy particles can be calculated
through the relationship between the number of total
atoms of the particle and its size (Eq. [4]). From the size
of the alloy particle, it is possible to estimate the number
of surface metal atoms (the sum of surface Rh and Sn
atoms) using Eq. [5],

N,=0.74 x (4/3 - 7 R3/(4/3 - 7 &%), [4]
N, = (7/2V3) x 47 (R — a)¥l(w a?), (5]

where N, is the number of total metal atoms of the alloy
particle, N is the number of surface metal atoms, R is
the diameter of the alloy particle, and a is the diameter
of Rh and Sn atom (=0.268 nm in EXAFS).

In Eqgs. (4] and [5], 0.74 and 7/2V'3 are the fractions of
occupation in volume and area, respectively. If the parti-
cles on SiO, are assumed to have a cubo-octahedron
shape, the estimated ratio Sny/Rh, should be smaller than
that estimated for a sphere shape, but the difference would
be about 20%. This would not require any essential change
in the present discussion.

Since all Sn atoms are located at the surface layer of
the alloy particles, the difference between the number of
surface metal atoms and that of Sn atoms is equal to the
number of surface Rh atoms. We calculated the number of
surface Rh atoms and compared it with the experimental
value of surface Rh atoms estimated from the amount of
adsorbed CO assuming CO/surface Rh = 1. When
Sn/Rh = 0.2, 0.3, and 0.4, the ratios of surface Sn atoms
to surface Rh atoms were accordingly calculated to be
0.7, 1.4, and 2.9. These values correspond to the amounts
of adsorbed CO of 0.28, 0.21, and 0.14 as CO/Rh.
The observed values in Fig. 2 are 0.25, 0.23, and 0.14,
respectively. The simulated values and the observed val-
ues are in good agreement in the composition range of
Sn/Rh = 0.4, In the range of Sn/Rh > 0.4, the amount
of adsorbed CO was constant, indicating that the surface
composition of these surfaces is the same as that of Sn/
Rh = 0.4, where surface Sn concentration is regarded to
be saturated. Thus the surface composition at saturation
is suggested to be Sn/Rh, =~ 3. The top view for the
bimetallic surface layer is illustrated in Fig. 8, where a Rh
atom is surrounded by six Sn atoms. This active ensemble
structure for NO dissociation and catalytic NO-H, reac-
tion seems to be formed at samples with Sn/Rh = 0.2 as
suggested from the results of Fig. 2. The surface composi-
tion at saturation is much larger than the saturation com-
position (Sn,/M, = 0.5 (M = Pt, Ni, and Cu) reported for
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(a) top view

. - 0.270 nm
(b) side view |

FIG. 8. A surface model structure of Rh-Sn/SiO, (Sn/Rh = 0.4)
assuming that Rh-Sn bimetallic particles are spherical and have a
fcc (111) surface: distance between Sn (first layer) and Rh (second
layer) = 0.290 nm; atomic radius of Rh atom = 0.134 nm: atomic radius
of Sn atom = 0.136 nm.

Sn/Pt(111), Ni(111), and Cu(111) (3, 29-31). In the case
of the Sn/Pd system, ¢ (2 x 2)-Sn/Pd(100) surface alloy
with the Sn/Pd, = 1 was observed (32). In the Sn/Ru
system, (\/§>< Vg)-Sn/Ru(OOI) was observed at Sn,/
Ru, = 2.0(33). The saturation coverage for Sn may depend
on the kind of the metal substrate and the orientation of
its surface. It might also depend on the particle size.

Surface Structure of the Rh—Sn Bimetallic Particles

In the structure of the Rh—Sn bimetallic layer presented
in Fig. 8a, the coordination number of Sn-Rh or -Sn
bonds around the Sn atom in the first layer is expected
to be 6 when the atom arrangement is fcc(111) plane. In
addition, the Sn atoms should have a bonding with the
three second-layer Rh atoms (Sn/Rh =< 0.4). However,
the coordination number obtained by the one-wave curve-
fitting analysis is 4.7 (+2.1), as shown in Table 3, which
is much smaller than 9 (first and second layers). It is
hardly thought that all the surface Sn atoms (Sn/Rh, =
3) are located at unsaturated sites like edges and corners
because 2.5-nm metal particles cannot provide so many
edge and corner sites for accommodation of 75% of the
surface metal sites and Sn atoms are located at the sites
to isolate Rh atoms as proved by IR of adsorbed CO.
Thus the one-wave fitting analysis does not explain these
observation. In fact, the one-wave fitting did not well
reproduce the experimental curve in Fig. 6a. Recently the
surface alloy structures of Sn/Cu(111), Sn/Ni(111), and
Sn/Pt(111) surfaces which have a V3 x V3 LEED pat-

tern have been reported (3). It has been demonstrated
that the distance between the Sn atom of the first layer
and the nearest-neighbor atoms of the second layer is
longer than the distance between the Sn atom and the
nearest-neighbor atoms in the first layer by 0.018-0.035
nm (3). Accordingly, we performed the curve-fitting of
the Sn K-edge EXAFS by two-wave fitting analysis
(Sn—Rh or -Sn + Sn-Rh or -Sn) as shown in Fig. 6b.
The best fit results are shown in Table 3. The one-wave
fitting results were much improved by the two-wave anal-
ysis, as indicated by the decrease of the residual factor
from 5.7 to 4.0%. In the two-wave analysis, the longer
Sn-Rh or -Sn bonds at 0.289 nm (Sn/Rh = 0.27)-0.290
nm (Sn/Rh = 0.45) were observed (Table 3). It may be
of interest to compare this bond length with the bond
length of Sn—Rh (0.2865 nm) in the intermetallic com-
pounds RhSn and Rh;Sn,. The bond length of 0.290 nm
(=0.002 nm) is attributable to the distance between the
first-layer Sn atom and the second-layer Rh atoms. The
determined coordination number of 2.6 (=1.0) presented
in Table 3 is compatible with the value (3) for the geomet-
ric model discussed above. Then the coordination number
around Sn atom within the first layer should be six for
the fcc(111) plane in agreement with the value
(5.9 + 2.4) observed in this work (Table 3). The R; values
as a degree of the EXAFS curve fit were smaller with the
FEFFS-based fit than for the Teo-based fit, as shown in
Table 3, but the obtained results are similar. Based on
the above discussion, we propose a surface structure
shown in Fig. 8 for the Rh—Sn bimetallic particles on
SiO,. In the top layer a Rh atom is surrounded by six Sn
atoms. As can be seenin Fig. 8, this arrangement produces
a shallow hollow site around a Rh atom because the Sn
atom size is a little larger than that of Rh. This was the
expected ensemble structure in our design of these bime-
tallic catalysts. Furthermore, in the proposed surface
structure the first layer is relaxed to elongate the separa-
tion between the first layer and the second layer by 0.024
nm as compared with the bulk separation as shown in
Fig. 8b. No significant relaxation of the surface layer
for the Rh(111) has been reported (33). The relaxation
observed with the Rh—Sn bimetallic particles may be as-
cribed to the Sn—Rh separation observed with the stable
intermetallic compounds (RhSn and Rh,Sn,).

The discussion was partly based on the assumption that
the surface of Rh particles is mainly composed of Rh(111)
face. However, if the particles take the cubo-octahedron
geometry, the contribution of the (100) plane should also
be taken into account in the structural analysis. In this
case, the coordination number around a Sn atom for both
the first and the second layer would be four, but the
EXAFS analysis can not discriminate the minor contribu-
tion from the (100) plane. Fortunately, the above discus-
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sion would be essentially valid also in the case of cubo-
octahedron particles.

From the results obtained from the Rh K-edge EXAFS
(Table 4), it was found that the coordination number of
the Rh—Rh bonds decreased gradually by the addition of
Sn. The decrease of the coordination number is not due
to the decrease of the particle size as confirmed by TEM
observation, it is apparent one. We cannot explain this
large decrease in the coordination number of the Rh—-Rh
bond at present. Incorporation of Sn atoms to Rh lattice
may give some distortion to the lattice. In fact, Sn-Rh
or -Sn bonds had large Debye-~Waller factors in Table 3.

CONCLUSIONS

(1) We designed the Rh-based bimetallic particles on
Si0, for NO dissociation and catalytic NO-H, reaction
on the idea of oxygen affinity of the additive metal and
geometry of the ensemble structure.

(2) Sn was employed as the additive metal because the
oxygen affinity of Sn is located between those of Rh and
H,, leading to ready dissociation of NO by chemical inter-
action of Sn with the oxygen atom of adsorbed NO and
also to ready reduction of the resultant Sn—O bonds with
H, to regenerate the original metallic state, and because
the size of Sn atom is larger than that of Rh atom, leading
to possible formation of a shallow hollow site on Rh which
is a preferable geometry for NO dissociation.

(3) Rh—Sn/SiO, prepared by the reaction of Sn(CH,),
and Rh metal particles supported on Si0O, was very active
for catalytic NO-H, reaction, where NO almost instanta-
neously dissociates, in contrast to the rate-determining
NO dissociation step on Rh/SiO,.

(4) We have characterized the surface structure of
Rh-Sn bimetallic particles by Sn K-edge EXAFS and Rh
K-edge EXAFS, FTIR, TEM, and measurement of the
amount of H, and CO adsorption.

(5) Sn atoms in the bimetallic particles are located at
the first layer of particles in the range of Sn/Rh = 0.4.
In the range of Sn/Rh > 0.4, Sn atoms intrude into Rh
metal particles.

(6) At saturation coverage of Sn the surface composition
Sn/Rh, is about three, where a Rh atom is surrounded
by six Sn atoms.

(7) Sn—Rh or —Sn bonds in the first layer were observed
at 0.270 nm. In addition, the longer bonding of Sn with
the second-layer Rh atoms at 0.290 nm suggests that the
relaxation of the first layer in the bimetallic particles. The
distance between the first layer and the second layer is
longer by 0.024 nm than the distance in the Rh fcc metal.

(8) This characterization of the Rh-Sn/SiO, catalysts
may be useful for understanding promoter effects and
important factors for the genesis of catalysis.
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