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The Rh-Sn/SiO, catalyst prepared by the selective reaction
between Sn (CHj,), vapor and Rh particles on SiO, was remark-
ably active for the NO dissociation and the catalytic NO-H,
reaction. To obtain structural information on the behavior of
molecularly adsorbed intermediates related to the high activity
of the bimetallic ensemble catalyst surface, in siftu EXAFS and
FTIR were employed, in parallel with reaction kinetics. We
observed the molecular reaction intermediate, bent-type NO,
by EXAFS with the aid of FTIR. The reaction mechanism is
discussed on the basis of the characterization of adsorbed spe-

cies and surface bimetallic structure. © 1995 Academic Press, Inc.

INTRODUCTION

The aim of this study is to observe directly the intermedi-
ate NO species of catalytic NO-H, reaction and to explore
the reaction mechanism on Rh-Sn/SiO, catalysts by EX-
AFS, FTIR, and reaction kinetics.

Recently we found that the Rh-Sn/SiO; catalysts pre-
pared by the reaction of Sn (CHj), with Rh/SiO; have
a much higher activity for NO dissociation and catalytic
NO-H; reaction than a monometallic Rh/SiO; catalyst
and a coimpregnation Rh—Sn/SiO; catalyst (1). The active
bimetallic ensemble structure has been characterized by
means of Sn k-edge and Rh K-edge EXAFS, TEM, FTIR,
and CO and H, adsorptions (2, 3). It was suggested that
Sn atoms in Rh-Sn/SiO, were located at the first layer of
the particles in the range of Sn/Rh = 0.4 to reach the
saturation coverage (Sn/Rh = 0.4), showing the surface
composition Sny/Rh; of three, where a Rh atom is sur-
rounded by six Sn atoms on the assumption of fcc(111)
bimetallic surface as shown in Fig. 1 (2, 3). In addition,
the distance between the first layer and the second layer
of the bimetallic particles was found to become longer by
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0.024 nm than the distance in Rh fcc metal as a result of
the relaxation of surface structure (3). The active bimetallic
surface at Sn,/Rh, = 3 may be a good sample prepared by
a molecular level strategy (1-3).

The strategy for the design of bimetallic surface struc-
tures on SiO,, active for the catalytic NO-H, reaction, was
to create bimetallic ensemble sites composed of Rh and
Sn as an oxophilic metal. In the ensemble sites of Fig. 1, Sn
atoms can interact with the oxygen atom of NO molecule
adsorbed on Rh atom to weaken the N-O bond for its
dissociation, which may be enhanced by the larger size of
the Sn atom than the Rh atom, because the oxygen atom
of NO adsorbed on a Rh atom is closer to the surrounding
Sn atoms protruded slightly in the geometry. The resultant
Sn-0 bonds can be readily reduced cleaved by hydrogen to
restore the original metallic state of stain (4). The oxophilic
character of the Sn atom has been reported for CO oxida-
tion reaction on Rh—-8n/SiO,. It has been claimed that Sn
enhanced the activation of the oxygen molecule, decreased
the self-poisoning by CO and/or O, and promoted the
surface reaction between adsorbed oxygen and weakly ad-
sorbed CO (5). In selective hydrogenolysis for ethylacetate
into ethanol on Rh-Sn/Si0,, Ru-Sn/Si0,, Ni-Sn/SiO,,
the selectivity to ethanol was much higher than that for
the corresponding monometallic catalysts, where the Sn
atom was suggested to interact with the oxygen lone pair
of the carbonyl group of ethylacetate (6-9).

The removal of NO in exhaust gases by converting it to
N; and N,O is an important subject from environmental
points of view. In the NO-H,; reaction and the NO-CO
reaction on noble metals like Pt and Rh, the rate-determin-
ing step has been demonstrated to be a NO dissociation
(10, 11). It is important to promote NO dissociation for
enhancement of NO reduction on these metals, whereas
additive Sn atoms remarkably enhanced both the NO dis-
sociation and the catalytic NO-H, reaction.

Direct observation of reaction intermediate for NO-H,
reaction on Rh-Sn/Si0, by means of EXAFS has been
recently reported in a short communication (12). In this
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FIG. 1. A surface model structure (top view) of Rh-Sn/SiO; (Sn/
Rh = 0.4) assuming that Rh—Sn bimetallic particles are spherical and
have a fcc(111) surface.

article, we report the structural and chemical activation of
adsorbed NO molecules by Sn atoms and the reaction
mechanism for the NO-H, reaction promoted by Sn atoms
in relation to so-called promoter effects by means of in
situ EXAFS at the Sn K-edge and FTIR with the aid of
reaction kinetics.

EXPERIMENTAL

Preparation of Catalysts

Si0, (Aerosil 200:200 m?/g) was impregnated with a
methanol solution of RhCl;-3H,O (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
Si0, were then reacted with a given amount of Sn(Chs),
(Soekawa Chemical Co.) vapor (<0.6 kPa) at 423 K for
15 min in a closed circulating system {dead volume, 200
cm?), At this temperature the decomposition of Sn{CHj3),
on Rh metal surfaces took place much more rapidly than
the reaction of Sn(CH;), and OH groups of SiO,. Under
the present conditions nearly 100% of Sn(CHj;), preferably
reacted with Rh particles (3). When Sn(CHj;), reacted with
Rh metal particles, two molecules of CHy per Sn(CHj3),
were evolved in the gas phase and no other hydrocarbons
were observed. The samples were finally reduced with H,
at 573 K for 1 h, followed by evacuation. By further reduc-
tion at 573 K, two more CH,; molecules were formed,
leaving no residual carbon on the surface. The reduction
of the samples with H; at 573 K for 1 h was repeated in
situ before each run. 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/SiO, (denoted as
Imp-Rh-Sn/Si0;) was prepared from a methanol solution
of both RhCl; - 3H,0 and SnCl,. The pretreatment of these
catalysts was performed in a similar way to that of
Rh-Sn/SiO,.

NO-H, Reaction

Catalytic NO-H, reactions were proceeded under
NO:H, = 13-52:6.7-26.6 kPa in a closed circulating
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system (200 cm?) with 0.2 g of catalyst. The reaction prod-
ucts were analyzed by gas chromatograph (Shimazu, GC-
8A) with a 2-m column of a SA molecular sieve and a 2-
m column of Porapak R at 323 K. The reaction temperature
was varied in the range of 353-393 K. H,-D; exchange
reaction under NO:H,:D, = 2.7:6.7:6.7 kPa was also
measured with quadrupole mass spectrometer (ULVAC
MSQ-180A). The gases used in this study, NO (99.9%),
H, (99.9999%), D, (99.5%), were purchased from Takach-
iho Co. and were used without further purification. The
NO-H; reaction was also carried out under much lower
pressure of NO (NO:H, = 2 Pa:13.3 kPa). NO pressure
was estimated by mass spectrometer.

EXAFS Measurement

X-ray absorption spectra at 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 Energy Phys-
ics {Proposal No. 90003 and 92008) with a positron energy
of 2.5 GeV and a maximum storage ring current of 350
mA. EXAFS data were collected in a transmission mode
using ionization chambers filled with Ar for an I, signal
and Kr for an I'signal. X ray from the synchrotron radiation
was monochromatized by a Si(311) channel cut crystal.
The second harmonic is eliminated because of the extinc-
tion rule of Si(311), and the third and higher harmonics
could be neglected 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 sample under NO-H, reaction was prepared by evacu-
ating the gases during the catalytic reaction, while quench-
ing to room temperature. The EXAFS measurements were
performed at either 298 or 70 K. The resulting data were
analyzed by the EXAFS analysis program EXAFS2N (13).
The analysis involves pre-edge extrapolation, background
removal by a cubic spline method to extract EXAFS data,
and Fourier transformation using a Hanning window func-
tion with one-tenth of the Fourier transform range. The
typical ranges of Fourier transformation from the k-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.
The detail method of the curve-fitting analysis was the
same as that reported previously (3).

We used the Rh backscattering amplitude derived from
Rh foil for Sn—Rh bonds because the atomic numbers of
Rh and Sn are different by only $, since no good reference
compound is available for Sn—Rh bonds. In this article,
curve-fitting results show the average values of Sn-Rh and
Sn-Sn bondings. The phase shift function for this bonding
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FIG. 2. The amount of products (N,O + N,) formed in NO decomposition and the catalytic NO-H, reaction on Rh/SiO; at 393 K (a) and on
Rh-Sn/Si0O, (Sn/Rh = 0.45) at 300 K (b). N,O (@), N, (A) under NO:H; = 2.7:13.3 kPa; N,O (O), N, (A) under NO = 2.7 kPa.

was taken from the tabulated values (14). We checked
the validity of this method by comparing the curve-fitting
analysis by FEFFS5 (15, 16) as reported before (3). In addi-
tion, we used the empirical parameters extracted from the
spectra of SnO; and Rh foil for Sn—-O and Rh-Rh
bonds, respectively.

FTIR Spectra

FTIR spectra were measured on a Jasco FT-IR 7000
spectrometer in an in situ IR cell which was combined in a
closed circulating system. The Rh/SiO; sample was pressed
into a self-supporting disk and put into a slit of the holder in
the TR cell. The reduction of Rh/8iO; and the subsequent
reaction with Sn(CH,), were conducted in the IR cell under
conditions similar to those mentioned above. The IR cell
was designed for measuring the sample under heating or
cooling by liquid N,. IR absorption spectra were collected
over 100 scans in one or a few minutes in a transmission
mode and with 2 cm™' resolution.

RESULTS

Profile at the Initial Stage of Reaction

Figure 2 shows the amount of the products in NO decom-
position and catalytic NO-H, reaction as a function of
reaction time. Little N;O and N, were produced in NO
decomposition at 383 K on Rh/SiO,, while N,O and N,
increased linearly with the reaction time in NO-H, reac-
tion at the same temperature (Fig. 2a). On the other hand,
on Rh-Sn/SiO; (Sn/Rh = 0.45), the initial rate of the
NO-H; reaction was much larger than the subsequent
steady-state rate (Fig. 2b). When only NO was exposed
to the Rh-Sn/SiO; catalyst at 300 K, N,O and N; were

produced very rapidly and their formation eventually
stopped. By our apparatus, we were not able to measure
the fast initial rate of NO decomposition on Rh-8n/SiO,
(Sn/Rh = 0.45) at 300 K. It is obvious that the addition
of Sn remarkably promoted the NO dissociation on Rh/
SiO, catalyst. The fast formation of N;O and N; at the
initial stage of the NO-H, reaction in Fig. 2b may be
associated to the nearly instantaneous NO dissociation on
Rh-Sn/SiO,.

At the initial stage of NO dissociation on Rh-Sn/SiO,
(Sn/Rh = 0.45), N,O of ca. 1.2 X 107° mol/g-cat and N,
of 0.2 X 10~% mol/g-cat were formed, irrespective of the
reaction temperature in the range 300-393 K. From this
the amount of deposited oxygen atom on the catalyst can
be calculated to be ca. 1.6 X 107 mol/g-cat. This value is
close to the number of surface Rh atoms (1.5 X 1075 mol/
g-cat) and also corresponds to one-third of the number of
surface Sn atoms (4.4 X 107 mol/g-cat) (3). NO itself
was not decomposed beyond this amount of deposited
oxygen atom.

Steady-State Activity

Figure 3 shows the steady-state activity of the NO-H;
reaction at 373 K on Rh-Sn/SiO; and Imp-Rh-Sn/SiO,
catalysts with various Sn/Rh composition. The catalytic
activity (turnover frequency, TOF) increased with an in-
crease of Sn added in the range of Sn/Rh = 0.4, showing
an S-shape dependency and the activity was nearly constant
in the range of Sn/Rh = 0.4. The highest activity of Rh—Sn/
SiO, catalysts was obtained for Sn/Rh = 0.4 for which the
TOF at 373 K was 75 times as high as that of a Rh/SiO,
catalyst and 12 times as high as that of Imp-Rh-Sn/SiO,
(Sn/Rh = 0.45) catalyst. The addition of Sn remarkably
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FIG. 3. The turnover frequency (produced molecules per minute per
surface Rh atom) for N, + N,O formation in the NO-H, reaction at 373
K on Rh-8n/SiO; (A) and on impregnated Rh-Sn/SiO; (@), NO:H, =
2.7:13.3kPa (Rh, 1 wt%). The number of surface Rh atoms was estimated
by the amount of H; adsorption (Rh/Si0O,) and CO adsorption (Rh~-Sn/
SiO; and Imp-Rh-Sn/Si0;).

promoted the NO-H, reaction. The promoter effect was
much larger with the catalysts prepared by using Sn(CHj3),
than for the Imp catalysts. The selectivity to N, (the ratio
of N, to N, + N,O) under the reaction condition,
NO:H, = 2.7 kPa:13.3 kPa was 23% on Rh/SiO, and
18-15% on Rh—Sn/SiO,. NH; formation was negligible on
both Rh/SiO, and Rh-Sn/SiO; catalysts by the analysis of
mass spectrometer.

Activation Energy and Reaction Order

The activation energies for NO and N; formation in
catalytic NO-H, reaction on Rh/Si0O, and Rh-Sn/SiO,
(Sn/Rh = 0.45) are listed in Table 1, where the activation
energies for N,O and N, formation decreased by the addi-
tion of Sn.

TABLE 1

Activation Energies and Reaction Orders for NO-H,
Reaction on Rh/SiO, and Rh-Sn/SiO, (Sn/Rh = 0.45)

Reaction
Activation order’

energy _—
Catalysts Products (kI/mol)* NO H,
Rh/SiO, N,O 78 -0.4 08
N, 77 -0.5 0.8
Rh-Sn/Si0O, N,O 43 0.0 0.7
(Sn/Rh = 0.45) N2 52 -03 0.7
HD* 40 — _

* Temperature range, 353-393 K; pressure, NO : H; = 2.7 kPa: 13.3kPa.

* Reaction temperature, 393 K (Rh/SiO;) and 373 K (Rh-Sn/SiO, (Sn/
Rh = 0.45)); pressure range, NO:H; = 1.3-5.2 kPa:6.7-26.6 kPa.

¢ Temperature range, 353-393 K; pressure, NO:H,: D, = 2.7 kPa: 6.7
kPa:6.7 kPa.
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The reaction orders with respect to NO and H, pressures
for the NO-H, reaction on Rh/SiO, at 393 K and on
Rh-8n/SiO, (Sn/Rh = 0.45) at 373 K are also given in
Table 1. The reaction order and activation energy for N,O
formation were similar to those for N, formation on
Rh/Si0O,. In the case of Rh-8n/SiO; (Sn/Rh = 0.45), the
activation energy and the reaction order to NO pressure
were different for N,O and N,.

Hydrogen Exchange in NO-H,-D, Reaction

We continued the NO~H,-D, reaction on Rh/SiO, and
Rh-Sn/SiO, to examine H, dissociation during the cata-
lytic NO reduction. The H,-D, exchange reaction was
measured under the condition of NO-H,-D, (2.7:6.7:6.7
kPa) at 373 K. The rate of HD formation on Rh-Sn/SiO,
(Sn/Rh = 0.45) was about eight times as large as that of
the NO-H,; reaction. On the other hand, on Rh/Si0O, the
H,-D, exchange almost did not proceed in the range of
353-393 K.

NO-H; Reaction under a Very Low Pressure of NO

Figure 4 shows the NO-H, reaction on the Rh-Sn/SiO,
(Sn/Rh = 0.45) catalyst at 373 K under a very low pressure
of NO (NO:H; = 2 Pa:13.3 kPa). Under the same condi-
tion, on Rh/8i0; neither N,O nor N, were detected by gas
chromatograph. In this condition, the TOF was much lower
than that under the typical conditions (NO:H, = 2.7:13.3
kPa), but the selectivity to N, formation was more than
95% on Rh-Sn/SiO,. The addition of Sn promoted both
NO dissociation and selective N, formation at the low
pressure of NO.

FTIR Measurement

Figure 5 shows in situ FTIR spectra on Rh/SiO, during
the NO-H, reaction and under H, admitted after evacua-
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FIG. 4. The amount of praducts (N, (&) and N,O (O)) formed in
the NO-Hj; reaction on Rh-Sn/SiO; (Sn/Rh = 0.45) at 373 K under
NO:H; = 2 Pa:13.3 kPa. The amount of products was normalized to
the value per 1 g of catalyst.
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FIG. 5. FTIR spectra of NO adsorbed on the Rh/SiO; catalyst.
(a) after the NO-H, (2.7:13.3 kPa) reaction at 373 K for 1 h; (b) 5 min
after replacing the reaction gases by H, (13.3 kPa) at 373 K: (c) 10 min
after replacing the reaction gases by H, (13.3 kPa) at 373 K; (d) 30 min
after replacing the reaction gases by H, (13.3 kPa) at 373 K.

tion of the reactant gases. The spectra were taken at 373
K and NO:H, = 2.7:13.3 kPa. Three peaks at 1830, 1796,
and 1680 cm™! for adsorbed NO were observed during the
NO-H- reaction. The peak of 1680 cm ' may be referred
to two-fold bridge NO species and the peaks at 1830 and
1796 cm™! are assigned to linear NO species similarly to
HREELS studies on NO/Rh(111) (17, 18). NO molecules
seem to adsorb preferably on two-fold bridge sites of the
surface of Rh metal particles supported on SiO, rather
than on top sites because of the larger intensity of the 1680
cm™! peak than two others at 1830 and 1796 cm '. Similar
results have been observed on the Rh(111) surface (17,
18). No band was observed around 1910 cm™' which has
been referred to as Rh—-NO?" (19). When a mixture of NO
and H, was replaced by H, during the NO-H, reaction,
these peaks decreased very slowly till 10 min after H,
introduction as shown in Fig. 5. Then, the peaks decreased
more rapidly by the reaction with H,. From the similar
experiments on the Rh/SiO, catalyst by gas chromato-
graph, the initial decrease of the peaks corresponded to
the catalytic reaction rate for the NO-H, reaction. The
higher reaction rate in the adsorbed NO-H, reaction after
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ca. 10 min is compatible with the reaction order of —0.4
or —0.5 with respect to NO pressure.

Figure 6 shows in situ FTIR spectra on Rh-Sn/SiO; (Sn/
Rh = 0.45) during the NO-H; reaction and under H,
admitted after evacuation of the reactant gases. The spec-
tra were taken at 343 K under NO:H, = 2.7:13.3 kPa.
Two peaks at 1809 and 1635 cm™" were observed. The 1809
cm™! peak is attributed to linear NO species adsorbed on
Rh atoms. When the reaction gases (NO + H,) was re-
placed by H,, two peaks decreased, corresponding to the
steady-state rate of the NO-H, reaction on Rh-Sn/SiO,
at this temperature. The 1635 cm™! peak might be attrib-
uted to two-fold bridge NO, but this is unlikely from the
surface geometry in Fig. 1. The 1635 cm ™! peak disappeared
faster than the 1809 cm ' peak as shown in Fig. 6.

Figure 7 shows FTIR spectra on Rh—Sn/SiO; (Sn/Rh =
0.45) under NO of 2.7 kPa at three different temperatures.
While only linear NO species was observed at 150 K, by
heating to 250 K, the lower frequency peak appeared. In
this stage, N,O (main) and N, (minor) were produced. The
larger the amount of N,O + N, formed by heating to the
higher temperature (Figs. 7b—7c), the larger the intensity
of the 1635 cm™! peak became. Note that the spectra of
adsorbed NO on Rh-Sn/Si0; are different at 348 K (Fig.
6a) and 150 K (Fig. 7a).

EXAFS Measurement

Figure 8 shows the Sn K-edge EXAFS oscillations for
Rh-Sn/SiO; (Sn/Rh = 0.45) after H, reduction at 573 K,
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FIG. 6. FTIR spectra of NO adsorbed on Rh-Sn/SiO; (Sn/Rh =
0.45). (a) after NO~H, (2.7:13.3 kPa) reaction at 348 K for 1 h; (b) 1
min after replacing the reaction gases by H (13.3 kPa) at 348 K; (¢) 2
min after replacing the reaction gases by H, (13.3 kPa) at 348 K: (d) 3
min after replacing the reaction gases by H; (13.3 kPa) at 348 K.
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FIG. 7. FTIR spectra of NO adsorbed on Rh-Sn/SiO; (Sn/Rh =
0.45) under NO of 2.7 kPa at different temperatures. {a) 150 K, (b) 250
K, {c) 298 K.

during NO-H, reaction at 373 K and after heating the
sample to 573 K after evacuation. These EXAFS spectra
were taken successively in a series of experiments to exam-
ine a change of surface species. We have reported the
results of curve-fitting analysis of Sn K-edge EXAFS spec-
tra for Rh—Sn/Si0O, (Sn/Rh = 0.45) after H; reduction as
shown in Table 2 and Fig. 1 (2, 3). Observation of Sn—Rh
or —-Sn bonds without contribution to the Sn—O bond on
the reduced catalyst coincides with the EXAFS analysis
by Meitzner et al. (20). The Fourier transforms associated
with the EXAFS oscillations are shown in Fig. 9. The
Fourier transform in Fig. 9a has been referred to as Sn—-Rh
or ~Sn bonds. There is also a small peak for the reduced
catalyst at a position similar to the second peak in Fig. 9a.
However, the second peak intensity in Fig. 9b is much
larger than that in Fig. 9a. For the catalyst exposed to a
mixture of NO and H, at 373 K, two other peaks at ca.
0.15 nm and 0.20 nm (phase shift, uncorrected) appeared,
while Sn—Rh or —Sn bonds remained almost unchanged.
When the reaction gases were evacuated at 373 K and the
sample was heated to 573 K under vacuum, the intensity
of the 0.15-nm peak (phase shift, uncorrected) increased
whereas the 0.20-nm peak (phase shift, uncorrected) al-
most disappeared. The peak of Sn—Rh or —Sn bonds re-
duced a little. By this treatment, adsorbed NO species all
desorbed as N; and N,O by the gas-phase analysis and by
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FTIR measurement, which indicates that oxygen atoms
were left on the surface. The change of oscillation in Figs.
8a—8c particularly in the lower wavenumber region may
be due to the contribution of light element like oxygen in
this system, coinciding with the FTIR data and the reaction
stoichiometry. The first peak of the Fourier transforms b
and c is straightforwardly assigned to the Sn—O bond. The
second peak of the Fourier transform b was observed by
EXAFS only when molecularly adsorbed NO species was
observed by FTIR. Therefore, it is most likely that this
peak is attributable to the Sn-O bond. The curve-fitting
analysis is shown in Fig. 10, by assuming two Sn—O bond
in addition to the Sn-metal bonds. The number (N,) of
the independent parameters in the curve-fitting analysis

g m/\f\/\mﬂﬁ

12 4 5 6 7 8 9 10 11 12
Wavenumber k/10 nm-!

k3+x(k)

g e
3 4 5 6 7 8 9 10 11 12

Wavenumber k/ 10 nm-?

LA g
IR

3 4 5 6 7 8 9 10 11 12

Wavenumber k /10 nmr!

FIG. 8. Sn K-edge EXAFS oscillations for Rh-Sn/SiO, (Sn/Rh =
0.45). (a) k*-weighted x(k) of the sample after H reduction at 573 K,
(b) k*-weighted x(k) of the sample during NO-H; (2.7:13.3 kPa) reaction
at 373 K. (c) k*-weighted x(k) of the sample after heating (b) to 573 K
under vacuum.
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TABLE 2

The Curve-Fitting Results for Sn K-Edge EXAFS Spectra of Rh-Sn/SiO, (Sn/Rh = 0.45) after the H, Reduction and under
NO-H,; Reaction at 373 K

Backscattering

atom CN° R (nm)® AE, (eV)* o (nm)4 R; (%)
After H; Sn or Rh 59 +24 0.270 = 0.002 44 + 40 0.0109 = 0.0016 4.0
reduction Sn or Rh 26 =10 0.290 = 0.002 63 x40 0.0114 = 0.0016
NO-H; (6] 1.0 0.2 0.205 = 0.002 -06 40 0.0070 = 0.0010 2.0
reaction (@] 04 02 0.256 * 0.002 0.0 = 40 0.0070 = 0.0016
Sn or Rh 57x24 0.269 * 0.002 29+ 40 0.0109 = 0.0016
Sn or Rh 31 +10 0.286 = 0.002 21 40 0.0119 = 0.0016

9 Coordination number.

®Bond distance.

“ The difference between origins of photoelectron wave vector.
4 Debye-Waller factor.

¢ R factor; the definition of R factor and the estimation of error bars are found in Ref. (3).

Note. Fourier transform range, 30—120 nm™'; Fourier filtering range (0.10-0.32 nm); curve-fitting parameters for Sn—Rh or -Sn bonds; theoretical
phase shift function and empirical amplitude parameter extracted from the spectra of Rh metal (CN = 12, R = 0268 nm, o = 0.0060 nm, AE, =
0.0 eV); curve-fitting parameters for Sn—O bonds, empirical phase shift and amplitude functions extracted from SnO; (CN = 6, R = (0.205 nm, o

= 0.0060 nm, AE, = 0.0 eV).

is limited by the formula described by Stern (21); N, =
(2 Ak AR/m) + 2 (where Ak is the Fourier transform range
and AR is the Fourier filtering range). In our case (Ak =
9.0, AR = 2.2), N, is calculated to be 14.6. Because there
are four fitting parameters (CN, R, AE,, o) for each bond,
we can proceed curve fitting by three kinds of bonds. For
the catalyst exposed to NO + H,, the three bonds corre-
spond to Sn-0, Sn-0, and Sn-Rh (-Sn). The three-peak
analysis is compatible with the definite separation among
these peak positions. In addition, we assumed a similar
structure in the bimetallic layers of the reduced catalyst
involving a long Sn—Rh (~Sn) contribution (3). In fact, the
CN, R, AE,, o values for Sn—~O and Sn-O were fixed at
the values determined by the three-shell fitting. Then, the
four-shell fitting (Sn~O, Sn-0O, Sn-Rh [-Sn] and Sn-Rh
[-Sn]) was performed. The fitting values for Sn—Rh (-Sn)

L
(=]
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FIG. 9. Fourier transforms associated with Figs. 8a—8c, respectively.

Fourier transform range, 30-120 nm™".

bonds were very close to those for the reduced catalyst
(Table 2). The best fit result is given in Table 2. The Sn-O
bond distances were determined to be 0.205 and 0.256 nm.

When the sample of Fig. 9b was exposed to H, (13.3
kPa) at 373 K, both Sn—-O bonds disappeared and only
Sn—Rh or -Sn bonds were observed, reproducing Fig. 9a.

The Rh K-edge EXAFS spectra for Rh-Sn/SiO, (Sn/
Rh = 0.45) exposed to NO + H, were almost the
same as that after H, reduction reported previously (3).
This is due to a low population of surface Rh atoms
(Rhs/Rh = 0.14).

DISCUSSION

Promoter Effects of Sn for NO~H; Reaction on
Rh—8Sn/8i0,

The rate-determining step for the catalytic NO-H, reac-
tion on Rh/SiO, has been proposed to be a hydrogen-
assisted NO dissociation (10):

NO(‘,) + H(a)_> N(a) + OH(a). [1]

The activation energy determined in the present study on
Rh/SiO, (Table 1) is similar to that in the literature (10).
The feature of the catalytic NO-H, reaction, which is en-
hanced by the presence of H, as compared to the decompo-
sition of NO alone on Rh/Si0O,, was observed in Fig. 2.
These results are compatible with the proposed mecha-
nism, involving a slow step (Eq. [1]) (10). The negative
reaction orders to NO pressure in Table 1 suggest that H,
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FIG. 10. Curve-fitting analysis for the sample (b) in Fig. 8 by four
waves (Sn-O + Sn-O + Sn-Rh or -Sn + Sn-Rh or -Sn). Solid line,
observed; dotted line, calculated. Measurement temperature, room tem-
perature; Fourier transform range, 30-120 nm™!; Fourier filtering range,
0.10-0.32 nm.

dissociation on the vacant Rh sites is more important for
catalytic NO-H, reaction because of a strong block of the
sites by NO on Rh/SiO,.

The most characteristic feature of the Rh—-Sn/SiO, cata-
lyst unlike the Rh/SiO; catalyst is ready NO dissociation
without aid of adsorbed hydrogen atoms. NO dissociation
to form N,O and N; on Rh-Sn/SiO; occurred at a tempera-
ture as low as 200 K. NO dissociation almost instantane-
ously proceeded, followed by a steady-state reaction in the
presence of H; as shown in Fig. 2b. It is very unlikely that
NO dissociation is the rate-determining step on Rh—Sn/
SiO;,. The rate-determining step seems to be H, dissocia-
tion or the reduction of surface oxygen atoms produced
by NO dissociation. On Rh-Sn/SiO, catalysts, the rate of
the H-D exchange reaction in NO-H,-D, reaction at
373 K was about eight times higher than that of N,O +
N, of the steady-state NO-H, reaction. The activation
energy (40 kJ/mol) for the H-D exchange reaction is
slightly lower than the activation energy (43 and 52 kJ/
mol) of the catalytic NO-H; reaction. Thus, the removal
of the surface oxygen atoms by hydrogen rather than the
dissociation step of the hydrogen molecule may control
the steady-state rate. In fact, the peak intensity of the
Sn-O bond at 0.205 nm in the Fourier transform for the
catalyst under catalytic reaction conditions at 373 K was
about three-fourths of that observed by the dissociation
of NO alone at 373 K. The oxygen affinity of H, is larger
than that of Sn, which demonstrates that SnO, can be
reduced with H, (4). On Rh-Sn/SiO, catalysts, the NO
dissociation reaction was drastically promoted by the addi-
tion of Sn; the rate-determining step is not the NO dissocia-
tion but the reduction of surface oxygen (Sn-0O:0.205 nm)
by hydrogen.

One of promoting effects of Sn in NO dissociation is
caused by the oxygen affinity of Sn to form Sn—O bonds.
But the increase of the catalytic activity is not proportional
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to the amount of Sn added as shown in Fig. 3. Atlow Sn/Rh
ratio, the activity increase is weak. It becomes drastically
abrupt at Sn/Rh = 0.3 until reaching the saturation value
at Sn/Rh = 0.4 as a function of Sn quantity. It has been
demonstrated that Rh-Sn/SiO, with Sn/Rh = 0.45 has the
surface composition of Sn/Rh, = 3, where surface Rh
atoms are isolated and surrounded by six Sn atoms as
shown in Fig. 1 (1, 3). The bimetallic ensemble structure
provides easy dissociation of NO to form Sn-O bonds at
0.205 nm with the saturation coverage of O, being one-
third of the surface Sn atoms, which is compatible with
the model that the O, is located at the three-fold hollow
sites of Sni ensembles.

Observation of the Reaction Intermediate of NO-H,
Reaction on Rh—Sn/SiO, Catalyst

Two kinds of adsorbed NO species on Rh—Sn/SiO, dur-
ing the NO-H; reaction were observed by FTIR in Fig. 6.
Judging from the frequency of peaks, the higher frequency
peak (1809 cm™') is attributed to linear NO species ad-
sorbed on Rh atom because NO does not adsorb on Sn
metal. The lower frequency peak (1635 cm ') can possibly
be assigned to two-fold bridge NO or bent NO species.
The Rh atoms on the Rh-Sn/SiO, with Sn,/Rh, = 3 are
distributed as the isolated atoms at the bimetallic surface
in Fig. 1 (2, 3). In fact, in the case of CO adsorption no
bridge CO was observed by FTIR. If the 1635-cm™! peak
was due to a two-fold bridge NO species and when NO is
adsorbed on Rh-8n/SiO, at 150 K, the bridge NO peak
should have appeared because NO molecules on Rh metal
adsorb on two-fold bridge sites more favorably than on
top sites (17, 18) (Fig. 5). Actually, only one peak was
observed in Fig. 7. Thus, the 1635 cm™' peak may be as-
signed to a bent-type NO species. This is compatible with
the EXAFS analysis under conditions similar to those of
the FTIR measurements.

In Fig. b of Sn K-edge EXAFS two peaks at 0.15 and
0.20 nm (phase shift, uncorrected) were observed during
the NO-H, reaction at 373 K. Exposure of Rh-Sn/SiO,
to O, at room temperature showed a similar peak to the
first peak in the Fourier transform of Sn K-edge EXAFS.
Therefore the first peak is straightforwardly assigned to the
Sn-O bond. The second peak disappeared by evacuation at
573 K after the NO-H, reaction at 373 K (Fig. 9c). At the
same time, the NO peak disappeared, evolving N; (main)
and N,O (minor) and leaving O atoms at the catalyst sur-
faces. The O atoms make the bonds with Sn atoms, which
coincides with the increase in the intensity of the peak at
0.15 nm in Figs. 9b-9c. The behavior of adsorbed NO
species in FTIR and TPD spectra also coincides with the
disappearance of the second peak in the EXAFS Fourier
transform (Fig. 9). These results suggest that the lower-
frequency peak in Fig. 6 and the second peak of the Fourier
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transform in Fig. 9 are assigned to a bent-type NO species
interacting with Sn atoms. The 1635 cm™' peak appeared
on the partially oxidized surface as shown in Fig. 7, where
N, and N,0O were evolved by heating to 250 K after adsorp-
tion of NO at 150 K, indicating the partial oxidation of the
surface by NO dissociation. No nitrogen oxide molecule
dissociates on Rh-Sn/SiO, at 150 K. The oxygen atom
of the bent-type NO molecule adsorbed on the partially
oxidized surface seems to create the Sn—O bond by ionic
interaction between NO and Sn?* (12). From all the data,
finally we carefully performed the detailed EXAFS analy-
sis by assuming two oxygen bonds (Sn—O + Sn-O) in
addition to the Sn—-Rh or —Sn bonds at 0.270 and 0.290
nm (3). The best fit result is shown in Fig. 10 and the bond
distances and coordination numbers of Sn—-O and other
EXAFS parameters are listed in Table 2. The Sn—O bond
length of 0.205 nm is close to that expected for SnO, (0.206
nm). The longer Sn-O bond distance was determined to
be 0.256 nm. The Sn—-O (N) bonding may be a main factor
for NO tilting, and the bond length of 0.256 nm leads to
the bent orientation with the molecular axis nearly parallel
to the surface.

The adsorbed NO reacts with H, at 373 K, but the bent
NO disappears more rapidly than the linear NO as shown
in Fig. 6. The reason is not clear at present, but in the
absence of NO in the gas phase the linear NO species
adsorbed on an isolated Rh atom may not move as rapidly
to a vacant Rh atom where the bent NO is consumed
by dissociation by a geometric factor. Under the catalytic
reaction conditions, NO can be supplied to adsorb every-
where at the bimetallic ensemble surface.

Reaction Mechanism for Catalytic NO—-H, Reaction on
Rh—-Sn/Si0; Catalysts

Figure 11 shows a scheme of the reaction mechanism
for catalytic NO-H; reaction on Rh—-Sn/SiO, (Sn/Rh =
0.45). In this scheme, the Rh-Sn bimetallic ensemble struc-
ture is based on the characterization of reduced Rh-Sn/
SiO, catalysts by means of Sn K- and Rh K-edge EXAFS,
FTIR, TEM, CO, and H, adsorption (2, 3).

NO dissociation to nitrogen and oxygen atoms on
Rh-Sn/S10, occurs even at 200 K. At 373 K it is almost
instantaneous. From Sn K-edge EXAFS analysis, the oxy-
gen atom adsorbs on the surface Sn atoms, showing Sn—-O
bond at 0.205 nm, and its coordination number is about
one (Table 2). The coverage of the oxygen atom is one-
third of the amount of the surface Sn atoms. From these
results, oxygen atoms are proposed to be located on the
three-fold sites consisting of three Sn atoms. The nitrogen
atom produced on the Rh atom mainly reacts with NO to
form N,O. The adsorbed NO species is of linear type (1809
cm™) or of bent type (1635 cm™), the latter species inter-
acting with the Sn®* atom (Sn-O = 0.256 nm), which is
partially oxidized by the adsorbed O atoms (Fig. 11¢). Due

FIG. 11.
Rh-Sn/8i0,.

A reaction mechanism for the catalytic NO-H, reaction on
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to geometric reasons and the fact that the longer bond
between the molecular species and the surface atoms was
observed by EXAFS as a definite peak in the Fourier
transform (Fig. 9b), we propose that the oxygen atom of the
NO molecule makes chemical bonds with two Sn®* atoms.

We have no molecular information on the H, dissocia-
tion sites. The rate of the H,—-D, exchange reaction during
the NO-H,-D; reaction on Rh-Sn/SiO, was much faster
than the rate of N,O + N, formation, which is contrasted
to the slow H,-D, exchange in the NO-H,-D, reaction
on Rh/SiO;. These results imply the contribution of SnO,
sites to H, dissociation. But the usual Sn oxides are known
to be relatively inactive at 373 K. Therefore, H, may disso-
ciate heterolytically on Rh and O(Sn)j; sites. The stretching
vibration of H-OSn was not observed, probably because
the concentration of this species was so small under the
reaction conditions. This step (Figs. 11e—11f) is the rate-
determining step for the catalytic NO-H, reaction on
Rh-Sn/Si0O; (Sn/Rh = 0.45).

Under very low pressure of NO, N, was produced as a
main product in Fig. 4. Under this condition the catalyst
surface can keep the metallic state. The N(,, atoms may
be recombined to N, or react with NO to form N,O, which
is also decomposed to N, on the bimetallic surface.

CONCLUSIONS

1. The Rh-Sn/SiO, catalyst highly active for the NO
dissociation and the catalytic NO-Hj; reaction under mild
conditions was prepared by selective reaction between Rh
particles on SiO, and Sn(CH;), vapor.

2. The FTIR spectra of adsorbed NO at low tempera-
tures and at reaction temperatures suggested the presence
of active bent NO species.

3. The molecular reaction intermediate, bent NO spe-
cies, was observed by EXAFS.

4. The different kinetic parameters on Rh/SiO, and
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Rh-Sn/Si0O, reflect the different reaction mechanism for
the NO-H, reaction.

5. A reaction mechanism was discussed on the basis of
the active ensemble structure with a surface composition
of Sn,/Rh; = 3.
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