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Characterization of bimetallic surface structures of 
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NO-H2 reaction by EXAFS 
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Rh-Sn/SiO2 catalysts prepared by the reaction of (CH3)4Sn with Rh metal particles sup- 
ported on SiO2 have remarkably high activities for NO-H2 reaction and NO dissociation. The 
bimetallic surface structure of Rh-Sn/SiO2 composed of an isolated Rh atom surrounded by 
six Sn atoms, is presented by Rh K-edge and Sn K-edge EXAFS, FT-IR, TEM and CO 
adsorption. 
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1. In t roduc t ion  

Bimetallic catalysts containing Sn have been demonstrated to be active for CO 
oxidation and ethyl acetate hydrogenation [1-5] because of the preferable interac- 
tion of Sn with oxygen atom. The bimetallic catalysts prepared by the reaction 
between alkyl tin and oxide-supported metal particles show different activity from 
the catalysts prepared by a coimpregnation method [2-7]. We have found that 
Rh-Sn/SiO2 catalysts which are prepared by the selective reaction of (CH3)4Sn 
and Rh/SiO2 have much higher activity than Rh/SiO2 and coimpregnation 
Rh-Sn/SiO2 for NO dissociation and NO-H2 reaction [6]. On Rh-Sn/SiO2, NO 
molecules are nearly instantaneously decomposed at room temperature, while NO 
molecularly adsorbs on Rh/SiO2 and does not decompose significantly below 373 
K. The catalytic activity (steady-state reaction rate) of Rh-Sn/SiO2 for the NO-H2 
reaction increases with an increase of Sn added in the range of Sn/Rh ~< 0.4, show- 
ing an S-shape dependency. At Sn/Rh = 0.4 the activity becomes highest and the 
turnover frequency (TOF) at 373 K is 75 times as high as that of Rh/SiO2. In 
NO-H2 reaction on Rh/SiO2, the rate-determining step has been reported to be 
NO dissociation assisted by an adsorbed H atom [8]. It was suggested that the 
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NO-H2 reaction on Rh-Sn/SiO2 proceeds by a different reaction mechanism invol- 
ving the reaction of H2 with SnOx produced during NO dissociation [6]. In this 
report, the bimetallic surface structures ofRh-Sn/SiO2 after reduction and during 
NO-H2 reaction were characterized by EXAFS (mainly), FT-IR, TEM, and CO 
adsorption, to find essential factors for the genesis of promoter effects. 

2. Experimental 

SiO2 was immersed with a methanol solution of RhC13 - 3H20, followed by dry- 
ing at 393 K for 12 h and reduction with H2 at 573 K. The Rh particles on SiO2 
were reacted with (CH3)4Sn vapor at 423 K, at which temperature no (CH3)4Sn 
reacted with the SiO2 support. The catalysts were reduced with H2 at 573 K for 1 h, 
followed by evacuation before each run. The loading of Rh was always 1.0 wt% 
and the Sn/Rh ratio was varied in the range 0-1. Coimpregnation Rh-Sn/SiO2 cat- 
alysts (denoted as Imp-Rh-Sn/SiO2) were prepared from a methanol solution of 
RhC13 �9 3H20 and SnC12. Residual chlorides were not observed or were negligible 
by XPS. NO dissociation and NO-H2 reaction were carried out in the temperature 
range 273-393 K in a closed circulating system (volume: 200 cm3), producing 
N20 and N2, which were analyzed by gas chromatography. 

X-ray absorption spectra at the Rh K-edge and Sn K-edge spectra were mea- 
sured at the EXAFS facilities installed at the BL-10B and BL-6B in the National 
Laboratory for High Energy Physics, respectively (Proposal No. 90-003) with a 
positron energy of 2.5 GeV and a storage ring current of 250-350 mA. EXAFS data 
were collected in a transmission mode using ionization chambers filled with Ar 
for the Io signal and Kr for the I signal. The samples were treated in situ in a closed 
circulating system and transferred to an EXAFS glass cell with thin glass windows 
without contacting air. The EXAFS spectra were measured at room temperature 
or 70 K. The phase shift and amplitude function for Rh K-edge EXAFS was empiri- 
cally extracted from Rh foil. The curve-fitting analysis on Sn K-edge EXAFS was 
carried out with the theoretical phase shift parameter (absorbing atom Sn and scat- 
tering atom Rh) [9] and empirical amplitude function extracted from Rh foil mea- 
sured at 70 K. The reason we used these parameters is that it was difficult to 
distinguish between Rh and Sn as backscattering atoms. 

3. Results 

Fig. 1 shows the Fourier transforms of Sn K-edge EXAFS spectra for Rh-Sn/ 
SiO2 after H2 reduction. The peak at 0.2-0.3 nm is attributed to Sn-Rh or Sn-Sn 
bonding. Tin-oxygen bonds which should appear at 0.1-0.2 nm were not observed, 
indicating that little or no Sn is present as oxides on SiO2. According to the curve- 
fitting analysis, the bond length of Sn-Rh or Sn-Sn was determined to be 0.270 nm 
which is much smaller than the bond distance of a-Sn (0.282 rim) and fI-Sn 



K. Tomishige et aL / Bimetallic surface structures of Rh-Sn/ Si02 17 

2~ 

10 

Sn-Rh or -Sn 

1 2 

Sn/Rh I 
0.17 - 
0.27 . . . .  
0.45 - - . - -  
0.70 ............ 

3 4 5 6 

Distance R / 10 "1 nm 

Fig. 1. Fourier transforms of  Sn K-edge EXAFS spectra on Rh-Sn/SiO2, measurement tempera- 
ture: 298 K, Fourier transform range: 30-120 nm -~. 

(0.302 rim) and similar to that of Rh metal itself. These findings suggest that all 
Sn atoms intrude into the Rh metal lattice to form Rh-Sn alloy [10,11]. 

Fig. 2 shows the Fourier transforms of Sn K-edge EXAFS spectra for 
Rh-Sn/SiO2 (Sn/Rh = 0.3 and 0.7) and the Imp-Rh-Sn/SiO2 (Sn/Rh = 0.3) 
after reduction with H2 at 573 K and after oxidation with 02 at 298 K. When 
Rh-Sn/SiO2 (Sn/Rh = 0.3) was oxidized at 298 K, Sn-O bonds appeared, while 
Sn-Rh or Sn-Sn bonding disappeared almost completely. This suggests that all Sn 
atoms are located at the surface to be oxidized. At Sn/Rh = 0.7, a part of Sn-Rh 
or Sn-Sn bonds remained, indicating that all the Sn atoms were not readily accessi- 
ble to oxygen. Therefore, the Rh-Sn bimetallic phase is also present below the sur- 
face of particles for Sn/Rh = 0.7. In contrast to Rh-Sn/SiO2 catalysts prepared 
by the selective reaction of (CH3)4Sn and Rh particles on SiO2, on the Imp-Rh-Sn/  
SiO2 even at Sn/Rh = 0.3 a part of the Sn atoms were not oxidized, indicating 
that a large number of Sn atoms are present inside the particles. 

Fig. 3 shows the Fourier transforms for Rh K-edge EXAFS spectra of Rh-Sn/  
SIO2, and the coordination numbers and Debye-Waller factors by curve-fitting 
analysis. The intensity of the peak which is attributed to Rh-Rh  bonding decreased 
gradually by the addition of Sn. The coordination number of the Rh-Rh  bond 
decreased linearly by the addition of Sn. The decrease in coordination number is 
not due to the decrease of the particle size, because the metal particle sizes of 
Rh/SiO2 and Rh-Sn/SiO2 (Sn/Rh = 0.45) are almost the same (2.5 4- 0.3 urn) by 
TEM observation. Debye-WaUer factors were constant in the range of Sn/ 
Rh ~< 0.3, and increased at Sn/Rh - 0.38. The Debye-Waller factor became con- 
stant again at Sn/Rh 1> 0.4. 
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Fig. 2. Fourier transforms of Sn K-edge EXAFS spectra for Rh-Sn/SiO2 before (solid line) and after 
(dotted line) oxidation with 02 at 298 K; measurement temperature: (a) 70 K; (b), (c) 298 K, Fourier 

transform range: 30-120 nm-1 

Fig. 4 shows the Fourier transforms of Sn K-edge EXAFS for Rh-Sn/SiO2 
(Sn/Rh = 0.45) under different conditions (reduction, NO exposure at 373 K and 
NO-H2 reaction at 373 K). The Sn-O bonds appeared with the sample exposed to 
NO or during NO-H2 reaction, while Sn-Rh or Sn-Sn bonding retained almost 
completely. 

4. Discussion 

From the Sn K-edge EXAFS spectra for the Imp-Rh-Sn/SiO2 (Sn/Rh = 0.3) 
in fig. 2c, the peak intensity of Sn-Rh or Sn-Sn bonds decreased to about half of the 
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Fig. 3. (a) Four ier  t ransforms of  Rh  K-edge E X A F S  spectra and (b) coordinat ion numbers of  
R h - R h  bond and Debye-Wal le r  factors by curve-fitting analysis; measurement  temperature:  298 

K, Four ier  t ransform range: 30-150 nm -I  . 

original intensity by oxidation at 298 K, suggesting that about half of Sn atoms in 
the Rh-Sn bimetallic catalyst prepared by the coimpregnation method are located 
inside the metal particles even at Sn/Rh = 0.3. In contrast, for the Rh-Sn/SiO2 
prepared by the selective bimetallic reaction of (CH3)4Sn with Rh metal particles 
supported on SiO2, Sn atoms of the bimetallic particles at Sn/Rh ~< 0.4 are all acces- 
sible to oxygen to form Sn-O bonds at 298 K as typically shown in fig. 2a for the 
sample of Sn/Rh = 0.3. The catalysts with Sn/Rh = 0.7 showed the formation of 
Sn-O bonds by exposure to 02 at 298 K in fig. 2b, indicating intrusion of an excess 
of Sn atoms more than Sn/Rh --- 0.4 into the Rh particles (probably to the second 
layer). The amount of CO adsorption on Rh-Sn/SiO/  decreased linearly with 
increasing Sn quantity in the range of Sn/Rh ~< 0.38, and was constant in the range 
of Sn/Rh 1> 0.4 [6]. This well coincides with the EXAFS analysis. 
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Fig. 4. Fourier transforms of Sn K-edge EXAFS spectra for Rh-Sn/SiO2 (Sn/Rh = 0.45): (a) after 
H2 reduction at 573 K (solid line); (b) in the steady state NO-H2 reaction at 373 K (broken line); (c) 
after NO exposure at 373 K (dotted line); measurement temperature: 298 K, Fourier transform range: 

30-120 rim -1. 

There are two possibilities for the location of Sn atoms; adsorption on the Rh parti- 
cle surface and bimetallic surface layer at the particle surface. Little change in the 
peak intensity of Sn-Rh or Sn-Sn in the Fourier transform of Sn K-edge EXAFS 
with the Sn content implies the incorporation of Sn to the first layer of Rh particle 
surface rather than the adsorption on Rh particles (Sn/Rh ~< 0.4) followed by the 
incorporation into the particles (Sn/Rh >i 0.4). The large decrease in the coordina- 
tion number of the Rh-Rh  bond in fig. 3 also supports this model, because if Sn 
atoms merely adsorb on the Rh particles, the coordination number would not 
decrease [12]. The discontinuous increase of the Debye-Waller factor at Sn/ 
Rh -- 0.4 in fig. 3 may be ascribed to a large distortion at the bimetallic monolayer 
with Sn/Rh = 0.4 by the difference in the intrinsic atomic radius between Sn and 
Rh. The Sn-Rh bond of 0.270 nm is shorter than the sum (0.275 nm) of Rh radius 
and Sn radius. The formation of the bimetallic monolayer at Sn/Rh --- 0.4 is 
expected to increase the metal particle size from 2.5 nm to 2.8 nm on average. Then 
we can estimate the surface composition for the catalyst of Sn/Rh = 0.4 by CO 
adsorption experiments to be Sn : Rh = 3 : 1. Fig. 5 illustrates a surface model for 
the Rh-Sn bimetallic catalyst prepared by the reaction of (CH3)4Sn and Rh metal- 
lic particles followed by H2 reduction at 573 K, where the fcc(111) plane is assumed 
to be exposed as the most stable plane #1. Only linear CO was observed with 
Rh-Sn/SiO2 (Sn/Rh = 0.4) [12], which coincides with this structure for a Rh 
atom being surrounded by six Sn atoms to be isolated (fig. 5). The catalytic activity 

#1 The more detailed surface ensemble structure wiU be discussed in a following paper [12]. 
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Fig. 5. A model surface structure ofRh-  Sn/SiO2 (Sn/Rh= 0.4). 

(TOF) of Rh-Sn/SiO2 for NO-H2 reaction increased with an S-shape dependency 
by the addition of Sn and saturated at Sn/Rh = 0.4. This profile also coincides 
with the above Rh-Sn ensemble structure as active sites. Fig. 4 shows the formation 
of Sn-O bonds by NO dissociation, while Sn-Rh or Sn-Sn bonds are retained. As 
a result, the promoting effect of Sn on Rh catalysis is ascribed to the Rh-Sn bime- 
tallic ensemble sites efficiently created by the selective reaction of (CH3)4Sn with 
Rh metal particles on SIO2, which exhibit high catalytic activity for NO reduction 
with H2 due to a remarkably high activity for NO dissociation [6]. The bond dis- 
tance of Sn-O in produced SnOx was 0.205 nm by the EXAFS analysis. The slowest 
step in the catalytic NO-H2 reaction is likely the reduction of the SnOx with H2, 
showing a balance of the SnOx formation by NO dissociation and its reduction in 
the steady state of reaction as shown in fig. 4b [6,12]. 

It is to be noted that the Rh-Sn bimetallic ensemble sites having an isolated Rh 
atom surrounded by Sn atoms, which exhibit remarkably high activity for NO dis- 
sociation and NO-H2 reaction, can be produced in an atomic scale by the selective 
bimetallic reaction of (CH3)aSn with Rh particles on SiO2, followed by reduction 
with H2, as characterized by careful EXAFS analyses. 
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