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P t - M o  bimetallic ensembles  active for e thene hydrogenat ion and e thane hydrogenolys is  were 
prepared on silica and a lumina using a new Anderson- type  plane [PtMo6024] 8- he teropolyanion 
as a precursor .  The s t ructures  of  the supported bimetallic ensembles  were de termined by H 2- 
chemisorpt ion ,  T E M  ( t ransmiss ion electron microscopy),  analytical TEM,  XRD (X-ray diffraction), 
E X A F S  (extended X-ray absorpt ion fine structure) ,  and X A N E S  (X-ray absorpt ion near  edge 
structure) .  The heteropolyanion f ramework  was maintained when  it was supported on silica, but  
was broken  when  on alumina.  After  reduction at 773-823 K, dispersed particles with an "eggshe l l "  
s t ructure  (3.0 +- 0.5 nm) were formed on silica, where a small plat inum cluster  (ca. 1.0 nm) located 
in the center  was covered with partially oxidized Mo-oxide layers.  On alumina bimetallic clusters  
of  2.0 - 0.5 nm were formed,  and part of  the molybdenum was involved in the bimetallic particle 
in zero valency and the remaining molybdenum atoms were dispersed in low valence s tates  on the 
m1203 surface.  © 1992 Academic Press, lnc, 

I N T R O D U C T I O N  

Bimetallic systems have been demon- 
strated to modify the catalysis of each com- 
ponent and to create new catalytic proper- 
ties. However, bimetallic active sites on 
oxide supports prepared by a conventional 
coimpregnation method are often heteroge- 
neous and ill-defined, and hence it is difficult 
to find factors important for the genesis of 
catalysis to develop new and efficient cata- 
lytic systems. The use of bimetallic clusters 
as precursors provides a potential prepara- 
tion of homogeneous and well-dispersed bi- 
metallic ensembles on supports (1, 2). 

Pt-Mo bimetallic catalysts have been re- 
ported to show higher activities for hydro- 
genolysis reaction than Pt or Mo monome- 
tallic catalysts (3). Pt-Mo bimetallic 

1 To w h o m  cor respondence  should be addressed.  
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catalysts have been prepared in various 
ways, such as the interaction of organic 
complexes of platinum with presupported 
molybdates (4-9), the deposition of 
Mo(CO)6 on  presupported platinum parti- 
cles (3, 10, 11), and a usual coimpregna- 
tion method (12). In the present study, we 
used an Anderson-type heteropolyanion 
[PtM06024] 8- with a plane structure as a bi- 
metallic ensemble precursor. 

The hexamolybdoplatinate(IV) ion, 
[PtM06024] 8- , was recently synthesized and 
determined by X-ray diffraction to have an 
Anderson structure (13). The polyanion 
[PtM06024] 8- structure, shown in Fig. 1, has 
a hexagonal plane structure composed of a 
central Pt(IV) ion surrounded by six octahe- 
dral molybdates (MOO6). Each M o O  6 shares 
an edge with each of its two neighboring 
M o O  6 and another edge with the PtO 6 octa- 
hedron. Such a plane structure has the ad- 
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FIG. 1. F ramework  s t ructure  of  the [PtMo6024] 8- heteropolyanion.  (* protonated oxygen  atom.)  

vantage of contact with the support surface 
structure well. 

We found that the [PtM06] catalyst de- 
rived from [PtM06024] 8- supported on A1203 
showed remarkably high activity for ethane 
hydrogenolysis and ethene hydrogenation 
(14). On the other hand, no activity was 
observed with the [PtMo 6] particles on SiO 2 . 
In this report we examine the structures of 
the [PtM06] bimetallic catalysts. 

E X P E R I M E N T A L  

Preparation of Catalysts 

Silica, Aerosil 200 (200 m2/g), and alu- 
mina, Alon C (100 mE/g), obtained from Nip- 
pon Aerosil Corp., were used as supports. 
Chloroplatinic acid and ammonium hepta- 
molybdate were purchased from Nakarai, 
Inc. and Wako Pure Chemical Industries, 
respectively. The planar hexamolybdo- 
platinate (IV) was precipitated from an 
aqueous solution of (NH4)2[Pt(OH) 6] and 
( N H 4 ) 6 [ M o 7 0 2 4  ] with a ratio of 1 : 6 at pH 6.4 
in a way similar to that previously reported 
(13). 

The supported [PtMo6] bimetallic cata- 
lysts were prepared by impregnating AI:O 3 
or SiO2 with the aqueous solution of the 
[PtMo6024] 8- polyanion. For comparison, 
the Pt -Mo bimetallic catalyst was also pre- 
pared by a traditional coimpregnation 
method using an aqueous solution of a mix- 

ture of chloroplatinic acid and ammonium 
heptamolybdate. Pt/AI203 and Mo/AI203 
catalysts were obtained by impregnation of 
the AI203 with an aqueous solution of chlo- 
roplatinic acid or ammonium heptamolyb- 
date, respectively. The metal loadings were 
always 1 wt% of Pt and/or 3 wt% of Mo. 
After impregnation, the samples were dried 
at 393 K for 12 h and reduced with hydrogen 
(13.3 kPa) at given temperatures in situ be- 
fore characterization and catalytic reac- 
tions. The Pt-Mo bimetallic catalysts pre- 
pared by use of [PtM06024] 8- and by the 
coimpregnation method are denoted as 
[PtMo6]/support and Pt-Mo/support,  re- 
spectively. The reduction temperature is 
noted by the numeral after the catalyst; thus 
[PtMo6]/AI203-773R indicates that [PtMo6]/ 
AI203 reduced at 773 K. 

Characterization of Catalysts 

The amount of hydrogen adsorption was 
volumetrically measured at 298 K and 13.3 
kPa of hydrogen by using 2 g of catalyst 
reduced at various reduction temperatures 
and evacuated at the same temperatures. It 
took 1 h to reach equilibrium for chemi- 
sorption. 

X-ray diffraction (XRD) measurements 
were obtained with a Rigaku diffractometer 
employing CuKo~, radiation (h = 0.15405 
nm). The X-ray tube was operated at a volt- 
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age of 35 kV and a tube current of 15 mA. 
Transmission electron microscope mea- 
surements for determination of particle 
sizes were taken by a JEM 2000EX (JEOL) 
operated at 200 kV. After reduction or reac- 
tion, the samples were stored under vacuum 
until measurements were made. Samples 
were dispersed in tetrachloromethane by su- 
personic wave and put on Cu grids. An ana- 
lytical microscope (JEM 2010) in a high- 
resolution mode (10 nm area) was used to 
measure the composition of Pt and Mo in 
bimetallic particles. 

X-ray absorption spectra at the Pt L 3 and 
Mo K absorption edges were measured at the 
BL-10B station of the Photon Factory in the 
National Laboratory for High-Energy Phys- 
ics (KEK-PF) with a positron energy of 2.5 
GeV and a maximum storage ring current of 
350 mA. X-ray absorption data were col- 
lected in a transmission mode using ioniza- 
tion chambers filled with N2 for the Pt L 3- 
edge or Ar for the Mo K-edge. A Si (311) 
channel-cut crystal monochromator was 
used since it has no second-order harmonics, 
Energy resolution was estimated to be 2.5 eV 
at the Pt L3-edge and 8 eV at the Mo K-edge 
from the white line in the B r2 K-edge (15). The 
samples were treated in a closed circulating 
system and transferred to an aluminum cell 
equipped with Kapton windows for X-ray ab- 
sorption measurements without contacting 
air. The cell was 4 mm thick for the Mo K- 
edge and 6 mm thick for the Pt L-edges to 
allow enough edge height and a total ab- 
sorbance of ~x =< 3. Disturbance from the 
higher harmonics to the Pt L3-edge EXAFS 
was negligible because of the low intensity of 
the third-order higher harmonics of the syn- 
chrotron radiation and the low detection ef- 
ficiency of N 2 gas in ionization chambers. 
The EXAFS measurements were performed 
at 293 and 80 K. Platinum and molybdenum 
foils were used for energy calibration. Data 
were analyzed by the EXAFS analysis pro- 
gram "EXAFS2N" (16). The analysis in- 
volves preedge extrapolation, background 
removal by a cubic spline method to extract 
EXAFS data, and Fourier transformation us- 

ing a Hanning window function with one- 
tenth of the FT range. The typical ranges of 
Fourier transformation from the k space to 
the r space are 30-150 nm-J for the Pt L 3- 
edge and 30-130 nm -1 for the Mo K-edge. 
The inverse Fourier transformation to the k 
space and the curve fitting are carried out to 
obtain detailed structural information. Em- 
pirical parameters calculated from Pt foil, 
[PtM06024] 8-, Mo foil, and KzMoO 4 were 
used as references to analyze the EXAFS 
spectra. Phase shift function and backscat- 
tering amplitude of [PtMo6024] 8- were used 
for analyzing Mo-Pt bonding. In order to 
compensate for differences in chemical state 
the threshold absorption energy (AE0) is ad- 
justed in the analysis of the Pt-Mo pair. 

RESULTS AND DISCUSSION 

H2-Chemisorption and TEM 

The H2 uptake per Pt atom of various sam- 
ples as a function of reduction temperature 
is shown in Fig. 2. Nearly 100% H2 chemi- 
sorption is observed with the Pt/A1203 cata- 
lyst reduced at 473-673 K. The H 2 uptake 
for [PtMo6]/AI203 is 45-60%, which is 
smaller than that for Pt/AI203 but larger than 
that for Pt-Mo/AI203.  The [PtMo6]/SiO 2 
shows much smaller amounts of H 2 chemi- 
sorption than the other samples. 

The metal particle sizes of bimetallic sam- 
ples were estimated by TEM. Figure 3 
shows the TEM photographs (magnifica- 
tion of 250,000) of [PtMo6]/A1203- 
823R, [PtMo6]/SiO2-773R, and Pt-Mo/ 
AI203-773R. Figure 4 shows the particle 
size distribution obtained by counting at 
least 10,000 particles. Particles with average 
size of 2.0 nm are observed with [PtMo6]/ 
SiO 2 reduced at 473 K, indicating the aggre- 
gation of [PtMo6024] 8- on SiO 2 surface. 
Upon reduction at 773 K the particle en- 
larges to 3.0 + 0.5 nm. On the other hand, 
no Pt particles are observed for [PtMo6]/ 
A1203 reduced at temperatures below 473 K. 
The [PtMo6]/AI203 sample reduced at 773 K 
shows a particle size of 2.0 +_ 0.5 nm with 
a narrow distribution. The coimpregnated 
catalyst shows a broad distribution. The 
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FIG. 2. H2 uptakes of Pt/AI203 , Pt-Mo/AI203 , [PtMo6]/A1203, and [PtM06]/SiO 2 reduced at various 
temperatures. 

FIG. 3. Electron micrographs of various reduced catalysts~ (a) [PtMo6]/A1203~823R, (b) [PtMo6]/ 
SIO2-773R, (c) Pt-Mo/AI203-773R ( × 250,000; bar denotes 20 nm). 
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FIG. 3--Continued 
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FIG. 4. Particle size distribution of various reduced catalysts: (a) [PtMo6]/A1203-573R, (b) [PtMo6]/ 
AI203-773R, (c) [PtMo6]/AlzO3-823R, (d) [PtMo6]/SiO2-773R, (e) Pt-Mo/AlzO3-773R, (f) Pt/AI203- 
773R. (dg and ng denote the particle size and the number of the particle, respectively.) 

particle size for [P tMo602418- /S iO2-773R is 
calculated to be 15 nm from H 2 adsorption 
assuming that only the Pt atom can adsorb 
Ha and the adsorption stoichiometry of H/ 
Pt = 1. The value is very different from the 
value (3.0 -+ 0.5 nm) estimated by TEM, as 
shown in Table 1. The decrease of the H/Pt 
ratio with an increase of the Mo/Pt composi- 
tion in bimetallic catalysts has been reported 
by Leclercq et al. (12) and Tri et al. (3, 10). 
They demonstrated that the decrease of H2 
chemisorption results from the coverage of 

platinum particles with molybdenum oxide. 
Therefore, almost 100% of the surface of 
Pt particles may be covered with MoOx in 
[PtMo6]/SiO2-773R. For Pt/AI203 the parti- 
cle sizes determined by TEM and H 2 chemi- 
sorption are almost the same. 

Analytical TEM 

The local chemical compositions of the 
particles in [PtMo6]/SiO2-773R and 
[PtMo6]/AlzO3-823R catalysts were 
checked by the characteristic X-ray fluo- 
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TABLE 1 

Particle Size Detected by TEM (dTE M) and Average Size Calculated 
from Hydrogen Adsorption (day) 

373 

Catalyst Pt/AI203 [PtMo6]/A1203 Pt-Mo/AI203 [PtMo6]/SiO 2 

dTE M 1.5 ± 0.5 2.0 ± 0.5 2.0--20.0 3.0 ± 0.5 
day 1.3 3.3 5.0 15.0 

rescence from the Pt-Mo particles excited 
by electron microbeam. The space resolu- 
tion was 10 nm, which makes it possible to 
analyze the average composition of a few 
bimetallic particles as shown, for example, 
by the circles in the TEM photographs of 
Fig. 5. Figure 6 shows the X-ray fluores- 
cence spectra measured by the analytical 
TEM, where the spectrum for [PtMo6]/SiO2 
is expanded in the lower scale. From the 
spectra, the atomic ratios of Mo to Pt are 
calculated to be 5.5 --+ 1.5 for both bimetallic 
samples, suggesting the local Mo/Pt compo- 
sition is almost equal to the original one even 
after the reduction at 773-823 K. 

X-ray Diffraction 

No XRD patterns are observed with the 
[PtMo6]/SiO 2 reduced at 773 K, indicating 
that the Pt particles are small or amorphous. 
The coimpregnated Pt-Mo/A1203 catalyst 
shows a strong peak at 20 = 39.6 °. For the 
reduced [PtMo6]/AI203 the Pt( l l l )  pattern 
is barely observable because of the overlap 
of the diffraction pattern of Pt with that of 
y-A1203, indicating that the Pt particle is 
much smaller than that in Pt-Mo/AI203. 

EXAFS Spectroscopy 

In order to examine the local structures 
around Pt and Mo in the bimetallic catalysts, 
we carried out the EXAFS analyses for the 
in situ-treated samples. The phase shift and 
amplitude functions for Pt-Pt, Pt-Mo, and 
Mo-Mo pairs were derived from the model 
compounds, where the designated pair, 
such as Pt-Mo, indicates that Pt is an ab- 
sorber atom and Mo is a backscatterer atom. 
l'he k3-weighted EXAFS oscillations and 

their associated Fourier transforms of the 
model compounds are shown in Fig. 7. The 
structural parameters, the Fourier trans- 
form range, and the Fourier filtering range 
are shown in Table 2. Two peaks appearing 
in the Fourier transform of [PtMo6024] 8- , as 
shown in Fig. 7d, can be attributed to Pt-O 
(0.200 nm) and Pt-Mo (0.331 nm) bonds ac- 
cording to the molecular framework in Fig. 
1. Since the two shells are well separated 
from each other, the phase shift and the 
amplitude functions for the Pt-Mo pair can 
be estimated from the EXAFS of 
[PtMo6024] 8-. The Pt-Mo distances of the 
reference compound used and the [PtMo6]/ 
AI203-823R catalyst are 0.331 and 0.276 nm 
(shown later), respectively. Therefore, it is 
necessary to carry out the mean free path 
correction to obtain the accurate coordina- 
tion number (C.N.) by 

C . N .  = C .N .un  c × exp (2 ( r j  - rref)/X) 
-C .N.u ,c  × 0.8, (1) 

where h is assumed to be about 0.6 nm (18) 
and C.N.un¢ means uncorrected coordina- 
tion number. The estimated phase shift and 
amplitude function for Pt-Pt, Pt-Mo, and 
Mo-Mo pairs are shown in Fig. 8. Backscat- 
tering amplitude F(k) is calculated by 

k3(r2/M)A(k) 
= F(k) exp(-2o-2k 2) exp(-2r/h), (2) 

where A(k) is the experimentally determined 
amplitude and o- is assumed to be 0.006 nm. 
The phase shift of Mo-Pt is calculated by 

q~Mo_Pt(k) = q~pt_Pt(k) + q~Mo_Mo(k) 

- -  q~Pt_Mo(k). ( 3 )  
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FIG. 5. Electron micrographs of (a) [PtMo6]/A1203-823R (× 1,500,000), (b) [PtMo6]/SiO2-773R 
( × 1,000,000); circle, size of electron beam spot, corresponding to 10 nm. 
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Note that the difference in the phase shifts 
of Pt-Pt  and Pt -Mo is about ~ in almost the 
entire k range. The relationship between the 
phase shifts of Mo-Pt  and Mo-Mo is in a 
similar situation, which implies that the 
backscattering waves from Mo and Pt inter- 
fere destructively with each other when Pt 
and Mo are simultaneously present around 
the Pt atom at a similar distance. 

Figures 9a and 9b show the Fourier trans- 
forms of the Pt L3-edge EXAFS oscillation 
for the incipient [PtMo6]/AI203 and [PtMo6]/ 
SiO 2 samples, respectively. The Pt-Mo 
bond around 0.3 nm is observed with the 
SiOz-supported species, indicating the re- 
tention of the [PtMo6] framework at the sur- 
face, whereas no peak for the Pt-Mo bond 
is observed for the Al203-supported species, 
suggesting the destruction of the framework 
after deposition onto the AI203 surface. The 
Mo K-edge EXAFS Fourier transform for 
the incipient [PtMo6]/SiO 2 in Fig. 9d exhib- 
its a peak at 0.3-0.35 nm, which arises from 
Mo and Pt backscattering. However, no 
peak around 0.3-0.35 nm is observed with 
the incipient [PtMo6]/A1203 sample. These 
Mo K-edge EXAFS data coincide with the 
Pt L3-edge EXAFS data. The curve-fitting 
results are shown in Table 3. Consequently, 

the [PtMo6] framework of the heteropolya- 
nion is retained on the SiOz surface, but it 
is broken to each component without P t -Mo 
and Mo-Mo bonds on the AI203 surface. 
The Mo species on AI203 are present in a 
tetrahedral symmetry like that of K z M o O  4 , 

judging from the Mo-O distance at 0.172 nm 
and the coordination number of 3.7. 

Figure 10 shows the associated Fourier 
transforms (Figs. 10a, 10d, 10g), the EXAFS 
oscillations (Figs. 10b, 10c, 10h), and the 
curve-fitting results (Figs. 10c, 10f, 10i)for 
[PtMo6]/SiOz-773R, Pt-Mo/AlzO3-773R, 
and [PtMo6]/AIzO3-823R catalysts, respec- 
tively. The curve-fitting analyses for the 
EXAFS data are listed in Table 4. Only 
Pt-Pt  bonding is observed with the [PtMo6]/ 
SIO2-773R catalyst, suggesting the forma- 
tion of platinum particles. The coordination 
number of Pt-Pt  is determined to be 4.7 
as shown in Table 4. The particle size of 
platinum could be estimated from the coor- 
dination number to be 1.0 (+0.5 nm) on the 
assumption of spherical shape (17). The 
EXAFS data for the coimpregnated Pt-  
Mo/AI203 catalyst are similar to those for Pt 
foil. The Pt-Pt  bond in the Pt-Mo/AI203 
catalyst is observed to be 0.276 nm, which 
is similar to the 0.2775 nm of Pt bulk. The 
coordination number of Pt-Pt,  9.5, suggests 
Pt particles larger than the particles in 
[PtMo6]/SiO 2 , which is compatible with the 
TEM results. In contrast to those catalysts, 
the [PtMo6]/AI203 catalyst showed a differ- 
ent feature in the EXAFS oscillation and 
also in its associated Fourier transform as 
shown in Figs. 10g and 10h. No good fitting 
is obtained when only the Pt-Pt  bond is 
assumed. The best fitting result is given in 
Fig. 10i, where both Pt-Pt  and Pt -Mo bonds 
are included. The present curve-fitting anal- 
ysis required two-shell fitting with eight ad- 
justable parameters. So, the curve-fitting re- 
sult should be checked by other means of 
analysis. First we carried out the fitting anal- 
ysis for k and k2-weighted EXAFS data and 
found no significant difference from the data 
in Table 4. Then we carried out a further 
check by fitting the observed Fourier trans- 
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form with the calculated one  based on the 
Pt -Pt  and P t - M o  model  functions.  Curves  
a and b in Fig. 11 are the k3-weighted Fourier 
transforms o f  the P t - M o  model  functions 
with C.N.  = 3.1, r = 0.276 nm, and o- = 
0.006 nm, and the Pt -Pt  model  function with 
C.N.  = 6.2, r = 0.273 nm, and o- = 0.009 
nm, respect ively .  Summat ion  o f  (a) and (b) 

gives (c) in Fig. 1 I, which  resembles  neither 
Pt-Pt  nor P t - M o  pairs but reproduces  the 
observed Fourier transform (d) for [PtMo6]/ 
A1203-823R, exhibiting the characteristic 
shoulder shape, posit ion,  and amplitude. 
N o t e  that the Fourier transform structures 
appearing at 0.2 and 0.3 nm do not arise from 
the real bonding at corresponding distances  



BIMETALLIC ENSEMBLES DERIVED FROM [PtMo6024] 8- 377 

TABLE 2 

Lists of Parameters Used to Elucidate the Phase Shift and Amplitude Functions from Model Compounds 

C o m p o u n d  FT" FF  a range Absorber  Scatterer  C.N.  R (nm) 
range (nm) 

(nm-I )  

Pt foil 30-150 0.18-0.31 Pt Pt 12 0.277 
[PtMo6024] s-  30-150 0.26-0.35 Pt Mo 6 0.33 l 

30-150 0.10-0.20 Pt O 6 0.200 
Mo foil 30-150 0.19-0.27 Mo Mo 8 0.272 

a FT, Fourier  t ransform;  FF,  Fourier  filtering. 

but from the interference of the two shells 
(P t -Pt  and Pt -Mo) .  Thus,  we can conclude 
the presence of the P t - M o  bond in the 
[PtMo6]/AI203 catalyst. The coordination 
numbers of P t -P t  and P t - M o  bonds are de- 
termined to be 6.2 and 3.1, as shown in Table 
4. These results indicate the formation of 
P t - M o  alloy particles on the AI203 surface. 
That the Debye-Wal le r  factor (o- = 0.009 
nm for the P t -P t  bond) is larger than those 
for [PtM06]/SiO2 and Pt-Mo/AI203 also in- 
dicates a relatively large disorder induced 
by the formation of P t - M o  bonding having 
an atomic radius different than that of Pt. 

The Mo k2-weighted EXAFS oscilla- 
tions and Fourier  transforms for [PtMo6]/ 
SIO2-773R and [PtMo6]/AI203-823R are 
shown in Fig. 12. The [PtM06]/SiO 2 catalyst 
has a M o - M o  peak at 0.24-0.30 nm, but the 
[PtMo6]/A1203 catalyst does not. In addition 
to the different feature of  the structures 
around the Pt atom between [PtMo6]/SiO 2 
and [PtMo6]/AI203 , the difference in the sit- 
uation of Mo atoms between the two cata- 
lysts is also obvious. The MoOx species are 
aggregated on SiOz, while they are dis- 
persed on AI203. The curve-fitting results 
for the Mo K-edge EXAFS data are shown 
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FIG. 9. The k3-weighted Fourier transforms of incipient catalysts: (a) Pt edge of [PtMo6]/AI203 , (b) Pt 

edge of [PtM06]/SiO2, (c) Mo edge of [PtMo6]/A1203 , (d) Mo edge of [PtM06]/SiO 2, (e) Mo edge of 
[PtM06024] 8-, (f) Mo edge of K2MoO 4. 

in Table 5. Irrespective of any evidence of 
the presence of Pt -Mo bonding in the Pt L 3- 
edge EXAFS analysis, the Mo-Pt  contribu- 
tion is not observed in [PtMo6]/AI203-823R 
because the Mo/Pt ratio is 6 and most of the 
Mo atoms are located o n  AI203  . 

Figure 13 shows the Pt L3-edge EXAFS 
oscillation for [PtMo6]/AI203 reduced at 

573-823 K. From the EXAFS analysis the 
platinum of [PtMo6]/AlzO3-473R is not com- 
pletely reduced, exhibiting a Pt -O bond 
peak in addition to a Pt-Pt  peak. The plati- 
num in [PtMo6]/A1203-573R is reduced to a 
metallic level according to the EXAFS data 
and the Pt Z 3- and Pt Le-edge structures de- 
scribed hereinafter. The EXAFS oscilla- 
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TABLE 3 

Curve-Fitting Results for the EXAFS Data of the Incipient [PtMo6]/SiO2 and [PtMo6]/AI203 Samples 

Catalyst Model FF (nm) C.N. R (nm) 

[PtMo6]/SiO2 Pt-O 0.10-0.20 6.2 - 0.4 0.199 +- 0.002 
Pt-Mo 0.26-0.35 4.2 -+ 0.3 0.332 -+ 0.002 
Mo-O 0.10-0.20 1.6 +- 0.2 0.165 + 0.002 

[PtMo6]/AI203 Pt-O 0.10-0.20 6.0 -+ 0.3 0.200 -+ 0.002 
Mo-O 0.10-0.18 3.7 -+ 0.4 0.172 --- 0.002 

0 1 2 3 4 5 

r /  0.] nm 

(e) (f) "~ 

V 
, , ,  

I Vl 
4 6 8 I0 12 14 5 7 9 ] ]  13 

k / I0 nm -I  k / I0 nm -I  

FIG. 10. Pt L3-edge Fourier transforms, k3-weighted EXAFS oscillations' curve fitting results of 
[PtMo6]/SiO2-773R (a-c), Pt/AI203-773R (d-f) and [PtMot,]/Al203 -823R (g-i); dashed lines indicate 
the best fitting results. 

TABLE 4 

Curve-Fitting Results for the EXAFS Data of the Reduced Catalysts 

Catalyst Model C.N. R (nm) o" (nm) 

[PtMo6]/SiO 2 773R Pt-Pt  4.7 -+ 0.3 0.278 + 0.002 0.0053 --- 0.0008 
[PtMo6]/A1203 773R Pt-Pt  9.5 -+ 0,5 0.276 + 0,002 0.0064 + 0,0009 
[PtMo6]/AI203 823R Pt-Pt  6.2 + 0.5 0,273 -+ 0.003 0.0090 +- 0.0010 

+P t -Mo  3.1 + 0.3 0.276 +- 0.003 0.0060 -+ 0.0010 

Note. Fourier filtering range = 0.18-0.31 nm. 
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Catalyst Redn. Model  E (eV) C.N.  R (nm) o" (nm) 

[PtMo6]/SiO2 None  M o - O  1.6 -+ 0.2 0.165 -+ 0.002 0.006 + 0.001 
773R M o - O  3.8 + 0.3 0.201 ± 0.002 0.008 ± 0.001 

M o - M o  0.8 - 0.2 0.282 ± 0.002 0.006 ± 0.001 
823R M o - O  2.2 ± 0.3 0.200 ± 0.002 0.006 ± 0.001 

[PtMo6]/AIzO3 None  M o - O  20,012 3.7 ± 0.3 0.172 -+ 0.002 0.007 ± 0.001 
373R M o - O  20,012 3.2 +_ 0.3 0.171 -+ 0.002 0.007 ± 0.001 
473R M o - O  20,010 2.0 ± 0.2 0.169 +- 0.002 0.007 ± 0.001 
523R M o - O  20,003 1.1 -+ 0.3 0.169 ± 0.002 0.005 ± 0.001 

M o - O  1.0 ± 0.3 0.201 ± 0.003 0.009 + 0.001 
573R M o - O  20,003 0.7 ± 0.2 0.166 + 0.002 0.005 ± 0.001 

M o - O  1.6 ± 0.3 0.204 -+ 0.003 0.008 ± 0.001 
823R M o - O  20,003 1.7 +_ 0.3 0.204 -+ 0.003 0.008 ± 0.001 

0 . 1 5  

0 . 0 3  

-0 .03  

-o .og  

' ~  -0 .15  

0,09 

3 4 5 6 7 8 9 10 I t  12 13 14 5 

0.15 

0 . 0 3  

- 0 . 0 3  

- 0 , 0 0  

- 0  • | 5 
5 6 7 8 9 |0 l |  ~.2 13 [ 4  15 

0.09 

k / I0 nm -I 

0,15 

O. 

0. 

O, 

-0.  

-0 .  

-0.  

3 4 5 6 7 8 9 10 11 12 13 14 15 

! 

d 

4 5 6 7 8 9 I0 11 12 13 14 15 

k / i0 nm - I  

FIG. 13. k-weighted Pt L3-edge E X A F S  oscillations of [PtMo6]/A1203 reduced at (a) 573, (b) 673, (c) 
773, (d) 823 K. 
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tions for [PtMo6]/A1203 change gradually 
and finally become that of [PtMo6]/  
AI203-823R, as shown in Fig. 13. In fact, 
the oscillation for the sample reduced at 773 
K can be reproduced by using the oscillation 
of [PtMo6]/A1203-823R and [PtMo6]/A1203- 
523R. Thus, the [PtMo6]/A1203-573R is 
situated as the initial state for the formation 
of the Pt -Mo alloy particles. However, the 
EXAFS oscillation for [PtMo6]/A1203-573R 
damps quickly. Therefore, the direct eluci- 
dation of the structure of [PtMo6]/ 
AlzO3-573R is rather difficult. TEM and 
H2-adsorption data depicted the particle 
size in [PtMo6]/AlEO3-573R as 2.0 nm, as 
already mentioned. Usually the Pt particles 
with 2.0 nm diameter exhibit the well- 
identified EXAFS oscillation due to Pt-Pt  
bonding. The exact reason for the quick 
damp of the EXAFS oscillation is not 
clear, but this feature must be related to 
some kind of strong Mo-Pt  interaction, 
which may induce a large disorder in the 
Pt-Pt  bonding. 

The EXAFS data for the incipient 
[PtMo6]/SiO 2 and [PtMo6]/AI203 catalysts 
reveal the M ~ O  double bond peak at 0.165 
or 0.172 nm, respectively. The coordination 
number of doubly bound oxygen is gradually 
reduced by increasing the reduction temper- 
ature and eventually at 823 K is replaced by 
the Mo-O single bond at 0.201-0.204 nm as 
shown in Table 5. Figure 14 shows the Mo 
K-edge XANES spectra for [P tMo6] /AI20  3 . 
The position and shape of the Mo K-edge 
can give some information about its oxida- 
tion state. Enhancement of the ls-4d transi- 
tion often occurs in the XANES spectra of 
molybdenum complexes with the doubly 
bound oxygen, and the intensity of this tran- 
sition varies with the number of M o = O  (19). 
The ls-4d transition peak decreases in in- 
tensity to shoulder when the sample is re- 
duced at 573 K. Our previous work on the 
Mo dimers attached to  S iO 2 suggests that 
Mo has an oxidation state of less than 4 + 
(20). The shoulder then gradually diminishes 
with the increasing reduction temperature. 
The shoulder structure still appears in 

19940 1997Z, 20008 20042 20076 20110 

FIG. 14. Mo K-edge X-ray near edge structures: (a) 
K2MoO 4, (b) incipient [PtMo6]/AI203, [PtMo6]/A1203, 
reduced at (c) 373, (d) 473, (e) 523, (f) 573, (g) 773, (h) 
823, (i) [PtMo6]/SiO2-773K, and (j) Mo foil. 

[PtMo6]/AIzO3-823R,  suggesting the pres- 
ence of the double bond oxygen after the 
reduction at 823 K although some Mo is 
incorporated into Pt particles to form the 
Pt-Mo alloy. Since [PtMo6]/SiO2-773R 
showed no shoulder structure, the Mo spe- 
cies supported on alumina is more difficult 
to reduce compared to those on silica. By 
comparing with the Mo K-edge structures 
of Mo dimers attached to SIO2, the Mo spe- 
cies in the [PtMo6]/SiO2-773R catalyst, 
which has no shoulder structure, is sug- 
gested to be less than 2 + (20). 

Pt L 2- and Pt L3-edge XANES spectra of 
the reduced catalysts are shown in Figs. 15 
and 16. The intensities of the white lines 
of Pt Lz- and Pt L3-edges increase with the 
reduction of samples at 773 K. The intensi- 
ties of the white lines may be related to the 
density of the unfilled d state. The densities 
of the unfilled d orbital (fa) (21, 22) relative 
to fa for Pt foil are calculated to be 0.23, 
0.21, 0.20, 0.06, and -0 .06  for [PtMo6]/ 
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Fro. 15. Pt L 3 XANES: (a) Pt foil, (b) Pt/AlzO3-773R, 
(c) [PtMo6]/AIzO3-573R, (d) [PtMo6]/AlzO3-773R, (e) 
[PtMo6]/Al:O3-823R, and (f) [PtMo6]/SiO2-773R. 

SIO2-773R (f), [PtMo6]/AI203-823R (e), 
[PtMo6]/A1203-773R (d), [PtMo6]/AI203- 
573R (c), and Pt/AI203 (b) respectively, 
using 

fd = (AA3 + I ' l l A A 2 ) / ( A 3 r  + 1.11A2~) 

A A  3 = A35 - A 3 r  , AA 2 = A2s - A 2 r  , (4) 

where A3s , A3r, A2s, and A2r are the white 
line areas of L 3- and L2-edges of the sample 
and the reference, respectively. The Pt of 
Pt/AI203-773R shows anfa value similar to 
that of Pt foil. The Pt of [PtMo6]/A1203- 
573R is also similar to that in Pt foil with 
regard to d electron deficiency. 

It may seem strange that the density of the 
unfilled state increases with the reduction 
temperature. This is nearly the onset of the 
change in the EXAFS and the formation of 
P t -Mo alloy particles. A possible explana- 
tion is the electron transfer from Pt to Mo 
through Pt -Mo direct bonding or through 
[Pt]m/[MoOx] . interface, although the elec- 
tronegativity of Pt bulk is a little larger than 

that of Mo bulk. But the work function/ 
ionization potential of samples must change 
with the particle size/number of atoms and 
the situation of the samples. The L 2- and L 3- 
e d g e  energies reflect the electron deficiency 
of Pt (23), but there was little difference in 
the edge energies for these samples within 
0.3 eV. Horsely reported that the areas of 
L 2- and L3-edge white lines are not always 
proportional to the density of the unfilled d 
electron state (24). The behavior of the fd 
change cannot be completely explained at 
present, but we propose that the platinum 
bonding with molybdenum in the P t -Mo 
alloy particles may be somewhat electroni- 
cally deficient. 

Structure Models 

The structure models for [PtMo6] parti- 
cles on SiO 2 and AIzO 3 based on H 2 adsorp- 
tion, TEM image, analytical TEM, EXAFS, 
and XANES are illustrated in Fig. 17. When 
the plane [PtMo6024] 8- is supported on sil- 
ica, the framework of the heteropolyanion 
is retained. After the reduction at 773 K the 
"eggshell" particles of 3.0 nm, in which the 
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Fro. 16. Pt L2 XANES: (a) Pt foil, (b) Pt/AI203-773R, 
(c) [PtMo6]/A1203-573R, (d) [PtMo6]/AI203-773R, (e) 
[PtMo6]/A1203-823R, and (f) [PtMo~]/SiO2-773R. 
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Fro. 17. Structure models for the reduced [PtMo6]/AI203 and [PtM06]/SiO 2 catalysts. 

platinum particle core of about 1.0 nm is 
surrounded by the Mo(II)-oxide layer, are 
formed. In the case of the alumina-sup- 
ported catalyst the polyanion structure is 
broken upon interaction with alumina. After 
the reduction at 823 K, the bimetallic Pt-Mo 
particles of 2.0 nm are formed. The platinum 
atoms bonding with molybdenum atoms at 
a distance of 0.276 nm in the bimetallic parti- 
cles are electronically deficient compared 

with those of Pt foil. The rest of the partially 
reduced molybdates may be located on the 
AI203 surface. The Pt-Mo alloy particles 
are efficiently formed from the [PtMo6024] 8 - 
ensemble. The coimpregnated Pt-Mo/ 
A1203 catalyst showed no Pt-Mo bonding. 
As a result, Pt aggregated into monometallic 
particles without any significant interaction 
between Mo and Pt. 

In the present report the two types of 
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Pt-Mo bimetallic particles on SiO 2 and 
AI203 are formed by using the new 
[PtMo6024] 8- heteropolyanion as a precur- 
sor. That is, the eggshell structure is com- 
posed of the 1.0-nm Pt particle core and 
the partially reduced Mo(2 + )Ox shell on the 
SiO 2 surface with the alloy particle exhib- 
iting a direct Pt-Mo bond at 0.276 nm on the 
A1203 surface. The Pt-Mo bimetallic parti- 
cles of 2.0 nm on A1203 are active for ethene 
hydrogenation and ethane hydrogenolysis. 
Differences in the interaction of SiO2 and 
A1203 with Pt and Mo ions determine the 
structure of bimetallic particles on these 
supports. We will discuss the catalytic per- 
formance of Pt-Mo bimetallic catalysts in 
part II of this report. 
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