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Changes in Pt-Sn-alumina catalysts. prepared from the (PtlSnxClz,,)’ complex, during reduction 

in flowing hydrogen were followed by in situ X-ray diffraction (XRD). For high metal loading (ca. 
5% Pt) evidence was found for both Pt-Sn and Pt phases: other Pt-Sn phases, such as PtSn, 

PtSn,, and PtSnl, were not observed. Metallic Pt was detected for a 0.6 wt%j Pt-AI&I, catalyst but 
only a Pt-Sn alloy was obscrvcd for a 0.6 wt% Pt catalyst containing Sn. In sitr, XRD studies 
therefore support alloy formation with a stoichiometrv of Pt : Sn = I : I: the Sn in excess of that 
needed to form this alloy is present in an X-ray 

INTRODUCTION 

Bimetallic catalysts have been of interest 
in heterogeneous catalaysis for a long time. 
Schwab, in a classic paper (I), called atten- 
tion to the role of alloy composition in 
determining catalytic activity. The elec- 
tronic theory of catalysis (2, 3) provided 
motivation for numerous studies with alloy 
catalysts during the 1950s. Introduction of 
the Pt-Re naphtha reforming catalysts by 
Chevron in the 1960s (4) provided addi- 
tional motivation for the study of supported 
bimetallic catalysts. 

Many early investigators held the view 
that d-band electron concentration could be 
controlled by alloy formation so that cata- 
lytic selectivity and/or activity could be 
influenced through control of the cl-band 
electron concentration (5). Much of the 
early work utilized unsupported metal 
alloys (6). Many workers used concepts 
based upon alloy formation to explain the 
results from their studies of supported 
bimetallic catalysts (e.g., Refs. (7, 8)). As 
more studies were completed with sup- 
ported bimetallic catalysts, workers began 
to question the extent of alloy formation in 
these catalysts. This was especially true in 

those cases where, under normal circum- 
stances, the two metals were immiscible 
over some, or all, of the compositional 
range. Thus, Sinfelt (9) introduced the con- 
cept of metal clusters, without specifying a 
cluster composition, to account for the 
properties of supported bi- or polymetallic 
catalysts. 

Two frequently studied catalysts have 
Pt-Sn or Pt-Re as the bimetallic com- 
ponents. In both systems, evidence has 
been provided to support either alloy for- 
mation (I O-12) or the absence of alloys (13, 
14). In the cases of both Pt-Re and Pt-Sn 
there are reports that Re or Sn is not 
reduced to the metallic state; more specifi- 
cally, two groups, Adkins and Davis (15) 
and Sexton et ul. (/6), reported X-ray 
photospectroscopy (XPS) data that showed 
the tin atoms observable by this technique 
were not present in the metallic state even 
if the Group VIII noble metal was in the 
metallic state. XPS studies also indicated 
that Re was not in the metallic state in 
Pt-Re catalysts (14, 17). These XPS data 
were in conflict with extensive cxperimen- 
tal data that were believed to be consistent 
with alloy formation. 

Aromatic selectivity data from alkene 
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dehydrocyclization using Pt-Sn catalysts 
provides indirect evidence for alloy forma- 
tion (8). Additional indirect evidence for 
the state of Pt and Sn has been obtained 
from temperature-programmed reduction 
results (18). 

Lieske and Volter (19) concluded, based 
upon temperature-programmed reduction 
and adsorption of oxygen or hydrogen, that 
(1) a minor part of the tin is reduced to the 
metal and this forms “alloy” clusters, (2) 
the major part of the tin is only reduced to 
the Sn(I1) state, (3) the reduction of Sn(IV) 
is catalyzed by Pt, and (4) the amount of 
alloyed tin increases with increasing tin or 
platinum content. 

Direct evidence for Pt-Sn alloy forma- 
tion has been obtained from Mossbauer 
studies (20-23); however, many of these 
studies were at high metal loadings and 
even then such a complex spectrum was 
obtained that there was some uncertainty in 
assigning Sn metal to the exclusion of some 
tin oxide phase. However, Mossbauer 
results clearly show changes upon reduc- 
tion which demonstrate the reduction of 
Sn(IV) but the width of the peaks for the 
reduced sample prevents, in general, a spe- 
cific assignment of compounds. This is 
exemplified by the results of Kuznetsov et 
al. (24) who reported that Pt-Sn-y-Al103 
catalysts are multicomponent; that is, they 
have highly dispersed products of the 
chemical interactions of Sn(IV), Sn(II), and 
Sn(0) with both support surface and Pt. Pt, 
according to these authors, forms nearly all 
possible alloys with Sn. These results sup- 
port earlier Mossbauer data, and the 
models of Pt-Sn-A120j catalyst based 
upon them (25). 

Davis (26) prepared supported Pt-Sn 
catalysts using an acetone solution of a 
bimetallic complex of [Pt3Sn&120]2- and 
subsequently used these catalysts for 
alkane dehydrocyclization studies. These 
catalysts usually retained 90% or more of 
the chlorine added during the impregnation 
following reduction at 550°C in flowing 
hydrogen and use as a dehydrocyclization 

catalyst at 482°C. Yermakov and Kuz- 
netsov (27) summarized work, primarily 
from their laboratory or from research 
groups collaborating with them, on the 
preparation of supported metallic catalysts 
by the decomposition of organometallic 
complexes; among the preparations for 
supported Pt-Sn catalysts was included the 
use of acetone solutions of H4[Pt3SnsC12,J. 
Among the conclusions of these authors 
were the following: (1) data from Moss- 
bauer spectroscopy showed that metallic 
tin was not formed after reduction of the 
Pt-Sn surface complex and (2) two types of 
Sn(I1) ions were observed. One type 
appeared to be bound to the support and 
the other type was bound to both the sup- 
port and the Pt atoms. These authors also 
reported some amazing catalytic proper- 
ties: catalysts prepared via [Pt(SnC13)C1$ 
produced 60% benzene with respect to 
hexane converted while a catalyst prepared 
using [Pt(SnC1,),]3- yielded, at 500°C 80% 
hexene with respect to hexane converted! 
The latter authors and co-workers (24, 28, 
29) provided additional characterization 
data to support their model for the chemical 
state of the supported metals. 

In a related bimetallic catalytic system, 
Ni-Sn-SiO*, Swift and Bozik (30) reported 
that X-ray diffraction (XRD) revealed the 
presence of nickel and nickel-tin alloy 
phases. Swift and co-workers (31) showed 
that tin oxide supported on silica could be 
reduced by hydrogen to the metal and could 
then be reoxidized to SnOz. 

Bouwman et al. (32) obtained Auger 
spectroscopic results which showed that 
the surface of unsupported Pt-Sn and Pt3Sn 
alloys became enriched in tin when they 
were annealed under vacuum. Adsorption 
of oxygen on the alloys caused a further 
enrichment in tin above the annealed state 
and severe oxidation led to complete dis- 
appearance of Pt from the surface. Reduc- 
tion at 500°C in hydrogen resulted in 
surface enrichment in Pt above that of the 
annealed surface concentration. Hoflund et 
al. (33) obtained ISS results which sug- 
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gested that oxygen interacts with the Pt and 
not the tin in a Pt,Sn alloy; however, these 
authors do caution that this is a complex 
system. The ESCA results of Adkins and 
Davis (1.5) point to just the opposite view. 
Sn, at least the fraction present in the 
surface layer sensitive to ESCA measure- 
ments, is in an oxidized state even though 
the Group VIII metal was in the zero 
valence state. 

Richter and Bornmann (34) demon- 
strated, using in situ XRD, that the Pt (311) 
peak was appropriate for characterization 
by X-ray diffraction technique but that the 
assumption of the absence of lattice distor- 
tions was not valid. Ushakov and Moroz 
(35) utilized in situ XRD and concluded that 
only half of the Pt on an alumina support 
was reduced in hydrogen at 500°C; the 
other half was ionic Pt bonded to the sup- 
port or a highly dispersed state of zero- 
valent Pt. In this study, we have utilized an 
in situ X-ray diffraction technique in yet 
another attempt to better define this impor- 
tant catalyst system. 

EXPERIMENTAL 

Catalysts. The support material used in 
this investigation is nonporous Degussa 
alumina oxide C with a surface area of 110 
m’lg. A 0.6 wt% Pt catalyst was prepared 
by an incipient wetness technique, using 
an aqueous solution of PtC&. Supported 
Pt-Sn catalysts were prepared by impreg- 
nating the support, which had been previ- 
ously calcined in air at 55o”C, with an 
acetone solution of a Pt-Sn complex, 
[(C2H5)4N]2Pt3Sn&120, prepared according 
to a published procedure (36). The excess 
acetone solvent was removed by evapora- 
tion in air prior to drying at 120°C. This 
preparation procedure was the one utilized 
in our earlier studies (8, 15, 26). 

XRD. The catalyst sample was pressed 
into a stainless-steel holder as a l-mm- 
thick, 19-mm-diameter disk. The sample 
was mounted into a diffraction camera with 
the capability of in situ high-temperature 
(to ca. 800°C) operation at one atmosphere 

of hydrogen pressure. The camera was 
mounted on a Picker X-ray diffractometer. 
This technique ensures that the X-ray beam 
samples the same portion of each catalyst 
for all treatments. The X-ray source was a 
nickel target X-ray tube, operated at 35 kV 
and 8 mA. Reductions were carried out by 
heating the sample to the desired tempera- 
ture at a rate of ca. 2Wmin in hydrogen 
flowing at ca. 0.05 liter/min. After a reduc- 
tion period the sample was cooled to room 
temperature in a 0.02 liter/min flow of 
helium. The X-ray data were collected 
using l/15, l/30, or l/60 degree steps with a 
counting time of 50 or 100 s/step, depending 
upon the 28 range of interest. 

RESULTS 

The two most intense metallic Pull 1) 
and (200) peaks have 28 values that par- 
tially overlap with more intense alumina 
peaks; this makes it impossible to observe 
these peaks in the present experimental 
study. However, the Pt(311) peak is 
observable since it is not influenced by the 
overlap of any alumina peaks. This profile 
has therefore been utilized to identify the 
presence of metallic Pt in the Pt-AI,O, 
catalyst (Figs. 1 and 2). After reduction at 
either 400 or 5Oo”C, a broad Pt(311) peak is 
observed in the XRD patterns. The crystal- 

IW 

FIG. 1. X-ray diffraction patterns for 0.6% Pt on 
Degussa alumina: (A) after calcination at 500°C for 4 h; 
and (B) after reduction at 500°C for 7 h. 
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FIG. 2. X-ray diffraction patterns (20 = 86 to 92”) for 
(A) Degussa alumina after calcination at 5Oo”C, 03) 0.6 
wt% Pt on Degussa alumina after reduction at 400°C 
for 7 h, and (C) sample from B after reduction for 7 h at 
500°C. 

lite size calculated from the line width at 
half-maximum intensity is in the range of 
!90- 100 A for a material reduced at 500°C. 

Attempts made to record a XRD pattern 
for the (Pt3Sn8C120)-2 cluster present in the 
tetraethylammonium salt did not produce a 
X-ray diffraction pattern. Lindsay et al. 
(37) was also unable to obtain a diffraction 
pattern for this complex; apparently the 

FIG. 3A. X-ray diffraction patterns (28 = 25 to 55” 
NiKcr radiation for (A) Degussa alumina catalyst sup- 
port after calcination for 4 hr at 5OO”C, (B) 5% Pt 
prepared from (PtjSnsClzo)-2 complex after drying at 
12O”C, (C) sample from B after 8 h of reduction at 
4OO”C, and (D) sample C after 6 h of reduction at 
550°C. 

k 

b 

FIG. 3B. X-ray diffraction patterns (20 = 55 to 90”) 
for samples shown in Fig. 3A. (See Fig. 3A for sample 
identifications.) 

unsupported salt complex is an amorphous 
solid. 

The catalyst containing a nominal 5 wt% 
Pt, initially as a (P@n8C120)-2 complex on 
A&03, has a XRD pattern that contains 
three prominent peaks in addition to those 
from the alumina support (Figs. 3A and 3B, 
curve B). The XRD patterns (Figs. 3A and 
33, curves C and D) obtained for this 
material after reduction at 400 and 500°C 
were very different from the pattern of the 
starting material. There are eight peaks in 
the XRD patterns from the reduced mate- 
rial that closely agree with the 28 positions 
reported for an alloy with equal molar com- 
position of platinum and tin (Pt-Sn) (Table 
1). The relative intensities and 28 positions 
for diffraction peaks for catalysts prepared 
from the platinum-tin complex are shown 
in Fig. 4 (peaks, represented by dashed 
line, were present but intensity could not be 
accurately measured because of interfer- 
ence by alumina peaks). It appears that 
during the reduction process a Pt-Sn inter- 
metallic is formed even though the original 
complex had a molar ratio of Pt : Sn that 
was nearly 1 : 3. The tin in excess of that 
required to form Pt-Sn was not observed 
either as tin oxide or as metallic tin. If tin is 
present in either of these forms, the crys- 
tallite size must be less than about 2.0 nm, 
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TABLE I 
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Peak Positions and Relative Intensities for Various Pt-Sn Alloys and the Supported Pt-Sn-Al&l? Catalysts 

Phase 2 I (%) 2 I (%) 2 I(%) 2 I (5%) 2 1 m’c) 

PtrSn 42.02 100 48.91 53 71.67 30 86.7 30 - 
Pt-Sn 21.3 60 32.62 70 45.29 100 47.59 80 87.25 90 
Pt-Sn, 25.78 50 42.89 70 62.50 80 78.63 100 80 
Pt-Sn, 16.72 85 33.03 100 34.74 100 37.68 100 45.87 100 
5% Pt-Sni 27.25 59 32.62 69.3 45.29 100 47.59 76 87.20 33 

A12O3 

0.6% Pt-Sn/ 27.29 61 32.60 77 45.28 IO0 - - 87.25 36 
Al203 

below the XRD detection limit. Thus, at 
least approximately 65% of the tin present 
in the reduced catalyst is in a form that is 
not detected by XRD. 

XRD scans in the region of the Pt(311) 
peak are shown in Fig. 5. Although the 
curves A and B in Fig. 5 do not cover the 
full 28 range of curve C, it is evident that Pt 
is present in the 5 wt% Pt catalyst in both 
Pt-Sn and Pt forms. The Pt-Sn peak cor- 
responds to approximately 70% of the 
Pt-Sn plus Pt(311) peaks for reductions at 
both 400 and 550°C. The Pt crystallite size, 
calculated from the half-width of the 

FIG. 4. Diffraction peak positions and relative inten- 
sities for (A) Pt (fee), (B) Pt-Sn (hcp), (C) a reduced 
Pt-Sn-alumina catalyst with 5 wt% Pt, and (D) 
reduced Pt-Sn-alumina catalyst with 0.6 wt% Pt. 

Pt(311) peak in Fig. 5, is approximately 15 
nm. A similar calculation made for the 
Pt-Sn(212) peak gave a particle size of 13.5 
nm. It is apparent from the data in Table 2 
and from the shapes of the Pt-Sn peaks in 
Fig. 6 that the crystallite sizes calculated 
from each of the five Pt-Sn peaks are 
similar; this is a strong indication that the 
crystallites have isotopic shapes. 

A 0.6 wt% Pt catalyst, with Pt added as 
the (Pt3Sn8C12&2 complex, was reduced at 
400 and then at 500°C in flowing hydrogen. 
Diffraction patterns of the reduced material 
(Fig. 7 curve A, and Fig. 8 curves B and C) 

FIG. 5. X-ray diffraction patterns for (A) 0.6 wt% Pt 
only on alumina after 7 h of reduction at 5OO”C, (B) 5 
wt% Pt in Pt-Sn-alumina catalyst after reduction at 
400°C for 8 h, and (C) B after reduction at 550°C for 
6 h. 
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TABLE 2 

Crystallite Size for 5 wt% Pt as Pt-Sn Alloy in the 
Catalysts Reduced at 400 or 550°C 

Crystallite size (A) at 20 for 

Catalyst 21.3 32.6 45.3 47.6 87.3 

4OOT reduction 150 112 146 147 138 
550°C reduction 140 140 145 150 133 

provide evidence that reduction caused 
alloy formation. The diffraction pattern 
from the reduced material indicates that 
Pt-Sn alloy is formed even at this lower 
metal loading. The Pt-Sn peak observed at 
28 = 87.4 is very broad and there is no 
indication in the pattern of the Pt(3 I I) peak 
at 28 = 89.1. The Pt-Sn intermetallic crys- 
tallite size of 45 A was estimated from the 
Pt-Sn(212) diffraction line. In making these 
calculations, peak regions such as 28 = 84 
to 92 were recorded on an expanded 26 
scale to permit a more accurate measure- 
ment of the line width. It is also apparent 
from the pattern in Fig. 7, curve B, that 
reoxidation at 500°C for IO h eliminated the 
Pt-Sn alloy peaks; however, peaks that 
could be attributed to an oxide of platinum 

FIG. 6. X-ray diffraction pattern (219 = 25 to 55”) for 
the 5 wt% Pt in Pt-&r-alumina after reduction at 550°C 
for 6 h. 

FIG. 7. X-ray diffraction patterns for the 0.6 wt% Pt 
in Pt-Sn-alumina catalysts: (A) reduced at 500°C for 
6 h and (B) pattern of sample A after reoxidation at 
500°C for 10 h. 

or tin or of a mixed metal oxide phase were 
not observed in the reoxidized sample. 

DISCUSSION 

The XRD data make it clear that Pt-Sn 
alloy is present in a reduced catalyst. The 
platinum-tin alloy, or at least the predo- 
minant and the only alloy detected, has a 
composition of Pt-Sn. Comparing the areas 

FIG. 8. X-ray diffraction patterns (20 = 84 to 92”) for 
(A) Degussa alumina after calcination at 500°C for 4 h, 
(B) 0.6 wt% Pt in Pt-Sn-alumina after reduction at 
400°C for 5 h, and (C) sample from B after reduction at 
500°C for 6 h. 
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of the Pt(311) and the Pt-Sn peak at 20 = 
87.4”, one can make a rough estimate that 
XRD is detecting roughly the same amount 
of Pt in the 0.6 wt% Pt-Sn catalyst as in the 
catalyst with 0.6% Pt only. Thus, nearly 
two of every three tin atoms must be pres- 
ent in a form other than an alloy. However, 
no other form of Sn was detected by XRD. 

The literature presents a long history of 
the difficulty of detecting Pt metal by XRD 
when an alumina support is present. As one 
approach to this problem, the alumina sup- 
port was dissolved in acetylacetone, the 
platinum metal residue was collected by 
filtration, and the crystallite size was then 
determined by XRD using the Pt(l11) peak 
that was no longer masked by the very large 
alumina peak (38). In another approach, 
van Nostrand (39), using separately mea- 
sured relative intensities for alumina or 
platinum, constructed a series of theoreti- 
cal standard curves for a number of metal 
loadings up to 1 wt% Pt and for various Pt 
crystal sizes for several Pt loadings. The 
crystallite size for a supported Pt catalyst 
was obtained by matching the XRD curve 
of the supported catalyst to the standard 
curve with a similar Pt loading. These are 
just two examples of the difficulty encoun- 
tered in detecting Pt metal in Pt-alumina 
catalysts that contain less than about 1 wt% 
Pt. While this does not provide an absolute 
proof, it does strongly support the view that 
if an XRD third-order reflection peak of Pt 
is observed with a 0.6 wt% Pt-alumina 
catalyst it must represent all, or at least a 
large fraction, of the Pt present in the 
sample. We cannot imagine a scenario that 
would provide sufficient XRD intensity for 
the Pt observed in the present study to 
represent the large-size tail of a wide range 
of Pt particle sizes. Furthermore, Pt crys- 
tallites in the order of 100 A following 
reduction at 500°C should not be surprising 
when it is considered that the support is 
comprised of nonporous alumina. 

Two groups (15, 16) reported XPS data 
which indicated that Sn was not in a me- 
tallic state in reduced Pt-Sn-alumina cat- 

alysts. Adkins and Davis (1.5) used an AEI 
200 spectrometer to obtain their published 
results. This instrument employs an 
oxygen-containing vacuum pump oil and 
this could conceivably be a source of 
oxygen. However, reduction of a portion of 
the same catalyst preparation used by 
Adkins and Davis in a Leybold-Heraeus 
instrument that utilizes cryogenic turbo 
pumping and titanium getter pumps to 
maintain high vacuum conditions again 
indicated that metallic Sn was not present 
in quantities detectable by XPS. The cur- 
rent results make it clear that Pt-Sn metal 
alloy should have been present during the 
XPS studies by Adkins and Davis even 
though all their efforts to obtain XPS evi- 
dence for metallic Sn failed. The XRD 
results are, however, not inconsistent with 
a major fraction of the added tin being 
present as an eggshell of tin aluminate as 
proposed by Adkins and Davis (1.5). 
However, the model proposed in Ref. (15) 
would have to be altered to show a sup- 
ported Pt-Sn intermetallic instead of, or in 
addition to, Pt crystallites. 

The XRD data are in conflict with our 
earlier XPS results. In view of the excellent 
match between the Pt-Sn alloy pattern, in 
terms of peak positions and the relative 
intensities, and the XRD patterns for the 
supported catalysts, it appears certain that 
an alloy is formed during the reduction of 
this catalytic material. In this respect the 
XRD data agree with the Mossbauer spec- 
troscopic results obtained with higher metal 
loadings (5% Pt or greater). In light of these 
direct measures of Pt-Sn intermetallics, we 
are compelled to accept that an alloy is 
formed in supported Pt-Sn catalysts. The 
XRD data indicate that the alloy is Pt-Sn; 
this is the phase expected from the phase 
diagram (40). 

The problem at present is to reconcile the 
XPS data with alloy formation. Similar XPS 
results have been obtained in three labora- 
tories and these provide no evidence for 
metallic tin. Bouwman and Biloen (41) pro- 
vide convincing evidence for surface 
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enrichment by Sn for unsupported Pt-Sn 
alloys; surface enrichment by Sn is greatest 
when the material has been exposed to 
oxygen. Hegde and Sinha (42) summarize 
data to show surface enrichment by tin for a 
number of alloys. Thus, XPS should detect 
more Sn than Pt in the surface of the 
supported alloy crystals. Tin is readily oxi- 
dized and it is easily conceived that the 
Sn-enriched surface layer could be essen- 
tially tin oxide. However, XPS data from 
the supported rhodium-tin catalysts indi- 
cated that Rh was present in the metallic 
state but the tin was in an oxidized state 
(15). Furthermore, Pt-Sn on a carbon sup- 
port was indicative of reduced Pt (15). Even 
if a tin-enriched surface layer was oxidized, 
the amount of tin in the bulk alloy should 
still be nearly as great as that of Pt or Rh. 
Thus, if metallic Rh is detected by XPS, a 
like amount of metallic tin should be 
observed but this was not the case. 

A very speculative explanation of the 
XPS results requires oxidation of the tin- 
enriched surface layer. Subsequently, bulk 
migration of Sn to the surface to form 
additional tin oxide would leave the original 
Pt-Sn intermetallic crystallites depleted in 
Sn, and enriched in metallic Pt. The XPS 
spectrum would then be comprised of only 
ionic Sn on the support surface plus the 
oxidized tin present on the original Pt-Sn 
intermetallic crystallites. The tin oxide 
layer supported upon the Pt-rich skeleton 
of the original Pt-Sn crystal would be 
required to be thin enough for the Rh 3d 
electrons, and Pt 4f electrons with the 
carbon-supported catalyst, to escape 
through the tin oxide surface layers. For 
the 0.6 wt% Pt catalyst with tin, the inter- 
metallic crystal surface area and the tin 
concentration appear to permit such a 
structure to be formed. Since the 5 wt% Pt 
catalyst contains both Pt and Pt-Sn crys- 
tals, such calculations are, at present, 
meaningless. If this explanation is correct, 
each of the three XPS instruments at three 
different locations must have sufficient 
residual oxygen to permit reoxidation of the 

tin in the supported catalysts. However, a 
level of 1 to 3 ppm oxygen in the helium gas 
flow in the XRD instrument did not permit 
reoxidation of a detectable fraction of the 
Pt-Sn alloy formed during reduction. High 
temperature (500°C) reoxidation of the 
Pt-Sn alloy renders the metallic phases 
amorphous to XRD. This attempt to rec- 
oncile the XPS and XRD data for supported 
Pt-Sn catalysts requires a number of spe- 
cial circumstances. While we consider this 
unlikely, we are unable to advance, at this 
time, a more appealing explanation. 

It nows appears certain that the presence 
of Pt-Sn alloys in supported catalysts has 
been confirmed by in situ X-ray diffraction 
even with a loading of Pt as low as 0.6 wt%. 
At this time, it is not possible to quantita- 
tively define the fraction of Pt observed by 
the XRD technique. However, the peak 
area of the 0.6 wt% Pt-Sn alloy at 26 = 87.1 
is approximately equal to the size of the 
Pt(311) peak of the catalyst containing 0.6 
wt% Pt only; this suggests that a large 
fraction of Pt is present as an alloy. In 
addition, it can be seen from the intensity of 
the XRD peaks that a large fraction of the 
Pt should have been detected. 

It appears that low-metal-loaded sup- 
ported Pt-Sn catalysts have Pt present pre- 
dominantly as 1 : 1 Pt : Sn alloy. The excess 
tin present in the catalyst is present in a 
form that cannot be detected by X-ray. An 
eggshell of tin aluminate is a possible form 
for this tin. The surface tin atoms of the 
alloy seem to be capable of oxidation even 
though the Pt or Rh noble metal atoms 
remain in the reduced state. In the reducing 
atmosphere of naphtha reforming, it 
appears that the catalytic property of Pt is 
modified by alloy formation which sup- 
ported Pt-Sn catalysts. 
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