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A series of Pt–Sn/γ-Al2O3 reforming catalysts have been pre-
pared and studied by transmission electron microscopy (TEM) and
energy-dispersive X-ray spectroscopy (EDX). It has been shown
that the catalyst performance is dependent on the way in which
the catalyst had been prepared. The majority of the tin was in the
ionic state as Sn(II) while a minor part of the tin was reduced to the
metallic state by platinum. Pt–Sn alloys were found together with
platinum particles in the bimetallic catalysts. A significant number
of very small TEM-invisible platinum particles less than 1 nm in
diameter were present in addition the TEM-visible platinum parti-
cles. Particle aggregation and alloy formation occurred during the
use of the catalysts in the reforming of octane. c© 1996 Academic Press, Inc.

INTRODUCTION

The addition of tin to Pt/γ -Al2O3 improves both the
selectivity to aromatics and the stability of the catalyst in
catalytic reforming reactions. Extensive studies have been
made in order to understand the origin of the beneficial
effects of the tin in the bimetallic catalyst. The main
points of contention have included the distribution and
the chemical state of tin; the interaction between tin,
platinum, and the support; the most notably, the tendency
for platinum and tin to form alloys. The role of alloy
formation in the improvement of catalyst performance has
been of particular interest. The term “alloy” used in this
context does not necessarily refer to the composition for
bulk alloy formation, but rather, refers to two elements in
the metallic state which are in intimate contact with each
other. Such metal composites are sometimes referred to as
bimetallic clusters and we do not differentiate the terms
alloy and bimetallic cluster in this paper.

Mössbauer spectroscopy has been used to study alloy for-
mation and the state of tin in Pt–Sn/γ -Al2O3 bimetallic cat-
alysts (1–5). It was concluded that part of the tin was alloyed
with platinum (1–3) and that the remainder was found as
ionic Sn(II) and/or Sn(IV) species (1–5). X-ray diffraction

1 To whom correspondence should be addressed.

and electron microdiffraction studies (6–8) showed that al-
though Pt–Sn alloy was formed, most of the platinum was
present as metallic platinum. Tin in excess of that needed to
form the Pt–Sn alloy was not detected by energy-dispersive
X-ray spectroscopy and powder X-ray diffraction. Völter et
al. (9–13) characterized the Pt–Sn/γ -Al2O3 bimetallic cata-
lysts by TPR and chemisorption techniques and used their
catalysts to study reforming reactions. They found that the
majority of the tin, initially present as Sn(IV), was reduced
to the Sn(II) state with only 10 to 30% being reduced to
Sn(0) and alloyed with the platinum.

The role of the bimetallic catalysts in controlling metal–
support interaction, metal alloying and dispersion, and their
subsequent effects on selectivity and lifetime in catalytic
reforming can be interpreted in terms of either their elec-
tronic properties or an ensemble effect (14). It is generally
agreed that in the interaction between platinum and tin the
electron donation occurs from the tin to platinum (14, 15).
As a result this will weaken the Pt–C bond strength during
reforming reactions leading to changes in selectivity and
reduced coke formation on platinum. The ensemble the-
ory assumed that some reactions such as dehydrogenation
can proceed at a single platinum atom but other reactions
like hydrogenolysis require at least two to three contigu-
ous platinum atoms (14, 16). The tin-diluted platinum sur-
face would therefore inhibit hydrogenolysis and enhance
dehydrogenation. It is also believed that the formation of a
carbonaceous overlayer requires large platinum ensembles,
and hence the tin-diluted platinum surface could dramat-
ically decrease the coke formation on the metal sites and
increase the lifetime of the catalyst (17, 18).

Coq and Figueras (14) and Coq et al. (19) identified the
main role of tin as being to dilute the platinum surface since
the addition of tin decreased the rate of hydrogenolysis
as was the case for coke or sulfur deposition in catalytic
reforming. Beltramini and Trimm (20) studied reforming
reactions on mono- and bimetallic reforming catalysts.
They found that less coke was formed on the bimetallic
catalysts. However, the main benefit of the bimetallic
catalysts originated from control of coke deposition on
the active sites that give high selectivity to cycloalkanes
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and aromatics in reforming reactions. This change in
properties was interpreted as being due to either electronic
modification of platinum by the tin or dilution of the
platinum surface into small ensembles by the tin.

Schwank et al. (21–25) concluded that the electronic in-
teraction between ionic tin and elemental platinum is the
main contributor to the beneficial effects of the bimetallic
catalysts, since tin was always located in close proximity to
the platinum particles and the few Pt–Sn alloy particles ob-
served did not play a significant role in controlling the cat-
alytic behavior. XPS studies by Sexton et al. led to the same
conclusion (26). The presence of the ionic tin–support in-
teraction was further confirmed by Adkins and Davis (27)
who used XPS to study the Pt–Sn/γ -Al2O3 catalysts and
concluded that tin was present as an eggshell of “tin alumi-
nate” surrounding the alumina support and the platinum
was supported on this tin aluminate. This view was endorsed
by Burch (15) and Burch and Garla (28) who found that tin
in Pt–Sn/γ -Al2O3 catalysts was stabilized in the Sn(II) state
by the interaction with the alumina support. The tin modi-
fied the electronic properties of the small platinum particles
but no Pt–Sn alloy particles were formed, although the pos-
sibility of a solid solution of a few percentage metallic tin
with platinum was not ruled out.

Transmission electron microscopy (TEM) and micro-
analysis by energy-dispersive X-ray spectroscopy (EDX)
have proved to be powerful techniques for the study of
highly dispersed bimetallic systems (29–33), giving detail
of particle morphology (TEM) and the composition of
small particles (EDX). In this work we report a study
of Pt–Sn/γ -Al2O3 reforming catalysts using a parallel
combination of TEM and EDX.

EXPERIMENTAL

1. Catalysts

Supported bimetallic Pt/Sn catalysts were prepared with
loadings of platinum and tin varying from 0.3 to 3.0 wt%
and a constant Pt/Sn weight ratio of unity. Commercial pel-
letized γ -Al2O3 (CK300, BET area 200 m2/g) consisting
of cylindrical pellets about 2 mm in diameter and ranging
from 2 to 10 mm in length was used as a support. Both the
bimetallic and supported Sn catalysts were prepared by a
number of impregnation routes which are detailed below.
The impregnated and dried materials are referred to as the
catalyst precursors. All the catalysts were activated by a cal-
cination and reduction treatment which is detailed after a
description of the preparation of the precursors.

a. Pt/Sn catalysts prepared by successive impregnation
with platinum and tin salts. γ -Al2O3 pellets were impreg-
nated with the required concentration of H2PtCl6 in dilute
HCl, dried for 4 h at 383 K in flowing air, and then im-
pregnated with SnCl2 · 2H2O (aqueous) before drying at

383 K in flowing air again. The color of the pellets and the
solution changed from colorless to red during the second
impregnation. This change in color has been reported pre-
viously (34, 35) and has been attributed to the formation
of the complex [Pt(SnCl3)2 Cl2]2−. Catalysts prepared by
this route include 0.3 wt% Pt–0.3 wt% Sn/γ -Al2O3 and 3.0
wt% Pt–3.0 wt% Sn/γ -Al2O3. The calcined and reduced
precursors are referred to as 0.3 Pt–0.3 Sn (Pt first) and 3.0
Pt–3.0 Sn catalysts, respectively, in this paper.

b. Pt/Sn catalysts prepared by successive impregnation
with tin and platinum salts. The preparation procedures
were the same as those in (a) except that the first impreg-
nation was carried out using SnCl2 · 2H2O in dilute HCl and
the second using H2PtCl6. No color change was observed
for samples prepared by this route. Catalysts prepared by
this route include 0.3 wt% Pt–0.3 wt% Sn/γ -Al2O3 and 1.0
wt% Pt–1.0 wt% Sn/γ -Al2O3. The calcined and reduced
precursors will be referred to as 0.3 Pt–0.3 Sn (Sn first) and
1.0 Pt–1.0 Sn catalysts, respectively.

c. Pt/Sn catalyst prepared by successive impregnation with
tin and platinum salts in methanol. The preparation pro-
cedure was the same as that used in (b) except that the
aqueous solution was replaced by methanol solution. The
calcined and reduced precursor is referred to as the 0.3 Pt–
0.3 Sn (methanol) catalyst.

d. Patent catalyst. This catalyst was prepared following
a patient method (36). Briefly, the method involved prepar-
ing alumina gel using appropriate amounts of aluminum
powder, SnCl2 · 2H2O, and dilute HCl. The tin-containing
alumina gel was condensed and aged in oil, then dried at
473 K and calcined at 898 K in flowing air. It was then im-
pregnated with H2PtCl6 aqueous solution then dried and
calcined in hydrogen at 803 K for 2 h. This catalyst is re-
ferred to as 0.3 Pt–0.3 Sn (patent). The tin in this catalyst
was expected to be uniformly distributed on the alumina
support, possibly forming tin aluminate.

e. Pt/Sn catalyst prepared by coimpregnation. Pellets of
γ -Al2O3 were coimpregnated with appropriate amounts of
SnCl2 · 2H2O and H2PtCl6 in dilute HCl and then dried in
flowing air at 383 K. No color change was observed during
the process. The calcined and reduced precursor is referred
to as the 0.3 Pt–0.3 Sn (coimpreg.) catalyst.

f. Sn catalysts. Sn/γ -Al2O3 (0.3 wt%) and Sn/γ -Al2O3

(3.0 wt%) catalysts were prepared by impregnating the alu-
mina support with appropriate amounts of SnCl2 · 2H2O
(aqueous) and drying them in flowing air at 383 K. The cal-
cined and reduced precursors are referred to as 0.3 Sn and
3.0 Sn catalysts, respectively.

EUROPT-3 (0.3 wt% Pt/γ -Al2O3, 0.95 wt% Cl) was used
as a reference for comparison.

All the catalyst precursors were subjected to the follow-
ing activation process:
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(i) Calcination: The catalyst precursors were heated
from room temperature to 673 K at 5 K/min in flowing air
(60 cm3/min) and held at this temperature for 4 h and then
cooled to room temperature.

(ii) Flushing: He (60 cm3/min) was passed over the cal-
cined catalyst precursors for 1 h at room temperature.

(iii) Reduction: The reduction was carried out in flowing
H2 (60 cm3/min), with a programmed temperature increase
of 5 K/min from room temperature to 673 K and maintained
at this temperature for 2 h. The catalysts were then cooled
to room temperature in flowing hydrogen.

Further reoxidation, flushing, and reduction procedures
were repeated for the above-treated specimens to investi-
gate any further changes in the catalysts. Finally, passivation
was carried out with 1.0 vol% air/He for specimens for nor-
mal TEM investigation.

2. Catalyst Testing

Octane reforming was carried out in a microreactor
which will be described elsewhere (37) in which the reac-
tion conditions were as follows: the H2/octane ratio was 6/1;
the reaction temperature was 783 K; the reaction pressure
was 110 psig, and the weight hourly space velocity (WHSV)
was 2 hr−1. Analysis of the reaction products was carried
out by sampling to a Shimadzu gas chromatograph.

3. Carbon Monoxide and Oxygen Chemisorption

Each catalyst precursor was calcined in flowing air at 673
K for 4 h prior to the chemisorption studies.

CO chemisorption was performed in a system similar to
that described in an earlier publication (38). Each catalyst
was heated from room temperature to 673 K in flowing
hydrogen and held at this temperature for 2 h. The catalyst
was then cooled to room temperature in flowing helium
and the adsorption experiment was carried out by injecting
pulses of known amounts of CO (4.7 cm3, 17 Torr) into
the helium carrier-gas stream and hence on to the catalyst.
These injections were repeated until no further CO was
adsorbed. The amount of CO adsorbed in each pulse was
determined by subtracting the observed number of moles of
CO that had not been retained by the catalyst from the inlet
CO concentration. The total amount of CO adsorbed was
the summation of these values. A similar procedure was
used for oxygen chemisorption studies, pulses of oxygen
being injected into helium and hence on to the reduced
catalyst until no more oxygen was adsorbed.

4. Electron Microscopy and EDX

The microscope used was an ABT-EM002B instrument
in which an EDX system LINK2000-QX with a windowless
detector was installed. The microscope was usually oper-
ated at 200 kV but sometimes 160 kV was used to obtain
a higher contrast image of small particles. An improved

LaB6 filament was used. The energy resolution of the EDX
system was 138 eV at 5.9 keV.

Three separate TEM specimens were prepared for each
dried, calcined, reduced, reoxidized, or reactor-discharged
sample studied. Low magnification scans were taken of
each of these to determine sample homogeneity. Many ar-
eas (>50) were examined for each TEM specimen to en-
sure that the reported results were truly representative of
the samples. TEM specimens were prepared by putting a
drop of ethanol solution containing the ground catalyst
powder in suspension on a carbon film-coated copper grid.
Some specimens were kept in the microscope overnight be-
fore study to minimize possible contamination during EDX
spectrum collection. A beam of 10 nm in diameter, which
covered a small particle, was used to generate an EDX spec-
trum. The collection time was usually 100 s. During the col-
lection, the beam was sometimes spread (underfocused or
overfocused) for a while to obtain an image of the parti-
cle and the beam relocated on the particle to compensate
for any specimen shift. The sensitivity of the EDX system
is 400–800 platinum atoms, or 2–2.5 nm particle size. The
electron beam was spread to cover the whole particle when
analyzing particles larger than 10 nm by EDX.

For quantitative EDX analysis, generally,

Cα/Cβ = Kα/Kβ × Iα/Iβ,

where Cα(Cβ) is the weight percent of the α (β) element,
Kα(Kβ) is the elemental sensitivity factor of α (β), and
Iα(Iβ) is the EDX intensity of α (β).

The elemental sensitivity factors Kα were taken from the
operator’s manual of the LINK system. They are: KSnL =
1.682 and KPtL = 2.398. Atomic percentage ratio of the two
elements α and β is Aα/Aβ = (Cα/Cβ) × (at.wt of β/at.wt
of α), i.e., atomic percent ratio of platinum to tin

Pt/Sn = (2.398/1.682) × (118.7/195.1) × (IPt/ISn)

= 0.87 × (IPt/ISn)

Microbeam diffraction (MBD) patterns were obtained
using an electron beam of 6–10 nm in diameter. For the
analysis of a particle larger than 15 nm in diameter, the
MBD pattern and the corresponding EDX spectrum were
generated from part of the particle. MBD patterns for plat-
inum, the elemental identity of which was verified by EDX
analysis, were used as in situ standards for calibration of
the camera length. The observed MBD patterns were com-
pared with the patterns calculated using the lattice con-
stants for various crystalline phases as shown in Table 1.
The match between the observed MBD patterns and the
calculated patterns and the EDX results were used to iden-
tify the phases present in the bimetallic particles.

5. Ex Situ TEM and EDX

Although catalysts were generally passivated after re-
duction before examination in the microscope, some ex situ
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TABLE 1

Crystallographic Information of the Pt–Sn Crystal Systems

Lattice constant (Å)

Formula Crystal structure a b c Space group

Pt fcc 3.9231
Pt3Sn fcc (Cu3Au type) 4.0005
PtSn hcp (NiAs type) 4.100 5.432 P63/mmc
Pt2Sn3 hcp 4.337 12.960 P63/mmc
PtSn2 fcc (CaF2 type) 6.425 Fm3m
PtSn4 Orthorhombic 6.362 6.393 11.311 C2v

studies in which the catalysts were transferred after activa-
tion or reforming directly from microreactors to a dry-box
filled with nitrogen without exposing them to air were also
carried out. The oxygen concentration in the dry-box was
less than 10 ppm. TEM samples were prepared in the drybox
and then mounted on an environmental specimen holder.
The environmental specimen holder enabled the TEM sam-
ple to be transferred into the microscope without exposing
the sample to air.

RESULTS

1. Carbon Monoxide and Oxygen Chemisorption

The chemisorption results are presented as number of
molecules of carbon monoxide or diatomic oxygen ad-
sorbed per platinum atom for each catalyst (Table 2). Metal-
lic platinum adsorbs both oxygen and carbon monoxide
whereas metallic tin adsorbs oxygen only (39). A combi-
nation of CO and oxygen chemisorption studies should
therefore give a measure of both platinum and tin dis-
persion provided that the adsorption stoichiometry is not
altered in the presence of the second element. Carbon
monoxide is known to adsorb on the platinum surface in
both bridged and linear form with the latter predominat-
ing (40). The ratio of chemisorbed CO to total number of
platinum atoms, i.e., CO/Pttotal, was found to be 0.64 for
EUROPT-3 in accordance with previous studies of this cat-
alyst (38). The CO/Ptsurface ratio has been found to be de-
pendent on platinum particle size (41) and values of 0.87
± 0.07 (41, 42), 0.77 (43), 0.76 (44), and 0.75 (45, 46) have
been reported. This would give a dispersion of platinum for
EUROPT-3 of 74 to 84% depending on which value was
adopted.

The CO/Pttotal values for all the 0.3 Pt–0.3 Sn catalysts
were about 0.4 to 0.5 (Table 2), indicating that these cata-
lysts were also well dispersed and that the order of impreg-
nation with Pt and tin salts had little effect on the dispersion.
CO chemisorption studies showed that the dispersion was
similar for the 1.0 Pt–1.0 Sn catalyst but much poorer in the
case of the 3.0 Pt–3.0 Sn catalyst.

TABLE 2

CO and O2 Chemisorption Results for Pt–Sn/γ -Al2O3 Catalysts

Number of molecules
Adsorbate per gram catalyst

Catalyst A ( × 1018) A/Pttotal SnSn0 a
total

0.3 Pt CO 5.93 0.64
EUROPT-3 O2 4.63 1.0
0.3 Sn CO 0

O2 0
3.0 Sn CO 0

O2 0
0.3 Pt–0.3Sn CO 4.07 0.44
Sn first O2 5.69 1.23 0.33
0.3 Pt–0.3 Sn CO 3.80 0.41
Pt first O2 4.49 0.97 0.20
0.3 Pt–0.3 Sn CO 3.35 0.37
patent O2 5.69 1.23 0.30
0.3 Pt–0.3 Sn CO 4.07 0.44
coimpreg. O2 4.82 1.04 0.22
0.3 Pt–0.3 Sn CO 3.33 0.36
methanol O2 4.12 0.89 0.20
1.0 Pt–1.0 Sn CO 13.27 0.43
Sn first O2 17.43 1.13 0.28
3.0 Pt–3.0 Sn CO 9.3 0.10
Pt first O2 18.1 0.39 0.14

a Calculated assuming that the surface stoichiometry CO/Pt = 0.76/1.
O/Pt = 1/1, and O/Sn = 1/1.

The ratio of chemisorbed oxygen to total platinum,
O/Pttotal, was found to be 1.0 for EUROPT-3 under our
experimental conditions. O/Ptsurface stoichiometries ranging
from 0.5 (40, 47) to 1.0 (45, 46) have been reported in the
literature, the exact stoichiometry being dependent on the
exposed crystal planes (48). This suggests that EUROPT-
3 has a dispersion of 100%, but CO chemisorption results
have shown that a maximum of 84% of the platinum atoms
are surface atoms. However, platinum is known to retain
hydrogen (40). It is likely that some of the hydrogen ad-
sorbed by the catalysts during reduction may have been
retained on cooling down to room temperature prior to the
chemisorption experiments. The hydrogen would be dis-
placed by the adsorbate in the case of CO chemisorption
(40), but would react with oxygen to form H2O during the
oxygen chemisorption experiment, resulting in additional
oxygen being consumed. This cast some doubt on the oxy-
gen chemisorption results for the Pt/Sn catalysts, but some
qualitative conclusions can be drawn. Both 0.3 Sn and 3.0
Sn catalysts did not adsorb oxygen at all at room tempera-
ture under our experimental conditions, in agreement with
previous investigations (11). This suggests that no metallic
tin was formed in the Sn/γ -Al2O3 catalysts after reduction
at 673 K. Unsupported tin oxide can be reduced to metallic
tin in hydrogen at 673 K (9). It is likely therefore that the
tin oxide in our catalysts was stabilized by the alumina sup-
port, possibly by the formation of a surface Sn(II)-alumina
complex.
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The oxygen adsorption for some Pt/Sn catalysts was
found to be higher than that for the monometallic plat-
inum catalysts even though the CO chemisorption studies
had shown that the platinum dispersion was poorer in all
the Pt/Sn catalysts. Indeed, the number of adsorbed oxy-
gen atoms was found to be greater than the total number
of platinum atoms for the catalysts 0.3 Pt–0.3 Sn (Sn first),
0.3 Pt–0.3 Sn (patent), 0.3 Pt–0.3 Sn (coimpreg.), and 1.0
Pt–1.0 Sn (Sn first). The excess adsorption of oxygen was
used to estimate the amount of metallic tin in the bimetal-
lic catalysts. Two assumptions were made: (i) The ratios of
adsorbed CO and absorbed oxygen to platinum were not
changed by tin and (ii) tin adsorbs oxygen as SnO (49). The
results indicate that 20 to 33% of the tin in the 0.3 Pt–0.3
Sn and 1.0 Pt–1.0 Sn and 14% of the tin in the 3.0 Pt–3.0 Sn
catalysts was reduced to the metallic state after reduction in
hydrogen at 673 K, the remainder being retained as oxide.
However, enrichment of tin on the surface of Pt–Sn alloys
after reduction has been previously reported (50) and may
also occur here, resulting in an overestimate of the amount
of Sn(0) in the catalyst. This is further complicated by the
fact that the adsorption stoichiometry for CO/Ptsurface and
O/Ptsurface may change after alloy formation due to changes
in particle size. Nevertheless, it would appear that only a
minor part of the tin was alloyed with platinum after cal-
cination and reduction and the fraction of the tin that is
reduced to Sn(0) increased with the platinum dispersion.

2. Octane Reforming

The conversion of octane and the selectivity to aromatics
for each of the Pt/Sn catalysts and EUROPT-3 are given in
Table 3. The activity and selectivity of each bimetallic cat-
alyst was found to be dependent on the way in which the
catalyst had been prepared. The results in Table 3 show that
catalysts prepared by either impregnating the alumina with
tin before platinum or coimpregnating the alumina with tin
and platinum gave higher selectivity to aromatics and over-
all conversion of octane than catalysts prepared by impreg-
nating alumina with platinum before the tin. The activity of
the 3.0 Pt–3.0 Sn catalyst was initially very low (2–3%) and
the catalyst became inactive after 20 h on stream. A more
detailed analysis of the results will be published separately
(37).

In general, however, the steady-state selectivities to
cracking and hydrogenolysis products were similar to that
for EUROPT-3 for all the Pt/Sn catalysts, with the excep-
tion of the catalyst 0.3 Pt–0.3 Sn (methanol), which gave
a slightly lower yield of cracking products and the catalyst
3.0 Pt–3.0 Sn (Pt first) where the activity rapidly declined
with time. Only the 0.3 Pt–0.3 Sn (Sn first) and 0.3 Pt–0.3
Sn (coimpreg.) catalysts had higher selectivities for isomer-
ization products than EUROPT-3 and this is in accordance
with the observed high selectivity of these catalysts for aro-
matics.

TABLE 3

Microreactor n-Octane Reforming Experiments for
Pt–Sn/γ -Al2O3 Catalysts

Selectivity Conversion
to aromatics (%) of octane (%)

Time on
Catalyst stream (h) Initial Steady Initial Steady

EUROPT-3 (0.3 pt) 55 35.2 41.8 48.4 27.3
0.3 Pt–0.3 Sn (Sn first) 51 28.3 54.8 51.5 38.8
0.3 Pt–0.3 Sn (Pt first) 45 36.4 39.9 45.3 32.4
0.3 Pt–0.3 Sn (patent) 45 41.3 41.8 33.1 15.1
0.3 Pt–0.3 Sn (coimpreg.) 43 53.9 54.8 61.2 35.8
0.3 Pt–0.3 Sn (methanol) 46.5 25.8 45.3 39.1 30.5
1.0 Pt–1.0 Sn (Sn first) 45.5 24.1 45.2 37.2 45.3
3.0 Pt–3.0 Sn (Pt first) 20.5

3. TEM and EDX

a. General Observations

A summary of the TEM and EDX results is given in
Table 4, where x indicates that no particle was observed
in the sample. The approximate particle sizes are also pre-
sented. General features for all the catalysts are that most
of the small particles (<5 nm) were platinum while most of
the large particles (>10 nm) were bimetallic Pt–Sn.

As we have reported for another reforming catalyst
EUROPT-4 (38), the appearance of the alumina crystal-
lites was the same for all the catalysts studied. The alumina
crystals were randomly orientated in different directions
and show a range of contrast between the differently ori-
ented crystals. A typical image of the 0.3 Pt–0.3 Sn (Sn first)
catalyst after reoxidation is shown in Fig. 1a. EDX results
(Fig. 1b) showed that the particle (indicated in Fig. 1 by a
black arrow) was platinum. The contrast of the particle was
high and the particle border sharp. Most of the small metal
particles appeared to be spherical. The orientational con-
trast between alumina crystallites (indicated in Fig. 1 by a
white arrow) was not so high and decreased continuously.
However, when the difference in atomic numbers between
the supported metal and aluminium was small, or neigh-
boring alumina crystallites were at different heights in the
microscope, it was difficult to distinguish orientational con-
trast from the contrast of metal particles supported on alu-
mina (51). Elemental analysis was therefore used in these
cases to determine if a contrast was generated by the higher
atomic number of the metal, rather than orientation effects
in the alumina.

b. Catalysts after Calcination and Reduction

i. 0.3 Pt–0.3 Sn catalysts. Qualitatively, the TEM results
for all of the 0.3 Pt–0.3 Sn catalysts except the 0.3 Pt–0.3
Sn (methanol) catalyst were similar to each other. Only a
few metallic particles were observed after calcination and
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TABLE 4

Summary of TEM and EDX Results of Pt–Sn/γ -Al2O3 Catalyst (x Indicates That No Particles Were Observed in the Sample)

0.3 Pt–0.3 Sn 0.3 Pt–0.3 Sn 0.3 Pt–0.3 Sn 0.3 Pt–0.3 Sn 0.3 Pt–0.3 Sn 1 Pt–1 Sn 3 Pt–3 Sn
patent Sn first Pt first Coimpreg. methanol Sn first Pt first

1. Dried x x x x
2. Calcined x x x x x x 5–10 nm

Pt
3. Reduced x Few Pt Few Pt, x ∼2–5 nm, Few Pt–Sn, <20 nm

few Pt–Sn most Pt, few Pt Pt
few Pt–Sn Pt–Sn

4. Reoxidized x Few Pt ∼2–5 nm, Few Pt ∼2–4 nm Few Pt, <20 nm,
few Pt Pt, few Pt–Sn most Pt,

Pt–Sn few Pt–Sn
5. Reduced x ∼2–3 nm, ∼2–4 nm, Few Pt ∼2–4 nm ∼2–5 nm, <20 nm,

few Pt few Pt Pt few Pt most Pt–Sn,
a few Pt–Sn minor Pt–Sn

6. Reoxidized <5 nm, <10 nm,
most Pt, most Pt,
minor Pt–Sn minor Pt–Sn

7. Reduced ∼5–10 nm,
most Pt–Sn,
minor Pt

8. After <3 nm, <15 nm, <20 nm, <20 nm, <20 nm, <80 nm, <100 nm,
reforming few Pt a few Pt–Sn, a few Pt–Sn, a few Pt–Sn, a few Pt–Sn, a lot Pt–Sn, a lot Pt–Sn,

minor Pt minor Pt minor Pt minor Pt minor Pt minor Pt

reduction. A micrograph (Fig. 1a) and the corresponding
EDX spectrum (Fig. 1b) show a particle on the alumina
support for the 0.3 Pt–0.3 Sn (Sn first) catalyst after being re-
oxidized. The EDX spectrum was generated by an electron
probe centered on the particle, the diameter of the probe

FIG. 1. 0.3 wt% Pt–0.3 wt% Sn/γ -Al2O3 (Sn first) catalyst after reox-
idation: (a) TEM micrograph; (b) EDX spectrum from the particle and
the surrounding area indicated by arrows in the figure.

being approximately equal to the distance between the two
arrows in Fig. 1a. The Al and O come from the alumina sup-
port, C from the carbon film, and Cu from the copper grids.
The position of Cl, SnLα and SnLβ are also indicated.

No platinum or tin particles were ever observed for the
0.3 Pt–0.3 Sn (patent) catalyst before it was used in oc-
tane reforming. Although it was not possible to observe
supported platinum particles smaller than 1 nm in diame-
ter using the microscope, it is not unreasonable to suppose
that there were some very small platinum particles (<1 nm)
supported on the surface of the alumina. Indeed, EDX sig-
nals due to platinum and tin were obtained over a large
thick area of the specimen where no particles could be seen
using the microscope. Such small platinum particles have
been observed in Pt–Re/γ -Al2O3 reforming catalyst (38).
A general survey of TEM investigations over a number
of areas showed that particle number densities (number
of TEM-visible metal particles per unit area) were quite
small for most of the 0.3 Pt–0.3 Sn catalysts, indicating that
both the platinum and the tin/tin oxide in all of the four
catalysts, 0.3 Pt–0.3 Sn (Sn first), 0.3 Pt–0.3 Sn (Pt first),
0.3 Pt–0.3 Sn (patent), and 0.3 Pt–0.3 Sn (coimpreg.), were
well dispersed.This is in agreement with the CO chemisorp-
tion investigations. However, the particle number density
for the 0.3 Pt–0.3 Sn (methanol) catalyst was higher. The
particle sizes observed by TEM were also larger. A mi-
crograph and the corresponding EXD results from a parti-
cle and the surrounding area are shown in Figs. 2a and 2b,
respectively.
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FIG. 2. 0.3 wt% Pt–0.3 wt% Sn/γ -Al2O3 (methanol) catalyst after
calcination and reduction: (a) TEM micrograph; (b) EDX spectrum from
the particle and the surrounding area indicated by arrows in the figure.

ii. 1.0 Pt–1.0 Sn catalyst. No particles were detected
prior to reduction. Figure 3a shows a TEM micrograph of
the 1.0 Pt–1.0 Sn catalyst precursor after calcination in air
at 673 K. The EDX spectrum of the dark area indicated by
the two arrows on the micrograph showed that although

FIG. 3. 1.0 wt% Pt–1.0 wt% Sn/γ -Al2O3 catalyst precursor after cal-
cination in air at 673 K: (a) TEM micrograph; (b) EDX spectrum from
the dark area indicated by two arrows. The EDX results show that the
elemental ratio for the dark circle is Sn/Pt = 10.

FIG. 4. 1.0 wt% Pt–1.0 wt% Sn/γ -Al2O3 catalyst precursor after re-
oxidation: (a) TEM micrograph; (b) EDX spectrum from the particle and
the surrounding area indicated by arrows in the figure. Quantitative EDX
results show that the elemental ratio is Pt/Sn = 1.5 for the particle.

both tin and platinum were present in the area of contrast
the tin predominated. Quantitative EDX analysis revealed
that the elemental ratio of Pt/Sn was about 1/10 for this
area. Thus the contrast was mainly due to tin or tin oxide.
The morphology of this tin or tin oxide was obviously dif-
ferent from that of a platinum particle which was usually
circular (e.g., Fig. 1a). The gradual change of contrast across
the border indicated that the tin or tin oxide interacted with
the alumina support.

After reduction, some platinum and Pt–Sn alloy parti-
cles were observed in this catalyst. More metallic particles
were found-after the catalyst was reoxidized and then re-
duced for a second time. Qualitatively, the particle number
density was higher after the second reduction than that for
the freshly calcined and reduced catalyst. Figure 4a shows
a particle on the alumina support after reoxidation of the
catalyst, and the EDX spectrum for this particle (Fig. 4b)
provided evidence that the particle was a Pt–Sn alloy. Plat-
inum particles were also observed in the reoxidized and
reduced catalyst.

iii. 3.0 Pt–3.0 Sn catalyst. A survey of a number of areas
of the 3% Pt/Sn catalyst showed that the average particle
size and particle number density were larger than those ob-
served for all the other catalysts studied in this work prior
to their use in reforming. This made the analysis of the com-
position of the particles more accurate and reliable. A study
of more than 100 metallic particles for the catalysts before
and after reduction showed (Table 4) that most of parti-
cles in the calcined or reoxidized catalyst precursor were
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FIG. 5. 3.0 wt% Pt–3.0 wt% Sn/γ -Al2O3 catalyst precursor after reox-
idation: (a) TEM micrograph and micro-beam diffraction for the particle
indicated by arrows; (b) EDX spectrum from the particle indicated by
arrows in the figure. Elemental ratio is Pt/Sn = 2.5 for the particle.

platinum while most of the particles were alloyed Pt–Sn
in the reduced catalyst, and several sequential reoxidation
and reduction cycles resulted in the formation of more al-
loy particles. Figure 5a shows a few quite large particles on
the alumina support and EDX analysis (Fig. 5b) showed
that one of the particles (indicated by arrows in the micro-
graph) had an elemental ratio of Pt/Sn = 2.5. A microbeam
diffraction pattern (insert in Fig. 5a) taken from the same
area used to generate the EDX spectrum (Fig. 5b) was in-
dexed as the [110] pattern for either the face-centered cubic
(fcc) platinum or the fcc Pt3Sn structure. The fact that the
stoichiometry of the particle was Pt/Sn = 2.5 and the MBD
a single-phase diffraction pattern indicates that the particle
was crystalline Pt3Sn. Smaller platinum particles about 4–
10 nm were also observed in this catalyst. Figure 6 shows a
few platinum particles on the alumina for the 3.0 Pt–3.0 Sn
catalyst after reoxidation and a second reduction.

c. Catalysts after Use in Octane Reforming

i. 0.3 Pt–0.3 Sn catalysts. There were no large differ-
ences in the TEM results for 0.3 Pt–0.3 Sn (Sn first), 0.3
Pt–0.3 Sn (Pt first), 0.3 Pt–0.3 Sn (coimpreg.), and 0.3 Pt–
0.3 Sn (methanol) catalysts after use in octane reform-
ing reactions. Particle aggregation was evident for the 0.3
Pt–0.3 Sn catalysts after use in reforming reactions. Parti-
cles were usually larger than the particles in the respec-
tive unused catalysts and most of them were Pt–Sn alloy
particles.

FIG. 6. TEM micrograph of 3.0 wt% Pt–3.0 wt% Sn/γ -Al2O3 cata-
lyst after reoxidation and a second reduction. EDX results show that the
particles indicated by the arrows are platinum.

Figure 7a shows a few particles on the alumina support
for the 0.3 Pt–0.3 Sn (Sn first) catalyst after use in octane
reforming. EDX analysis for one of the larger particles (in-
dicated by arrows in the figure) proved that this was a Pt–Sn
bimetallic particle. A similar micrograph for the 0.3 Pt–0.3
Sn (Pt first) catalyst after use in octane reforming is shown
in Fig. 8a and the EDX (Fig. 8b) analysis for the large par-
ticle (indicated by arrows) showed that the elemental ratio
was Pt/Sn = 0.87 for the particle. Figure 9a shows an im-
age of the 0.3 Pt–0.3 Sn (coimpreg.) catalyst after use in
reforming. The corresponding EDX spectrum for the par-
ticle is shown in Fig. 9b and the particle was shown to be
mainly platinum with Pt/Sn = 10.

FIG. 7. 0.3 wt% Pt–0.3 wt% Sn/γ -Al2O3 (Sn first) catalyst after use
in octane reforming: (a) TEM micrograph; (b) EDX spectrum from the
particle and the surrounding area indicated by arrows.
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FIG. 8. 0.3 wt% Pt–0.3 wt% Sn/γ -Al2O3 (Pt first) catalyst after use
in octane reforming: (a) TEM micrograph; (b) EDX spectrum from the
particle and the surrounding area indicated by arrows. Elemental ratio in
Pt/Sn = 0.87 for the particle.

Only a few small platinum particles were observed for the
0.3 Pt–0.3 Sn (patent) catalyst after use in reforming. This
indicates that the high-temperature calcination treatment
used in the preparation of this catalyst resulted in strong
metal–support interactions between the tin and alumina,

FIG. 9. 0.3 wt% Pt–0.3 wt% Sn/γ -Al2O3 (coimpregnated) catalyst
after use in octane reforming: (a) TEM micrograph; (b) EDX spectrum
from the particle and the surrounding area indicated by arrows. Elemental
ratio is Pt/Sn = 10 for the particle.

possibly also involving platinum which resisted particle ag-
gregation during the octane reforming reactions.

ii. 1.0 Pt–1.0 Sn catalyst. Particle aggregation and fur-
ther alloy formation occurred after the 1.0 Pt–1.0 Sn cata-
lyst had been used for octane reforming. Large particles of a
few tens of nanometers in diameter were found and most of
them were bimetallic particles. However, the composition
of the particles was found to vary from particle to particle.
MBD was carried out for some particles in addition to the
EDX analysis in order to identify the structural phase of
the particles.

Figure 10 shows a large particle on alumina. EDX anal-
ysis showed that the particle consisted of platinum only.
The inset MBD is the [110] pattern of the crystalline plat-
inum. The distances of platinum diffraction spots 111 and
002 were used as a standard for calibration of the cam-
era length of the MBD mode. Figure 11a shows another
particle and the corresponding EDX spectrum (Fig. 11b)
for the area (a part of the particle) indicated by two ar-
rows on the micrograph. The composition of the section of
the particle in the selected area was found to be Pt/Sn =
0.92 and the MBD pattern inset was indexed as the [121]
pattern of the PtSn hcp structure. Therefore the existence of
the PtSn alloy phase was identified in the reactor-discharged
1.0 Pt–1.0 Sn catalyst by both the EDX and MBD analysis.

Figure 12a shows a particle supported on the alumina.
The MBD pattern from a selected area of the particle
(indicated by two arrows) was inserted onto the micro-
graph and the corresponding EDX spectrum is shown in
Fig. 12b. Quantitative EDX analysis showed that the stoi-
chiometry for the area studied was Pt/Sn = 2.0. However,
the diffraction pattern did not correspond to any known Pt–
Sn bimetallic phases listed in Table 1. The lattice distances
corresponding to diffraction spots a, b, c, and d (Fig. 12a)
are at 0.228, 0.171, 0.197, and 0.137 nm, respectively. It is
unlikely that these lattice distances can be assigned to the

FIG. 10. TEM micrograph of 1.0 wt% Pt–1.0 wt% Sn/γ -Al2O3 cata-
lyst after use in octane reforming. EDX results show that the particle is
platinum. Insert [110] MBD pattern of the crystalline platinum.
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FIG. 11. 1.0 wt% Pt–1.0 wt% Sn/γ -Al2O3 catalyst after use in octane
reforming: (a) TEM micrograph; (b) EDX spectrum from the area indi-
cated by two arrows. The inset MBD pattern in (a) is the [121] pattern of
the crystalline PtSn hcp structure. Quantitative EDX results show that the
elemental ratio is Pt/Sn = 0.92 for the particle.

distorted [110] pattern of the fcc Pt3Sn because the variation
of lattice distance would then be too large (>0.03 nm). The
results therefore point to the existence of another Pt–Sn
bimetallic phase with stoichiometry approximately Pt2Sn.
However, further work is needed to confirm this.

FIG. 12. 1.0 wt% Pt–1.0 wt% Sn/γ -Al2O3 catalyst after use in octane
reforming: (a) TEM micrograph; (b) EDX spectrum from the area indi-
cated by two arrows. Quantitative EDX results show that the elemental
ratio is Pt/Sn = 2.0 for the particle.

iii. 3.0 Pt–3.0 Sn catalyst. Very large particles up to
100 nm were observed for the 3.0 Pt–3.0 Sn catalyst
after use in octane reforming. Most large particles were
bimetallic particles although single platinum particles were
also found. EDX results showed that the elemental ratio of
Pt/Sn was much greater than one for some areas but much
less than one for some other areas, indicating a nonuniform
distribution of the two elements in this catalyst.

d. Metal Distributions

To understand the distribution of metals in the bimetallic
catalyst, further investigations were carried out by varying
the probe size of the electron beam used in the EDX ex-
periment. To do this experiment, an area of the sample was
selected that contained a single large particle and a rea-
sonably uniform thickness of alumina support around the
particle. Initially, a beam about the same size (∼10 nm) as
the particle was used to generate a EDX spectrum, and the
beam was then defocused (underfocused or overfocused)
to the larger size of 100 nm to obtain another spectrum.
The collection time was generally around 100 s. The dead
time and counts per second were kept the same for ev-
ery spectrum. When the beam is spread, the total current
of the beam will remain the same, so its intensity will de-
crease with the square of the beam size. At the same time,
the specimen material included within the beam will in-
crease as the square of the beam diameter. This means that
the EDX intensity should be a constant if one element is
uniformly distributed. Further spectra were collected using
200- and 500-nm-diameter beams, respectively. The inten-
sities of platinum and tin were then plotted as a function
of the beam size (Fig. 13). For comparison, a theoretical
platinum intensity curve is also included. This was derived
by assuming that only the platinum particle was present on
the alumina.

Figure 13 shows the intensities of platinum and tin as
a function of the probe size for the 1.0 Pt–1.0 Sn cata-

FIG. 13. The EDX intensities of platinum and tin as a function of the
probe size for the 1.0 wt% Pt–1.0 wt% Sn/γ -Al2O3 catalyst after reoxida-
tion and a second reduction.
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lyst after being reoxidized and reduced for a second time.
The platinum intensity was found to be almost constant
when the beam diameter was greater than or equal to 100
nm. The theoretical intensity curve based on a single plat-
inum particle at the center of the beam shows that the in-
tensity should actually be zero when the beam is 100 nm
or more. This indicated that a second type of platinum
species was also present. This platinum species may con-
sist of very small platinum particles which could not be re-
solved by the microscope when they were supported on
alumina. This hypothesis is supported by our previous as-
sumption that small (<1 nm) particles were present in the
catalysts. This is also in agreement with previous work in
this laboratory (52) in which quantitative X-ray diffraction,
hydrogen chemisorption, and high-resolution electron mi-
croscopy studies showed that the average platinum particle
size was 0.9 nm in 0.5 wt% Pt/γ -Al2O3 catalysts. For tin, the
intensity was almost a constant. This suggests that tin or tin
oxide was distributed as a TEM-invisible even layer of small
particles supported on the surface of alumina. The tin inten-
sity was higher than the platinum intensity when the beam
was large enough so that the tin intensity from the electron-
illuminated area representing the average concentration of
tin in the catalyst was due to the fact that the two elemental
sensitivity factors are different for platinum and tin. When
the metal loadings are the same for platinum and tin, as in
this catalyst, IPt/ISn = KSn/KPt = 1.682/2.398 = 0.7.

This variable beam size experiment was repeated for the
1.0 Pt–1.0 Sn catalyst after use in reforming. Figure 14a
shows a particle on a reasonably uniform thickness alumina
support. The particle was found to be a Pt–Sn alloy particle.
The experimental EDX intensities for platinum and tin as a
function of the beam diameter are shown in Fig. 14b. A the-
oretical EDX intensity curve is also presented. This was ob-
tained by assuming that only the single particle was present
at the center of the area. This particle would produce the
same tin intensity as the experimental one when the elec-
tron probe was the same size as the particle. It was found
that the experimental intensities of tin were twice as large
as the theoretical intensities when the beam diameter was
larger than 300 nm. The difference between the experimen-
tal and the theoretical platinum intensities was smaller. This
indicated that another tin and platinum species was present.
However, the difference between the experimental and the
theoretical intensities was smaller than that observed for
the unused catalyst. This indicated that particle sintering
(or aggregation) resulted in the loss of neighboring small
particles.

e. Ex Situ Studies

Ex situ studies were carried out using both calcined and
reduced catalysts and catalysts after use in reforming. The
TEM results for these oxygen-free prepared samples were
identical to those obtained using the standard procedure of

FIG. 14. 1.0 wt% Pt–1.0 wt% Sn/γ -Al2O3 catalyst after use in octane
reforming: (a) TEM micrograph; (b) The EDX intensities of platinum and
tin as a function of the probe size. The particle is an alloyed PtSn.

passivation of the reduced/reactor discharged samples in
1 vol% air/helium. Furthermore, subsequent exposure of
the ex situ samples to air for up to 24 h did not change the
particle morphology or size, indicating that the platinum
and tin oxide were stable at room temperature in air.
Moreover, TEM results for the catalysts which had been
aged in air at room temperature for 2 months did not differ
greatly from the results discussed above. Collectively, these
data show that the observed results are representative
of the particle morphology and size distribution of the
catalysts in the reactor.

DISCUSSION

Chemisorption studies for EUROPT-3 showed that plat-
inum was well dispersed and, indeed, no metal particles
were observed by TEM prior to reforming (38). The plat-
inum was also well dispersed in all of the 0.3 Pt–0.3 Sn
bimetallic catalysts with only a few small platinum particles
being observed by TEM prior to reforming. TEM and EDX
studies of 0.3 Pt–0.3 Sn (Sn first), 0.3 Pt–0.3 Sn (Pt first), and
0.3 Pt–0.3 Sn (coimpreg.) catalysts after use in octane re-
forming showed that particle aggregation had occurred in
each case to form particles up to 20 nm in size. Although
some platinum particles were still detected, the majority of
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the particles were bimetallic with a Pt/Sn ratio of 1/1. There
was also a significant number of very small TEM-invisible
(<1 nm) platinum particles in all of the catalysts. A similar
particle size distribution was observed in EUROPT-3 after
it had been used in octane reforming. A significant number
of small Pt particles (<5 nm) were observed together with
larger particles (<20 nm) in EUROPT-3 after it had been
used in reforming (38).

The steady-state conversion of octane was higher for the
0.3 Pt–0.3 Sn (Sn first), 0.3 Pt–0.3 Sn (Pt first), and 0.3 Pt–
0.3 Sn (coimpreg.) catalysts than for EUROPT-3, and 0.3
Pt–0.3 Sn (Sn first) and 0.3 Pt-0.3 Sn (coimpreg.) catalysts
gave the highest steady-state selectivities for both aromat-
ics and isomerized products of all the catalysts studied. The
selectivity for 0.3 Pt–0.3 Sn (Pt first) was much lower. Since
the dispersion, extent of alloying and composition of the
alloy were similar in all three catalysts, the observed dif-
ferences in selectivity may be related to differences in the
modification of the small platinum particles. The modifica-
tion would arise from interaction between platinum and tin
or tin oxide leading to changes in he electronic properties of
the platinum (25). Alternatively, the observed differences
in selectivity may be due to variations in the precursor state.
The 0.3 Pt–0.3 Sn (Pt first) differed from the 0.3 Pt–0.3 Sn
(coimpreg.) and 0.3 Pt–0.3 Sn (Sn first) catalysts in that the
complex [Pt (SnCl3)2Cl2]2− was thought to be formed during
the impregnation step (see Experimental section). Previous
studies (53) have shown that reduced [Pt (SnCl3)Cl2]2−/γ -
Al2O3 is a poorer catalyst for both cyclohexane dehydro-
genation and cyclopentane hydrogenolysis compared with
Pt–Sn/γ -Al2O3 prepared by either a coimpregnation route
or by successively impregnating the support with SnCl2 and
H2PtCl6 in accordance with our findings.

The 0.3 Pt–0.3 Sn (methanol) catalyst differed from the
0.3 Pt–0.3 Sn (Sn first) catalyst only in that methanol rather
than water was used for impregnation of the metal salts. This
had an effect on the structure of the catalyst, with a poorer
platinum dispersion and more alloy formation occurring
on reduction for the 0.3 Pt–0.3 Sn (methanol) catalyst. This
resulted in the conversion and selectivity to aromatics being
lower for the 0.3 Pt–0.3 Sn (methanol) than for the 0.3 Pt–
0.3 Sn (Sn first) catalyst.

The platinum dispersion for the 1.0 Pt–1.0 Sn catalyst
was comparable to that of all the 0.3 Pt–0.3 Sn catalysts,
and it showed the highest steady-state conversion of octane.
This may reflect the increase in the number of small TEM-
visible and -invisible platinum particles in the catalyst. The
steady-state selectivity to aromatics was slightly higher than
that for EUROPT-3. This may have been due to electronic
modification of the very small platinum particles and/or
alloy formation. There was no significant variation in the
yield of cracking products at the steady state for any of
the 0.3 Pt–0.3 Sn and the 1.0 Pt–1.0 Sn catalysts, and they
were approximately the same as that for EUROPT-3 (37),

indicating that the tin was not modifying the acidity of the
support.

The 3.0 Pt–3.0 Sn catalyst had a poor platinum disper-
sion and fairly extensive Pt–Sn alloy formation occurred
on reduction. It was a very poor reforming catalyst that
aggregated extensively during reaction. It is likely that the
high concentration of tin poisoned the catalytically active
platinum sites, as discussed previously (54).

TEM and EDX results showed that platinum and tin
tend to be alloyed and Pt–Sn alloys were readily formed
in the bimetallic catalysts as evidenced by the observed al-
loys in all of the bimetallic catalysts after either several
oxidation and reduction cycles or after use in octane re-
forming. It is likely that both the electronically modified
platinum particles and the small Pt–Sn alloy particles con-
tributed to the improved selectivity and stability of the
bimetallic reforming catalysts. Alloy formation would fa-
vor the formation of small platinum ensembles by dilut-
ing the particle surface. Reactions such as aromatization,
which take place on either single platinum atom sites or
small ensembles, were therefore enhanced and undesired
reactions such as hydrogenolysis and coke formation that
require larger ensembles were inhibited (14, 16–18). Alloy
formation may also lead to platinum redispersion during the
reactivation process. Evidence for this is provided by the ob-
servation that the 1.0 Pt–1.0 Sn and 3.0 Pt–3.0 Sn catalysts
were composed mainly of Pt–Sn alloy particles after reduc-
tion but the majority of the particles were platinum after
reoxidation.

It would therefore appear that the increased selectivity
of the Pt–Sn/ γ -Al2O3 catalysts compared to Pt/γ -Al2O3

results from the complex interplay between the electroni-
cally modified platinum by tin/tin oxide and the formation
of Pt–Sn alloys. The overall conversion was governed by
the number of surface platinum atoms.

CONCLUSIONS

(1) The Pt–Sn/γ -Al2O catalysts contained a significant
number of TEM-invisible platinum particles less than 1 nm
in diameter in addition to larger TEM-visible particles.

(2) The majority of the tin was found in the ionic Sn(II)
state for the catalyst after reduction at 673 K. However, a
small amount of the tin was reduced to the metallic state
after reduction at 673 K in hydrogen in the presence of
platinum, and Pt–Sn alloys were formed in the bimetallic
catalysts. The extent of alloy formation increased with in-
creasing metal loadings. Most of the alloy particles were
PtSn. Pt–Sn clusters with other stoichiometries as well as
platinum particles were also observed for the bimetallic
catalysts.

(3) More bimetallic particles were formed after several
reoxidation and reduction cycles, indicating that platinum
and tin tend to form alloys in the bimetallic catalysts.
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(4) Particle aggregation occurred during the reforming
reaction. Most of the large particles were alloy particles. The
major alloy phase was PtSn. Platinum and other composi-
tions of Pt–Sn alloys were also observed for the catalysts
after octane reforming.

(5) Catalyst performance was found to be dependent on
the way in which the catalyst was prepared.
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