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Pt–Sn/Al2O3 bimetallic catalysts have been prepared using
organometallic precursors and characterized. Two models depend-
ing on average platinum particle size are proposed in order to
describe these solids. The catalyst obtained from a highly dis-
persed monometallic precursor may be described as Pt/SnOx/Al2O3

with platinum probably in interaction with tin oxide. When the
monometallic precursor has low dispersion, the bimetallic system
may be described as PtSn0 + SnOx/Al2O3. c© 1996 Academic Press, Inc.

1. INTRODUCTION

Alumina supported platinum–tin catalysts are of major
importance in refining and petrochemistry. Tin addition is
now well known to increase the selectivity of such catalysts
toward aromatics in naphtha reforming. This system is also
used, for example, in the dehydrogenation of isobutane.
However, the effect of tin is not clearly understood today.

Although few papers are dedicated to a comparison of
the physicochemical and catalytic properties of such sys-
tems (1–3), it seems that the preparation technique is of
great importance in determining these properties. Alu-
mina supported platinum–tin systems may be obtained us-
ing the sol–gel technique (4), impregnation, and solvated
metal atom dispersion (SMAD) (5–7), as well as by surface
organometallic chemistry (8, 9).

From a structural point of view, most studies are related
to model samples. Surface alloy phases such as Pt3Sn or
Pt2Sn have been obtained by tin vapor deposition on Pt
(111) monocrystals followed by annealing treatments (10).
The PtSn alloy has been obtained in the same way for a
(100) Pt orientation (11). Some studies have been devoted
to model catalysts for which either particles or supports are
considered as models. The former are generated by coevap-
oration of platinum and tin or by SMAD, and very small
and/or amorphous Pt–Sn particles have been detected (6).
A microstructural study of Pt–Sn particles on amorphous
silica (12) may be given as an example of the use of model

1 To whom correspondence should be addressed.

supports. After H2 treatment, intermetallic compounds are
formed and, after oxidation, particles are described as plat-
inum crystallites decorated by small SnO2 crystals both in
contact with SiO2. In the case of practical catalysts, alloy
formations (PtSn, Pt2Sn, and PtSn2) have been observed
after thermal treatment on spinel oxide supports ZnAl2O4

and MgAl2O4 (13). For alumina or silica supports, results
depend on the preparation technique used. When the met-
als are introduced together by use of a bimetallic complex
(Pt3Sn8Cl20)2− (14) or by coimpregnation of H2PtCl6 and
SnCl4 (15, 16), the PtSn alloy (14, 15) or bimetallic particles
(14) are formed. However, for a similar preparation neither
metallic tin nor alloy formation was detected by other au-
thors (17). For platinum deposited on a tin–alumina copre-
cipitate, microdiffraction patterns have been interpreted as
Pt–Sn alloy patterns, but only platinum was detected on the
majority of particles, and XRD (X-ray diffraction) showed
no evidence of alloy formation (15). EXAFS (extended X-
ray absorption fine structure) data on the same type of sam-
ples led to the conclusion that platinum particles were on
the support surface containing Sn2 + ions (16).

The oxidation states of tin and platinum are also of great
interest. Work on the reducibility of oxidized catalysts has
mainly focused on Pt–Sn particles supported on chlorine
doped alumina. It has been established that interaction be-
tween platinum and tin is obtained using coimpregnation
(2, 3) and by calcination at a temperature higher than 500◦C
when successive impregnations are used (9). It has also been
established that reduction of tin is favored in the presence of
platinum (9). Hydrogen consumption has shown that both
metals are never totally reduced. Thus the alloy phase is
never formed alone. However, many different results have
been reported, probably because of different preparation
techniques and different treatments.

In reduced bimetallic systems obtained by nonconven-
tional methods (SMAD) (5, 6) and using an organometallic
precursor for preparation (18), both Pt and Sn are metal-
lic. When more conventional preparation techniques are
used, SnIV, detected by Mössbauer spectroscopy, is always
present on catalysts even after reduction at 500◦C. The
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SnIV/Sntotal ratio depends on the type of support (19), the
Sn/Pt ratio (20), the metal and chlorine loadings (21), and
the particle size (22). The exact nature of the phase contain-
ing SnIV is still a subject of discussion. SnII was also seen by
Mössbauer spectroscopy and its percentage is related to
the type of support. For a given support, discrepancies in
reported results indicate that conditions of preparation and
of observation have to be taken into account. Finally, many
studies focused on the detection of metallic tin, and again
results vary widely on this subject. In some cases, no metallic
tin has been found (19, 23, 24). If it is present, its percent-
age is related to the presence of chlorine (24), preparation,
specific area (25, 26), metal loadings (21), Sn/Pt ratios, and
supports. Metallic tin is present either in Pt–Sn alloys or as
isolated metallic tin.

Thus, the role of tin and its oxidation state in alumina
supported Pt–Sn catalysts after activation treatments have
been extensively reported. However, the oxidation state of
tin, the different platinum tin phases, and the electronic
modification of platinum by tin are still subjects of discus-
sion. They seem to depend on the Pt/Sn ratio, methods used
to prepare catalysts, including precursors and the type of
impregnation, and metallic particle sizes. The aim of the
present work is to attempt to elucidate the sate and the role
of tin in alumina supported platinum–tin catalysts. For this,
monometallic platinum and bimetallic catalysts were pre-
pared using organometallic precursors. According to previ-
ous studies, “well defined catalysts” may be obtained by this
technique. We have focused our study on the influence of
tin loading and of particle size on the structure of bimetallic
catalysts and on the electronic effect of tin on platinum. Cat-
alysts have been described in terms of dispersion, surface
composition, oxidation state, and electronic interactions.
For the latter, we used a variety of investigation techniques,
described in the literature, to determine the amount of elec-
tronic transfer between metals in bimetallic systems such as
infrared studies of adsorbed carbon monoxide, orthoxylene
hydrogenation, and already published XANES (X-ray ab-
sorption near edge structure) experiments. This study made
a comparison of results from these techniques to evaluate
their ability to determine the “electronic effect” in bimetal-
lic catalysts.

2. EXPERIMENTAL

Preparation of catalysts. The support used was a γ alu-
mina with a surface area of 200 m2/g and a pore volume
of 0.6 cm3/g. Before use, the support was calcined for 2 h
at 530◦C in air. A highly dispersed monometallic catalyst
(M1) was obtained by excess impregnation of the alumina
using platinum bisacetylacetonate in toluene (using a sol-
vent to support mass ratio of 5 and a complex to competitor
(acetylacetone) ratio of 0.2). The impregnation was carried
out at room temperature under steady-state conditions for

TABLE 1

Characteristics of the Catalysts and Chemisorption Results

Dispersion
by titration

Samples Pt wt% Sn wt% (%) H2/Pt

Sn 0.00 0.23 0.00
M1 0.68 0.00 87 0.52
B11 0.68 0.38 0.31
B12 0.69 0.62 0.23
B13 0.69 0.82 0.22
M2 2.06 0.00 63 0.35
B21 2.10 1.05 0.18
B22 2.10 1.44 0.13
B23 2.10 1.53
M3 2.40 0.00 51 0.28
M4 3.30 0.00 32 0.29
B41 3.26 0.44 0.24
B42 3.28 1.16 0.14
B43 3.39 1.32 0.14

72 h. After filtration, the catalyst was dried for 12 h at 120◦C,
calcined for 2 h at 530◦C in an air stream, and then reduced
under hydrogen at 450◦C. In order to obtain lower disper-
sions (samples M2, M3, and M4), the reload technique (27)
was employed. Here platinum bisacetylacetonate was de-
composed under hydrogen on the reduced monometallic
catalyst. The presence of a competitor (acetylacetone) fa-
vored the decomposition of the complex on the metal rather
than on the support. The catalysts were then filtered, cal-
cined at 350◦C, and reduced at 450◦C.

Bimetallic catalysts were prepared from Pt/Al2O3

monometallic catalysts. After a reduction at 450◦C for 2 h
under hydrogen, the sample was transferred under nitrogen
in a reactor filled with n-heptane. After hydrogen purge for
1 h at 80◦C, a quantity of tetrabutyl tin was introduced in
order to obtain the Pt/Sn ratio desired. After impregnation
at 80◦C (until C4 compounds were no longer produced),
the catalyst was washed with n-heptane, dried for 12 h at
120◦C, and reduced at 450◦C. Bimetallic samples are de-
noted “Bmn” where n corresponds to the reference of the
monometallic catalyst used for their preparation and m to
the order of increasing tin content.

A monometallic catalyst, referred to as Sn, containing
0.23 wt% of tin was also prepared following similar prepa-
ration techniques.

The characteristics of all the solids are given in Table 1.

Chemisorption. Experiments were performed using a
χSorb apparatus. Catalysts were reduced at 500◦C. After
quenching under hydrogen at room temperature, the ad-
sorption of hydrogen was measured. A stoichiometry of
one atom of hydrogen per atom of Pt was used to deter-
mine the accessibility of platinum. For the monometallic
catalysts, chemisorbed hydrogen was titrated by oxygen.
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This last measurement gives the dispersion of the metallic
phase.

Transmission electron microscopy (TEM). TEM was
carried out on a JEOL 2010 at 200 kV. Samples were
crushed in ethanol and deposited on a copper grid coated
with a perforated carbon film. A VG HB5 scanning trans-
mission electron microscope (STEM) (100 kV) equipped
with a TRACOR TN524 X-ray energy dispersive spectrom-
eter (X-EDS) was used for local analysis.

Temperature programmed reduction (TPR). TPR was
performed on a χSorb apparatus with 5% H2 in Ar. Samples
were calcined at 530◦C before reduction, and the heating
ramp was 5◦C/min.

X-ray photoelectron spectroscopy (XPS) and low-energy
ion scattering (LEIS). Experiments were performed in an
ESCALAB 200R system from Fisons Instruments, with a
base pressure lower than 3 × 10−10 mbar. Catalysts were
studied both after calcination and after reduction. Reduced
catalysts were transferred under hydrogen from the reactor
to the vacuum chamber. XPS analysis was performed using
the Mg source on the dual anode source. The pass energy
of the hemispherical electron analyzer was 50 eV, and the
collection angle of the photoelectrons with respect to the
plane of the surface was 90◦. XPS measurements provided
quantification of the surface Pt/Sn ratios and a study of the
oxidation state of tin. Determination of the oxidation state
of platinum is difficult as the Pt 4f signal is superimposed
with that of aluminum, and the Pt 4d signal was too noisy
to be used for this determination. The Pt 4d signal was used
for quantification only. Reduction conditions were as fol-
lows: 5◦C/min, Tmax = 500◦C for 2 h, H2 = 12 liter/h. LEIS
measurements were performed with 1 keV He+ ions at a
scattering angle of 150◦. The intensity of the primary beam
was fixed at 20 nA into an impact spot of around 1 mm
diameter. In these experimental conditions, we determined
the LEIS relative sensitivity factors of Sn and Pt by analyz-
ing a Pt3Sn(111) face lent by Bardi and colleagues and for
which they found that the first atomic layer has the same
composition as the bulk (28).

Infrared spectroscopy coupled with CO chemisorption
(IR(CO)). IR(CO) was carried out by a DIGILAB FTS80
interferometer. The sample (20 mg) was pressed under 200
kg/cm2 and placed in an in situ cell. The disk diameter was
16 mm. A pretreatment was applied in the following con-
ditions: heating to 450◦C (5◦C/min) under a secondary vac-
uum (3.7 × 10−6 Torr), then reduction under hydrogen for
4 h, and finally 12 h under a vacuum. Carbon monoxyde (1
vol% in Ar) was introduced at 25◦C by pulses until both
the integrated surface and wavenumber of the vibration
band of linear CO adsorbed on Pt atoms were stabilized.
A dispersion of CO was obtained by heating the sample to
150◦C during 15 min under CO pressure. The sample was
then heated under secondary vacuum at 25◦C for 1 h and

then from 80◦C during 30 min by steps of 20◦C until total
CO desorption was obtained. After each step, spectra were
obtained at room temperature in transmission mode with
an accumulation time of 100 s and a resolution of 4 cm−1.

Catalytic tests. Hydrogenation of orthoxylene was cho-
sen as a test reaction in order to detect differences in elec-
tronic density of the metals. The cis-dimethylcyclohexane
is favored by a high electron density on platinum (29). A
quartz reactor with a volume of 80 cm3 and a diameter of
2.5 cm was used. Orthoxylene (Aldrich) and hydrogen (Air
Liquide) were dried before use. Samples were reduced at
450◦C under hydrogen (6 liter/h) before catalytic tests. The
reaction conditions were as follows: 0.2 to 1 g of catalyst,
150◦C, 6 liter/h of hydrogen, and 6 to 50 ml/h of orthoxylene.
Quantity of catalyst and orthoxylene flow were adjusted in
order to maintain less than 10% conversion.

3. RESULTS

Catalyst Dispersion

Dispersion values for the monometallic Pt/Al2O3 cata-
lysts were determined by H2–O2 titration. The results are
presented in Table 1. It can be seen that a range of disper-
sions was obtained. The corresponding particle sizes can be
calculated using a structural hypothesis (cubic, bipyrami-
dal, and cuboctahedral). Values obtained are 1.0, 1.8, 2.3,
and 4.0 nm, respectively, for M1, M2, M3, and M4 whatever
the model used. As shown in Fig. 1, good correlation is ob-
tained between these dispersions and hydrogen chemisorp-
tion. Hydrogen chemisorption measurements were there-
fore used to describe platinum accessibility of bimetallic
catalysts (see Table 1). It is immediately clear that addition
of tin decreases the accessibility of platinum.

Average sizes of particles were also evaluated by direct
observation by TEM. A typical micrograph is shown in
Fig. 2 with the corresponding histogram established from
measurements of about 300 particles. Results obtained by

FIG. 1. Correlation between dispersion and quantity of chemisorbed
hydrogen.
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FIG. 2. (a) Typical micrograph obtained for sample M2. (b) Histogram of the sample.

TEM are summarized in Table 2. The average size and the
size of highest frequency both shift to higher values as the
platinum loading is increased (M1, M2, and M4).

When tin is added, the evolution of particle size due to
tin additives depends on the average particle size of the cor-
responding monometallic precursor. For the highest (M1)
and the smallest (M4) initial dispersion, no evolution can
be detected. An increase in the size of highest frequency
with an increase in the amount of tin is observed, however,
for intermediate dispersion (M2 precursor).

Surface and Particle Chemical Composition
Quantitative results obtained by XPS for calcined and

reduced samples are presented in Table 3. The following re-
marks can be made taking into account the relative accuracy
of this technique (about 20%). First, it seems that reduction
does not influence the amounts of Pt and Sn detected. Sec-
ond, Pt/Sn ratios obtained by XPS are always lower than
bulk values established by X-ray fluorescence (Fig. 3). As
the depth analyzed by XPS in 4 nm, and considering average
particle sizes, only a heterogeneous distribution of Pt and
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TABLE 2

Particle Distributions Obtained from TEM Measurements

Histogram limits (nm) Size of highest
Sample (min/max) frequency

M1 0.7/2.0 1.0
B11 0.7/2.3 1.0–1.3
B12 0.7/2.3 1.0–1.3
B13 0.7/2.3 1.0
M2 0.7/5.3 1.3
B21 0.7/9.6 1.3–1.6
B22 0.7/5.6 1.6
B23 0.7/6.9 2.0
M4 1.0/5.9 2.0
B41 1.0/6.3 1.6–2.0
B42 0.7/7.3 2.0–2.3
B43 0.7/6.3 2.0–2.3

Sn can explain the result. Tin may for instance be present
as a dispersed phase with the particles mainly containing
platinum.

LEIS results are presented in Table 4 for calcined and
reduced samples. Spectra of B42 catalyst (reduced or oxy-
dized) are presented on Fig. 4. For all catalysts, a first spec-
trum was acquired in 50 s on the nonmodified surface: this
analysis is considered to be at time t = 0 s. The surface be-
ing eroded by incident He+ ions, spectra at t = 10 min and
t = 30 min were acquired in order to give a qualitative de-
scription of the profile of concentrations. Relative atomic
percentages of tin (Sn + Pt = 100%) are very high, from 70
to close to 100, indicating that the first layer is tin-rich. Tin
enrichement is generally decreased by reduction. In addi-
tion, under this first layer, the study of the profiles shows
that platinum atomic percentage increases. This evolution
is less pronounced for reduced samples than for calcined
samples. This would indicate that, after reduction, catalysts
are more homogeneous in depth.

Additional information was obtained by the study of the
local composition of sample B43 by STEM. Pt/Sn ratios

TABLE 3

Quantitative XPS Analysis after Calcination (Calc.) and Reduction (Red.).

Al 2p O 1s C 1s Sn 3d Pt 4d

Samples Calc. Red. Calc. Red. Calc. Red. Calc. Red. Calc. Red.

B11 43 43 55 56 1.4 0.0 0.26 0.27 0.06 0.05
B13 39 39 57 60 3.0 5.7 0.37 0.40 0.08 0.11
B21 44 51 4.6 0.42 0.13
B22 43 46 48 53 8.5 0.0 0.50 0.43 0.15 0.14
B41 46 47 51 52 2.3 0.0 0.27 0.26 0.24 0.31
B42 46 47 51 51 1.9 1.1 0.44 0.38 0.24 0.22
B43 47 47 51 51 1.9 1.1 0.48 0.42 0.22 0.22

Note. Results are given in at.% with a relative error estimated as 20%.

FIG. 3. Pt/Sn ratios determined by XPS as a function of Pt/Sn bulk
ratios.

of particles and of areas of support were determined. Note
that the different particle sizes are not representative to the
average sample. We have chosen particles in a wide range
of sizes to determine the effect of particle size on particle
composition. Pt/Sn atomic ratios obtained for the support
were always lower than the nominal value of 1.56 and close
to 1. Moreover, it was possible to establish that, for particles,
the Pt/Sn atomic ratio was always greater than the nomi-
nal value and increased with particle size (Fig. 5). Here, the
signals detected from the particles were corrected for the
contribution due to the support. Although the correction is
not exact due to local heterogeneity of the support compo-
sition, the resulting evolution of Pt/Sn atomic ratio versus
particle size is clear.

Oxidation State

The Sn 3d5/2 peak obtained by XPS contains two contri-
butions. The first is Sn0 with a binding energy of 484.6 eV
and the second is SnII and/or SnIV which cannot be sepa-
rated as their binding energies are too close (486.6 and 486.4
eV, respectively). The monometallic sample Sn was calcined
and used as a totally oxidized standard for these measure-
ments and gave in this case 15% Sn0 and 85% tin oxides.
This result is probably due to the background subtraction
and is considered as the limit of detection of metallic tin
for the decomposition technique used. Results obtained for
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TABLE 4

Quantitative LEIS Analysis after Calcination (Calc.) and Reduction (Red.) in Relative at.%

t = 0 min t = 10 min t = 30 min

Pt Sn Pt Sn Pt Sn

Catalysts Calc. Red. Calc. Red. Calc. Red. Calc. Red. Calc. Red. Calc. Red.

B11 10 15 90 85 23 18 77 82 29 22 71 78
B13 8 7 92 93
B21 9 11 91 89 24 21 76 79
B22 5 15 95 85 16 15 84 85
B41 18 29 82 71 43 29 57 71 56 38 44 62
B42 9 15 91 85 21 21 79 79 38 25 62 75
B43 15 16 85 84 22 25 78 75 27 29 73 71

the catalysts after calcination and after reduction are pre-
sented in Table 5. Sn0 is clearly present after calcination.
Moreover, although the percentage of Sn0 increases after
reduction, a part of oxide tin cannot be reduced. This is
clearly shown in Fig. 6 which presents Sn 3d52 decomposi-
tion for the sample B42 before the after reduction. Finally,
particle size seems to influence the reducibility of tin. In-
deed, reduction hardly changes the state of tin for samples
B11 and B13 but has a great effect for series B4. In addi-
tion, in this latter case, the fraction of Sn0 increases with the
tin loading.

TPR data can be used to determine the quantity of hy-
drogen required to reduce the sample and the tempera-
ture of maximum consumption of H2. The results are pre-
sented in Table 6. TPR profiles of monometallic percursors
M1, M2, and M4 are shown in Fig. 7a and those of sam-
ples M4, B41, and B42 in Fig. 7b. When the average size of
the particles increases, the amount of hydrogen consumed

FIG. 4. LEIS spectra of sample B42 (analysis at time = 0 s) (a) before reduction and b) after reduction.

FIG. 5. Evolution of Pt/Sn atomic ratio with particle diameter deter-
mined by XEDS.

per platinum atom decreases. This nonstoichiometric re-
duction results from the fact that the larger particles are
more difficult to reoxidize totally in the calcination pre-
ceeding TPR measurements. The reduction temperatures
also vary with average particle sizes. It is worth noting
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TABLE 5

Relative Percentages of Metallic and Oxide Tin Obtained by
Decomposition of the Sn 3d5/2 signal

After calcination After reduction

Catalysts Metallic Sn Oxidized Sn Metallic Sn Oxidized Sn

B11 27 73 28 72
B13 37 63 33 67
B21 18 82
B22 20 80 35 65
B41 27 73 41 59
B42 18 82 55 45
B43 22 78 63 37

that two types of Pt oxides are considered in the literature,
one in weak interaction with the support and the other in
strong interaction (30). The former may be reduced at low
temperatures (<100◦C), and the latter requires high tem-
peratures (300◦C). For the highly dispersed monometallic
catalyst M1, the peak of largest area is at 290◦C. A second
peak at lower temperature with a relative intensity which
increases with particle size is present (samples M2 and M4,
Fig. 7a). In the reduction of bimetallic systems, hydrogen
consumption is lower than that needed for the reduction
of PtIV to Pt0 and SnIV to SnII seen in the corresponding
monometallic systems. Either one phase (alloy-type?) is not
reoxidized and thus remains in a metallic form, or an oxide
phase is not reduced during the TPR. XANES data have

FIG. 6. Decomposition of the Sn 3d 5/2 signal in Sn metal and Sn
oxide for sample B42 (a) before reduction and (b) after reduction.

TABLE 6

TPR Results

Reduction
wt.% temperatures

Catalysts Pt Sn (◦C)a VH2 (cm3/g) H2Pt

Sn 0.23 220–400 0.35 0.76b

M1 0.68 290–175–100 (s)c 2.21 2.64
B11 0.69 0.38 150 (vl)d–275–425 1.40 1.67
B13 0.69 0.82 100–120 2.29 2.73
M2 2.06 300–75–175 3.36 1.32
B21 2.10 1.05 100 2.25 0.89
B22 2.10 1.44 100–175 (s)–450 (s) 3.51 0.93
M3 2.40 325–75 2.31 0.78
M4 3.30 325–60 2.49 0.61
B41 3.26 0.44 65–360–180(s) 2.93 0.72
B42 3.28 1.16 75 2.02 0.50

a Temperatures are given in order of decreasing peak intensity.
b H2/Sn ratio.
c Shoulder.
d Very large.

shown that platinum is fully reduced after H2 treatment
(31). Thus the first hypothesis will be retained. On adding
tin to platinum supported catalysts, the area of the high
temperature peak decreases and the low temperature peak
increases as if tin could isolate particles from the support.
The reduction peak of oxide tin is not visible, indicating that
no independent tin is present on the support.

Electronic Effects

Infrared spectroscopy coupled with CO chemisorption
allows the study of electronic effects through the frequency
shift of the stretching vibration of CO adsorbed on a plat-
inum atom. To avoid dipole–dipole interactions, νC–O fre-
quencies were measured for CO surface coverage close to
zero evaluated by extrapolation. This was obtained by ther-
modesorption of previously adsorbed CO. For the series
M1, B11, and B12, addition of tin results in a shift referred
to M1 of + 6 cm−1 (from 2033 to 2039 cm−1) interpreted as
a decrease in electronic density of the platinum atoms. No
shift was detected for series 2 with frequencies of 2037–2038
cm−1 or for series 4 with frequencies of 2040–2041 cm−1.

Orthoxylene hydrogenation has been described as a
reaction capable of measuring electronic interactions in
bimetallic catalysts (29). The reproducibility of orthoxy-
lene tests was first determined. To avoid any isomerization
of reaction products, the conversion rate had to be as low
as possible and at least below 10%. Conversion and selec-
tivity values are given with an accuracy of 5%. After this
operating time, for all catalysts, selectivities and activities
no longer varied. It was checked that the reaction was not
diffusion limited by determining an apparent activation en-
ergy of 12.1 kcal/mol in agreement with previous data (32).

Activities of the catalysts were determined, and TOF
data (molecules of orthoxylene transformed per surface
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FIG. 7. TPR profiles (a) of monometallic samples M1, M2, and M4 and (b) of samples M4, B42, and B42.

platinum atom per hour) are presented in Table 7. The
activity (or TOF) of monometallic catalysts increases with
particle size. This may be explained by an electronic effect.
If we refer to results previously obtained (33), aromatic cy-
cles with be adsorbed more strongly on the smaller particles,
which are electron deficient, than on larger particles and so
will poison the catalytic sites. Selectivites of monometallic
catalysts for trans-dimethylcyclohexane are also listed in
Table 7. Selectivity is constant except for the highest disper-
sion. This may be correlated to a low electron density for
small supported metallic particles as is commonly admitted.

As shown in Table 7, bimetallic catalyst activities are
much lower than those of corresponding monometallic sys-
tems. It is not possible to explain this result by a geometrical
effect rather than by an electronic one. Adding tin induces
a higher selectivity expect in the case of series 1. As can

be seen in the same table, tin has an opposite effect to that
of piperidine which is an electron donor compound. This
would seem to indicate that the electron density of platinum
atoms decreases by adding tin on large particles (series 4).
The effect of tin on platinum electron density also depends
on the particle size of the catalyst as can be seen in the case
of series 1.

4. DISCUSSION

Catalyst Dispersion

The reload technique is able to furnish calibrated aver-
age particle sizes. The number of chemisorbed molecules
measured by the two techniques of chemisorption used here
decreases when the number of steps of loading increases.
This corresponds to a decrease in the metal dispersion and is
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TABLE 7

TOF Activities Conversion Rates, and Selectivities of Catalysts

Selectivity
wt% Conversion toward

Catalysts Pt Sn TOF(h−1) (%) trans-DMC6 (%)

M1 0.68 1040 0.76 31.81
M1a 0.68 2.5 0.05 17.00
B11 0.69 0.38 226
B13 0.69 0.82 2.5 0.05 28.30
M2 2.06 1030 8.16 22.88
B21 2.10 1.05 <1
B22 2.10 1.44 <1 0.02 31.58
M4 3.30 4054b 3.16 21.15
M4a 3.30 2.4b 0.06 16.80
B41 3.26 0.44 383 3.08 33.10
B42 3.28 1.16 5.1 0.24 38.08

a Feed + 2 wt% of piperidine.
b Measured at 120◦C.

confirmed by histograms obtained from TEM results. These
are shifted progressively to higher sizes.

When tin is added, the quantity of chemisorbed hydrogen
decreases. Larger particle size or a selective deposit of tin
on platinum may explain this result. It has been shown by
TEM that changes in particle sizes by adding tin depend on
the average size of the monometallic precursor. Series 4 is of
particular interest. Indeed, no evolution can be seen in his-
tograms of this series. However, the H2/Pt ratio decreases
dramaticaly when tin loading increases. Therefore, it can
be concluded that tin is selectively deposited on platinum.
Changes of size due to the addition of tin on particles can-
not be visualized if the particles are too large. If we assume
that a monoatomic layer of tin is deposited on the particles,
changes in size will be too small to be detected. Observa-
tions made on series 1 and 2 may be discussed in a similar
manner. For a highly dispersed metallic phase (M1), numer-
ous particles are probably not visualized because their size
is below the detection limit (0.7 nm). When tin is added,
growth of these particles could reveal them thus changing
the histogram without modifying the size of the dominant
population. A shift of the maximum of the histograms is
clear only for series 2 and supports the hypothesis of a selec-
tive deposit of tin on platinum during catalyst preparation.
Finally, results obtained by IR(CO) showing loss of acces-
sibility of Pt by measuring the surface of the νC–O band at
150◦C were coherent with variations in H2 chemisorption
as shown in Table 8.

Surface Composition

LEIS measurements show that the first atomic layer is tin
rich whatever the particle size and the Pt/Sn nominal ratio.
In addition, this tin enrichment decreases with the depth
of analysis for calcined samples. These results confirm the
hypothesis which had to be made to explain Pt/Sn ratios

TABLE 8

Comparison of Losses of Platinum Accessibility due to Tin
Addition Determined by H2 Chemisorption and IR

H2 chemisorption IR
Samples (%) (%)

B11 40 44
B12 56 44
B21 48 45
B22 63 38
B41 17 16
B43 52 44

obtained by XPS: (Pt/Sn)XPS ratios were always lower than
nominal ratios, and only a tin enrichment may explain this
fact. Finally, XEDS analyses are in agreement with a surface
reaction of tin on platinum. Pt/Sn ratios obtained for both
support and particles show a specific reaction of tin with
accessible platinum atoms. These ratios are close to 1 for
the highly dispersed platinum on the support and increase
with the particle size.

Oxidation State

Oxidation states of tin have been determined after calci-
nation and reduction. As already said, it is possible, by XPS,
to distinguish metallic and oxide forms of tin but not the two
forms of oxidized tin. Metallic tin is present in low propor-
tion in all calcined samples (more than the 15% found for
the calcined Sn monometallic sample). Part of the tin is
difficult to oxidize and so could be present as an alloy. In
contrast, total reduction of the other part of tin is limited
in particular for highly dispersed catalysts. The proportion
of metallic tin in reduced samples increases with particle
size and, for a given particle size, with tin loading. Thus
bimetallic phases are more easily obtained for larger par-
ticles than for small ones. In this latter case, particles may
be too small to stabilize tin in the metallic state. Tin prob-
ably migrates onto the support and remains in an oxidized
state.

For all samples, both metallic and oxidized tin are de-
tected. Although platinum in Pt–Sn/Al2O3 is fully reduced
as shown by previous XANES results (31), analysis of hy-
drogen consumption shows that reduction of bimetallic
phases requires less hydrogen than reduction of the cor-
responding monometallic precursor (Table 6). Part of the
platinum probably stays in a metallic state during calcina-
tion. The formation of a bimetallic phase could again be
envisaged and is coherent with XPS results showing the
presence of metallic tin after calcination. For bimetallic
catalysts, reduction temperatures are similar to those of
platinum oxide in weak interaction with the support. Even
though tin cannot be fully reduced to the metallic form
and incorporated into an alloy, it modifies the properties of
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TABLE 9

Selectivites Toward trans-DMC6 and IR Wavenumbers
for Monometallic Samples

Dispersion Selectivity in trans- IR wavenumbers after
Samples (%) DMC6 (%) desorption (cm−1)

M1 87 31.81 2033
M2 63 22.88 2037
M3 51 23.01
M4 32 21.15 2041

platinum particles supported on alumina and seems to play
a role of buffer between particles and support.

Electronic Effects

For bimetallic systems, variations in catalytic properties
can be used to study electronic modification of the main
component due to the addition of a second metal (tin) be-
cause adsorption processes of hydrocarbons are modified
by this (29). Two techniques have been used in order to
gain information on this point: the first is a catalytic re-
action (orthoxylene hydrogenation) which is sensitive to
electronic effects, and the second is IR coupled with CO
chemisorption.

Selectivity to trans-dimethylcyclohexane in the xylene
hydrogenation reaction is highest for the smallest parti-
cles (see Table 9). Thus from catalysis results, the electronic
density of surface platinum atoms in monometallic samples
seems lowest for the smallest particle size. In contrast, IR
results (Table 9) would seem to indicate that the electronic
density is higher for the smaller particles. It is difficult to ex-
plain this result in contradiction with XANES results (34)
showing electron deficiency for small particles.

Concerning bimetallic systems, interpretations of the IR
and catalysis results again diverge. For catalytic tests, there
is an electronic transfer from Pt to Sn, whereas Pt is not
modified by Sn according to IR measurements. In this case,
the latter results are in agreement with IR results already
published (35). According to another study (21), under the
conditions of IR analysis (vacuum, temperature), reduced
tin may be reoxidized by protons of the support and be
segregated from the platinum particles.

5. CONCLUSION

The aim of this work was to characterize bimetallic Pt–
Sn/Al2O3 catalysts prepared using organometallic precur-
sors. Evolution of the different phases may be described
as a function of treatments applied to catalysts and of the
particle size by the scheme presented in Fig. 8.

As already described (18), decomposition of SnBu4 on
alumina supported platinum catalysts leads mainly to the
formation of a bimetallic phase. Upon calcination, tin is

FIG. 8. Schematic representation of different phases depending on
particle size.

mostly reoxidized whatever the particle size. Reduction of
these systems does not result in the transformation of all
of the tin to metallic tin. Considering first the highly dis-
persed systems, little metallic tin is obtained after this treat-
ment. Properties of the metallic phase are however greatly
modified (TPR). This suggests an important interaction be-
tween tin oxide and platinum, which could isolate the par-
ticles from the alumina. EXAFS experiments previously
reported have shown interaction between platinum and ox-
idized tin in the support through oxygen bonds (31). In the
case of low dispersion (particle size >2 nm), a large part
of tin is reduced. The proportion of reduced tin increases
with tin content. A bimetallic phase is obtained but does
not seem to be a stoichiometric alloy as there is segregation
of tin at the surface of the particles. For the oxidized tin, the
assumption already made for the highly disperse system is
still valid. Results of catalytic tests support those obtained
by XANES for bimetallic systems.

Two models, depending on average platinum particle size,
may thus be proposed in order to describe solids obtained
using organometallic precursors:

• A Pt/SnOx/Al2O3 system, in which platinum is proba-
bly in interaction with tin oxide, results from a highly dis-
persed monometallic precursor. For this kind of material,
catalyst properties could be due to a strong modification of
platinum particle structure rather than to an alloy effect.

• PtSn0/Al2O3 bimetallic systems are obtained from
large platinum particles. The formation of an alloy-type
phase induces electronic modification of platinum in this
case.

The bimetallic phases obtained depend on the particle
size for a given preparation technique. This may explain
discrepancies in the literature concerning these phases. The
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particle size has to be taken into account for the study of cat-
alytic properties when adding tin to platinum as the metallic
tin to oxided tin ratio is related to this particle size.
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