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bstract

The reaction mechanisms between Sn-(n-C4H9)4 and several specific types of surface sites on alumina are studied. A surface treatment is
escribed allowing the complete elimination of reactive surface sites and avoiding the anchoring of Sn-(n-C4H9)4 on the support. This surface
eactivation is applied to the preparation of bimetallic PtSn/Al2O3 catalysts by controlled selective decomposition of Sn-(n-C4H9)4 on the reduced
etallic particles of a Pt/Al2O3 catalyst. The resulting bimetallic particles are analysed by 119Sn Mössbauer spectroscopy at different stages of the

reparation procedure. The tin anchoring sites on the platinum particles are identified on the basis of their specific Mössbauer hyperfine parameters.
in atoms in contact with the support or with platinum are distinguished from those enclosed in bulk-SnO2-like agglomerates. A structural model
s proposed describing at an atomic scale the morphology of the bimetallic particles and their evolution under various heat treatments. The results
re compared with those of a catalyst prepared by conventional impregnation methods on a not specifically pretreated support.

2006 Elsevier B.V. All rights reserved.

eywords: Alumina surface sites; Reaction mechanisms Sn-(n-C4H9)4–alumina surfaces; Controlled surface reaction; PtSn/Al2O3 catalysts; 119Sn Mössbauer
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. Introduction

Bimetallic PtSn/Al2O3 catalysts are currently widely used
n the principal processes of catalytic transformation of hydro-
arbons for automotive or petrochemical purposes [1–8]. Their

mportance for the production of automotive gasoline lies in their
bility to catalyse dehydrogenation, isomerisation and dehydro-
yclisation (aromatisation) reactions and to increase in this way
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he gasoline octane number [1–5]. In the production of fine
hemicals the preparation of unsaturated alcohols by selective
ydrogenation of �,�-unsaturated aldehydes has great industrial
mportance [6–8]. The introduction of bimetallic catalysts has
een an important step in the improvement of the selectivity
nd stability of reforming catalysts. The presence of a second
etal, such as tin, reduces considerably the deactivation of the

atalyst by coke formation and coalescence of the metallic parti-
les during the reaction and regeneration steps, respectively [9].
wo positive effects are associated with the presence of tin: (i) a
teric effect, caused by dilution of surface platinum atoms (i.e.
in decreases the size of platinum ensembles constituting the
atalytically active sites) [10,11] and (ii) an electronic effect,

aused by influencing the electronic density on platinum atoms
nd thereby modifying their bonding properties [12]. It is obvi-
us that improvements with respect to monometallic catalysts
re only achieved if the two metals are in close contact. Co-
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dx.doi.org/10.1016/j.molcata.2006.10.040
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mpregnation techniques consisting of impregnating the support
imultaneously by platinum and tin precursors [13,14] do not
ecessarily lead to the formation of bimetallic agglomerates.
lternative methods have therefore been developed based on

he principle of controlled surface reactions (CSR), which make
se of the selective anchoring of an organometallic tin com-
lex, like tin-tetraalkyls Sn-R4, on reduced metal particles of a
onometallic parent catalyst [15,16] following the equation:

(Ms-H) + Sn-R4→xMs-Sn-R4−x+xR-H

here Ms denotes a surface metal atom like platinum [15] or
hodium [16]. Since then, numerous studies have been devoted to
he preparation of bimetallic catalysts by CSR on Al2O3 [17,18]
s well as on SiO2 [19–22].

However, this method is not automatically safe insofar as
ndesired anchoring on highly reactive surface sites of the
upport can occur. These sites are surface ions which are coor-
inatively unsaturated (c.u.s.) due to the treatments the support
as been exposed to before, like calcinations having partially
ehydroxylated the surface or any step of the production pro-
ess having led to a defective surface structure. C.u.s. aluminium
nd oxygen ions act as strong Lewis acid and base sites, respec-
ively. Dehydroxylation of an alumina surface covered by a
omplete monolayer of OH-groups is usually described as a
ondensation of neighbouring hydroxyl groups to form H2O
olecules [23–25]. The c.u.s. sites progressively formed in this
ay upon heating are arranged in a rather regular way up to
00 ◦C. Further dehydroxylation at higher temperatures creates
arious types of new c.u.s. sites with lower coordination num-
er and domains containing several neighbouring c.u.s. sites,
ll characterised by enhanced reactivity. A recent study of the
nteraction mechanisms between �-alumina surfaces and plat-
num bis-acetylacetonate, Pt(acac)2, has allowed distinguishing
hree types of surface sites on the basis of their specific reac-
ivity towards Pt(acac)2 [26]. Surface OH groups as the first
ype do not interact with Pt(acac)2 and no adsorption takes
lace on completely hydroxylated surfaces. Partial dehydrox-
lation at temperatures up to 350 ◦C creates two further types
f surface sites, one of lower reactivity (type A), interpreted as
ingle, isolated c.u.s., on which Pt(acac)2 is anchored by simple
hysisorption, and one of higher reactivity (type B), consid-
red as single c.u.s. of lower coordination number than type

or as several neighbouring c.u.s., which induces a partial
ecomposition of the complex with loss of one acac-ligand, the
emaining Pt-acac being chemically bonded to surface oxygen
toms. This same study has also demonstrated the possibility
o completely eliminate the reactive sites A and B and to com-
letely suppress any anchoring of the platinum complex on the
upport by applying appropriate surface treatments. In this way
t became possible to anchor Pt(acac)2 on the reduced platinum
articles of a Pt/Al2O3 parent catalyst without any undesired side
eaction.

The aim of the present work was to develop a correspond-

ng preparation method for bimetallic catalysts, guaranteeing
nchoring of a tin precursor exclusively on reduced platinum
articles and avoiding undesired deposition on the support.

widely used precursor for the preparation of tin-containing
alysis A: Chemical 266 (2007) 55–64

atalysts is Sn-(n-C4H9)4. The interaction mechanisms of this
omplex with SiO2 surfaces have been studied in detail by sev-
ral authors [20,27,28]. Little is known, however, about the way
t reacts with alumina surfaces. Margitfalvi et al. pointed out
hat Sn-(n-C4H9)4 reacts with surface OH groups on alumina
29,30], while no such side reaction was observed on silica [31].
othing seems to be known about interactions with c.u.s. surface

ites. We thus performed a detailed study of the reaction mech-
nisms between this complex and, especially, the three types of
urface sites identified in the previous work on Pt(acac)2 [26].
he results of this study will be presented in the first part of the
resent paper. The following section describes the effect of a sur-
ace treatment similar to that developed in Ref. [26] regarding the
fficient suppression of any anchoring of Sn-(n-C4H9)4 on alu-
ina and the controlled and exclusive anchoring of the complex

n reduced platinum particles. Finally, we analyse bimetallic
atalysts obtained in this way and compare them with samples
repared by other methods. This analysis is mainly focussed
n the morphology of the bimetallic particles with the aim to
dentify the tin anchoring sites on the platinum particles and to
stablish a structural model of the bimetallic particles. Besides
onventional experimental techniques like H2/O2 chemisorption
o determine the fraction of surface atoms, we use here 119Sn

össbauer spectroscopy, which provides a local probe of the
nvironment of the tin atoms on an atomic scale. The advanta-
eous properties of the 119Sn nucleus allow not only determining
he tin valence state, Sn(IV), Sn(II) or metallic Sn(0), but also
istinguishing for each of these valence states tin atoms in differ-
nt environments regarding the local symmetry or the covalent
r ionic character of the ligands. 119Sn Mössbauer spectroscopy
s therefore an ideal tool for the analysis of multiphased samples
nd was consequently applied in the field of catalysis by sev-
ral authors [18,22,28,32,33]. Our interpretation of the present
esults is based on a recent exhaustive study of the various tin
pecies occurring in Sn/Al2O3 and SnPt/Al2O3 samples as a
unction of the preparation method or the oxidation and reduc-
ion conditions [33].

. Experimental

.1. Sample preparation

Samples were prepared on pellets of �c-alumina of a diameter
f 2 mm, a specific surface area of 200 m2/g and a pore volume
f 0.6 cm3/g supplied by Axens.

.1.1. Impregnation of alumina pellets with Sn-(n-C4H9)4

Two kinds of surface pre-treatments were applied to alumina
ellets prior to impregnation with Sn-(n-C4H9)4 in order to study
he interaction mechanisms between Sn(n-C4H9)4 and alumina
urface sites:

(i) Calcination of the support during 2 h at 623 K in a dry

air stream, followed by cooling down to room temperature
overnight in the same air stream. In the following, a support
treated in this way will be referred to as a reactive support
(“R”).



r Cat

(

C
s
a
i
s
p
b
p
o

2

w
y
h
a
t
a
p
2
s
o
t
t
6
a
C
p
s
r
R

d
t
u
s
t
c
a
t
p
a
1
u
o
p
h
d
t

c
a

2

s
d
a
t
s
a
t
d
i
m
t
i
r
s

2

2

c

2

a
a
r
h
a
p
i
b
c
e
t
u
r
F
c
e

2

g
s
r
n
v
s

M. Womes et al. / Journal of Molecula

ii) Hydroxylation by incipient wetness impregnation with an
amount of water corresponding to the pore volume of the
pellets. The support was then dried at 393 K overnight.
No calcination prior to the hydroxylation was carried out.
These supports will be referred to as deactivated supports
(“D”).

These supports were impregnated with a solution of Sn(n-
4H9)4 in heptane by an incipient wetness technique. The

olvent volume was equal to the pore volume of the pellets, with
n excess of 10% to take into account solvent evaporation dur-
ng the impregnation procedure. The amount of Sn-(n-C4H9)4
olvated corresponded to 0.50 wt.% Sn with respect to the sup-
ort mass and was entirely deposited on the support as shown
y X-ray fluorescence. The pellets were then dried at room tem-
erature for several days and finely ground prior to acquisition
f 119Sn Mössbauer spectra.

.1.2. Preparation of bimetallic PtSn/Al2O3 catalysts
The two metals were deposited in two separate steps, starting

ith platinum. The initial step of the preparation was a hydrox-
lation of the support surface as described above under (ii). This
ydroxylation method does not lead to a complete elimination of
ll surface sites of low reactivity (type A), allowing in this way
he physisorption of Pt(acac)2 on the support. It further guar-
ntees a homogeneous distribution of the platinum across the
ellets [26]. The hydroxylated pellets were impregnated during
4 h at room temperature with a solution of Pt(acac)2 (John-
on Matthey, >98.8%) in toluene, with a solvent to support ratio
f 5 ml/g. The solution was slowly stirred to facilitate pene-
ration of the pores. The sample was then filtered, washed in
oluene, dried overnight at 393 K and finally calcined 2 h at
23 K in an air stream. This procedure led to catalysts with
high fraction of more than 80% of surface platinum atoms.
atalysts with a higher loading of platinum and a lower dis-
ersion (45–55%) were obtained from these highly dispersed
amples by the controlled anchoring of further Pt(acac)2 on
educed platinum particles in a CSR as described in detail in
ef. [26].

Tin was anchored on these platinum catalysts by selective
ecomposition of Sn-(n-C4H9)4 on the reduced platinum par-
icles. To this end, the platinum catalysts were reduced 2 h
nder pure hydrogen at 723 K and then cooled under an argon
tream. The necessary elimination of reactive surface sites men-
ioned in Section 1 was achieved by exposing the platinum
atalysts to a stream of water-saturated nitrogen during 24 h
t room temperature which, in contrast to the hydroxylation
echnique described in Section 2.1.1 under (ii), leads to a com-
lete hydroxylation of the surface [26]. The samples were then
gain reduced in a dry hydrogen stream at room temperature for
h and transferred without any air exposure to a glass vessel
sed for impregnation. This vessel was filled with a solution
f Sn-(n-C4H9)4 (Merck) in n-heptane with a solvent to sup-

ort ratio of 5 ml/g. A weak bubbling of argon (alternatively
ydrogen in some cases) was maintained through the solution
uring the reaction. After 6 h of reaction at room temperature
he samples were filtered, washed in heptane, dried, and cal-

fi
w
d
s

alysis A: Chemical 266 (2007) 55–64 57

ined 1 h at 393 K, 1 h at 623 K and finally 1 h at 793 K in dry
ir.

.1.3. Preparation of bimetallic SnPt/Al2O3 catalysts
As before, the two metals were deposited in two separate

teps, now starting with tin. The support was hydroxylated as
escribed in Section 2.1.1 under (ii) and then impregnated with
solution of Sn-(n-C4H9)4 in n-heptane by an incipient wetness

echnique, using a solvent volume equal to the pore volume of the
upport with an excess of 10%. After calcination 1 h at 393, 623,
nd 793 K each, and after cooling down to room temperature, the
in impregnated support was again hydroxylated as under (ii) and
ried at 393 K in air overnight. It was then immersed during 24 h
n a solution of Pt(acac)2 in toluene, using a solvent to support

ass ratio of 5 ml/g. The sample was then filtered, washed in
oluene, dried overnight at 393 K and finally calcined 2 h at 623 K
n an air stream. This procedure involves no controlled surface
eaction and platinum is expected to be mainly deposited on the
upport and not selectively on tin.

.2. Sample characterisation

.2.1. Metal loading
Platinum and tin contents were determined by X-ray fluores-

ence on a Philips PW 1480 apparatus.

.2.2. Metal dispersion
Chemisorption experiments were carried out on a �-Sorb

pparatus (IFP licence). Catalysts were calcined at 623 K in dry
ir, cooled down to room temperature under the same air stream,
educed at 723 K and cooled down to room temperature under
ydrogen. After elimination of all not-chemisorbed hydrogen by
stream of helium, the chemisorbed hydrogen was titrated by
ulses of oxygen, supposing a stoichiometry of hydrogen to plat-
num of 1:1. A second titration was carried out after reduction
y hydrogen at room temperature. For monometallic Pt/Al2O3
atalysts the results of both titrations agreed in all cases within
xperimental error. For bimetallic PtSn catalysts the second titra-
ion gives the fraction of surface Pt atoms alone while the oxygen
ptake of the first titration cycle contains contributions from
eduction and oxidation of both platinum and tin atoms [33].
rom repeated measurements of the dispersion of a reference
atalyst over a long time period we estimate the experimental
rror in all chemisorption results to ±2% dispersion absolute.

.2.3. Mössbauer spectroscopy
119Sn Mössbauer spectra were recorded in transmission

eometry in the constant acceleration mode, using equipment
upplied by Ortec and Wissel. Low temperature spectra were
ecorded by placing the sample in a helium flow cryostat. The
ominal activity of the Ba119mSnO3 source was 10 mCi. The
elocity scale was calibrated by means of a room temperature
pectrum of �-Fe recorded with a 57Co(Rh) source. The hyper-

ne parameters δ (isomer shift) and �Eq (quadrupole splitting)
ere determined by fitting Lorentzian lines to the experimental
ata by using the ISO programme [34]. Isomer shifts of samples
tudied in the present work are given with respect to the room
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emperature spectrum of BaSnO3. The error in the determination
f the hyperfine parameters is ±0.06 mm/s.

. Results and discussion

.1. Interaction Sn(n-C4H9)4–alumina surfaces

Two types of supports, one deactivated (D) and the other
ighly reactive (R), were impregnated with Sn-(n-C4H9)4 as
escribed in Section 2.1.1. The Mössbauer spectra of these sam-
les, recorded at 16 K, are shown on Fig. 1b and c, respectively,
ogether with the spectrum of pure Sn-(n-C4H9)4 shown for com-
arison on Fig. 1a. The hyperfine parameters obtained for pure
n-(n-C4H9)4 (c.f. Table 1) are in good agreement with results
ublished previously [28]. The isomer shift δ of 1.36 mm/s lies
ithin the range of Sn(IV) compounds with rather covalent
onds, the zero quadrupole splitting �Eq reflects the perfect
etrahedral symmetry of the charge distribution around the tin
ucleus.

Impregnation of a deactivated support with Sn-(n-C4H9)4
eaves the tin complex intact, as can be seen from Fig. 1b and
able 1. The complex is anchored exclusively by physisorption.
n contrast to this, two types of complexes are found on the
eactive support, as shows the Mössbauer spectrum on Fig. 1c.
he first is purely physisorbed Sn-(n-C4H9)4 as on support D.
he second is characterised by an important quadrupole splitting

ndicating a strong modification of the first co-ordination shell
round tin. Comparison with the hyperfine parameters reported
y Nédez et al. [28] for various Sn-butyl fragments grafted on
ilica surfaces allows concluding that this second complex is
f the form (–Al–O)x–Sn-(n-C4H9)4−x formed after substitu-
ion of x butyl groups by a corresponding number of bonds

ith surface oxygen atoms. The line width 2Γ of 0.76 mm/s
f the doublet obtained for the (–Al–O)x–Sn-(n-C4H9)4−x sur-
ace complex is very narrow, indicating that only a single
pecies with a well-defined environment is formed rather than

a
o
m
u

able 1
19Sn hyperfine parameters of some R-Sn-(n-C4H9)4−x complexes

omplex δ (mm/s) �Eq (mm/s

n-(n-C4H9)4 1.35a 0
n-(n-C4H9)4 1.38a 0
n-(n-C4H9)4 1.36 0
n-(n-C4H9)4/Al2O3 (D)d 1.33 0
n-(n-C4H9)4/Al2O3 (R)d 1.36 0
–Al–O)2–Sn-(n-C4H9)2 (R) 1.27 2.72

Si–O)–Sn-(n-C4H9)3 1.31a 2.50
Si–O)2–Sn-(n-C4H9)2 1.23a 2.77
Si–O)3–Sn-(n-C4H9) ≈1.3a ≈2.6
Sn-(n-C4H9)2 1.15a 2.08

O–Sn-(n-C4H9)3 1.37a 2.99
nO2 0.0–0.17 0.50–0.75

: isomer shift with respect to BaSnO3 at room temperature, �Eq: quadrupole splittin
a Isomer shift given with respect to SnO2.
b Not reported.
c This work.
d Complex physisorbed to the alumina surface.
ig. 1. Mössbauer spectra of (a) pure Sn-(n-C4H9)4; (b) Sn-(n-C4H9)4 adsorbed
o deactivated alumina D and (c) Sn-(n-C4H9)4 adsorbed to reactive alumina R.
ll spectra recorded at 16 K.

multitude of complexes differing by their respective values
f x.

The interaction mechanisms between Sn-(n-C4H9)4 and D

nd R alumina surfaces seen here are thus analogous to those
bserved previously for Pt(acac)2. Hydroxylation of the alu-
ina surface by an incipient wetness technique as described

nder (ii) in Section 2.1.1 does not lead to a complete surface

) T (K) 2Γ (mm/s) Reference

80 b [35]
77 b [28]
16 0.98 c

16 0.97 c

16 0.89 c

16 0.76
77 b [28]
77 b [28]
77 b [28]
80 1.56 [39]
80 b [40]
RT [41–43]

g, T: temperature, 2Γ : full line width at half maximum.
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overage by OH-groups [26]. The reactivity of the remaining
.u.s. surface sites of type A is, however, insufficient to allow a
igand exchange and formation of metal-oxygen bonds. Anchor-
ng of Sn-(n-C4H9)4 on deactivated alumina is limited to simple
hysisorption, in analogy to what was observed for Pt(acac)2
26]. The more reactive sites B on reactive alumina, resulting
rom calcination at 623 K, provide a sufficient number of neigh-
ouring c.u.s. sites for substitution of x butyl groups of the tin
omplex by x surface oxygen atoms. In the case of Pt(acac)2 we
bserved substitution of one acac-group of the platinum complex
y at least two surface oxygen atoms [26,36]. The similarities in
he behaviour of both the platinum and the tin complex towards
lumina surfaces and a comparison of our Mössbauer parame-
ers with those observed by Nédez et al. suggests that x = 2, i.e.
ubstitution of two butyl groups by surface oxygen atoms.

It is worth noting that the doublet of this (–Al–O)2–Sn-(n-
4H9)2 complex is asymmetric with the left hand line being
ore intense than the right hand line, but with both lines of

qual line width, indicating an anisotropy of the Mössbauer
ffect [37,38] and reflecting the inequivalence of the tin vibration
odes parallel and perpendicular to the surface of the support,

s it can be expected for surface-adsorbed molecules. We further
ote that no Mössbauer effect is observed at room temperature
nd only a very weak effect at liquid nitrogen temperature for
oth the physisorbed tetrabutyl and the (–Al–O)2–Sn-(n-C4H9)2
omplex due to the absence of a rigid matrix around the tin
toms. We therefore recorded all spectra of surface complexes
t 16 K, which reduced considerably the time necessary for data
cquisition and allowed improved signal-to noise ratios.

.2. Bimetallic PtSn/Al2O3 catalysts prepared by CSR

Platinum catalysts of various metal loadings and with various
ractions of surface platinum atoms were used for the prepara-
ion of bimetallic samples as described in Section 2.1.2. Table 2a
ives the metal loadings of the monometallic parent catalysts,
he amount of tin contained in the solution used in the CSR step
xpressed in weight percent with respect to the support mass and
s the atomic ratio Sn0/Pts with respect to the number of sur-
ace platinum atoms determined by H2/O2 titration. It further
ndicates the atmosphere (Ar or H2) under which the CSR was
arried out. The result of the CSR is given in two forms, as the
mount of tin effectively deposited in weight percent and also
s an atomic ratio Sn/Pts with respect to the number of surface
latinum atoms of the monometallic parent catalyst. Finally, the
raction of platinum surface atoms is given for both the initial
onometallic and the final bimetallic catalyst. It can be noted

hat the amount of tin deposited is correlated with the num-
er of surface platinum atoms Pts of the parent catalyst. The
tomic ratio Sn/Pts is in all cases close to 0.5. No such correla-
ion is seen with the initial tin concentration of the impregnation
olution or with the initial atomic ratio Sn0/Pts. This indicates
hat anchoring is limited to surface platinum atoms and that no

nteraction takes place between Sn-(n-C4H9)4 and surface OH-
roups. Thus, hydroxylation of the alumina surface in a moist
as stream prevents Sn-(n-C4H9)4 very efficiently from anchor-
ng on the surface of the support. Our Sn/Pts ratio of 0.5 is Ta
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Fig. 2. Mössbauer spectra of a catalyst Pt 0.90 wt.% Sn 0.18 wt.% prepared by
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omewhat lower than the value of 0.8 observed in a previous
tudy [18] which already emphasised the importance of surface
ydroxylation, but used a less efficient method probably not
liminating all reactive surface sites.

A blank experiment on alumina, using a high concentration
f Sn-(n-C4H9)4, gives only a low amount of grafted tin, which
ight mainly result from some solution not eliminated by wash-

ng and remaining in the pores. With a pore volume to solution
olume ratio of 0.6:5 (c.f. Section 2.1.2) a maximum of 12% of
in from the initial solution can remain in the pores and then be
eposited on the support after evaporation of the solution. This
orresponds in the case of the blank experiment to 0.06 wt.%,
hich agrees well with the 0.07 wt.% effectively found. This
pper limit of 12% is further reduced when the tin concentra-
ion of the impregnation solution decreases during the CSR with
latinum.

It can further be seen that the ratio Sn/Pts is independent of
he atmosphere under which the reaction is carried out. Pro-
iding additional hydrogen with the intention to facilitate the
elease of butyl groups by transformation to butane turned out
o be without influence on the amount of tin anchored. With a
n/Pts ratio of 0.5 the deposited tin atoms do not form a com-
lete monolayer. As a consequence, the accessibility of platinum
toms is not fully reduced. The importance of the elimination of
eactive sites on the support by hydroxylation is demonstrated
y a CSR carried out on a platinum catalyst in the same way
s described in Section 2.1.2, but without hydroxylation in a
oist gas atmosphere. The surface sites on the support are those

esulting from the final calcination at 623 K at the end of the
latinum impregnation step and should thus be comparable to
hose on the reactive alumina described above. In this case the
otal number of tin atoms anchored exceeds by far the num-
er of accessible surface platinum atoms. Despite this important
mount of tin deposited the platinum dispersion remains at a
igh level of 63% (c.f. Table 2b). It must therefore be concluded
hat an important fraction of the tin complexes is anchored on
he support.

The results demonstrate the importance elimination of both A
nd B sites has for successful preparations of second generation
amples by CSR. It guarantees in the case of tin anchored on
latinum a well-defined maximum Sn/Pts ratio, which facilitates
he preparation of PtSn/Al2O3 catalysts as the solution can to
ome extent be over-concentrated in tin. Complexes added to the
olution in excess do not react with the support and are easily
ecovered at the end of the CSR step.

.3. Analysis of a PtSn/Al2O3 catalyst

.3.1. 119Sn Mössbauer spectroscopy
The formation of the final PtSn/Al2O3 catalyst, Pt 0.90 wt.%,

n 0.18 wt.%, was studied by 119Sn Mössbauer spectroscopy
t three stages of the drying and calcination procedure which
ollows the selective anchoring of Sn-(n-C4H9)4 on reduced

latinum: after drying at room temperature, after drying at 393 K
nd after calcination at 793 K. The spectra, all recorded at room
emperature (298 K), are shown on Fig. 2b–d, respectively. A
pectrum recorded at 16 K of the sample dried at room tempera-

fi
f
i
f

pectrum recorded at 298 K and (e) spectrum of a catalyst Sn 0.18 wt.% Pt
.90 wt.% recorded at 298 K after calcination at 623 K.

ure is shown on Fig. 2a. The hyperfine parameters are gathered
ogether in Table 3. The identification of the different phases
bserved in these spectra is based on an exhaustive study of the
arious tin species occurring in Sn/Al2O3 and SnPt/Al2O3 sam-
les as a function of the preparation method or the oxidation
nd reduction conditions [33]. This study has revealed a large
umber of tin species, all differing in their specific hyperfine
arameters δ (isomer shift) and �Eq (quadrupole splitting). It
ould, however, be shown that all these species can be grouped
n a few categories on the basis of these parameters, and char-
cteristic structural features could be associated with each of
hese categories. The various species observed in our present
tudy will be grouped in these same categories as defined in
ef. [33] by their hyperfine parameters. A structural model of

he bimetallic particles under study here will be proposed in the
ext section by making use of the structural features associated
ith each category in Ref. [33].
Both the low temperature and the room temperature spec-

rum of the sample dried at 298 K (Fig. 2a and b) consist of
hree subspectra, a singlet and a doublet with isomer shifts close
o zero and a singlet at δ = 1.56 mm/s. The isomer shift of the
rst of these subspectra, labelled SnO 0 in Table 3, is typical
2
or Sn4+ surrounded by an octahedron of oxygen atoms and lies
n the range usually observed for bulk SnO2. It differs, however,
rom the latter by its zero quadrupole splitting. According to
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Table 3
119Sn hyperfine parameters of a PtSn/Al2O3 catalyst after various stages of the final drying procedure

Drying temperature (K) δ (mm/s) �Eq (mm/s) 2Γ (mm/s) C (%) Identification

298a −0.09 0 0.77 34 SnO2 0
0.02 0.86 0.77 56 SnO2 1 or SnIV 2
1.56 0 0.77 10 PtxSn

298b −0.07 0 0.85 33 SnO2 0
−0.03 0.76 0.85 59 SnO2 1 or SnIV 2

1.35 0 0.85 8 PtxSn

393b −0.17 0 0.89 22 SnO2 0
−0.02 0.70 0.89 64 SnO2 1 or SnIV 2

1.29 0.83 0.89 14 PtxSn(O)

793b 0.06 0 0.88 15 SnO2 0
0.05 0.96 0.88 71 SnIV 2
0.28 1.36 0.88 14 SnIV 2

δ: isomer shift with respect to BaSnO3 at room temperature, �Eq: quadrupole splitting, 2Γ : full line width at half maximum, C: relative contribution to the total
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bsorption.
a Spectrum recorded at 16 K.
b Spectrum recorded at 298 K.

ef. [33] this species corresponds to small, rather molecule-like
lusters on the outermost sphere of a particle. Due to the weak
nteractions with surrounding atoms, the Sn–O bonds are free of
train and relax to form a perfect octahedron as reflected by the
ero quadrupole splitting. The second species, with a quadrupole
plitting at the upper limit of the typical range observed for bulk
nO2, can be attributed to either tin atoms in bulk-SnO2-like
lusters (labelled SnO2 1 in Ref. [33]) or to tin atoms in contact
ith another metal via bridging oxygen atoms, like Sn–O–Al or
n–O–Pt, which leads to a stronger asymmetry of the chemical
onds in the SnO6-cluster than in the bulk material and thus
o an increased quadrupole splitting (labelled SnIV 2 in Ref.
33]). We leave here open whether this species is rather bulk
nO2 or influenced by interactions with the support or plat-

num and label it SnO2 1/SnIV 2 in Table 3. We shall return
o this point in the next section. It can be noted that the iso-

er shifts of these first two subspectra are clearly different from
hat of Sn-(n-C4H9)4 reflecting the total decomposition of the
nchored tin alkyl complex and the complete oxidation of the tin
toms upon prolonged contact with air. A corresponding obser-
ation of rapid oxidation upon contact with air was reported by
értes et al. for Sn-(C2H5)4 deposited by CSR on reduced plat-

num [32]. The hyperfine parameters of the third subspectrum
re similar to those of Sn-(n-C4H9)4 and could, at first glance, be
ttributed to Sn-(n-C4H9)4 physisorbed to the support. However,
he corresponding subspectrum appears in both the room tem-
erature and the low temperature spectrum with almost identical
elative intensities, in contrast to the observation that adsorbed
n-(n-C4H9)4-complexes reveal no Mössbauer effect at room

emperature (c.f. Section 3.1). We therefore attribute this spec-
rum to a platinum-rich alloy of the Pt3Sn-type, for which isomer
hifts between 1.4 and 1.7 mm/s and zero quadrupole splittings
ere reported [19,42,44,45]. Tin atoms completely surrounded

y platinum could result from the aforementioned sintering of
he platinum particles during the selective anchoring of the tin
omplexes. The relative spectral intensities of the three species
how that only a minor fraction of the tin atoms is enclosed in

s
t
t
P

uch a platinum matrix and that by far the majority of all tin
toms is present in oxidised form. A similar result was obtained
y Millet et al. [22] for RhSn/SiO2 catalysts prepared by a CSR
ethod similar to ours, where a minor fraction of tin is found in

orm of a rhodium-rich alloy and the majority of tin situated on
he surface of the rhodium particles.

Drying at 393 K does not alter the two forms of oxidised tin.
he spectrum of the metallic form, however, now clearly reveals
quadrupole splitting, while its isomer shift remains close to the

ypical domain of PtSn alloys. Such hyperfine parameters were
lso observed in Ref. [33] after reoxidation of the reduced parti-
les of PtSn catalysts and were attributed to the formation of an
oxometallic” PtxSn(O) species, in which the PtxSn particle is in
ontact with one or several oxygen atoms at its surface. Calcina-
ion at 793 K finally completely oxidises these metallic particles.
he high quadrupole splitting clearly distinguishes them from
ulk-like SnO2 and indicates an interaction with neighbouring
t atoms via Sn–O–Pt bridges. Consequently, this phase is now
onsidered as SnIV 2. The final calcination has also modified the
nO2 1/SnIV 2 phase. Its quadrupole splitting has increased to
.94 mm/s and lies now above the typical SnO2 values and well
ithin the range defined in Ref. [33] for SnIV 2. Apparently,

he calcination has created Sn–O–metal bridges or strengthened
uch bonds already existing before. The SnO2 0 species remains
naffected by this calcination.

.3.2. Structural model
This section will attempt to develop a structural model of

he various tin species – SnO2 0, SnO2 1/SnIV 2, PtxSn and
txSn(O) – distinguished in the Mössbauer spectra. We will

ake into account some results of Merlen et al. who analysed
tSn/Al2O3 catalysts prepared by a CSR method very similar to
urs [46] by a number of techniques like X-ray energy disper-

ive spectrometry (XEDS), low energy ion scattering (LEIS) and
ransmission electron microscopy (TEM). The results showed
hat the surface of the particles is mainly composed of tin atoms.
rogressive ablation of the outermost atomic shell by the inci-
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ent He+ beam in the LEIS experiment increased the fraction
f surface platinum atoms. Analysis of the composition of indi-
idual particles by XEDS showed that their Pt/Sn atomic ratio
ncreased with particle size, which also agrees with a morphol-
gy in which the bulk of the particles is mainly composed of
latinum atoms while tin atoms form a surface layer.

When interpreting our Mössbauer spectra in terms of tin
nchoring sites we must take into account the particle size distri-
ution of the monometallic parent catalyst. In Ref. [26] we have
hown by TEM that the size distribution of such a high dispersion
atalyst is extremely narrow with 88% of the TEM-detectable
articles in the 0.7–1.2 nm size range, which means a particle
iameter of three to five atoms if we take 0.276 nm as the Pt
tomic diameter. For such small particles three kinds of anchor-
ng sites can be imagined. The first is next to a platinum atom on
he support (Fig. 3a, atom labelled 1), with hydrogen atoms from
he hydroxylated alumina surface facilitating the release of all
utyl groups. The second is attached to the surface of the parti-
le, for example on its top (atom 2). The Sn atoms on Fig. 3a are
hown surrounded by oxygen atoms to take into account their
eoxidation in air revealed by Mössbauer spectroscopy. Tin atom

is surrounded by six oxygen atoms some of which are part of

he support and some are connected to platinum. This diversity
f bonds causes some distortion of the SnO6-octahedron giving

ig. 3. Schematic representation of tin anchoring sites on Pt particles: (a and b)
fter deposition of SnBu4 on reduced platinum and prolonged contact with air
t 298 K; (c) after drying at 393 K and (d) after calcination at 793 K. White: Pt,
rey: tin; black: oxygen.
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ise to a non-zero quadrupole splitting in the Mössbauer spec-
rum. We therefore associate this situation with the SnO2 1/SnIV

species from Table 3. SnO6-octahedra connected to the surface
f a particle by a low number of bonds (atom 2) are able to bet-
er conserve their ideal octahedral symmetry, resulting in a zero
uadrupole splitting. We thus identify the SnO2 0 species seen
n the Mössbauer spectra with such surface atoms. A third possi-
ility is shown on Fig. 3b: a tin atom enclosed by platinum (atom
). Such a situation can either be the result of sintering, with a
in atom originally situated on the surface of a particle and then
nclosed by coalescence of two neighbouring particles, or can
esult from direct anchoring deep inside a platinum particle in a
ind of stacking default, occupying the place of a missing plat-
num atom. Enclosed in this way, the tin atom is prevented from
xidation in air and adopts a rather metallic state. We associate
he PtxSn species with such an enclosed tin atom like in Fig. 3b.

Drying at 393 K modifies only the metallic PtxSn form.
ccording to Ref. [33] the appearance of a quadrupole split-

ing while maintaining an isomer shift typical for PtxSn alloys
an be explained by either the presence of a bridging oxygen
tom, situated above the tin and a neighbouring platinum atom,
r by enhanced interaction with a surface oxygen atom from
he support. Both possibilities are shown on Fig. 3c by dashed
ines to indicate two alternative situations leading to a PtxSn(O)
pecies.

Calcination at 793 K transforms metallic platinum into a
tO2-like particle as was demonstrated by X-ray absorption
pectroscopy [36]. The tin atom embedded in the platinum par-
icle (atom 3 on Fig. 3b and c) is now completely oxidised.
he different ionic radii of PtIV and SnIV might be responsi-
le for a deformation of the angles of the bridging Sn–O–Pt
onds which form the SnO6-octahedron, leading in this way to
n important quadrupole splitting in the Mössbauer spectrum
learly different from what is generally observed for bulk SnO2.
he species is therefore now classified as SnIV 2 (Fig. 3d). The
olume expansion accompanying the oxidation process modi-
es also the environment of the tin atoms situated on the support
nd attached to platinum particles (atom 1 on Fig. 3a) caus-
ng stronger deformations of their SnO6-octahedra and thus an
ncrease of the quadrupole splitting as compared to the initial
ituation of Fig. 3a. The Mössbauer parameters of this species
re now clearly different from those of bulk SnO2 justifying our
ypothesis of a tin species in contact with the surface of the sup-
ort and a platinum particle. Consequently we classify it now
lso as SnIV 2. Only SnO6-octahedra attached to the platinum
article by a minimum number of bonds (atom 2) remain unaf-
ected by the calcination and conserve their high symmetry as
eflected by the zero quadrupole splitting.

It follows from this model and from the relative intensities
f the Mössbauer subspectra of these three types of tin atoms
hat an important amount of tin is situated next to a platinum
article on the support and only a minor fraction on the surface
f a particle. This would explain the fact that the accessibility of

he platinum atoms measured by H2/O2 titration is unaffected by
he deposition of tin. We emphasize the appearance of a metallic
orm of tin, the PtxSn alloy, which is a direct proof that tin has
een anchored directly on a platinum particle.
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Table 4
119Sn hyperfine parameters of PtSn/Al2O3 and SnPt/Al2O3 catalysts

Sample δ (mm/s) �Eq

(mm/s)
2Γ

(mm/s)
C (%) Identification

Sn 0.54a 0.00 0.00 0.82 23 SnO2 0
0.04 0.83 0.82 77 SnIV 2

Sn 0.51 Pt 0.33a 0.06 0.53 0.82 68 SnO2 1
0.11 1.12 0.82 32 SnIV 2

Sn 0.18 Pt 0.90b 0.00 0.59 0.86 78 SnO2 1
0.04 1.34 0.86 22 SnIV 2

Pt 0.90 Sn 0.18b 0.06 0.00 0.88 15 SnO2 0
0.05 0.96 0.88 71 SnIV 2
0.28 1.36 0.88 14 SnIV 2

δ: isomer shift with respect to BaSnO3 at room temperature, �Eq: quadrupole
splitting, 2Γ : full line width at half maximum, C: relative contribution to the
t
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otal absorption. All spectra recorded at room temperature.
a Ref. [33].
b This work.

.4. Comparison of PtSn/Al2O3 and SnPt/Al2O3 catalysts

The catalyst described in the previous section, Pt 0.90 wt.%,
n 0.18 wt.%, is now compared to a catalyst of identical metal

oading, but with the two metals deposited in the inverse order,
n 0.18 wt.%, Pt 0.90 wt.%, as described in Section 2.1.3. The
reparation method chosen for the latter does not include a CSR
tep for the deposition of the second metal. Platinum should
herefore be anchored directly on the support, eventually to some
xtent next to and in contact with tin particles. The room tem-
erature spectrum of the SnPt/Al2O3 catalyst recorded after the
nal calcination at 623 K is shown on Fig. 2e. Table 4 com-
ares the hyperfine parameters of the two catalysts. Included
n this table are a monometallic sample and the corresponding
imetallic catalyst from Ref. [33], prepared in the same way as
escribed in Section 2.1.3. The comparison with these two sam-
les helps to understand the evolution the tin particles undergo
uring the platinum anchoring step. The Mössbauer spectrum
f the monometallic sample, Sn 0.54 wt.%, consists of two sub-
pectra, a singlet of the SnO2 0 phase and a doublet of a Sn(IV)
xide where tin is in contact with the support via Sn–O–Al
ridges. The major part of the tin atoms belongs to this latter
hase, reflecting the direct anchoring of the metal on the surface
f the support, while the SnO2 0 species might represent single
nO6-cluster placed on top of an agglomerate of SnIV 2. After

mpregnation with platinum (Sn 0.51 wt.%, Pt 0.33 wt.%) only
minor fraction of the tin atoms remains in contact with another
etal (Al or Pt) in the form of a SnIV 2 species while the major-

ty has been transformed to a SnO2-like phase labelled SnO2 1
he hyperfine parameters of which agree well with those of bulk
nO2. These changes indicate that (i) only a small fraction of the
latinum was anchored next to tin particles and (ii) a sintering
f the tin particles occurs during the platinum impregnation pro-
edure leading to larger agglomerates of tin and oxygen atoms,

hich adopt a bulk-SnO2-like structure. In this way the fraction
f tin atoms in contact with the support is strongly reduced.

The spectrum of the SnPt catalyst prepared in this work
hows the same two phases with similar hyperfine parameters

[

[
[

alysis A: Chemical 266 (2007) 55–64 63

nd in similar proportions. It is obvious that the formation of
arger agglomerates of tin oxide is rather undesired since all
in enclosed inside such clusters is prevented from contact with
latinum and thus inactive in view of an improvement of the
atalytic performances of the sample. The SnPt-catalyst differs
nsofar from the corresponding PtSn-sample as in the latter the

ajority of tin is in contact with another metal, either via oxygen
ridges or directly by formation of a PtxSn phase.

. Conclusion

The interaction between Sn-(n-C4H9)4 and alumina surfaces
s governed by three types of surface sites: surface OH-groups
nd two kinds of c.u.s. surface sites of different reactivity. We
bserved no interaction with, and no anchoring on, OH groups,
hysisorption on the less reactive and partial decomposition of
he complex on the more reactive of the two c.u.s. sites. These
hree different interaction mechanisms are identical to those
bserved previously for the platinum precursor Pt(acac)2.

Elimination of all reactive sites allows the controlled prepara-
ion of bimetallic PtSn/Al2O3 catalysts by selective anchoring of
he tin complex on reduced metal particles of a Pt/Al2O3 parent
atalyst, avoiding undesired anchoring of tin on the support.

The morphology of the bimetallic particles is analysed on an
tomic scale by 119Sn Mössbauer spectroscopy. Evidence was
ound that the majority of tin is situated on the support in contact
ith a platinum particle, minor fractions are deposited on the
article surface or are enclosed inside a particle in form of an
lloy. No evidence was found for the formation of bulk-SnO2-
ike agglomerates in which an important amount of tin would
e enclosed inside, isolated from platinum particles, and thus
nactive in view of an improvement of the catalytic performances
f the sample. In contrast to this the preparation of a bimetallic
atalyst without making use of a controlled surface reaction, led
o important amounts of bulk SnO2 and only a minor fraction of
in in contact with platinum.
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31] J.L. Margitfalvi, I. Borbáth, E. Tfirst, A. Tompos, Catal. Today 43 (1998)
29–49.
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