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Abstract

In this study, the adsorption and the reactive properties-gfunsaturated aldehydes are studied by means of density functional calcula-
tions (DFT) on two well-defined Pt-Sn alloy surfaces, p(2) PESn(111) and{/3 x +/3)R30° Pt,Sn(111). First the electronic structure
of the bulk alloys is determined: a charge transfer occurs from Sn to Pt, the work function decreases, and the d-band center is shifted away
from the Fermi level. Then various adsorption structures of acrolein (propenal), crotonaldehyde (2-butenal), and prenal (3-methyl, 2-butenal)
are considered on the two alloys. The results are compared with those obtained on Pt(111). A large decrease of the adsorption energies i
observed for the alloys. For acrolein, there is almost no change in the best adsorption modes, the adsorption thret@tbomel Geing
predominant. This explains why the selectivity of the acrolein hydrogenation is not changed much when Pt-Sn alloys and Pt are compared.
For prenal on the contrary, only the atop mode is stable on the alloys, whereas a structure parallel to the surface is the most stable one on P
This explains the modified reaction selectivity with a larger amount of unsaturated alcohol in the products in the case of the Sn alloys.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction NO [14], and alkenes [15-17]. In all cases, the adsorption
energy decreases on the alloys compared with pure plat-

The alloys of tin with transition metals have been widely inum. It has also been shown that alkenes keep the same
used during the last decade in order to improve the catalytic 2@dSorption geometry (i) on the alloys. No experimental
properties of these metals. Particularly, the alloys of tin with data exist concerning the adsorption of aldehydes or ketones
platinum have been shown to greatly enhance the selectiv-On the P1Sn alloys. _ ,
ity of the hydrogenation of the-g-unsaturated aldehydes. o-B-Unsaturated aldehydes like acrolein, croto_naldehyde
Effectively, compared to pure Pt, the yield in unsaturated al- (2-outenal), or prenal (3-methyl 2-butenal) contain #C
cohol, a product showing interesting properties in the fine and a G=0 double bondsin gonjugatlon. Both double bqnds
chemical industry, is increased [1-11]. The origin of this 3" be hydrogeqated following Scheme 1. Hydrogenation of
catalytic effect in not totally understood and several hy- the C=C bond gives a saturated aldehyde SAL, that of the

potheses exist: Sn can act as an inert, site-blocking agentczo bond gives an unsaturated alcohol UOL. Both SAL

. . d UOL can be further hydrogenated in saturated alco-
that changes the adsorption site of the molecules, and S an . .

can induce electronic effects on Pt, modifying its adsorptionn?hoé ic?ul_t;I(;rrt])insc?I\(/av%tilt\:/gyisog;Zfogiirgt%?jn[?r“eﬁgrgﬁﬁglrl]fstg
properties. )

The chemisorptive properties of the/Bn alloys have knowledge of their adsorption modes can help to understand

been studied with several kinds of adsorbates like CO [12,13],: Esgerzi%tévgxg;jlghoor;%g;hg Irs]yn dortcgeenoggynlrgg grt;r;;fzctr%rl.e

Moreover the most active species for hydrogenation is not
* Corresponding author. necessarily the most stable one, as it has been observed in
E-mail address: delbecq@catalyse.univ-lyon1.fr (F. Delbecq). the case of ethylene [18]. We have already studied the ad-
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Scheme 1. Possible products obtained by hydrogenatien@tinsaturated aldehydes.

sorption modes of these aldehydes on platinum by means ofapproximation (GGA) level was used with the functional of

DFT periodic calculations [19] and our purpose in this work Perdew and Wang 91 [36].

is to present our results for a similar study on twg3tt al- The surface alloy was modeled by a periodic four-layer
loys. slab, with adsorption on one side of the slab. Only the first

Few theoretical works deal with calculations on these al- layer contains Sn atoms in a stoichiometrg3tt for the
loys. We can cite a study of the electronic structure [20] and (2 x 2) structure and B8n for the (/3 x +/3)R30° one.
studies of adsorption properties: CO [21k$and $ [22], Each slab is separated from its periodic image ingtdeec-

SO [23], and ethylene [24,25]. In most of these calcula- tion by a vacuum space corresponding to four layers (eight
tions, the surfaces are modeled by clusters, except the lastayers in the case of atop adsorption). For all structures,
one [25]. the geometry optimization included all degrees of freedom

By vapor deposition of Sn on platinum, followed by an- of the adsorbates and of the two uppermost metal layers.
nealing, well-defined surface alloys are formed. The struc- Most of the calculations were done with unit cells contain-
ture of these alloys has been experimentally determined foring 9 atoms per layer for the3 x +/3)R30° surface and
the three faces of the fcc crystal: 110 [26], 100 [27,28], and 12 atoms per layer for the (22) surface. The lattice vectors
111 [27,29-32]. Only the latter has been considered in the Were therefore X 3 for the former surface anc3 x 2+/3
present Study_ When severa' mono'ayers of Sn are evapo_for the Iatter. Th|S iS i”ustrated on F|g 1. One m0|ecu|e iS
rated onto a Pt(111) crystal and then annealed, two surfaceadsorbed per unit cell, which gives a coverage 1/9 and
structures are formed depending on the Sn coverage: either
ap(2x 2) ora (/3 x +/3)R30° Sr/Pt(111) structure as ob-
served by LEED [29] with stoichiometry £8n and PiSn,
respectively. It has been shown by XPD that these surfaces
consist in a single alloy layer on pure platinum [32]. Both
surfaces exhibit a slight buckling in which Sn protrudes
about 0.22 A above the first Pt layer [30]. Another LEED
result gives an outward displacement of Sn atoms of 0.30
and 0.23 A for the (2 2) and (/3 x +/3)R3(° phase, re-
spectively [31].

The ordered structure of these two/®(111) alloys is
well adapted to the use of periodic methods for their study.
We will first study the geometrical and electronic struc-
tures of the bare alloys, then we will consider the adsorp-
tion modes of acrolein, crotonaldehyde, and prenal on the
(v/3 x +/3)R30° surface and those of acrolein and prenal on
the (2x 2) surface. Finally, the implications for the selective
hydrogenation of these molecules will be discussed.

. 0=1/4 0=1/12
2. Computational method p(2x2) Pt.Sn(111)

The calculations were performed with the Vienna ab ini- Fig- 1. Surfaces of they(3 x v/3)R30° PpSn(111) alioy (top) and of the

L . B . _ P(2x2) PgSnalloy (bottom) with a molecular coverage gland ¥9 and
tio simulation program (VASP) [33 35]' This program per 1/4 and %12, respectively. The example of adlic adsorption of acrolein

forms den_Sity functional theory calculations qsing a plane- is shown (Pt, large white; Sn, large gray; C, medium grey; O, medium black;
wave basis set and ultrasoft pseudo-potentials (for Sn 14H, small white). The periodicity of the molecules indicates the unit cell

valence electrons are considered). The generalized gradientd x v3, 3x 3, 2x 2, and 2/3 x 2V/3, respectively).
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1/12, respectively. Higher coverages were also consideredanalysis. The calculations were done with the geometries
in the case of acrolein:/® for the PtSn alloy (lattice vector ~ determined previously by VASP. They include a scalar rela-

3 x 2) and ¥4 for the P£Sn alloy (lattice vectok/3 x +/3). tivistic effect, necessary for treating platinum. Three layers
The Brillouin zone integration was done on &3 x 1 grid were considered. The unit cell contained three atoms{ht

for coverages 29 and 712, on a 3< 5 x 1 grid for coverage  for the (/3 x +/3) R30° surface and four atoms @%n) for

1/6, and 5x 5 x 1 for coverage 24. the (2x 2) one. These calculations showed a charge transfer

The same metal interatomic distance (2.82 A) as in the from Sn to Pt, in agreement with the relative electronegativ-
case of pure platinum was used for the frozen part of the ities of the atoms (2.2 and 1.8 for Pt and Sn, respectively,
slab (optimized from Pt bulk calculations, 2% larger than following Pauling’s scale, 5.6 and 4.3, respectively, follow-
the experimental value 2.77 A). This is justified by the fact ing Pearson scale [37]) and with previous works performed
that experimentally the lattice parameter is imposed by the with clusters [22,24]. In the case of the/8 x +/3)R30°
underlying Pt bulk, and the Sn atoms in the uppermost layer surface, the Sn atoms lose 042 and the surface Pt atoms
accommodate this constraint by an outward displacement,gain 0.13¢~. For the p(2x 2) surface, the Sn atoms lose
inducing a Pt—Sn distance of 2.86 A. The adsorption energy more (0.5%~) and the Pt atoms gain less (040). A sim-
is defined as the difference between the energy of the wholeilar transfer has been found in the case of cluster calcula-
system and that of the bare slab and the isolated adsorbate.tions [24]. As a reference, a calculation was also done for
Since the molecules are adsorbed on one side of the slaka three-layer slab of pure platinum. In this case, the surface
only, the unit cell has a net dipole and a spurious electrosta-atoms bare a positive charge-60.06. That means that the
tic interaction between the slab and its periodic images cansurface Pt atoms are more negatively charged for the alloys
modify the total energy. This effect could be important in than for pure platinum. For both alloys, the d orbitals gain
the case of polarizable molecules like unsaturated aldehydesthe largest part of the transferred charge (0.2 an@0.for
particularly for the vertical adsorption modes. A correction the (/3 x +/3)R30° and the (2« 2), respectively).
has been applied both on the energy and on the potential, in  The density of states (DOS) projected on a surface Pt
order to remove this effect. For the planar adsorption modes,atom for Pt(111) and the two alloys are compared on Fig. 2.
the correction does not exceed 1 keabl for acrolein and The d-band is narrower in the case of the alloys. One ob-
2 kcal/mol for prenal showing that a four-layer thick vac- serves a different shape around the Fermi le¥ig){in the
uum is sufficient. For the vertical adsorption modes, the cor- case of Pt(111), there is a large density of states jufiat
rection is as high as 6 kcahol for prenal, hence a five-layer  which is smaller in the case of $8n and disappears for
vacuum is not enough if no correction is applied. Even witha PtSn, in agreement with UPS spectra [12]. Furthermore,
eight-layer vacuum, there is still a correction of 1 keabl the d-band center relative to the corresponding Fermi level
due to the dipole interactions. However the corrected val- is calculated at-1.93 eV for Pt(111),—2.09 eV for the
ues with a five- and eight-layer vacuum are the same, which p(2 x 2) PSn alloy, and-2.12 eV for the (/3 x +/3) R3(°
shows that the use of a five-layer vacuum is sufficient if the PtSn alloy. Hence the d-band center goes down when plat-
dipole correction is done. inum is alloyed with tin, which is consistent with the inter-
action with a more electropositive metal. The greater den-
sity of states aroundtr observed for RBiSn compared to

3. Structure of the alloys PSn could explain why the Pt atoms appear brighter for
the p(2x 2) alloy than for the {/3 x +/3)R30° one in the

The geometry of the slabs with the two different surface STM images [38].
alloys was optimized. For the/3 x +/3) R3(° structure, the
Sn atoms were found to be displaced outward by 0.23 A for a
calculation with five vacuum layers. For thex22) structure 4. Adsorption of acrolein, crotonaldehyde, and prenal
the displacement of the Sn atoms was 0.27 A. These valueson the (+/3 x 4/3) R30° Sn/Pt(111) surface
are in good agreement with the experimental ones.

The work functions have been calculated to be 5.4 and In this section, the adsorption of the three aldehydes will
5.3 eV for the p(2x 2) and the {/3 x +/3)R30° alloys, be compared on the3 x +/3)R30° surface alloy, at cov-
respectively. This shows a decrease compared with pure plateraged = 1/9 first. A comparison will also be done with
inum work function for which the calculations give 5.7 eV. the adsorption of the same aldehydes on pure platinum [19].
These results are similar to those obtained by other calcula-The possible adsorption structuressef-unsaturated alde-
tions [25] and compare well with the experimental values, hydes are numerous since each double bond can interact with
5.8 eV for Pt(111), 5.4 eV for p(x 2) PgSn(111), and the surface in several configurations. Their number is even
5.2 eV for (V3 x +/3)R30° PLSn(111) [12]. increased for the alloy, compared with pure Pt, since the sur-

To analyze the electronic structure of these surfaces, weface atoms involved in the adsorption can be either Pt or Sn.
have performed calculations with the ADF-Band program. These structures are shown on Fig. 3. They all have been
This code, based on atomic orbitals and not on plane wavestested and only the most stable ones will be given here. For
allows us to obtain the electronic populations by a Mulliken example, it appeared that the=C bond did not adsorb fa-
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etry. Three other geometries only involve the-C bond,
the di-occ trans and ther cc cis andtrans. The diocc cis
mode, which exists on pure Pt, does not exist here as a sta-
: ble minimum but transforms into thgSncis mode with a
s 6 a5 ey Sn-0 interaction. Effectively, this interaction is, as expected,
Energy (eV) stronger than the Pt—O one.
A structure that does not exist on pure Pt appears on the
Efig-UZréDgﬁn(ljiriniiKhoef Sgezs))ggﬁcgﬁg Ogne(\j Sol;f;‘szf(gt af;’g;’;ége casealloy: the dio14 geometry where only the two extremities of
, : x . . . .
Pt2pSn aIFI)oy. The dashedpline indi?ates tht)e/ Fermi level and the vertical seg- the m.OIeCUIe interact with the surface in a kind of meta”acy-.
ment shows the energy center of the d-band. cle (Fig. 3). Such a structure has been postulated to explain
the 1-4 hydrogenation of butadiene, for example. The last
structure is an atop geometry where the oxygen atom inter-
vorably on a site containing a Sn atom, which excludes someacts with a Sn atom (atop-Sn). The @léo mode has also
geometries like thgsSntrans one, the equivalent of which  been considered. This mode has been found weakly bound
was one of the most stable cases on Pt(111) (the Sn termon Pt(111), less than the atop-Pt one, as expected for a sub-
in the name of an adsorption structure indicates that the oxy-stituted aldehyde. Nevertheless, the presence of tin could
gen atom interacts with a tin atom). For acrolein finally, only modify its stability. We have thus tried a dico geometry
seven of them have significant adsorption energies. Two in-with the oxygen atom bound to a Sn atom. Such a struc-
volve both the G&C double bond and the oxygen atom: the ture is not stable for acrolein and it evolves into the atop-Sn
n3-Sncisand thenz-Sntranswhere the &C bond adsorbs  geometry for prenal. The atop-Pt mode, where the oxygen
on two Pt atoms and the oxygen binds to a Sn atom. Theatom is bound to a platinum, has also been calculated. It is
equivalent geometry exists on pure Pt [19] and involves a not stable on the surface.
Pt—O interaction. The geometry where the two double bonds  For crotonaldehyde and prenal, the same adsorption
interact with the surface)g-Sncis = ncc+di-oco), in such geometries are found and moreover another mode exists, the
a way that the €0 bond is bound to a Sn atom, transforms nsSncis one. In this mode, both double bonds interact with
into the n3-Sn cis geometry whereas it exists on Pt(111). the surface, giving a planar adsorption geometry. An equiv-
The n4-Sn trans (di-occ + di-oco) which also exists on  alent mode exists also on Pt(111). For acrolein, this mode
Pt(111) cannot exist on this alloy because a Sn atom woulddoes not exist and evolves during optimization to #h8n
be involved in the adsorption of the<C bond. Then4 cis cismode (Table 2).

|
|
|
I
: mode adsorbed only on Pt atoms evolves ia-g cisgeom-
|
!
|
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Table 1
. Most important geometrical parameters for the adsorption structures of
acrolein acrolein on ¢/3 x +/3)R30° Sn/Pt(111) (in A) forg = 1/9
di-o . trans PtC; Pt Ptz SnO GCp CyC3 Cg0
di-occtrans 214  2.18 148 148 123
mcc trans 2.18 2.24 1.41 1.47 1.23
nceCis 218 225 1.42 148 1.23
di-o14 2.18 2.17 1.43 1.38 1.31
acrolein naSncis 213 227 267 233 147 143 1.28
Sn cis n3Sntrans 2.15 2.26 297 245 1.42 1.44 1.26
HERRS Atop-Sn 242 134 145 124
The numbering of the atoms is as follows; €C,—C3=0.
Table 2
acrolein Adsorption modes and binding energies (in Koabl) of acrolein, croton-
G aldehyde, and prenal or/B x +/3) R30° Sr/Pt(111)
" 0 Acrolein Crotonaldehyde Prenal
1/6 1/9 1/6 1/9 1/9
di-o cc trans —-8.7 —-111 -32 —6.0 —0.6
di-occ cis -120 n3Sncis -5.8
prcnal e trans -6.3 —-8.7 -53 -0.9
— mce s -9.0 -54
n,Sn trans di-o14 _128 _138 58 -74 -07
n3Sncis? di-occ cis —-158 naSncis  —-9.9 27
n3Sntrans? wcetrans -9.3 -62 -39
naSncis? di-ccccis  n3Sncis -31 -60 -02
Atop-SriP 37 -3.0 37 -50 —66
prenal @ The Sn term means that the oxygen atom interacts with a tin atom.
atop-Sn b with 8 layers of vacuum between slabs.

induces a lengthening of the metal-metal bonds with the
second layer. This is a consequence of the bond order con-
Fig. 4. Top and side views of the most stable adsorption modes of acrolein Servation principle. The stronger the adsorption, the greater
and prenal on they(3 x +/3)R30° PpSn alloy (see Fig. 1 for labels of  the displacement. Moreover in thgSn trans mode where
spheres). the C=C bond ism bonded to one Pt atom, two new bonds
are formed for this atom, which explains its huge buckling.
The most stable modes for acrolein and prenal are de- The main bond lengths for these various modes are given
scribed in Fig. 4. One can note the important difference in Table 1 in the case of acrolein. As we have already ob-
between the dizcc mode where the €0 bond moves out ~ served in the case of the adsorption on Pt(111) [19], the
of the surface and thes modes where the molecule lies par- bonds are elongated when they interact with the surface:
allel to the surface. Th@sSn cis mode is a dis cc mode 1.48 A for the G=C bond (1.34 for gaseous acrolein), and
with an interaction of the oxygen with the surface while 1.26-1.31 A for the €0 bond (1.23 for gaseous acrolein).
the n3Sntrans one is arcc mode with the same O inter- The Pt—C bonds are all in the range 2.13-2.27 A which cor-
action. For the dik14 geometry, the medium carbon atoms responds to usual lengths in platinum complexes. The bond
are clearly far from the surface. The metal atoms involved lengths are identical to those found on Pt(111), which shows
in the adsorption are pulled out of the surface and protrudethat the Pt—C interaction has a similar nature on the pure
largely. This can be observed in Fig. 4, particularly for the metal and on the alloy. This similarity has been pointed out
di-o14 mode of acrolein and thesSn trans mode of pre- experimentally in the case of the adsorption of ethylene [15].
nal. In the case of acrolein, for example, the buckling of Let us comment with more detail the &iz geometry: the
the Sn atom is 0.25 A fopsSncis andtrans and 0.48 A Pt-C bond (2.176 A) and the Pt-O bond (2.17 A) are short
for di-o14 relative to the noninteracting tin atoms. The buck- and real single bonds. The;C; bond (1.43 A) is interme-
ling of the Pt atom is 0.4 A fopsSncis, 0.5 A for di-v1a, diate between a single and a double bond and tgeOC
and as much as 0.95 A forzSn trans. For prenal in the bond (1.31 A) is elongated compared to its value in gaseous
n3Sntrans mode, the buckling of Sn is 0.24 A and that of acrolein. On the contrary, the,Cz bond (1.38 A) is short-
Pt 1.1 A. The displacement of the metal atoms involved in ened and is close to a double bond. These lengths correspond
the adsorption is a general phenomenon. Since new bondgo the structure given on Fig. 3.
are created, such atoms fill their coordination sphere and are  The energetic results are given in Table 2. The most sta-
hence less strongly bound to the other metal atoms, whichble mode for acrolein is thgsSncis one followed by die14,
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the dio cc being less stable. When the adsorption of croton- Table 3
aldehyde and prenalis compared to that of acrolein, the sameAdsorption modes and binding energies (in Keabl) of acrolein and prenal
trend is observed as in the case of the adsorption on Pt(111)°" P(2x 2) SyPt(111) at a coverage 6f=1/12

there is a decrease in the adsorption energy when going from Acrolein Prenal
acrolein to crotonaldehyde and to prenal. This decrease is 1/4 1/12 1/12
mainly due to the repulsive steric effect of the methyl groups. di-occ trans —143 —124 Not stable
An exception is the atop-Sn mode which, on the contrary, be- di-occ cis —147 —-124

comes more stable when the=C bond is substituted (from  di-o14 —124 —134 Not stable
3 to 6.6 kcafmol). This is due to the electron—donor effect "32° —_1;451

of the methyl groups transmitted by the conjugated chain, Z;‘Sncisa _q75b _186 _40
which induces a better interaction of the oxygen lone pair ;;sntrans® 53 Not stable
with the surface. The same behavior is observed for the atop-nsSntrans? —-110 —-155 -27
Pt mode on Pt(111). The best mode for crotonaldehyde is74Sncis® naSncis —142 -39

Atop-Srit© —4.5 —-5.7 —-7.7

alsonsSncis, followed by dio14. However the other modes

are not far away, particularly the atop-Sn mode which is SThe Sp term means that the oxygen _atom interacts with a tin atpm.

only 1 kcal/mol less stable thamzSn trans compared to For this coverage, the Sn-O bond is long (2.8 A) andf8n cis

6 kcal/mol in the case of acrolein, as a result of the pre- Moc 1ooks ke adbcc one.

: . ’ With 8 layers of vacuum between slabs.

viously described trend. For prenal, only three modes can

be considered as bound to the surface, although the binding /f

energy is weak. Among them the atop-Sn is the most stable. 7
A consequence is that the preferred adsorption modes of

the three aldehydes are very different. Acrolein prefers the

naSncismode and the second best geometry is the metalla-

cycle dio14. For crotonaldehyde, thesSncis mode is also

the most stable but in tight competition with several other

(]
a®

e

structures. Fir]ally'for prenal, the atop-Sn mode is the sole 1]:Sr1 cié 71]4Sn oig
which has a significant adsorption energy, even more stable
than for the two other aldehydes. Fig. 5. Top and side views of the most stable adsorption modes of acrolein

At h|gher coverage (ﬂﬁ), the planar adsorption modes On the p(2x 2) PgSn alloy (see Fig. 1 for labels of spheres).
parallel to the surfacen§ or n4) do not exist anymore, be-
cause they take too much space on the surface, and the beshensSntransmode where the oxygen atom interacts with a
adsorption mode for acrolein is the éliz one. However,the ~ Sn atom. Except for these modes, the other ones are the same
di-occ cis mode is close in energy and can be in compe- as in the previous studied alloy and will not be described in
tition. For prenal obviously, the adsorption mode remains detail.
atop-Sn at this coverage. The results are different on pure The energy results are given in Table 3. The most stable
platinum for this coverage since thg and n4 modes of mode for acrolein at a coverage of12 remains the)zsSn
acrolein remain the most stable ones. The difference comescis one followed by the two;4Sn modes instead of the di-
from the lattice vectors used for generating the surface. In 014 mode which was the second most stable on 18 &
the case of BSn, the superlattice must be compatible with +/3) R30° alloy. If the adsorption energies of thye cis and
the periodicity of the Sn atoms, and hence the unit cell for n4 cis modes are compared with those of thSn cis and
a coverage of 16 is a rect(3x +/3) lattice (see Fig. 1),  74Sncis modes, a stabilization of 7 kgahol is observed
where some intermolecular contacts are present for the pla-when the oxygen atom interacts with tin instead of platinum.
nar structures. In the case of Pt, another lattice is possibleThis is a measure of the strength of the Sn—O bond compared
(3 x 2) leading to this more favorable adsorption for the pla- to the Pt—O bond. The most stable modes are represented in
nar forms. Fig. 5. ThenszSncis mode looks like that on the first alloy,
but we can describe more precisely themodes: the)sSn
cisgeometry is a combination ofracc and a die co modes

5. Adsorption of acrolein and prenal on thep(2 x 2) while thensSntrans one is a combination of a dicc and
Sn/Pt(111) surface a di-o co modes. The behavior of prenal is the same on both
alloys: the atop-Sn mode is the sole significantly stable one.
In the case of the p(R 2) PESn alloy, only acrolein and For acrolein, a higher coverage has also been considered

prenal have been considered. There are less Sn atoms on th@ = 1/4) giving a (2x 2) adsorbate arrangement. Only the
surface, thus some geometries stable on Pt(111) and whictbest adsorption modes have been calculated.rE&a cis

do not exist on the'3 x +/3)R30° alloy are found on this  mode remains the most stable although it is slightly desta-
alloy. This is the case of thes cis andns cis geometries  bilized compared to coverage 12. In this geometry, the
where only Pt atoms are involved. This is also the case for SnO bond is long (2.8 A), which means that the interaction
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is weak. Nevertheless this form does not evolve by a further other hand, the atop-Sn geometries are stable, particularly
decoordination of the oxygen to thediec one whichisless  for crotonaldehyde and prenal, which again highlights the
stable. The same phenomenon as on Pt(111) is observed: thbetter interaction of the oxygen atom with tin compared to
di-occ modes are more stable than at lower coverage. We platinum. They are nevertheless less stable than the corre-
have explained this result by the existence of stabilizing lat- sponding atop-Pt modes on pure platinum.
eral dipole—dipole interactions induced by the presence of We have already pointed out previously that th&ncis
oxygen in the molecules. ThgSntrans geometry, involv- andnsSncismodes are also stabilized by this Sn—O interac-
ing four surface atoms, is more strongly destabilized and the tion compared to thes cisor n4 cis modes. As a result, the
naSncisgeometry even transforms to theSncis one, even additional adsorption energies for theSncis or n4Sncis
if this transformation needs an important movement from modes compared to the dicc ones are larger on the alloy
7 cc to di-o cc. Obviously, prenal remains atop at high cov- than on platinum: for acrolein 4.4 vs 1.7 k¢alol, and for
erage. crotonaldehyde 3.9 vs 1.1 kgahol. This important Sn—O

In conclusion, the two alloys have roughly the same be- interaction explains also the existence of thergj-geome-
havior toward the adsorption of the studied unsaturated alde-try, where the oxygen atom interacts with tin by its lone pair.
hydes, although, in some aspects, thgShAtalloy is interme- Nevertheless, these modes involving a Sn atom are less sta-
diate between Pt and /8n. The same adsorption modes are ble than the corresponding modes on pure platinum, which
observed, except theSntrans one which does not existin ~ shows that the specific interaction of oxygen with Sn does
the case of they3 x +/3)R30° PtSn alloy. Thereisalsoa  not fully compensate the weakening of the Pt—C interactions

slight difference in the stability order since theadis geom- on the alloy.
etry is the second most stable fon8h against the)sSn In summary, all the adsorption modes on the alloy are
geometries in the case ofd3n. less strongly bound than on platinum. A recent study deals

with the hydrogenation of crotonaldehyde over the two Pt—
Sn alloys studied in the present paper [39]. Itis found that the
6. Discussion reactivity is enhanced on the alloys, which could be related
to the weaker adsorption, although a complete study of the
In this section we will compare the results obtained for reaction pathways would be needed to assess this.
the two studied alloys with those obtained for Pt(111) and  The variation of the adsorption energies when platinum
described in [19]. Then we will try to relate the adsorption is alloyed with tin can be easily understood by the consider-
behavior of the unsaturated aldehydes on Pt(111) and on itsation of the electronic structure of the alloys. We have seen

alloys with tin to the selectivity of their hydrogenation. in Section 3 that an electron transfer occurs from Sn to Pt. It
results in a large positive charge on the Sn atoms which can

6.1. Comparison of the adsorption on Pt(111) and on the be considered as $h. On the contrary, the surface Pt atoms

two Pt—Sn alloys and electronic interpretation are more negatively charged on the alloy than on pure plat-

inum. An alkene being mainly an electron donor, its inter-

In the case of the p(2 2) PESn alloy, we can compare  action with the electron-enriched Pt atoms of the surface is
the diocc, the nz cis, andn, cis modes, which also exist weakened. This can be seen as an increased Pauli repulsion
on Pt(111). For a coverage of 12 in the case of acrolein, between ther electrons of the alkene and the d electrons
we note a decrease of the adsorption energy of 8.9, 12.2, anaf the surface Pt atoms. One can also understand that the
12.5 kcafmol on the alloy for these three modes, respec- electron-rich oxygen atoms have a better interaction by their
tively. In the case of they(3 x +/3)R30° PkSn alloy, only lone pairs with the depleted Sn atoms than with the Pt atoms.
the diocc and ther cc cis andtrans can be compared, the Itis also easy to explain why the double bonds, eithetCC
n3 or n4 modes involving a Sn atom. A decrease of 10.7, or C=0, do not adsorb favorably on sites containing a Sn
6.5, and 6.5 kcaimol is observed for the three modes, re- atom. Effectively, the filled d-band of Sn is too low in energy
spectively. Hence the cc modes are less destabilized than to give rise to back-donation and the sp band, which is par-
the diocc. For crotonaldehyde and prenal also, the adsorp- tially empty, takes part only slightly in this interaction. The
tion energy decreases strongly from Pt tg3?t(111) for the decrease of the back-donation compared to Pt is not com-
geometries parallel to the surface. Such a decrease of thgpensated by the increase of the donation of the occupied
alkene adsorption energy has been observed experimentallyrbitals to the vacant Sn orbitals and therefore the tin atoms
on these two alloy surfaces [15-17], although its value is are not favorable sites for the adsorption of double bonds.
smaller (4 kcalmol for PgSn and 6 kcglmol for PbSn). The molecule—surface interaction processes can be de-
Recent periodic DFT calculations for ethylene on Pt(111), scribed in more details from an analysis of the DOS. We
PtSn(111) [25], and cluster calculations [24] give the same have also pointed out in Section 3 that the shape of the DOS
trend. We have seen in the previous section that the atop-changes with alloying and that the d-band center is displaced
Pt modes are not stable on the® alloys, whereas they farther from the Fermi level. Let us consider theodic
are stable on Pt(111)}{6, —6.3, and —8.3 kcal/mol for adsorption mode of acrolein on Pt ang®t. The main in-
acrolein, crotonaldehyde, and prenal, respectively). On theteractions occur between the orbitals of acrolein located



122 F. Delbecq, P. Sautet / Journal of Catalysis 220 (2003) 115-126
d;2 d

X7

Scheme 2. Schematic interactions between the orbitals of the surface Pt atomssarsystem of acrolein in the diwc geometry.
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Fig. 6. divcc adsorption mode of acrolein on Pt(111), DOS-projected on thedd d., orbitals of an interacting surface Pt atom: (a, b) on the bare surface;
(c, d) after adsorption; DOS-projected on the &d G carbons of acrolein. The numbering of the acrolein atoms is shown in Table 1. The dashed line
indicates the Fermi level.

on G and G and the ¢z and d; orbitals of the two plat-  energy reference (energy of vacuum). Acrolein has four
inum atoms involved in the adsorption (see Scheme 2). Theorbitals: two occupied cc + 7 co andn cc — 7 co and two
DOS projected on the interacting orbitals énd d., of the vacantri-~+niqandri-— . Inthe gas phase, all atoms
Pt atoms and on the,porbitals of the G and G carbon have contributions in the four orbitals. In the adsorbed di-
atoms are plotted on Figs. 6 and 7 for the cases of Pt andgeometry, the molecule is distorted and the twaystems

Pt Sn, respectively (for the numbering of the carbon atoms, are more separated. Moreover thesystem mixes with the
see Table 1). In these figures, the DOS have all the sames one, which gives more numerous peaks. The combination
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Fig. 7. diocc adsorption mode of acrolein onSn(111), DOS-projected on th(;zdand d; orbitals of an interacting surface Pt atom: (a, b) on the bare
surface; (c, d) after adsorption; DOS-projected on theafid G carbons of acrolein. The numbering of the acrolein atoms is shown in Table 1. The dashed
line indicates the Fermi level.

of the DOS projected on the prbitals of carbons £€and G system of acrolein, reflects this interaction. The second rea-
(Figs. 6e and f) allows us to assign the peaks arouh@ 5 son is the back-donation from the d-band to #feorbitals
and—10.9 eV to ther orbitals of acrolein. These peaks are of acrolein, the antibonding combination of which appears
widened, particularly the latter (Fig. 6f), which indicates the aboveEr. Hence, the two large bands between the Fermi
existence of an interaction with the Pt orbitals. Ttie or- level and the 0 eV correspond to interactions gfwiith both
bitals appear as two large bands between the Fermi level andr andz*. Similarly, in the DOS projected on.d(Fig. 6d),
—2.5 eV and between-2.5 and 0 eV, with a large contri-  one observes a high peak-al2.5 eV and small peaks be-
bution of p C3 at —2 eV. This broadening also shows an tween—115 and—10.5 eV (by comparison with Fig. 6b)
important interaction with the Pt orbitals. corresponding also to the system of acrolein. For,d, the

If the DOS projected on d in the case of bare Pt and in  interaction with ther* orbital is weak: one can only ob-
the case of the acrolein adsorption are compared (Figs. 6aserve a small peak aroune? eV. In this case, no shift of the
and c), one observes that a large part of the d-band has beed-band abové is observed.
pushed abové&r. There are two possible reasons. The first In the case of the alloy, the same features are observed
one is the repulsive four-electron interactions of Pauli type (Fig. 7). The d. orbital also shows a large part above the
between the occupied orbitals and the almost full d-band  Fermi level. Peaks at12.4 (d,;) and—10.9 (d2 and d.;)
of platinum, which stabilize ther orbital and destabilize  show the interaction with the orbitals of acrolein. It is dif-
the d-band. The peak at10.9 eV, corresponding to the ficult to compare the strength of the interactions between the
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d and ther orbitals since no significant displacement is ob- Table 4

served for the latter between the case of pure platinum andExperimental selectivity to saturated aldehyde (SAL), unsaturated alcohol

the case of the aIon. Hence we cannot see the stronger rerOL), and saturated alcohol (SOL) during the hydrogenation of unsatu-
. . . . . rated aldehydes on Rierosil and PtSfaerosil (from Ref. [3])

pulsive four-electron interactions which would be induced

for the alloy by the lower d-band center. In contrast, e SAL uoL SOL

orbital located at-2 eV in the case of Pt (Fig. 6€) is down- Pt PtSn Pt PtSn Pt PtSn

shifted to—2.5 eV in the case of B6n (Fig. 7e). Moreover  Acrolein 926 6 16 275 18 29

this orbital is broader in the case of Pt (Fig. 6e compared to Crotonaldehyde  50.0 D 130 295 336 194

Fig. 7e). These two observations suggest a better interactior. <" 170 & 205 775 S0 149

of the d orbitals withz* in the case of Pt, in agreement with

the higher d-band center. (Sn—O= 2.8 A). Nevertheless, it can be considered as a di-
The weaker interaction of the Pt orbitals wittt stabi- o cc mode, the interaction between Sn and O being weak. In

lizes less the d-band in the alloy case. Moreover, the strongerconclusion, at high coverage, acrolein isodir in competi-
interaction of the Pt orbitals witlr destabilizes more the  tion with di-occ on PtSn @ = 1/6) and diocc on PgSn
d-band. The two effects result in a smaller displacement of (9 = 1/4).

the d-band center upon adsorption in the case of the alloy. Crotonaldehyde behaves similarly to acrolein: at high
Indeed, in both cases (Pt anc,®h) the d-band is pushed coverage (16), the die14 and diocc modes are in com-
farther from Er after adsorption. The d-band center is cal- petition. Prenal, which is already atop at low coverage, is a
culated at—2.20 eV for Pt and—2.27 eV for PtSn, with fortiori also atop at high coverage.

respect to the Fermi level, comparedt4.93 and—-2.12 eV, We have therefore just seen that the unsaturated aldehy-
respectively, in the case of the clean surfaces. Hence thedes have a different adsorption behavior on platinum and on
d-band center moves much more in the case ofBtZ7 eV) its alloy with tin. We will now show that there is a relation

than in the case of PBn (~0.15 eV). All the previous ar-  with the different selectivity observed during the hydrogena-
guments converge to the conclusion that the adsorption oftion of these aldehydes on Pt and the Pt—Sn alloys.
acrolein in the dis cc geometry is weaker on the alloy than
on platinum. This can also be related to the geometrical para-6.2. Relation between adsor ption and hydrogenation
meters. Indeed, the Pt—C bonds are longer on the alloy, 2.14 3¢l ectivity
and 2.177 Avs 2.124 and 2.155 A on platinum and tkedC
bond is less elongated on the alloy, 1.479 vs 1.483 A. First we recall here some experimental results (see Ta-
Besides the change of the adsorption energies, a markedle 4). On silica-supported Pt catalysts, an increase of the
change in the preferred adsorption modes is observed wherselectivity to unsaturated alcohol (UOL) is observed when
the two surface alloys are compared with platinum. On going from pure Pt to Pt-Sn alloys: from 2 to 27% for
Pt(111) at low coverage (9 or 1/12), all three aldehydes acrolein, from 13 to 29% for crotonaldehyde, and from 20
prefer geometries involving the whole moleculg (is or to 77% for prenal, at low conversion. The concomitant de-
n4 trans for acrolein and crotonaldehydey trans for pre- crease in the quantity of saturated alcohol (SOL) in the case
nal) [19]. Acrolein on the alloys still prefers this type of of the alloy must be underlined: from 34 to 19% for croton-
modes,n3 cis on both alloys. The behavior of crotonalde- aldehyde and from 55 to 15% for prenal. That means that on
hyde and prenal is different. For crotonaldehyde,theis Pt-Sn, only a small quantity of SOL is formed as primary
mode is also the most stable but numerous other modes argroduct of the reaction, if any, or the further hydrogenation
not far in energy, among them the atop-Sn one. For prenalof UOL is difficult, in contrast to the case on pure platinum.
only the atop-Sn mode can be considered as stable. The dif-Obviously, the fact that the experiments are performed with
ference is then more pronounced in the case of prenal forsupported catalysts makes more difficult the direct compar-
which the atop-Pt mode becomes the most stable on pureison with our calculations. In the study cited above which
platinum only at high coverage-(1/6). deals with the hydrogenation of crotonaldehyde over the two
At high coverage, the behavior of acrolein changes com- Pt—Sn alloys studied in the present work [39], the conclu-
pared with platinum. On the §£%n alloy, the die14 mode is sion is that the selectivity does not change much on the alloy
the most stable one. Moreover, already at coverd@ethe compared to platinum.
modes parallel to the surfacez(andns) do no more ex- The case of prenal is the simplest one: even at low cov-
ist and transform into di#cc or wcc modes (Table 2). On  erage, the atop mode is the most stable and leads to the
Pt(111), these modes still remain stable at this coverage andC=0 hydrogenation (UOL). On pure platinum, this mode
even at a coverage of/4, although less stable than the di- becomes the most stable only at high coverage. The absence
occ modes. On RSn at coverage /4, the modes parallel  of then4 modes for PtSn precludes the formation of the sat-
to the surface are less destabilized sing8ntrans still ex- urated alcohol SOL as primary product, as it is the case on
ists, although not very stable (Table 3). Th¢Sn cis mode platinum. Moreover we have considered the further behavior
does not transform totally into dicc cis since the oxygen  of the unsaturated alcohol formed, the 3-methyl-2-butenol.
atom remains directed toward the surface at a long distancelLike for prenal, the atop-Sn mode is the most stable with an
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adsorption energy of 7.6 kcal/mol, the die cc mode being by 2.9 kcaymol. Hence the modes involving a real Sn—O
5 kcal/mol less stable. The preferred adsorption in the atop single bond (atop and di14) are slightly stabilized on the
geometry precludes the hydrogenation of the@bond and oxidized surface. Moreover, in the case of acrolein, the best
hence the obtention of SOL. The situation is totally different adsorption mode in changed fromSn cis to di-o14 when

on platinum, on which 3-methyl-2-butenol adsorbs in the di- the surface is oxidized. Therefore the presence of oxidized
occ geometry and is easily hydrogenated to SOL. Hence Pttin atoms increases the stability of the atop-Sn mode relative
and Pt-Sn have a the different behavior toward the secondto the other modes. For crotonaldehyde it becomes competi-
hydrogenation reaction. tive with the dio14 and thensSncismodes and for prenal its

The cases of acrolein and crotonaldehyde are less clearpredominance is accentuated. Hence the better yield in UOL
At low coverage, the best adsorption geometry is fge  for crotonaldehyde and prenal on the alloy can be explained
cis one, like on platinum, which leads to the=C hydro- by the presence of oxidized tin atoms, although, in the case
genation (SAL). At higher coverage, the @iz becomes in of prenal, this effect is already present without oxidation. In
competition with the discc one. Hence the greatest part the case of acrolein for which the diy mode is the most
of acrolein and crotonaldehyde is hydrogenated through thestable, the reactivity of this mode should be known in order
C=C bond (SAL) as on platinum. However, the behavior to conclude, as pointed out before.
of the div14 geometry toward hydrogenation is not known.

Does this mode lead to the hydrogenation of theCor of
the C=0 bond? This will be actually the subject of a forth- 7. Conclusion
coming study.

Several experimental studies assume that the active Although the adsorption structures of the adsorbate might
species of the Pt—Sn alloys, responsible for the enhancednot be the only important factor for the determination of the
catalytic properties, are not the Sn atoms but rather tin ox- hydrogenation selectivity, the present study shows that the
ides SnQ formed at the surface [11, and references therein], knowledge of such structures allows us to give a qualitative
[40]. These oxides act as Lewis acids and coordinate to interpretation of the reactivity trends. DFT calculations are
the oxygen atom of the aldehydes, leading to a polariza- a useful tool for obtaining information on the factors which
tion of the C=0 bond and hence to an easier hydrogenation can change the adsorption geometries.
of this bond. Nevertheless, another author noted that the In this study, we have particularly compared the adsorp-
bimetallic Pt—-SiiSiO, catalysts in which Shatoms are tion geometries of the unsaturated aldehydes on platinum
present are more selective toward the unsaturated alcohobnd on two Pt—Sn alloys, in order to understand why the se-
than those containing ionic tin 8hor Sr' present as oxi-  lectivity of their hydrogenation toward unsaturated alcohol
dized species [41]. is enhanced on the alloys especially for prenal. In all cases,

Our results show that, effectively, itis not necessary to ox- the adsorption energy is smaller on the alloys than on plat-
idize Sn in order to have coordination by the oxygen atom. inum, which could explain the enhancement of the reactivity
This is due to the fact that there is an electron transfer in observed experimentally. Effectively, the activity of ethylene
the alloy from the Sn atoms to the Pt ones (vide Section 3), hydrogenation is increased by 75% with PtSn catalysts [42],
which leads to positively charged Sn atoms. We have nev- and so does also that of crotonaldehyde hydrogenation [39].
ertheless investigated the influence of oxidized tin on the  One observes on the alloys an enhancement of the relative
adsorption of acrolein on the #48n alloy. For that we have  stability of the atop-Sn mode, where the molecule interacts
adsorbed one oxygen per unit cell (coverag8)lon sites by the oxygen atom, comparatively to the other modes. For
containing a tin atom. We have compared the adsorption atopprenal it is the most stable modes at all coverages, which ex-
on a tin atom, bridge between a tin and a platinum atoms andplains the high yield in unsaturated alcohol. For acrolein and
three-fold between a tin and two platinum atoms. The most crotonaldehyde, thes cis mode and the di-cc mode re-
stable structure is the fcc threefold one. It is more stable thanmain the most stable on the alloy, which gives a high yield in
the hcp threefold one by 6.3 kgahol. The bridge site does  saturated aldehyde, as on platinum. Nevertheless thesdi-
not exists and evolves to the threefold fcc one. The atop sitemode becomes competitive at lower coverage, which could
is far less stable. These results are in agreement with previ-explain why more unsaturated alcohol is obtained compared
ous calculations [25]. We have then studied the adsorption ofto platinum, if this mode leads to the hydrogenation of the
acrolein on the surface containing one fcc threefold oxygen, C=0 bond. This assumption must be verified by the study
the adsorption geometries involving the oxidized Sn atom. of the reaction path.

The nzSntrans mode evolves into the dicc trans, with a The second hydrogenation (hydrogenation of the formed
slightly smaller adsorption energy than on the nonoxidized unsaturated alcohol) does not take place on the alloys as it
surface. They4Sn cis geometry evolves into thezSn cis does on platinum, due to the fact that UOL adsorbs atop-Sn
one, which is 4 kcalmol less stable than on the nonoxidized and not die cc, hence with no activation of the C-C bond.
surface. The most stable mode is thesgli-one. Its adsorp- The presence of oxidized tin atoms accentuates the pref-
tion energy is increased by 0.9 k¢aiol compared with the  erence for the atop-Sn mode for prenal and crotonaldehyde,
nonoxidized surface. The atop-Sn mode is also more stablewhich agrees with the increase of the selectivity to UOL, but
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gives a preference for the dirs mode in the case of acrolein,
the evolution of which is not known. In the case of prenal,

however, the oxidation of tin is not necessary for explaining

the selectivity.
The different behavior of the alloys compared to plat-
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