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Density functional theory, employing periodic slab calculations, was used to investigate the
interactions of ethylene and oxygen with(Ptl) and P§Sn(111). The predicted energetics and
structures of adsorbed species orflP1) are in good agreement with experimental data. The
binding energies ofr-bonded ethylene, di-bonded ethylene, and ethylidyne species are weaker on
PtSn(111) than on P111) by 21, 31, and 50 kJ/mol, respectively. Hence, the electronic effect of

Sn on the adsorption of ethylene depends on the type of adsorption site, with adsorption on
three-fold site weakened more than adsorption on two-fold and one-fold sites. Oxygen atoms bond
as strongly on BSn(111) as on P111), and these atoms prefer to adsorb near Sn atoms on the
surface. The addition of Sn to(®1L1) leads to a surface heterogeneity, wherein ethylidyne species
prefer to adsorb away from Sn atoms and oxygen atoms prefer to adsorb near Sn atoms. Implications
of this surface heterogeneity on hydrocarbon reaction selectivity on Pt-based catalysts are discussed.
© 2001 American Institute of Physic§DOI: 10.1063/1.1346685

I. INTRODUCTION lective reduction of esters to alcohdfs® hydrogenation of
_ _ _ carboxylic acids to aldehydé8 hydrogenation of aldehydes
The adsorptive and catalytic properties of metal alloys;, alcohol€224and CO oxidatior?® Finally, Pt/Sn catalysts
are generally controlled by geometrior ensemble and 56 peen studied for G@eforming of methand® and it has
electronic(or ligand effects, e.g., Refs. 1, 2. Typically, both \ocontly peen reported that PtSn catalysts are effective for

types of phgnomena are qb;erved simgltaneously for allo%e oxidative dehydrogenation of ethane to ethyf&he.
systems, which makes it difficult to elucidate separately the Various experimental investigations have studied the ad-

quantltatlye consequences qf these eﬁects. In. recent ye‘rjlr:?orption of G hydrocarbons on single crystals of platinum as
computational methods using density functional theory

(DFT) h d owina to ad . tati well as single crystals of platinum modified with tin. The
ave progressed owing to advances in computa IOnal’lesults from these experimental studies show that the addi-
speed along with the development of new algorithms, e.g

. . ! ~Z'tion of tin to platinum leads to the formation of a substitu-
Refs. 3, 4. These methods provide a means for investigatin ; . )
. . : onal alloy with platinum, thereby decreasing the number of
in a systematic manner the electronic effects of metal alloy;

: . . %hree-fold hollow sites composed of adjacent Pt atoms which
ing. Accordingly, we have used DFT methods in the present " o oo tor the formation of ethylidyne spe@élin
paper to investigate the effects of adding tin t¢1Rf) for y ylidy P

the adsorption of g, and oxygen atoms. addition to this geometric effect, there is evidence that tin

Platinum-based materials are employed extensively agltso hat1§ an fe:;atctror}lc effetct on p.lt?]t'mém' Ln ([j)ahrtlgular, Lhe
catalysts for the reforming of hydrocarbon streams in thd"eraction o surtace atoms with adsorbed hydrocarbon

production of petrochemicals and gasolffelt has been _species appears to be weakened by the presence of neighbor-

0-36
shown that the modification of platinum-based materials witH"9 Sn atoms. For example, temperature programmed

tin suppresses hydrogenolysis and isomerization reactions GFSCTPton(TPD) experiments show that desorption maxima

paraffins, resulting in catalysts that exhibit high dehydroge2r€, shifted to lower temperatures when Pt was alloyed with

31,32
nation selectivity(e.g., Refs. 7—16 Furthermore, it has been oN- ~ Paffett and co-workef$ have also found that the

suggested that because of the oxophilic nature of tin, it ma?resence of Sn may alter the nature of the surface species
ormed on Pt. In this respect, the formation of ethylidyne

actively participate in catalytic reactions involving oxygen- ; 4 )
containing reactants. For example, it has been shown that tfPECieS was suppressed on Pt-Sn surfaces, white- di-

is a useful modifier in metal-catalyzed reactions such as sé2onded ethylene species formed to similar extents during
ethylene adsorption on @t11) and Pt—Sn single crystal sur-
faces.

dCurrent address: Praxair, Inc., 175 East Park Drive, Tonawanda, NY We have chosen in this paper to use ethylene as a probe
14150. . .

PTo whom correspondence should be addressed. Email: dumesic@OIeCUIe to study the interactions of metal and metal alloy

engr.wisc.edu surfaces with hydrocarbon species. We have used oxygen
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diagonalization of the Kohn—Sham Hamiltonian, Fermi-
population of the Kohn—Sham statdgT=0.1eV), and Pu-

lay mixing of the resulting electronic density*3 Total en-
ergies have been extrapolated tkgT=0eV. Test
calculations for the chemisorption of atomic oxygen showed
no need to use the spin polarized version of the exchange-
correlation functional.

IlI. RESULTS AND DISCUSSION
A. Pt(111) and Pt3Sn(111)

Figure 1 shows the three-layer slab used for periodic
DFT calculations, consisting a total of 12 metal atoms in the
supercell. To study the effect of Sn, we have replaced three
Pt atoms in the supercell with Sn atoms one per layer of the
slabs, as shown in Fig. 1. This;Bn(111) slab exhibits the
fcc L1, structure similar to CyAu structure, with eackil1l)
plane containing 25 at. % Sn. This type of structure is shown
by PSn#* Previous studies have indicated that 11d.1)
surface of the BEn alloy is the same as given by simple
truncation of the bulk structuf®.The PtSn alloy is a stable
compound with heat of formation equal te42 kJ/mol*®
(®) The measured values of the work function ofIRtl) and the
p(2x2) surface of BSn(111) are 5.8 and 5.4 eV, respec-
tively, indicating that the work function decreases with addi-
tion of Sn#®4” Our calculated values of the work function of
Pt(111) and PtSn(111) are 5.8 and 5.1 eV, respectively, in
adsorption to probe interactions that may be relevant to unreasonable agreement with the experimental values.
derstanding catalytic processes such as CO oxidation and We note that three-fold sites comprised of three adjacent
NO, emissions control. We use periodic plane-wave calculaPt atoms are preserved ong®(111) slabs. Hence, the DFT
tions to study(111) surfaces of Pt and B8n. These calcula- calculations probe the electronic effect of Sn atoms sur-
tions rigorously account for the electronic structure of a well-rounding three-fold sites consisting of adjacent Pt atoms.
defined surface. Figure 2 shows schematic representations of the various ad-
sorbates. The calculated values for the energetics of these
species adsorbed on the(Ptl) and P§Sn(111) slabs are

Il. COMPUTATIONAL DETAILS
We have primarily used three-layer slabs ofif) and shown in Table I. It should be nqted tha_lt several different
o ) types of two-fold and three-fold sites exist on(Ptl) and
PtSn(111) periodically repeated in a super cell geometry : o ;
. : - ’PtSn(111), depending on the position of atoms in the sec-
with four equivalent layers of vacuum between SUCCESSIVE 1 o e 0. three-fold sites with fec versus hep confiau-
metal slabs, as shown in Fig. 1. The top metal layer for these yer, .9 P 9

three-layer slabs is allowed to relax along with the adsorbatiaatlons' The results in Table | correspond to those sites that

in these calculations, while the bottom two layers are kep ead to the strongest bonding for a given adsorbate. The rela-

fixed at the calculated bulk lattice constafithe errors in the ve bonding strengths for different adsorption sites will be
addressed below.

adsqrptmn energies introduced by using three—layer s.Iabs A€ We calculate that the addition of Sn to Pt leads to an
within 10 kJ/mol, as shown by representative calculations on

o : expansion of the lattice by 2.1%, in agreement with the ex-
four-layer slabgs The calculated equilibrium lattice constant ~"". s .
4 . . . perimental value of 2.09% Bardi and co-workers have mea-
for Pt is 4.00 A. The corresponding experimental value i

3.92 A% The calculated equilibrium lattice constant for the ;l:rseg( 1Tf) %umagdé) gcgggg W(i)tfh rSer;er(;:c;hteo fhuerfafaeneof
PtSn bulk alloy is 4.08 A, while the experimental value is S ) ’ P

4.00 A38 passing through the platinum atorfisand we have calcu-
We have used ax22 unit cell to study the adsorption of lated this value to be 0.19 A. In general, the platinum atoms

. . . bonded to the adsorbate move upward upon adsorption,

various species, correspondingitmonolayer coverage. Ad- . . .
. . . while the rest of the platinum or tin atoms move downward

sorption occurs on one side of the slab. lonic cores are de{oward the metal slab
scribed by ultrasoft pseudopotentidfsand the Kohn—Sham :
one-electron valence states are expanded in a basis of plape
waves with kinetic energies below 25 Ry. The surface BriI-B' Ethylene on Pt (111) and Pt;Sn(111)
louin zone is sampled at 18 speciapoints. The exchange- Various theoretical studies have addressed the adsorp-
correlation energy and potential are described by the genetion of ethylene on platinurff=>°Table Il shows a compari-
alized gradient approximation(PW-91.0! The self- son of the calculated energetics and structural data with the
consistent PW-91 density is determined by iterativecorresponding experimental values. It has been shown that

FIG. 1. Ball and stick models representing the periddicP{(111) and (b)
Pt;Sn(111) slab, used for the calculations.
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1.41 TABLE I. Calculated changes in electronic enerdie¥mo)) for adsorption
1.40 of ethylene and oxygen on ®fL1) and P§Sn(111) slabs.
2.18 Reactiof Pt(111) PtSn(111) Difference
221
CoHy+* &* CoHy(7) -73 -52 21
C,Hy+* &* CH (di-0) -117 —86 31
C,H,+* ©* CCHy+1/2H, —95P —45° 50
2* +0,=2*0 —204 —204 0

aThe* denotes either the @111 or PtSn(111) surface. The negative values
in the first two columns correspond to an exothermic reaction.

bThe corresponding energy for four-layer slab is ats®5 kJ/mol.

“The corresponding energy for four-layer slab-i88 kJ/mol.

(a)
1.48

loying with Sn has been observed in experimental
studies?0-36>9
The electronic effect of tin on the adsorption of ethylene
depends on the type of adsorption site. This dependence has
important implications in the observed hydrocarbon chemis-
try on PtSn alloy catalysts. For example, we have recently
combined results from experimental and theoretical investi-
gations to interpret the observed reaction kinetics data for
ethane hydrogenolysis over platindff®*which has been
a probe reaction to investigate the reactivities of hydrocar-
bons over metal catalysté.In our studies, we conclude that
the preferred reaction pathways for cleavage of C—C bond
involve activated GH; and CHCH species, which occupy
two-fold and three-fold sites, respectively. Upon addition of
Sn, we predict that the activation barrier for the pathway
over a three-fold site should be increased more than the path-
way over a two-fold site. In agreement with these calcula-
tions, the observed catalytic activity of PtSn catalysts is
(@ lower than for Pt catalysts. We have also investigated isobu-
tane dehydrogenation on Pt and PtSn cataf/st&% The
FIG. 2. Side and top views for adsorption @ w-bonded ethylene on an - ptgp catalysts are more selective for dehydrogenation than Pt
atop site,(b) di-o-bonded ethylene on a bridge site) ethylidyne species . S - .
on a three-fold site, an@) oxygen in a three-fold site. Bond lengths are in catalysts, since Sn inhibits isomerization, hydrogenolysis,
Angstroms. The top and bottom numbers correspond to values(@atPt ~ and coking reactions. These latter reactions are generally be-
and P§Sn(111), respectively. lieved to require multi-fold sites, at which our DFT calcula-
tions show that hydrocarbon species bond more weakly on
PtSn compared to Pt.

Figures 3 and 4 show the calculated energies of adsorp-
ethylene adsorbs asbonded species at low temperature andtion of ethylidyne species on fasite A) and hcp sitegsite
rehybridizes into dis-bonded ethylene on @tll) at tem- D) comprised of three adjacent Pt atoms orlPi) and
peratures above 52 ¥:° This observation is in accord with PSn(111) surfaces. We note that on the;®i(111) surface,
the DFT result that diz-bonded ethylene is more stable than the hcp three-fold site has an underlying Sn atom. Ethylidyne
m-bonded ethylene. Experimental studies of the interactionspecies do not differentiate between these two sites on a
of ethylene with Rtl11) at temperatures above 280 K indi- Pt(111) surface, while they show a strong preference toward
cate that ethylene adsorbs dissociatively and rearranges suttte hcp site on the F3n(111) surface. Also, ethylidyne spe-
that the C—C axis is oriented perpendicular to the surface. cies do not adsorb strongly on three-fold sites containing a
The resulting ethylidyne species prefers the three-fold site o&n atom. This reduction in the number of sites available for
Pt(1112). The bonding energetics at the hcp and fcc three-foldadsorption is a geometric effect of alloying an inactive metal
sites are equivalent, as shown in Fig. 3. like Sn with an active metal like Pt. In addition, our calcu-

The energy changes for adsorption of ethylene to formations show that Sn significantly weakens the bonding of
m-bonded ethylene, d~bonded ethylene and ethylidyne ethylidyne species at three-fold sitestes B, G containing
species on P111) are—73, —117, and—95 kJ/mol, respec- three Pt atoms, which is an electronic effect. Thus it appears
tively. The corresponding values onzBt(111) are —52, that the addition of Sn to Pt11) simultaneously leads to
—86, and —45 kJ/mol, respectively. Therefore, values ongeometric and electronic effects for the adsorption of ethyli-
PtSn(111) are weaker than on A1l by 21, 31, and 50 dyne species. Moreover, both of these effects are unfavorable
kJ/mol, respectively. The weakening of the interaction of Ptfor adsorption of ethylidyne species. Therefore, it appears
surface atoms with adsorbed hydrocarbon species upon dhat Sn is a particularly effective agent for suppressing the

2.07
2.13

SLapNy <
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TABLE Il. Comparison with experimental data of calculated energetics and structures of adsorbed species on

PY(111).
Energy ChangékJ/mo) C-C distancdA)
Reactiorf Calculated Experimental Calculated Experimental
*+ CoHy="* CoHy (m) -73 -4 1.41 1.4%
* + CH,u=* CH,(di-0) —-117 —-136% —120° 1.48 1.48-1.52
2* + C,H,;=*CCHg+*H —-139 —1749 7160'“ 1.49 1.50
2* +0,=2*0 —204 —160—190'

#The* denotes the Pt11) surface. The negative values in the first two columns correspond to an exothermic
reaction.

From Ref. 79.

°From Ref. 80.

9From Ref. 81.

°From Ref. 82.

From Refs. 83, 84.
9From Ref. 85.

"From Ref. 82.

iFrom Ref. 86.

IFrom Refs. 69, 87, 88.

formation of ethylidyne species on Pt, since the geometri@lso on the band shaff2 A more detailed analysis of this
and electronic effects work in the same direction. aspect of the problem will be presented elsewfiére.

It has been shown previously that the coupling of adsor-
bate states with metalelectrons gives rise to trends in bind- C. Oxygen on Pt (111) and Pt;Sn(111)
ing energie$*% The calculatedd-band centers for Pr11)
and PtSn(111) are —2.50 and—2.56 eV below the Fermi
level, respectively. From Fig.(8), we note that ethylidyne
species bond more weakly on all sites ogSP(111) com-
pared to RtL11), in agreement with the lowead-band center
of the PtSn(111). However, we note that the strong prefer-
ence of the hcp site compared to the fcc site ofSR1L11)
cannot be explained by thd-band center position alone,
since thed-band center is the same for both sites. Site pref-
erences generally depend not only on thband center but

&,,‘
Q

The most stable location for oxygen atoms ofilP1) is
the fcc three-fold site, in agreement with previous experi-
mental and theoretical studies. The calculated height of oxy-
gen atoms above the (@i1) surface is 1.18 A, in agreement
with a LEED study which reported a value of 1.19&The
calculated energies of dissociative adsorption of dioxygen
are —204 and—120 kJ/mol on fcc and hcp three-fold sites,
respectively. Since the calculated bond energy for gas phase
dioxygen dissociation is 542 kJ/mol, the corresponding bind-

"0“
/, ’\\ '/6\ /, ’\\

Pt(111) Pt;Sn(111)
Reaction Adsorption Site Reaction Adsorption Site
A D E F A B C D|E|F |G
(fee) (hep) | (bridge) | (top) C,Hy + * & *C,H,4 (T) =52

C:Hy + * = *CoHy () 73 C:H, + * & *C,H, (di-0) -86 -66
C.H, +* & *C,H, (di-o) -117 CH; +* < *CCH; + 12 H, -11 | 41 34 | 45
C;Hy+* < *CCH; + 112 H; 95 -95 2%+ 0,2*%0 -62 | -120 | -204 | -98

2*+0;2*0 -204 | -120

FIG. 4. Schematic diagram of various adsorption sites available on
FIG. 3. Schematic diagram of various adsorption sites available (A1 Bt PtSn(111) and the corresponding changes in energies upon adsofftlbn
and the corresponding changes in energies upon adsofgtitmo). mol). Gray circles represent the Sn atoms.
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60 From Fig. §b) we see that oxygen atoms bind more
40 | ATy R weakly at three-fold sites containing three Pt atdsite A)
20 | on PtSn(111) than on P{L11), in agreement with the lower
s O . Y N d-band center of RBn(111). However, we note that the fa-
g 20 | 4 4 vorable Sn-O interaction compensates for the decrease in
X 40 | " bonding energy caused by the lowkband center of Pt, and
“; 60 oxygen atoms thus bind as strongly ons$¥111) as on
80 | Pt(111 (site O. In general, we find that oxygen atoms prefer
400 | T —¢——+—o—o to adsorb near Sn atoms on the surface, while ethylidyne
-120 species prefer to adsorb away from Sn atoms on the surface.
A B c D c B A This arrangement suggests a favorable situation for coad-
@ sorption of the two species, since each species prefers to
50 adsorb on a different type of site.
-70
90 | IV. CONCLUSIONS
3 -110 | We have investigated the electronic effects of adding Sn
E 30t to P{111) on the binding energies of ethylene and oxygen.
3 150 L The decrease in the binding energy of ethylene on
w P&Sn(111) compared to F111) depends on the type of ad-
< 170 ¢ sorption site. This decrease is most significant for adsorption
-190 & at three-fold sitegethylidyne species followed by two-fold
210 sites (di-o bonded ethylene and one-fold siteg7-bonded
-230 ethyleng. Overall, tin appears to be a particularly effective
®) A B € D C B A agent for suppressing the formation of ethylidyne species on

. L ) Pt. On the other hand, oxygen atoms prefer to segregate near
FIG. 5. The tin induced heterogeneity in the adsorption stren¢thenergy h 111 f Furth
change upon adsorption of ethylene to form gas phase dihydrogen and etl‘crin Cent_ers on the §8n(111) surface. Furthermore, oxygen
ylidyne species, an) energy change upon dissociative adsorption of di- atoms bind as strongly on43n(111) as on Ptl11). Accord-
oxygen, on RL11) (continuous lingand P{Sn(111) (dashed ling A, B, C, ingly, the addition of Sn to P111) leads to a surface hetero-
and D refer to site labels, as given in Figs. 3 and 4. geneity, wherein ethylidyne species prefer to adsorb away
from Sn atoms and oxygen atoms prefer to adsorb near Sn
atoms.
ing energies for oxygen atoms at fcc and hcp three-fold sites
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