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The adsorption
of ethylene on ordered Sn/Pt
surface alloys has been investigated
using
temperature
programmed
desorption
(TPD), ultraviolet
photoelectron
spectroscopy
(UPS), and
high resolution
electron energy loss spectroscopy
(HREELS).
The ordered surface alloys are
prepared by annealing (to 1000 K) monolayer amounts of Sn vapor deposited onto Pt(ll1). This
produces Sn/Pt(lll)
surfaces with p(2 x 2) or (0 x fi)R30
o LEED patterns, depending
on the
conditions used. These surfaces are postulated [M.T. Paffett and R.G. Windham,
Surface Sci. 208
(1989) 341 to be the (111) face of Pt,Sn and a substitutional
surface alloy of composition
Pt,Sn,
respectively.
Ethylene is reversibly
adsorbed
at temperatures
below 150 K on both ordered
Sn/Pt(lll)
surface alloys: no ethylene decomposition
occurs upon heating either surface to above
600 K. As the Sn concentration
in the surface alloy is increased, there is a marked decrease in the
ethylene desorption temperature
from 285 K on Pt(ll1) to 240 K on the p(2 X 2) alloy and to 184
K on the (6 x fi)R30
o alloy. This indicates a significant electronic effect induced by Sn on the
Pt-ethylene
chemisorption
bond strength. However, UPS and HREELS data are consistent with
retention of the d&-bonding
interaction
of ethylene on both surface alloys as on Pt(ll1).
The
adsorption/desorption
behavior and decomposition
of ethylene on these surface alloys is consistent with the ensemble size requirement
of 4 Pt atoms for ethylene adsorption
and 6 Pt atoms
for ethylene decomposition
on Pt(ll1) estimated by us previously [14], from studies of C,H,/Bi/
Pt(ll1). However, electronic effects of alloying Sn with Pt may complicate
this simple model and
are discussed in describing ethylene chemistry on these surface alloys.

1. Introduction
Bimetallic Sn/Pt catalysts are commercially
important
for suppressing
the
hydrogenolysis
that can occur on pure Pt [1,2]. Extensive
work on both
supported
[3-61 and unsupported,
polycrystalline
[7-111 Sn/Pt
bimetallic
catalysts has been reported. However, a microscopic picture of the influence of
* Present

address:

DOW Chemical

Company,

Freeport,

TX 77521, USA.

0039-6028/89/$03.50
0 Elsevier Science Publishers
(North-Holland
Physics Publishing Division)

B.V.

450

M. T Paffeettet al. / Chemisorption of eihylene on ordered Sn / Pt(lI1)

Sn on the chemistry of Sn/Pt catalysts is still forthcoming.
This is largely due
to the difficult task of determining
the bimetallic catalyst surface structure and
composition.
Work has recently appeared on producing
well-defined
surface
alloys of Sn/Pt by annealing Sn adlayers which had been vapor deposited on
Pt(ll1)
[12]. Specifically,
it has been demonstrated
that Sn forms ordered
surface alloys on Pt(ll1)
possessing
p(2 X 2) and (a X &)R30”
LEED
patterns that are postulated
to be due to the formation
of the (111) face of
Pt ,Sn and a substitutional
surface alloy of composition
Pt zSn, respectively
[12]. As an important
adjunct
to this previously
reported
study, we have
examined and report herein the chemistry and reactivity of ethylene with these
surfaces. These results are compared to our previous work on the interaction
of ethylene on K/Pt(lll)
[13] and Bi/Pt(lll)
[14] bimetallic
surfaces in the
interest of determining
the relative importance
of electronic
and geometric
effects of surface Sn substitution
on the surface chemistry
of adsorbed
ethylene on Pt(ll1).
In addition, we compare our results obtained
for these
ordered surface alloy substrates with the results of Verbeek and Sachtler [lo]
concerning the adsorption and desorption behavior of ethylene on polycrystalline Sn/Pt alloys. Also, the ordered surface alloys can be used to test the
conclusions
of our previous study on Bi/Pt(lll)
[14] in which we estimated
the ensemble site requirements
for ethylene adsorption
and decomposition
on
Pt(ll1) surfaces.

2. Experimental
The experiments
were performed in two ultra high vacuum (UHV) chambers that have been previously described [13,15]. The initial TPD experiments
were done at LANL and subsequently
reproduced
later at the University
of
Colorado at Boulder. TPD measurements
in both chambers were made using a
UT1 1OOC quadrupole
mass spectrometer
that was line of sight with the
sample surface. Heating rates were 8.3 K s -‘. Temperatures
were measured
with a chromel-alumel
thermocouple
spotwelded
to the side of the crystal.
The HREELS spectrometer
was constructed
of single 127O cylindrical
sectors
in the monochromator
and analyzer. For specular reflection,
Bi, = I?,,, = 65 o
from the sample normal. All HREELS data were taken at 100 K. The UPS
spectra were taken with a double pass cylindrical
mirror analyzer (collection
angle 42” with respect to the surface normal) with a pass energy of 25 eV and
15 eV for the He I and He11 regions, respectively. The incident angle for the
He light source was 72” with respect to the sample normal.
The Pt(ll1) crystals were prepared using conventional
metallographic
techniques and surface cleaning procedures
as previously
reported [13]. The Sn
dosing procedure and calibration
has been described in a separate report [12].
Polymer grade ethylene (99.9%, SGP) was used without further purification.
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Ethylene exposures are reported in units of langmuir (L) = 1 X lop6 Torr . s
after correction for the ion gauge sensitivity (2.12 [16]) and doser enhancement
(a factor of 50 over the background
flux). The doser was constructed
using a
glass microcapillary
array (Galileo Electra-Optics
Corp.) attached to the end
of a 0.125 inch stainless steel tube in the UHV chamber. This arrangement
collimates
the gas flow, so that when the crystal is in front of the array it
receives approximately
50 times the gas flux received when the crystal is not in
front of the doser at a given pressure. In this paper, surface coverages are
defined relative to the Pt(ll1) surface atom density (i.e., 1 monolayer
(ML) =
1.505 X lOi atoms cm-‘).

3. Results
3.1. Structure

of the Sn/ Pt(l I I) surface alloys

The proposed
structures
for the two ordered Sn/Pt(lll)
surface alloys
studied in this work are shown in fig. 1. The proposed
structure
for the
Sn/Pt(lll)
surface alloy accounting
for the p(2 X 2) LEED pattern
(top
panel) has Pt atoms arranged such that each Pt atom has four Pt nearest
neighbors in the surface plane. The Pt ensembles available for reaction on this
alloy surface consists of either three or five contiguous Pt atoms (depending
on
the structure desired for the ensemble).
Each Pt atom in the proposed (6
x fi)R30”
Sn/Pt(lll)
surface alloy (bottom panel of fig. 1) has three Pt
P(2 x 2)

(43 x 43) R30”

P13S!l(lll)

PtaSn

es”= 0.25

a&= 0 33

Fig. 1. Structural models for Sn/Pt surface alloys obtained after annealing (to 1000 K) Sn
adlayers on Pt(lll), as outlined in the text.

452

M. T. Paffett et al. / Chemisorption

of ethylene on ordered Sn / Pt(l I I)

nearest neighbors and will hereafter be referred to as the fi structure. For the
fi alloy, the Pt ensembles available for reaction consists of either two or four
contiguous
Pt atoms (depending
on the structure desired for the ensemble).
Also note that there are no three-fold
hollow sites remaining
that do not
directly involve a Sn atom for this latter surface alloy.
Each of the surfaces was prepared by annealing
a Pt(ll1) surface that had
an adlayer of Sn vapor deposited onto it at 300 K [12]. The p(2 x 2) surface
was prepared by depositing
0.6 ML Sn onto the Pt(ll1)
surface and then
annealing to 1000 K. The fi surface was prepared by depositing
G 2 ML Sn
onto the Pt(ll1)
surface and then annealing
to 1000 K. The detailed characterization
of the Sn/Pt(lll)
surface alloys has already been described [12].
Each bimetallic
surface was then checked for cleanliness
by AES and then
cooled to 100 K before ethylene adsorption
experiments.
3.2. Temperature programmed desorption (TPD) results
In figs. 2 and 3 we show a series of ethylene TPD spectra as a function of
ethylene exposure of the p(2 x 2) Sn/Pt(lll)
and the fi Sn/Pt(lll)
surface
alloys at 120 K. For comparison,
the desorption
peak temperature
after a
saturation
exposure of ethylene on Pt(ll1) occurs at 285 K [13]. Estimates of

C2H4 TPD
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Fig. 2. TPD spectra

after different exposures of ethylene on the ~(2x2)
surface
Exposures: (a) 0.265 L, (b) 0.45 L, (c) 0.71 L, (d) 1.18 L.

alloy at 120 K.
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Fig. 3. TPD spectra after different exposures of ethylene on the 6
surface aRoy at 120 K.
Exposures: (a) 0.35 L, (b) 0.47 L, (c) 0.94 L, fd) 2.36 L.

the activation energy for desorption can be obtained from the desorptioa peak
temperature maxima using the analysis method of Redhead 1171. Assuming
first order desorption kinetics and a pre-exponential factor of 1 X 1Or3 s-‘ r, a
value of 17 kcal mol-’ is obtained for the desorption of ethylene from Pt(lll).
The desorption maxima of figs. 2 and 3 clearly demonstrate that the
desorption activation energy for ethylene decreases as the surface cancentration of Sn in the alloys increases. Also, since adsorption occurs molecular on
the alloys (vide infra), a continuous slight decrease of the desorption activation
energy occurs with increasing ethylene coverage. The ethylene TPD maxima
shift from 255 to 240 K corresponding to desorption activation energies
varying between 15.1 and 14.2 kcal mol-” with increasing ethylene coverage
on the ~$2 x 2) ahoy. On the 6 alloy desorption activation energies decrease
from 11.8 to 10.8 kcal mol-r co~~spo~ding to desorption peak maxima
decreasing from 200 to 184 K. For nonactivated adsorption, these desarption
activation energies correspond to heats of adsorption for ethylene on the alloy
surfaces. A number of factors can account for this small decrease in desorption activation energy with ethylene coverage These include repulsive interactions within the ethylene adlayer, inductive electronic effects due to adsorbed
ethylene, and changes in the geometry of the adsorption size. A small amount
of ethylene desorption is observed as a shoulder on the high temperature side
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Fig. 4. Ethylene coverage as function of exposure at 120 K on clean Pt(lll)
(- - -), the p(2 x 2)
Sn/Pt(lll)
surface alloy (O), and the fi Sn/Pt(lll)
surface alloy (+). Ethylene coverage was
determined for the alloys by the integrated TPD areas of the ethylene desorption peaks.

of the main desorption peak from both the p(2 X 2) and ~6 alloy surfaces. The
origin of these states is not entirely clear. However, they are most pronounced
at small ethylene coverages which suggests that they may arise from defects or
non-unifor~ties
in the surface alloy.
Fig. 4 shows the adsorbed ethylene coverage as a function of exposure at
120 K for the two Sn/Pt(lll)
surface alloys. The ethylene uptake on clean
Pt(ll1) is also shown for reference. The ethylene coverage for the alloys can be
simply obtained from the integrated TPD areas shown in figs. 2 and 3, since
molecular
ethylene is the only desorption
product and adsorption
is completely reversible. The reversible adsorption
of ethylene was confirmed
for
both of the Sn/Pt(lll)
surface alloys by Auger electron spectroscopy
(AES),
since no C(KVV) signal was detected after each TPD experiment.
The slope of
the uptake curve gives the sticking probability
and the constant slope of this
curve, until nearly saturation
coverage is reached, implies that the sticking
probability
of ethylene
remains
at the high initial value independent
of
ethylene coverage. The important
role that a precursor
state plays in the
adsorption
kinetics on the two surface alloys is obvious from the uptake
curves. They are nearly identical to that observed on Pt(ll1) over a large range
of ethylene coverage. Importantly,
the presence of the precursor allows for the
initial sticking probability
of ethylene to be independent
of the Sn concentration in the surface alloy within experimental
error. The uptake curves for the
alloys eventually depart from the curve for Pt(ll1) due to different saturation
ethylene coverages. Within experimental
error, the saturation
ethylene coverage is estimated to be 80% of that obtained on Pt(ll1)
for both the p(2 x 2)
and 6 alloy surfaces.
It has been shown previously 113,181 for saturation
ethylene coverage on
Pt(ll1) that 60% of the ethylene adsorbed at 120 K desorbs molecularly
upon
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Fig. 5. H, TPD spectra after saturation ethylene exposure at 120 K on the Pt(ll1) surface (bottom
curve), p(2 x2) Sn/Pt(lll)
surface alloy (middle curve), and the fi Sn/Pt(lll)
surface alloy (top
curve).

heating, a small fraction ( < 2%) of ethane is produced and desorbs, and the
remainder of the adsorbed molecules decompose to produce a graphitic carbon
residue and H,(g) during heating to 800 K. At low ethylene coverages, all of
the ethylene molecules adsorbed on Pt(ll1)
decompose and desorption is
completely irreversible. Hydrogen TPD from the decomposition of ethylene on
Pt(ll1) has been extensively reported before [13,18,19]. Hydrogen TPD from
the decomposition of a saturation coverage of ethylene on Pt(ll1) and two
surface alloys is shown in fig. 5. These results clearly illustrate reversible
ethylene adsorption on the two surface alloys: no H, desorption is observed
from either surface alloy upon adsorbing ethylene.
3.3. Ultraviolet photoelectron

spectroscopy

(UPS) data

Information on the chemical nature of adsorbed ethylene was obtained by
measuring the UPS spectra for ethylene adsorbed on Pt(lll),
p(2 x 2)
Sn/Pt(lll),
and the fi surface alloy. The He11 UPS curves are shown in fig.
6. Companion He1 UPS spectra were also obtained, but are not shown here

456

M. T. Pa_@ettef ni. / Chemisorpfion of ethylene on ordered Sn / Ptfl I I)

C2H4 He-11UPS

15

10
5
O=EF
BINDING ENERGY (eV)

Fig. 6. Ultraviolet photodectron spectra (using the He11 (40.8 eV) line) for ethylene chemisorbed
on Pt(ll1) (bottom curve), the ~(2x2) Sn/Pt(lll)
surface alloy (middle curve), and the fi
Sn/Pt(lll)
surface alloy (top curve). The energy distribution curves shown are difference spectra
obtained by subtracting (without scaling) the corresponding clean surface spectrum from the
ethylene-covered surface spectrum. Spectra were obtained for saturation ethylene coverage at
120 K.

since they are fully consistent with the He11 UPS curves. Vertical transition
energies for the orbitals of gas phase ethylene [ZO] are shown for comparison
at the bottom of the figure (notations are from ref. 1211). The energy separation between levels is quite sensitive to the geometry of the molecule. The
gas phase levels have been rigidly shifted to lower binding energies to align the
highest binding energy ucn2 level in the gas phase with that of chemisorbed
ethylene on the v% alloy to approximately take into account final state
relaxation energy shifts. The spectra in fig. 6 are difference spectra obtained
by subtracting (without scaling) the appropriate clean surface spectrum from
the spectrum for the ethylene-covered surface. The UPS spectra of Pt(lll) and
the Sn/Pt(lll)
surface alloys are shown elsewhere [22]. The peaks in the
spectra in fig. 6 can be assigned to the molecular orbitals of adsorbed ethylene
by comparison to gas phase ethylene data and by comparison to ethylene on
Pt(ll1) [23,24]. Peaks occurring at 12.8, 9.7, 8.8, and 6.4 eV binding energy
(BE) for di-a-bonded ethylene adsorbed on Pt(ll1) in fig. 6 derive from the
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(ib2s) levels, respectively. (We
use the gas phase ethylene nomenclature for referring to the orbitals in
chemisorbed ethylene, however they are obviously modified dramatically by
adsorption.) Bonding interactions between the rcc(‘bzu) level in ethylene with
the surface upon chemisorption should stabilize this level and shift it to higher
binding energy relative to the other molecular orbitals in the UPS spectrum.
However, formation of the di-a-bonded ethylene species extensively rehybridizes the molecule, eliminating the C-C double bond (rc,
level) and
forming new C-Pt u-bonding levels. Due to the large width of the Pt d-bands
(Z 7 eV) and the possibility of extensive non-bonding shifts of the Pt d-bands,
we are unable to unambiguously identify the C-Pt u-bonding level for
di-u-bonded ethylene adsorbed on Pt(ll1) or the Sn/Pt alloy surface. This is
unfortunate since this level should be sensitive to changes in the heat of
adsorption of ethylene. Adsorption of ethylene on Pt(ll1)
with nearly sp3
hybridization [25] causes large changes in the HCC and HCH angles compared
to the free molecule and causes sizeable shifts [23,24] of the molecular orbitals
relative to the spacings for gas phase ethylene. For example, the energy
differences { BE(?T&) - BE( ucc,cn,)} and { BE( u,,,,,~)
- BE( Y&,,)} are 2.0
and 1.2 eV for free ethylene and 2.4 and 0.9 eV for ethylene adsorbed on
Pt(ll1). No shifts occur in the UPS spectra between ethylene adsorbed on
Pt(ll1) and the p(2 X 2) Sn/Pt alloy, except for a 0.2 eV shift of the lowest
binding energy r&i2 level to higher binding energy for ethylene on the p(2 X 2)
alloy. This results in the energy differences {BE(?T&~) - BE(cr,--,,.,)}
and
of 2.2 and 0.9 eV for ethylene adsorbed on the
{BE( a,--,,-u2) - BE(rgnl)}
p(2 x 2) alloy. Thus, while some change in the adsorption geometry is indicated, the bonding of ethylene on the p(2 X 2) alloy is similar to Pt(ll1). Small
additional shifts are observed for the fi alloy. Peaks occurring at 13.0, 9.9,
8.8, and 6.8 eV binding energy (BE) for di-u-bonded ethylene adsorbed on the
fi alloy derive from the u,-u>, ?T&,, ucC,cH2 and r&, levels, respectively.
Ethylene adsorbed on this surface has a geometry which is more like gas phase
ethylene,
and the energy differences
{BE(7I;u,)
- BE(~cc,c,~)}
and
are 2.0 and 1.1 eV, respectively for ethylene ad{BE( ucc,cu,) - BE(v&~)}
sorbed on the fi alloy.
In summary, UPS indicates molecular adsorption, a similar geometry and
bonding for ethylene adsorbed on the Sn/Pt(lll)
alloys relative to ethylene
adsorbed on Pt(lll),
at least as far as the energy level shifts in UPS can be
used. The trends in the orbital shifts are consistent with the decreasing heat of
adsorption of ethylene as the concentration of Sn at the surface is increased.

ucCH2(2au),
&,(‘b3d3 ucc,CH,(3ag)
and &I,

3.4. High resolution electron energy loss spectroscopy

(HREELS)

Fig. 7 shows vibrational spectra using HREELS for saturation coverages of
ethylene on the p(2 X 2) and \/3 Sn/Pt(lll)
surface alloys at 100 K. Two

458

M. T. Paffett et al. / Chemisorption of ethylene on ordered Sn / Pt(l I I)

1026

969

'

1302

1000

2000

3000

P(2X2)

4000

ENERGY LOSS I cm-’
Fig. 7. Vibrational spectra obtained from specular HREELS for a saturation coverage of ethylene
at 120 K on the p(2 x 2) Sn/Pt(lll)
surface alloy and the fi Sn/Pt(lll)
surface alloy.

intense loss peaks are observed at 1007 and 2924 cm-’ for ethylene adsorbed
on the p(2 x 2) alloy, and at 969 and 2947 cm-’ for ethylene adsorbed on the
fi alloy. The HREELS spectrum for ethylene adsorbed on Pt(ll1)
has been
reported
many times previously
[13,25] and is not shown here, but was
reproduced
in this work. Three strong loss peaks are observed:
the Pt-C
stretch (~r,_c) at 470 cm-‘, the C-C stretch (vcc) at 980 cm-’ (with an
unresolved
contribution
from the CH, wag (a,--,)
at 1060 cm-‘),
and the
symmetric C-H stretch (vcu) at 2930 cm-‘. These vcc and vcH frequencies
indicate that ethylene on Pt(ll1)
rehybridizes
extensively from the gas phase
structure and forms a 1,2-di-a-bonded
complex with the surface (vibrational
notation
from [26]). Comparison
of the vibrational
spectrum of this surface
species with that of the OS,(CO),(~~-~~-C$H~)
complex [26] indicates that the
chemisorbed
ethylene carbon atoms show essentially complete rehybridization
to sp3. On the Sn/Pt(lll)
alloys, the 1007 and 969 cm-’ loss peaks are broad,
with a full width at half maximum (FWHM) of 150 cm-‘. Since the elastic
peak FWHM for the p(2 x 2) and fi alloy HREEL spectra are 71 and 66
respectively,
the peaks at 1007 and 969 cm-’ each represent
two
cm-‘,
unresolved peaks due to the vcc and the ~cn, modes. We also assign the peak
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at 469 cm-’ to the ~r,_~ mode and the peak at 2924 cm-’ to the v,-u mode of
ethylene di-a-bonded
to the p(2 X 2) alloy. The shoulder
at 787 cm-’
is
assigned to the CH, rock (pCH2) and the small peak at 1382 cm-’ is assigned
to CH, deformation
(&n,). For the fi alloy, the small peak at 1438 cm-’ is
also assigned to the BCH, mode and the peak at 2947 cm-’ assigned to the Y,-.,
mode of ethylene di-o-bonded
to the fi alloy. On this surface, the vpt_c peak
is barely discernable
and the pCHz mode is not resolved at all. The similarities
between the vibrational
spectra for ethylene adsorbed on the surface alloys
and Pt(ll1) indicate that ethylene is di-o-bonded
to both of the two Sn/Pt(lll)
surface alloys. A completely
different
vibrational
spectrum
is obtained
if
ethylene is adsorbed as a r-bonded
species [13]. There is also no evidence for
ethylidene
(CHCH,),
ethylidyne
(CCH,),
vinyl (CHCH,)
or acetylene
(HCCH) on either surface alloy [27].
The vibrational
spectra show trends expected from the weaker bonding of
ethylene
and smaller distortion
from the gas phase geometry
as the Sn
concentration
in the surface layer increases (as observed in TPD). The +u
frequency
increases for the fi alloy in the direction
expected toward sp2
hybridization,
but clearly ethylene is still di-a-bonded
to the surface. Understanding the shifts of the large peaks at 1007 and 969 cm-’ is more difficult
because these each have contributions
of modes which shift in opposite
directions as the hybridization
of the carbon atoms in chemisorbed
ethylene
changes from sp3 to sp2. The vcc mode shifts to higher frequency and the aCHz
mode shifts to lower frequency. Evidently,
v,, has the stronger intensity
on
the p(2 X 2) alloy and the shift of this mode to higher frequency dominates the
peak position. On the fi alloy, ticH, has a stronger intensity and the shift of
this mode to lower frequency dominates the peak position.

4. Discussion
In a previous study on the adsorption
of ethylene on polycrystalhne
Pt,Sn
and PtSn alloy surfaces, Verbeek and Sachtler [lo] have shown that reversible
adsorption
(i.e., no decomposition)
occurs. An inherent problem with the use
of polycrystalline
bulk Sn/Pt alloys in adsorption
studies is that the surface
composition
varies with treatment.
Annealing
in vacuum
or exposure
to
oxygen enriches the near surface region in Sn [1,28]. Sputtering or reduction in
hydrogen on the other hand, enriches the near surface region in Pt 111,291.
This limits the type of information
which can be gained about important
surface chemical processes such as decomposition
ensemble requirements.
In
the present study, we have exploited the tendency for Sn to segregate to the
surface at Sn/Pt(lll)
interfaces, as in bulk Sn/Pt alloys [7,8,29], to directly
produce ordered surface alloys that possess the specific Pt ensembles shown in
fig. 1. Although
a reconstruction
of the surface alloys upon adsorption
of

ethylene could occur in principle [28], this was not indicated in LEED
observations. We saw no change in the LEED patterns for either of the parent
Sn/Pt(lll)
surface alloys upon ethylene adsorption, other than an increase in
background intensity. These observations indicate either a (1 x 1) registry of
the ethylene adlayer or a disordered ethylene adlayer. Therefore, the surface
alloys examined in this study should provide a unique test of our previous
determination [14] of the adsorption and decomposition requirements for
ethylene on Pt(ff1).
Ensemble requirements for ethylene adsorption and decomposition have
been previously determined from our prior experimental data and Monte
Carlo simulation study on Bi/Pt(lll)
surfaces [12]. The overall picture is that
4 contiguous Pt atoms are required for an ethylene adsorption site and that an
additional 2 contiguous Pt atoms are required for ethylene decomposition, for
an ensemble size requirement of 6 Pt atoms. Note that this result is entirely
consistent with both proposed Sn/Pt(lll)
surface alloys being able to adsorb
ethylene and yet not be able to thermally decompose the molecule. It would be
very interesting to explore the reactivity of other potential surface alloys that
may possess different arrangements of the critical adsorbate site required for
adsorption or reaction for example, an isolated, linear 5 Pt atom segment as
opposed to the contiguous 5 Pt atom cluster in the p(2 x 2) Sn/Pt surface
alloy shown in fig. 1, A number of intriguing ensemble configurations are also
possible on Sn/Pt(l~~) surface alloys, and experiments are in progress to
explore these surfaces.
The interpretation of the chemistry of ethylene on the Sn/Pt surface alloys
only in terms of the geometric requirements for adsorption and decomposition
is clearly too simplistic. The presence of Sn adatoms produces quite noticeable
electronic effects when alloyed into the Pt(ll1) surface. For ethylene, these are
manifested as a lowering of the desorption temperature from the Sn/Pt alloy
surfaces, subtle shifts of the ethylene molecular orbitals observed in UPS, and
differences in the vibrational energies seen in HREELS. The TPD results of
Verbeek and Sachtler for ethylene on polyc~stalline Sn/Pt alloys f lo] also
suggest that the energeties of ethylene desorption decrease with increasing Sn
content in the outermost surface layer for poly~~stalline bulk Sn/Pt alloys.
They observed a decrease in the amount of ethylene that desorbs above 300 K
from PtSn compared to Pt,Sn. This is consistent with our observation of a
decreasing ethylene desorption activation energy with increasing Sn content of
the surface alloy.
The lowering of the desorption activation energy for ethylene from the
Sn/Pt surface alloys compared to Pt(‘I11) could be due to an electronic effect
where Sn modifies the Pt electronic structure but leaves the adsorption site
unchanged, or due to different adsorption sites for ethylene on Pt(ll1) and the
p(2 x 2) and fi surface alloys which have different heats of adsorption, where
the Pt electronic structure has not been substantially modified by the addition
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of Sn. Changes in the adsorption
site that only change the carbon atom
coordination
(where ethylene is still di-a-bonded)
is very difficult to determine
by HREELS and we simply cannot rule out this possibility.
If the ethylene
adsorption
site is the same on the alloys as on Pt(ll1)
however, then the
changes in the heat of adsorption
for ethylene on the surface alloys is due to
changes in the electronic structure of the Pt atoms bonded to Sn in the surface
alloy. This argument is supported by our previous study of C,H,/
Bi/Pt(lll)
where the heat of adsorption of ethylene on Bi/Pt(lll)
is the same as ethylene
on Pt(ll1) [14]. Since Bi has a relatively small effect on the electronic structure
of Pt and functions as a pure site blocking adatom on the Pt(ll1) surface [14],
the change in the heat of adsorption
of ethylene on the Sn/Pt alloys is most
likely due to changes in the electronic structure of the Pt atoms, i.e. due to an
electronic
(ligand) effect. Additional
evidence
for a significant
electronic
interaction
between Sn and Pt is the observation
that Sn, when alloyed with
Pt, is less readily oxidized than pure metallic Sn [22].
It is quite possible that the activation
energy for C-H bond scission has
increased markedly
upon formation
of the Sn/Pt(lll)
surface alloys. The
origin of this barrier could be due to: (i) eliminating
a low energy path through
some transition
state requiring
a larger Pt ensemble than available (due to
site-blocking),
(ii) to the natural increase in the activation barrier caused by a
decrease in the heat of adsorption
of ethylene, or (iii) possibly a decrease in
the heat of adsorption
of hydrogen
due to an electronic
effect [22]. The
desorption
energetics in our studies for C,H,/Sn/Pt(lll)
only allow us to
place an upper limit on what this activation barrier for dissociation
might be
in comparison
to Pt(lll),
where it is 15-18 kcal/mol
at saturation
ethylene
coverage [13,30-321. The energy barrier for C-H bond scission is greater than
14.2 and 10.8 kcal/mol
at all ethylene coverages for the p(2 X 2) and fi alloy
surfaces, respectively.
While the electronic modification
of the Pt(ll1) surface by alloying with Sn
cannot be ignored, we feel that these electronic effects do not dominate
the
chemistry of ethylene on the Sn/Pt surface alloys. Both the UPS and HREELS
results indicate that ethylene bonding to the surface alloys is very similar to
ethylene bonding mode on Pt(ll1). This is in contrast to ethylene coadsorbed
with K on Pt(ll1) [13]. Work function measurements
indicate that K induces
very pronounced
and strong electronic effects at the Pt surface upon adsorption, and ethylene forms r-bonded
complex when adsorbed onto K/Pt(lll)
surfaces [13]. In this strongly coupled system, K is often considered to donate
charge to the surface. The occupancy
of the Pt d-levels is increased,
which
inhibits the n donation
by ethylene required to initially
form the strongly
interacting
chemisorbed
state and suppresses rehybridization.
The resulting
r-bonded
ethylene has a unique vibrational
spectrum:
~,-u at 3060 cm-‘, vcc
at 1620 cm-‘, and ~,-u at 870 cm-’ [13]. We never observe the spectrum
characteristic
of r-bonded
ethylene on either alloy surface. Specifically there
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are no high frequency vcn loss peaks which would be indicative of a-bonded
ethylene.
While the electronic
interaction
between K and Pt is undoubtedly
very
different from that between Sn and Pt, we clearly do not observe the dramatic
changes in the nature of ethylene
bonding,
that occur when ethylene
is
coadsorbed with K, when Pt is alloyed with Sn. Subtle changes in the bonding
geometry of ethylene on the surface alloys are observed however. Ethylene is
less distorted from the gas phase structure when adsorbed on the two alloy
surfaces compared to when ethylene is adsorbed on Pt(ll1). The ~<.u loss peak
shifts from 2930 cm-’ on Pt(ll1) and the p(2 x 2) alloy to 2947 cm-’ on the 6
alloy. These shifts are entirely consistent with the observed weakening
of the
ethylene-surface
bond as the Sn content of the surface alloy increases. As the
Sn content increases and the ethylene-surface
bond strength decreases the
vibrational
frequencies of adsorbed ethylene shift more toward those expected
for gas phase ethylene, e.g. the symmetric
vCH frequency of free ethylene is
3019 cm-’ [33]. We are unable to correlate the shifts observed for the vC.(.
frequency in ethylene adsorbed on Pt(lll)
and the two alloys with changes in
ethylene-surface
bond strength observed by TPD at this time. The UPS
spectra shown in fig. 6 also indicate a shift of adsorbed ethylene toward the
gas phase structure
when ethylene is adsorbed
on the two alloy surfaces
compared to when ethylene is adsorbed on Pt(lll),
since the molecular orbital
energy level spacings are closer to those of gas phase ethylene.
In contrast to the formation of a a-bonded
ethylene species on K/Pt( 111)
surfaces, ethylene is always d&r-bonded
to Bi/Pt(l 11) bimetallic
surfaces,
with essentially no changes observed in TPD (apart from a reduced ethylene
coverage with increased Bi coverage) or HREELS of adsorbed ethylene [14].
Bismuth adsorbed on Pt(ll1)
is estimated
to be about 19% as ionic as K
adsorbed
on Pt(ll1)
and Bi has been determined
to act primarily
as a
site-blocking
atom in the surface chemistry of ethylene [14]. Our results on the
Sn/Pt surface alloys are at least consistent with Sn atoms having an important
role as site-blocking
agents to substantially
modify the available ensembles of
Pt atoms required for adsorption
and decomposition
of ethylene.
In this
regard, however, we observed
some large deviations
of Sn/Pt(lll)
alloy
surface chemistry from Bi/Pt(lll)
surface chemistry. For a strictly site-blocking phenomenon,
we expect a linear decrease in the saturation
coverage of
chemisorbed
ethylene as the coverage of Sn in the surface layer increases. This
was not observed, and the two surface alloys adsorb (within experimental
error) the same amount of ethylene at saturation
coverage. Preadsorption
of
f?,, = 0.25 and 0.33 ML on Pt(ll1) causes a decrease in the ethylene saturation
coverage of 70 and 90%, respectively [74]. Also, site-blocking
by preadsorption
of 6, = 0.25 and 0.33 ML on Pt(111) is even more severe at these relatively
high coverages of metal adatoms
and causes a decrease
in the ethylene
saturation
coverage of 80 and lOO%, respectively
1131. These results are
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difficult
to compare,
however, due to the different
morphologies
of the
bimetallic
surfaces. When foreign metal atoms are incorporated
into the
surface layer, as is postulated in the case of the Sn/Pt(lll)
alloys formed here,
the site-blocking
atom may not be as efficient at blocking sites as atoms in the
adlayer. This could be due to reduced repulsive
interactions
experienced
between the site-blocking
atom within the surface layer and the reacting
molecule compared to those involving site-blocking
atoms in the adlayer.
These comparisons
between results on K/Pt(lll)
and Bi/Pt(lll)
bimetallic
surfaces with our results for the Sn/Pt alloy systems indicates that electronic
effects are important
in the Sn/Pt alloy system, but modification
of the Pt
ensemble required for adsorption
and decomposition
is also a very significant
effect. Consequently,
ordered surface alloys show promise of providing unique
surface chemical templates for determining
ensemble requirements
for adsorption/decomposition
and of specific reaction site requirements
as well.

Acknowledgements

Support from the Department
of Energy through the Morgantown
Energy
Technology Center is gratefully acknowledged
by M.T.P. B.E.K. acknowledges
support of this work by the US Department
of Energy, Office of Basic Energy
Sciences. Chemical Sciences Division.

References
[l] Z. Karpinski and J.K. Clarke, J. Chem. Sot. Faraday Trans. I, 71 (1975) 893.
[2] B.H. Davis, J. Catalysis 46 (1977) 378.
[3] For example: G. Meitzner, G.H. Via, F.W. Lytle, SC. Fung and J.H. Sinfelt. J. Phys. Chem.
92 (1988) 2925.
[4] A.G.T.M. Bastein, F.J.C.M. Toolenaar and V. Ponec, J. Catalysis 90 (1984) 88.
[S] H. Lieske and J. Volter, J. Catalysis 90 (1984) 96.
[6] SD. Gardner, G.B. Hoflund, M.R. Davidson and D.R. Schryer, J. Catalysis 115 (1989) 132.
[7] G.B. Hoflund,
D.A. Asbury, P. Kirzensztejn
and H.A. Laitenen,
Surface Sci. 161 (1985)
L583.
[8] G.B. Hoflund, D.A. Asbury, P. Kirzensztejn
and H.A. Laitenen, Surface Interface Anal. 9
(1986) 695.
[9] G.B. Hoflund and D.A. Asbury, Langmuir 2 (1986) 695.
[lo] H. Verbeek and W.M.H. Sachtler, J. Catalysis 42 (1976) 257.
[ll] S.D. Gardner, G.B. Hoflund and D.R. Schryer, J. Catalysis, submitted.
[12] M.T. Paffett and R.G. Windham, Surface Sci. 208 (1989) 34.
[13] R.G. Windham, M.E. Bartram and B.E. Keel, J. Phys. Chem. 92 (1988) 2862.
(141 R.G. Windham, B.E. Keel and M.T. Paffett, Langmuir 4 (1988) 1113.
[15] C.T. Campbell and M.T. Paffett, Surface Sci. 139 (1984) 396.
[16] H. Dannetun,
I. Lundstrom
and L.G. Petersson, Appl. Surface Sci. 29 (1987) 361.
[17] P. Redhead, Vacuum 12 (1962) 203.

464

M. T. Pafftt

et al. / Chemisorption

of ethylene on ordered Sn / Pt(l I I)

[18] P. Berlowitz, C. Megris, J.B. Butt and H.H. Kung, Langmuir 1 (1985) 206.
[19] M. Salmeron and G. Somorjai, J. Phys. Chem. 86 (1982) 341.
[20] D.W. Turner, C. Baker, A.D. Baker and C.R. Brundle, A Handbook
of 584 A Spectra (Wiley,
London, 1970).
[21] W.L. Jorgensen
and L. Salem, The Organic Chemist’s Book of Orbitals (Academic
Press,
New York, 1973).
[22] M.T. Paffett, S.C. Gebhard, R.G. Windham and B.E. Keel, manuscript
in preparation.
[23] J. Demuth, Surface Sci. 84 (1979) 315.
[24] J. Demuth, IBM J. Res. Develop. 22 (1978) 265.
[25] H. Steininger, H. Ibach and S. Lehwald, Surface Sci. 117 (1982) 685.
[26] C.E. Anson, B.F.G. Johnson, J. Lewis, D.B. Powell, N. Sheppard, A.K. Bhattacharyya,
B.R.
Bender, R.M. Bullock, R.T. Hembre and J.R. Norton, submitted.
[27] R.G. Windham and B.E. Koel, J. Phys. Chem., submitted.
[28] D.A. Asbury and G.B. Hoflund, Surface Sci. 199 (1988) 552.
[29] R. Bouwman and P. Biloen, Surface Sci. 41 (1974) 348.
1301 K.M. Ogle, J.R. Creighton, S. Akther and J.M. White, Surface Sci. 169 (1986) 246.
[31] J.L. Gland, F. Zaera, D.A. Fischer, R.G. Carr and E.B. Kollin, Chem. Phys. Letters 151
(1988) 227.
[32] S.B. Mohsin, M. Trenary and H.J. Robota, Chem. Phys. Letters 154 (1989) 511.
[33] G. Hertzberg,
Molecular
Structure
and Molecular
Spectra, Vol. 2, Infrared
and Raman
Spectra of Polyatomic Molecules (Van Nostrand
Reinhold, New York. 1945)

