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The chemisorption of CO, H2, and 02 on ordered Pt-Sn surface alloys has been investigated by using thermal desorption
mass spectroscopy (TDMS), high-resolution electron energy loss spectroscopy (HREELS), low-energy electron diffraction
(LEED), Auger electron (AES), X-ray photoelectron (XPS) and ultraviolet photoelectron spectroscopy (UPS), and low-energy
ion scattering spectroscopy (LEISS). Alloying with Sn causes only slight decreases in the CO desorption peak temperature
compared to Pt(l 11). A (2v/3X2y/3)R30° LEED pattern is observed for the saturation CO coverage on the p(2X2) ordered
alloy surface. No ordered CO overlayers were observed by LEED from the (V3X\/3)R30° alloy surface. HREELS indicates
the atop-bonded CO is the most strongly adsorbed species on both ordered alloy surfaces, as on Pt(l 11), and that both atop
and bridge sites are populated for saturation CO coverage on both ordered alloy surfaces. No dissociative H2 adsorption
is observed on either the p(2x2) or (v/3Xv/3)/?30° Sn/Pt ordered alloy surfaces. However, H atoms will adsorb on both
surfaces. H2 desorption from the H adlayers occurs with a slightly higher peak temperature than on Pt(l 11). In addition
to this shifted desorption peak, another low-temperature H2 desorption state is observed for the (v/3Xv/3)/?30° Sn/Pt alloy
surface. No molecular or dissociative 02 adsorption is observed on either of the two ordered alloy surfaces over the range
100-600 K. This suppression of chemisorption for the alloy surfaces is in contrast to increased oxygen uptake by unalloyed
Sn overlayers on Pt( 111) and the difference is due to changes in the electronic structure of the surface that accompany alloy
formation. These changes have been examined by using UPS for the ordered Sn/Pt(l 11) alloys. Models are proposed to
explain the adsorption and desorption behavior for the three gases that were studied.

LEED) to be used to give information that can directly provide
molecular level understanding of small molecule adsorbate-

Introduction
Platinum-tin bimetallic catalysts have been frequently used for
the suppression of hydrogenolysis in reforming reactions.1,2 Important aspects of these bimetallic catalysts have been discussed
at length previously.3,4 In addition, Sn-Pt interfaces have been
used as superior electrocatalysts for the electrochemical oxidation
of methanol for potential fuel cell applications.5,6 Therefore,
fundamental studies of the chemisorption of small molecules on
well-defined Sn-Pt alloy surfaces are expected to yield useful
information for both of these seemingly different technological
uses. Although a large body of work has been reported on bulk
Sn-Pt alloys7'17 and supported Sn-Pt alloy catalysts,18'22 an unambiguous molecular level description of the small moleculesurface interactions has always been lacking.
Two surfaces formed by vapor deposition of Sn on Pt(l 11) have
been reported23 that are proposed to be ordered substitutional
surface alloys of Sn/Pt( 111). The proposed alloy surface
1.

a

surface interactions.
We report here the first chemisorption studies of CO, H2, and
02 on two ordered Sn/Pt(l 11) surface alloys. These surface alloys
exhibit long-range order and have a stable composition and
structure up to 1000 K.23 Importantly, TDMS can be used to
determine chemisorption bond energies, and HREELS can de-
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structures are shown in Figure 1. These surface alloys have been
characterized by LEED, inert gas LEISS, AES, and XPS measurements.23 In addition, data from recent alkali metal ion LEISS
experiments show a notable difference between unalloyed Sn/
Pt( 111) overlayer structures and the surface alloys prepared by
high-temperature annealing, and are consistent with those
structures shown in Figure l.24 The LEISS and AES depth
profiles23 of these surface alloys indicate that they are extremely
thin (less than 2 monolayers) and might be expected to display
less surface segregation (as compared to the bulk PtSn alloy
surfaces9) when exposed to reactive small molecule adsorbates,
e.g., H2,02, and CO. The central advantage of using these ordered
surface alloys over bulk alloy surfaces in fundamental chemisorption studies is that one exploits Gibbsian segregation of Sn
to the surface to produce a desired surface, rather than trying to
defeat the surface segregation inherently found at the bulk Pt-Sn
alloy surface.9,10 In addition, the fact that ordered surface alloys
can be prepared enables more exacting surface techniques (e.g.,
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termine CO adsorption sites. Thus, these surfaces are ideal for
studies of the influence of Sn on Pt surface chemistry whether
Sn is present in a surface alloy or as an overlayer. Definitive
information on the surface structure, composition, and chemistry
of Pt-Sn surface alloys can now be compared to the extensive
compilation of catalytic and electrocatalytic studies of the activity
of either unsupported bulk Pt-Sn or supported Pt-Sn catalysts,
therefore providing a better understanding of the activity of these
materials.
2.
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Experimental Section
The experiments have been performed in two ultra-high-vacuum

(UHV) chambers that have been previously described.25’26 The
initial TDMS and LEED experiments were done at LANL and

reproduced later in HREELS and UPS studies at the
University of Colorado at Boulder. TDMS measurements were
made using an UTI 100C quadrupole mass spectrometer that was
line-of-sight with the sample surface. Temperatures were measured with a chromel-alumel thermocouple spotwelded to the side
of each crystal. The HREELS spectrometer was constructed of
single 127° cylindrical sectors in the monochromatorand analyzer.
For specular reflection, 0in = 0^, = 65° from the sample normal.
Typical conditions for HREELS were as follows: incident energy
= 7.4
X 10"'° A; resolution = 7 meV
eV; incident current =
(56 cm-1 fwhm); and 100 keps for the elastic peak from the clean
Pt( 111) surface. 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)
operated in the retarding mode with a resolution of 0.24 and 0.40
eV for the He I and He II regions, respectively. The LEISS and
XPS experiments were performed at LANL. In LEISS, an incident beam of 1-keV FIe+ was used at 3-5 nA rastered over a
2x2 mm2 area. The laboratory scattering angle (0) was 90°
and the incident ion angle ( 'I') was 30°. XPS data were obtained
by using Mg Ka X-rays as described previously.25
The Pt( 111) crystals were prepared by using conventional
metallographic techniques and surface-cleaning procedures as
previously reported.25 All gases were research grade and were
used without further purification, except for cold trapping of
condensible impurities with liquid nitrogen. The Sn dosing procedure and calibration has been described previously.23 In this
paper, coverages are defined relative to the Pt (111) surface atom
density where 1.0 monolayer (ML) = 1.505 X 10l5atom cm'2.
were

1

(25) Campbell, C. T.; Paffett, M. T. Surf. Sci. 1984, 139. 396.
(26) Windham, R. G.; Bartram. M. E.; Kocl, B E. J. Phys. Chem 1988.

92. 2862.

(III)
3.

the p(2X2) Sn/Pt-

Results
3.1. CO Adsorption. The chemisorption

of CO on Sn/Pt(l 11)

surface alloys with the characteristic p(2X2) and (\/3X\/3)R30°
LEED patterns was examined by using TDMS, LEED, and
HREELS. Both of the Sn/Pt(l II) surface alloys were prepared
as described in ref 23 and were checked by AES for cleanliness
and by LEED prior to gas dosing. The
alloy will
be referred to as the \/3 alloy throughout the remainder of this
text.
The CO TDMS curves from Pt(111) and the p(2x2) and \/3
surface alloys are displayed in Figures 2-4. In these experiments,
the surface temperature for adsorption was less than 150 K. CO
desorption at low coverages on Pt( 111) occurs from top sites with
a peak near 450 K,.27-28 The desorption peak broadens significantly

(Vixv^^O0
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Figure 4. CO TDMS spectra after CO exposure on the (v'BXv'SJRSO0
11) surface alloy at 150 K.
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Figure 6. HREELS spectra of the saturation coverage of CO on Pt( 111),
p(2X2) Sn/Pt(l 11) surface alloy, and (V3XVi)Ri0° Sn/Pt(l 11)
surface alloy.

Sn/Pt(l 11) surface alloys under

Figure 5. Integrated CO TDMS peak areas from Figures 2-4 plotted
CO exposure.

versus

(fwhm = 150 K at saturation coverage) with increasing coverage
and the peak desorption temperature is lowered to 375 K at
saturation. The CO desorption spectrum near 9C0 = 0.5 ML on
Pt( 111) has been attributed27,28 to the desorption of CO from two
distinctly different binding sites (bridge and atop) with activation
energies of desorption, £d, of 25 and 29 kcal/mol, respectively.
At higher coverages, £d decreases due to CO-CO repulsive interactions and CO desorption occurs at lower temperatures. The
peak shapes of the CO desorption traces from the two ordered
Sn/Pt(l 11) alloys are much different than those from Pt( 111).
The peaks are noticeably narrower and have long desorption tails
to high temperatures. The peak shapes do not resemble those
expected from first-order desorption kinetics with only small
variations either in £d or in the preexponential factor. The CO
desorption peak temperatures at saturation coverage are 353 and
339 K for the p(2x2) and Vi alloys, respectively. As a qualitative
guide for discussion, we have applied the method given by Redhead29 to estimate £d = 25 and 24 kcal/mol for saturation coverages of CO on the p(2x2) and Vi alloys, respectively. The
CO desorption activation energies for the alloys were estimated
by using first-order kinetics with a fixed preexponential of 4.0 X
10,s s"1.30 They represent average values of the binding energy
since both bridge and atop sites are occupied (vide infra). No
dissociative CO adsorption was observed on either of the two
(29) Redhead, P. Vacuum 1962, 12, 203.
(30) Campbell, C. T.; Ertl, G.; Kuipers, H.; Segner, J. Surf. Sci. 1981,107,
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these dosing conditions.
The uptake of CO on Pt(lll), the p(2X2) surface alloy and
the V3 surface alloy is shown in Figure 5. The CO coverages
were determined from the CO TDMS integrated peak areas. The
saturation coverage of CO on Pt( 111) is 9C0 = 0.68 ML. The
saturation CO coverages are 9C0 = 0.65 ML and 9C0 = 0.53 ML
on the p(2X2) and Vi alloys, respectively. These CO coverages
are larger than those expected if Sn simply acted as a 1:1 site
blocking atom in the Pt( 111) surface for CO adsorption; Sn blocks
less than one CO adsorption site per Sn atom. The slopes of the
uptake curves in Figure 5 indicate that the initial sticking probability for CO is the same for both Sn/Pt(l 11) surface alloys and
is about 0.40 which is 48% of the value of the initial CO sticking
probability on Pt(lll), which is 0.84.29 In addition, the CO
sticking probability remains constant up to about 9C0 = 0.3 ML
on Pt( 111) and both surface alloys. This indicates that CO adsorbs
via a mobile precursor on all three surfaces and that alloying Sn
into the Pt(l 11) surface does not inhibit precursor formation.
Vibrational spectra were obtained by using HREELS for
saturation coverages of CO on Pt( 111) and on the Sn/Pt( 111)
surface alloys. These are compared in Figure 6. The vibrational
spectra of CO on Pt( 111) have been discussed completely in prior
work.27 In summary, two v^-co frequencies are observed at 395
and 470 cm'1 accompanied by two vco frequencies at 1865 and
2105 cm'1 corresponding to stretching modes for CO adsorbed
in twofold bridge and in atop sites, respectively. Both atop and
bridge-bonded CO species are clearly present at saturation CO
coverages on both of the surface alloys. The sequence of filling
of CO adsorption states is essentially the same on the surface alloys
as seen on clean Pt(l 11), namely initial filling of the atop site
followed by the bridge-bonded site. This was determined by
examining the intensity of the vco peaks in HREELS as a function
of CO coverage on both Sn/Pt( 111) surface alloys.
For the saturation CO adlayers shown in Figure 6, vco for CO
in atop sites is 2090 cm'1 on the p(2x2) surface and 2085 cm"1
on the Vi surface. The vco peaks for the bridge-bonded CO
species appear at 1790 and 1845 cm'1 on the p(2x2) and the Vi
surfaces, respectively. The spectra for CO chemisorbed on the
p(2x2) surface also show a shoulder at 1850 cm"1 and a small
peak at 1600 cm-1. The peak at 1850 cm"1 could be due to defects
in the p(2X2) alloy structure whereby CO is adsorbed in relatively
unperturbed Pt twofold bridge sites. The peak at 1603 cm"1 may
indicate CO adsorbed in Pt threefold hollow sites on the p(2X2)
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Figure 7. LEED pattern observed for a saturation coverage of CO on
the p(2X2) Sn/Pt(l 11) surface alloy at 110 K. The incident electron
beam energy was 65 eV. The CO coverage was 0.65 monolayer.

alloys surface. Similar observations have been made for CO
coadsorbed with benzene on Rh(l 1l).31 Since Sn is expected
to donate charge to Pt (by virtue of the differences in Sn and Pt
electronegativity or work function), one might expect that these
sites would be populated based on previous work involving
coadsorption of CO with other electron donors such as benzene31
or K.32,33
For example, benzene coadsorption forces CO into
threefold bridge sites with vco between 1655 and 1700 cm'1.31
Even though such an electronic effect would be expected to be
larger in the Vi alloy because the surface Sn concentration is
higher, no threefold hollow sites composed entirely of Pt atoms
are present on the V3 surface and thus CO adsorption in these
sites cannot occur.

The vibrational spectra for CO chemisorbed on the alloy sur^<0 region compared to Pt( 111).
This mainly consists of broadening of the I'pt-co peak t0 lower
energies on the alloys. It appears that the vpt-co frequency for
atop CO is essentially unaffected by alloying, but the
frequency for bridge-bonded CO is decreased slightly by alloying.
The large width of the vp,-c0 peak for the p(2X2) alloy could also
be due to some contribution from CO bonded in threefold hollow
sites that have a much lower vPtK;0 frequency.
Finally, we note that the intensity ratio of the vco peaks for
CO in bridge compared to atop sites decreases as the concentration
of Sn increases. From Figure 6, the ratios of bridge:atop-bonded
CO HREELS intensities are 0.43, 0.34, and 0.22 for Pt(lll),
p(2X2), and V3 surfaces respectively. This is consistent with the
fact that the number of pure Pt twofold bridge sites decreases
faster than Pt atop sites as the surface Sn concentration increases
in these alloys.
Chemisorption of CO on both of the Sn/Pt( 111) surface alloys
was also examined by LEED. No ordered structures were observed for CO adsorbed on the Vi surface alloy. However, a
saturation exposure of CO on the p(2X2) Sn/Pt(l 11) surface alloy
below 150 K produced the LEED pattern schematically shown
in Figure 7.
We denote the observed LEED pattern as a
(2v'3X2v/3)/?30° structure referenced to the integral order beams
for Pt(l 11). On the basis of the HREELS spectra, CO occupies
both bridging and atop sites on the alloys. Three possible real
space structures consistent with our LEED and HREELS observations and the coverage determined from the integrated CO
TDMS area (9C0 = 0.65 ML) are shown in Figure 8a-c. These
structures have a CO coverage of 7/12 (9C0 = 0.58 ML), based
on the unit cell shown in each case. Note that the ratio of atop
to bridge species is 4:3 within each suggested unit cell. On Pt(l 11),
the ratio of bridge to atop-bonded CO is 1:1 for the c(4X2)-CO
structure, prepared by room temperature saturation CO exposure.
While the exact arrangement of adsorbed CO within the
(2\/3x2v/3)/?30o unit cell is unknown, the structural models for
CO adsorbed on the p(2X2) surface shown in Figure 8a-c are
consistent with LEED and HREELS data. Although the last
model explicitly contains CO bonded in threefold hollow sites, we

Figure 8. Proposed real space models of the (2v/3X2v/3)/?30° CO
overlayer for the LEED pattern of Figure 7.

faces also exhibit changes in the

(31) Mate, C. M.; Somorjai, G. A. Surf. Sci. 1985, 160, 542.
(32) Kudo, M.; Garfunkel, E. L.; Somorjai, G. A. J. Phys. Chem. 1985,

89, 3207.

(33) Kiskinova. M.; Pirug. G.; Bonzel. H.

P.

Surf

Sci. 1983, 133, 321.

have no direct evidence that this model is a better representation
of the CO adlayer than either of the adlayer structures shown in

Figure 8

a or b.

3.2. H2 Adsorption. Chemisorption of H2 was studied on both
Sn/Pt( 111) surface alloys at 150 K. Neither of the surface alloys
chemisorbed more than 2% of the saturation coverage of hydrogen
on a clean Pt( 111) surface. This was determined from integration
of the H2 TDMS peak areas using the same dosing technique and
H2 exposures used for Pt(l 11). The alloy surfaces are essentially
inert toward H2 chemisorption at this temperature, since this small
amount of hydrogen probably arises from defect and edge sites.
This dramatic decrease in H2 uptake is due to a substantial in-

in the activation energy for dissociative adsorption of H2
the alloy surfaces compared to Pt( 111).
Despite the inhibition of dissociative adsorption of H2, we were
able to produce significant coverages of chemisorbed hydrogen

crease
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Chemisorption of CO, H2, and 02

on

Ordered Sn/Pt( 111)

The Journal

of Physical

Chemistry, Vol. 94, No. 17, 1990

6835

Figure 12. Integrated H2 TDMS peak areas from the spectra shown in
Figures 9-11 plotted versus H2 exposure. Solid lines: H2 exposure only.
Dashed lines: H2 exposure in the presence of a hot filament in order to
produce a flux of H atoms to the surface.

Temperature / K

Figure 10. H2 TDMS spectra after H atom exposures
Sn/Pt(l 11) surface alloy at 150 K.

on

H2 TDMS spectra after H atom exposures
V3)R30° Sn/Pt( 111) surface alloy at 150 K.

Figure 11.

on

the p(2X2)

the

(V3X

adatoms by exposing the alloy surfaces to H2 with the mass
spectrometer filament (located ca. 3 cm from the crystal face)
turned on during the hydrogen dosing. This procedure is known
to produce gas-phase H atoms. Unfortunately, the exact flux of
H atoms (or other possibly reactive species such as H2+) on the
crystal surface is not known in these experiments. H2 TDMS
traces are shown in Figure 9 as a function of hydrogen coverage
after H2 exposure on a clean Pt( 111) surface. H2 TDMS traces
as a function of hydrogen coverage following H atom exposures
are shown for both surface alloys in Figures 10 and 11.
Alloying Sn with Pt( 111) causes a shift of the H2 TDMS peak
to higher temperature relative to H2 desorption from Pt(l 11).
Simulation34 of the H2 desorption spectra from these surfaces using
(34) The simulations were performed digitally by using the PolanyiWigner rate expression with initial estimates of the preexponential factor taken
from: Gadowski, G.; Fair, J. A.; Madix, R. J. Surf. Sci. 1983, 127, 541.

second-order kinetics with the preexponential factor fixed at 1
X 1CT3 cm2 molecule"1 s"1 yields activation energies of desorption,
£d, of 19 and 21 kcal/mol (for the high-temperature peak in
Figure 11) for the Pt( 111) and the alloy surfaces, respectively.
The TDMS simulations were compared with experimental data
at low H atom coverages to minimize the influence of coverage-dependent interactions. A second, lower temperature H2
desorption peak is observed from the V3 Sn/Pt( 111) surface alloy
with £d = 16 kcal/mol, using the same preexponential factor and
desorption order as above.
The integrated H2 TDMS peak areas are plotted in Figure 12
for various coverages of hydrogen on the three surfaces studied.
The initial sticking probability of H2 on the surface alloys is
reduced from S0 = 0.045 on clean Pt(l 11)35 to S0 5 0.001 (i.e.,
below the limit of detection in our TDMS experiments) on either
alloy at 150 K. The saturation coverages of hydrogen atoms on
the Sn/Pt(l 11) surface alloys obtained by H atom exposures are
0H = 0.5 ± 0.05 ML for either surface alloy. This is approximately 66% of the saturation coverage of hydrogen on Pt( 111)
(0H = 0.80 ± 0.1 ML at saturation coverage36"38). The saturation
hydrogen coverage on the surface alloys does not decrease linearly
with surface Sn concentration, and therefore Sn atoms do not
simply block H adsorption sites in the Pt(l 11) surface. We cannot
determine the initial sticking probability for H atoms on the two
surface alloys in these experiments because the flux of H atoms
is unknown. However, we note that the H atom sticking probabilities on the alloys are the same as shown by the identical initial
slopes for the uptake of hydrogen on both alloys in Figure 12.
3.3. 02 Adsorption. Oxygen adsorption was also studied on
Pt(lll), unalloyed Sn overlayers on Pt(lll), and alloyed Sn/
Pt( 111) surfaces. Experiments were performed in two different
UHV chambers with slightly different techniques used in each
case. In one set of experiments, Pt( 111) and the p(2X2) and V3
Sn/Pt( 111) surface alloys were exposed to low exposures (up to
10 langmuirs) of 02 over the temperature range 100-600 K. The
adsorption behavior of 02 on Pt(l 11) reproduced well-documented
earlier results,39 namely the formation of an ordered atomic oxygen
overlayer with 0O = 0.25 ML upon warming the adsorbed molecular 02 adlayer formed at 100 K. No evidence of adsorbed
molecular 02 was ever observed by TDMS or AES for the two
Sn/Pt( 111) surface alloys. Furthermore, there was no evidence
in AES or TDMS of any atomically adsorbed oxygen on either
Sn/Pt( 111) surface alloy following 10 langmuirs of 02 exposure
at surface temperatures between 150 and 600 K.
In another set of experiments, the reactivity of the Sn/Pt(l 11)
surface alloys was directly compared with the reactivity of unalloyed Sn overlayers on Pt( 111). The substrate temperature was
maintained at 300 ± 10 K in these experiments in order to prevent
(35)
(36)
(37)
(38)
(39)

Poelsma, B.; Verheij, L. K.; Comsa, G. Surf. Sci. 1985,152/153,
Christmann, K.; Ertl, G.; Pignet, T. Surf. Sci. 1976, 54, 365.
Davies, J. A.; Norton, P. R. Nucl. Instrum. Methods 1980, 168,
Norton, P. R.; Davies, J. A.; Jackson, T. E. Surf. Sci. 1982,121,
Gland, J. L.; Sexton, B. A.; Fisher, G. B. Surf. Sci. 1980, 95,

496.
611.
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Figure 13. Oxygen uptake on unalloyed Sn overlayers on Pt(l 11) monitored by the O(KVV) peak-to-peak height in AES signal 02 exposure.
The right-hand scale of the ordinate reflects the O atom coverage is
calibrated by the AES signal obtained from the p(2X2) O/Ptf 111)
surface with 90 = 0.25 monolayer. The initial Sn coverage for each
uptake experiment is indicated in monolayers.

Figure 14. XPS spectrum of the Sn (3d5,2) region after 500 langmuirs
on a thick Sn film with (ls„ = 5 monolayers at 300 K.

of 02 exposure

significant alloy formation by the Sn overlayers. The surfaces
were given 02 exposures of up to 10 klangmuirs and the uptake
of atomically adsorbed oxygen was monitored by AES. In Figure
13, the O(KVV) AES peak-to-peak intensity is shown versus 02
exposure for various Sn/Pt( 111) overlayers. The amount of
oxygen uptake was calibrated by comparison with the O(KVV)
AES signal for atomic oxygen adsorbed on Pt(111) at 0O = 0.25
ML. Oxygen uptake on a thick Sn overlayer (0Sn = 1.7 ML) is
also shown in Figure 13. Tin adatoms increase the initial sticking
probability and also the saturation coverage of oxygen on Sn/
Pt(111) compared to Pt( 111). The saturation oxygen uptake at
300 K of 0O = 1.1 ML occurs at an 02 exposure <200 langmuirs
for all of the Sn overlayers. In direct contrast, the oxygen uptake
of the Sn/Pt(l 11) surface alloys (with 0Sn = 0.33 and 0.5 ML)
after 10 klangmuirs of 02 exposure was less than 0.05 monolayer.
Exposures higher than 10 klangmuirs of 02 on the Sn/Pt( 111)
surface alloys were not attempted because background impurity
adsorption (e.g., CO, C02, and H20) appeared to be contributing
to the accumulation of oxygen on the surface.
The extent of oxidation of the unalloyed Sn overlayers on
Pt( 111) was also examined by using XPS and LEISS. Figure
14 shows an XPS spectrum of the Sn
3d5/,2 region is shown after
a 500 langmuir of 02 exposure to a Sn/Pt(l 11) surface with 0Sn
=
5 ML at 300 K. The existence of a peak at higher binding
energy (BE) than metallic Sn is due to oxidized Sn and is assigned

Figure 15. LEISS spectra taken after 500 langmuirs of 02 exposure to
unalloyed Sn/Pt(l 11) surfaces at 300 K.

to SnO (or possibly Sn02) formation on the bimetallic adlayer
surface.12'15"17 The spectrum in Figure 14 was fit well by a metallic
Sn peak at 484.8 eV BE (fwhm = 1.05 eV) and an oxide component at 485.8 eV BE (fwhm = 1.25 eV), with a relative intensity
ratio of 3:2. These binding energies are consistent with observations for metallic Sn and oxidized Sn in the literature.40’41 The
existence of oxidized Sn, along with a corresponding absence of
any feature in the Pt 4f region related to oxidized Pt or PtO
formation, indicates that the large oxygen uptake in these unalloyed bimetallic layers is due to oxidation of the Sn adatoms

only.
The location of the oxygen adatoms in the unalloyed Sn/Pt(l 11)
layers was also examined by using LEISS with 1.0-keV He+ ions.
In Figure 15, we show LEISS spectra taken for several Sn/Pt(l 11)
surfaces given an exposure of 500 langmuirs of 02 at 300 K. While
the Pt and Sn peaks are not completely resolved, they are separated
in energy enough to be easily distinguished. The intensity from
Pt decreases rapidly as the surface precoverage of Sn is increased.
The peak arising from surface oxygen atoms40 is also shown. The
top curve (with 0Sn = 0.00 ML) is of a p(2x2)0 overlayer on
Pt(lll). We note that the AES data in Figure 13 indicated
increased O adatom coverage for the Sn overlayer surfaces, but
no corresponding increase was observed in the surface oxygen
coverage with LEISS. Although an increase in surface roughness
41
generally decreases absolute signal intensities the relative intensities of the ions scattered from the different substrate atoms
in the outermost surface layer have been shown experimentally
not to decrease.42 Therefore, we conclude from LEISS that a
large fraction of the adsorbed oxygen atoms are located under
the Sn overlayer for the unalloyed Sn/Pt(l 11) interfaces.
3.4. UPS of Ordered Sn/Pt(l 11) Surface Alloys. Because
of the unique chemistry of these ordered Sn/Pt(l 11) surface alloys,
we performed UPS studies to further characterize these surfaces.
He I and He II spectra obtained for clean Pt(l 11), the p(2x2)
Sn/Pt(111) surface alloy, the V3 Sn/Pt(l 11) surface alloy, and
a 5-monolayer Sn film (deposited at 100 K) on Pt(l 11) are shown
in Figures 16 and 17. Alloying with Sn causes a noticeable
decrease in emission at £F compared to Pt(l 11). The p(2x2)
surface alloy exhibits Sn-induced peaks at 2.4, 4.2, and 5.5 eV
BE. The maximum in d-band emission near £F is observed at
0.2 eV, unshifted from Pt(l 11). The V3 surface alloy exhibits
peaks at the same energies, with the 4.2-eV peak relatively more
intense than for the p(2X2) surface alloy. The maximum in
d-band emission near £F also shifts to 0.5 eV for the V3 alloy.
In addition, He II difference spectra for both alloys also reveal
(40) Heiland, W.; Taglauer, E. In Methods in Experimental Physics-, Park,
R., Lagally, M., Eds.; Academic Press: New York, 1985; Vol. 22, p 299.
(41) Swatrzfager, D. Anal. Chem. 1984, 5(5, 55.
(42) Margraf, R.; Knozinger, H.; Taglauer, E. Surf. Sci. 1989, 211/212,
1083.
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to Pt in the surface alloys. Since the spectra are from a thin
surface alloy, a significant fraction of the photoemission signal
is due to the unalloyed Pt(lll) crystal. Therefore, few other
definite conclusions can be drawn at this time. Angle-resolved
photoemission and band structure measurements would undoubtedly contribute to understanding the electronic structure changes
that accompany alloy formation and consequently would be helpful
in understanding the chemisorption behavior of these Sn/Pt(l 11)
surface alloys.

Discussion
As mentioned earlier, supported and unsupported polycrystalline
Pt-Sn alloys have been studied extensively.3,4,7"17 Despite this large
body of work on a technologically important catalytic material,
relatively few reports have appeared concerning the chemistry and
catalysis of small molecules using surfaces with well-defined
stoichiometry or order. Verbeek and Sachtler8 have made the only
previous studies of adsorption energies on such surfaces. They
examined the adsorption of CO, C2H4, and D2 on unsupported
polycrystalline Pt-Sn alloys with the bulk composition of the Pt3Sn,
PtSn, and PtSn2 compounds. They observed using TPD that the
desorption temperature of CO from their Pt3Sn sample was only
slightly lower than that from Pt, and that the desorption temperature was lowered further by increasing the amount of Sn in
the bulk of the sample. In CO adsorption studies on supported
Pt-Sn alloy catalysts using IR and the isotopic dilution method,
Ponec and his co-workers21 observed only a small decrease in the
absorption band frequency of adsorbed CO that could nearly all
be explained by a dilution effect, indicating a very weak electronic
structure effect in these studies too. Verbeek and Sachtler8 also
found that the adsorption of deuterium on Pt was strongly suppressed by alloying with Sn. Similar behavior for hydrogen adsorption was observed on supported Pt-Sn alloy catalysts.20 Most
previous work on Pt-Sn alloys has focused on surface segregation
upon annealing or gas exposure.9"15 Hoflund and co-workers10,14"16
have observed that Sn enrichment of a sputtered Pt3Sn alloy
surface is strongly influenced by temperature and the presence
of oxygen. They found that Sn was mostly concentrated near the
grain boundaries and that grain boundary diffusion of Sn followed
by Sn spreading over the Pt-rich regions plays a major role in
surface enrichment. Oxygen uptake experiments on a sputtered
and annealed Pt3Sn alloy surface showed a maximum uptake at
about 200 °C and they attributed the two forms of oxygen that
they observed to chemisorbed oxygen and oxidic (associated with
Sn as an oxide). However, the amount of oxygen adsorbed on
their Pt3Sn alloy sample was less than on Sn metal under similar
conditions. Cheung13 found that Sn alloyed with Pt was more
resistant to oxidation than metallic Sn, and this lower reactivity
with oxygen was also observed for supported Pt-Sn alloys proposed
to be formed by reduction of platinized tin oxide catalysts.17
Qualitatively, our results concerning the chemistry of CO, H2,
and 02 on ordered Sn/Pt(l 11) surface alloys with a well-defined
stoichiometry agree with the previous work described above. The
main difference concerns surface segregation and oxidation, and
this point will be dealt with later in the discussion.
Small molecule chemisorption has also been examined on several
well-defined surfaces with bulk alloy terminated structures that
resemble the proposed Sn/Pt(l 11) surface alloys studied herein.
This includes the Pt3Ti44"46 and the Cu3Au47 systems. Although
the attendant structural and electronic details are different in each
of these bimetallic systems, there are several interesting comparisons that can be made between the Sn/Pt( 111) surface alloys
and these systems when discussing electronic and ensemble effects
on chemisorption properties. For example, Paul et al.46 noted a
weakened CO chemisorption bond on the Pt-rich Pt3Ti( 111)
surface. Bardi et al.44 noted that H2 did not adsorb on either the
Pt3Ti(l 11) or (100) surfaces, although 02 readily adsorbed on
4.

BINDING ENERGY (eV)

Figure 16. He (21.2 eV) UPS spectra for Pt(lll), the p(2X2) Sn/
Pt( 111) surface alloy, the (v/3xv'3)/J30° Sn/Pt( 111) surface alloy, and
a 5-monolayer unalloyed Sn film on Pt(l 11) deposited at 100 K.
I

Figure 17. He II (40.8 eV) UPS spectra for Pt(l 11), the p(2X2) Sn/
Pt(111) surface alloy, the (v'3Xv/3)/?30° Sn/Pt(Ul) surface alloy, and
a 5-monolayer unalloyed Sn film on Pt( 111) deposited at 100 K.

broad Sn-induced peak at 9.6 eV BE. The work function of
Pt(l 11), p(2X2) and V3 Sn/Pt(l 11) surface alloys, and the thick
Sn film was determined to be 5.8, 5.4, and 5.2, and 4.2 eV,
respectively. This determination is in the range of previous values
of the work function for Pt(l 11)43 and Sn. The corresponding
a

change in the work function for the p(2X2) and \/3 surface alloys
is -0.4 and -0.6 eV with respect to Pt( 111). The work function
decrease is approximately linear with increasing surface Sn
content.
A simple summation from any scaled amount of the thick Sn
film spectrum and the Pt(l 11) spectrum could not account for
the observed surface alloy spectra in either the He I or He II data.
This is mainly due to very localized, Sn-induced emission near
4.2 eV binding energy and the absence of Sn emission at higher
binding energies in the alloys. It is quite evident that surface alloy
formation has dramatically altered the Sn and Pt electronic
structure compared to the respective pure metals. This is presumably due to rehybridization and/or charge transfer from Sn
(43) Derry, G. N.; Ji-Zhong, Z. Phys. Rev. 1989, B39, 1940.

(44) Bardi, U.; Dahlgren, D.; Ross, P. N. J. Catal. 1986, 100, 196.
(45) Bardi, U.; Somorjai, G. A.; Ross, P. N. J. Catal. 1984, 85, 272.
(46) Paul, J.; Cameron, S. D.; Dwyer, D. J.; Hoffman, F. M. Surf. Sci.
1986, / 77, 121.
(47) Graham, G. W. Surf. Sci. 1987, 184, 137.

6838

The Journal

of Physical Chemistry,

the Ti sites. For the Pt3Ti( 111) and Pt3Ti(100) surfaces, segregation of Pt to the surface plays a very important role in determining the chemisorption behavior of these materials toward
hydrogen and carbon monoxide.
4.1. CO Adsorption. Alloying with Sn causes a reduction in
the binding energy of CO on the surface alloys compared to
Pt(l 11) of about 5 kcal/mol but causes no change in the thermodynamically preferred adsorption site (atop versus twofold
bridge). At saturation coverage, only a small change in the relative
occupation of adsorption sites is observed. The bridge and atop
sites are occupied in the same order as on Pt( 111); i.e., the atop
site fills first. Thus, atop-bonded CO is more strongly bound than
bridge-bonded CO on both surface alloys. Within the assumption
that HREELS intensities are correlated with the concentration
of CO in each site,27,48 the ratio of bridging to atop species drops
from 0.37 on Pt(111) to 0.29 on the p(2X2) Sn/Pt(111) to 0.19
on the v73 Sn/Pt(l 11) surface alloy. This decrease is consistent
with a net decrease in the bridge site density over that for atop
sites for the two Sn/Pt(l 11) surface alloys compared to Pt(l 11).
On Pt(lll), atop-bonded CO is more strongly bound (29
kcal/mol) than bridged-bonded CO (25 kcal/mol). The narrowing
of the CO desorption peaks from the surface alloys could be due
to a larger decrease in the heat of adsorption of atop-bonded CO
over that for bridge-bonded CO such that atop and bridge-bonded
CO have nearly the same adsorption energy. Our observation of
a small weakening of the CO chemisorption bond on the alloys
is in qualitative agreement with the adsorption data of Verbeek
and Sachtler8 on unsupported polycrystalline Pt-Sn alloys and
Ponec and his co-workers21 on supported Pt-Sn alloy catalysts.
This reduction in the desorption energy is in contrast to the
strengthening of the surface-CO bond that might be expected on
the basis of previous work involving coadsorption of CO with other
electron donors, e.g., alkali metals.32,33 Perhaps it is not surprising
that such simple comparisons between the Sn/Pt(l 11) alloys and
these other systems would be difficult given the importance of
electrostatic effects in alkali-metal adlayers and the extensive
rehybridization of the Sn and Pt atoms in the alloys observed with
UPS.
4.2. Hi Adsorption. The large inhibition of H2 adsorption on
the Sn/Pt( 111) surface alloys is analogous to adsorption data on
unsupported polycrystalline Pt-Sn alloys8 and on supported Pt-Sn
alloy catalysts.20 In our studies, this inhibition is clearly due to
a kinetic effect rather than a thermodynamic one, since H2 desorption was observed from the Sn/Pt( 111) surface alloys after
direct exposure to atomic hydrogen. The activation energy for
dissociative adsorption of H2, £adlss(H2), is increased on the two
Sn/Pt( 111) surface alloys compared to Pt(lll) such that no
dissociative adsorption of H2 occurred (we did not detect any
dissociation during a 500 langmuirs of H2 exposure on either of
the two Sn/Pt(111) surface alloys at 300 K). On Pt(lll),
=
1.0 ± 0.5 kcal/mol.49 A lower limit on the magnitude
£’adiss(H2)
of this barrier on the alloys can be estimated to be about 3
kcal/mol. This is sufficient to prevent dissociative adsorption when
molecular desorption into vacuum is the competing kinetic process.
Unfortunately, the Pt-H bond dissociation energy cannot be
reliably determined from the H2 desorption energetics without
an accurate determination of the activation energy for dissociative
adsorption of H2. The H2 desorption activation energy is the sum
of £adiss(H2) and the heat of adsorption of hydrogen. If £adlss(H2)
is near our lower limit estimate of 3 kcal/mol, then alloying Sn
into the Pt( 111) surface does not change the Pt-H bond strength.
Larger values of £ad,ss(H2) would imply a weaker Pt-H bond.
Dissociative adsorption of H2 is a mildly activated process on
Pt(l 11) and alloying with Sn causes an additional increase in the
dissociation barrier. This could be caused by the physical removal
of, or the electronic modification of, the most reactive ensemble
of contiguous Pt atoms necessary for H2 dissociation on Pt( 111).
(48) Schneizer, E.; Persson, B. N. J.; Hoge, D.; Bradshaw, A. M. Surf.
Sci. 1989, 213. 49.
(49) Salmeron. M.; Gale, R. J.; Somorjai, G. A. J. Chem. Phys. 1979. 70,
2807.
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Inspection of the surface alloy structures in Figure reveals that
threefold hollow sites composed entirely of Pt atoms are present
on the surface for the x/3 structure.
In addition, there are no
two contiguous threefold hollow sites with an underlying Pt atom
(fee sites) for the p(2X2) structure. It may be that dissociative
adsorption of H2 on Pt( 111) requires two contiguous threefold
fee hollow sites. If H2 requires a dissociation ensemble of four
Pt atoms containing two threefold fee hollow sites on Pt(lll),
dissociation will not occur on either alloy because this ensemble
is not available on either alloy. A recent ion channeling experiment50 has unequivocally demonstrated that adsorbed D atoms
on Pt(lll) sit in threefold fee hollow sites. Although the H
adatom adsorption site may be considerably different than the
site required by the transition state during H2 dissociation, a
threefold fee hollow site may be required for dissociation.
Modification of the Pt atom electronic structure by alloying with
Sn could also increase the activation energy for dissociative H2
adsorption. Theoretical calculations by Harris and Andersson51
for H2 dissociation on metals suggest that increasing the d-electron
density on Pt will increase the activation energy for H2 adsorption
and inhibit H2 dissociation. Pauli repulsion between the closed
shell of H2 and s-electrons of the surface metal atoms prevents
close approach of H2 and is responsible for an activation barrier
to dissociation. H2 adsorption is essentially nonactivated on metal
surfaces with unfilled d-bands because Pauli repulsion is minimized
by s-d electron transfer (rehybridization). Aluminum, alkali
metals, and noble metals do not have either d-electrons or filled
d-bands (which could act as holes to accept s-electrons) and so
H2 dissociation is activated on these surfaces. The UPS results
shown in Figures 16 and 17 indicate extensive interactions between
Sn and Pt in the alloys that change the electronic structure of the
Pt atoms. This interaction between Sn and Pt could lead to
extensive rehybridization during alloy formation and an ensemble
that would be acceptable for H2 dissociation on pure Pt( 111) may
still be present on the alloy, but modified such that s-d rehybridization in Pt is altered, thus increasing the activation energy
for dissociative H2 adsorption.
The low-temperature desorption state of H2 from the x/3
Sn/Pt(l 11) surface alloy could be due to a site with a low Pt-H
bond strength on this surface. On the x/3 surface alloy there are
no threefold hollow sites composed entirely of Pt atoms. Given
that the H-atom concentration at saturation coverage is 0H = 0.5
± 0.005, some H atoms must occupy either threefold hollow sites
that involve coordination to only two Pt atoms, or sites of lower
coordination such as twofold bridges or perhaps atop sites.
Unfortunately it is not clear from H2 TDMS if electronic effects,
ensemble effects, or a combination of the two control H2 dissociation on the alloys. We can only determine that the activation
energies for dissociative H2 adsorption and H2 desorption are
increased on the alloys. Molecular beam experiments utilizing
H2 and H atom sources are needed to accurately measure these
activation energies and the Pt-H bond energies. Additional experiments on other chemically modified Pt surfaces and welldefined Pt-Sn alloys with different structures but similar compositions, or similar structures but different compositions, are also
required. Our work on other modified Pt( 111) surfaces using Bi52
and K26,53,54 is aimed at ultimately separating the influence of
electronic and ensemble effects on bimetallic Pt(l 11) surfaces.
4.3. 02 Adsorption. The kinetics of 02 dissociation are dramatically changed on the alloys compared to Pt(l 11). Oxygen
chemisorption readily occurs on Pt(l 11) and on submonolayer
to monolayer coverages of unalloyed Sn deposited on Pt(lll).
When Sn is alloyed into the Pt(l 11) surface, however, 02 does
not adsorb either as a molecular species or dissociatively (to form
1

no

(50) Mortenson, K.; Besenbacher, F.; Stensgaard, 1.; Klink, C. Surf. Sci.
1989, 211/212, 813.
(51) Harris, J.; Andersson, S. Phys. Rev. Lett. 1985, 55, 1583.
(52) Paffett, M. T.; Campbell, C. T.; Windham, R. G.; Koel, B. E. Surf.
Sci. 1989, 207, 274.
(53) Gebhard, S. C.; Windham, R. G.; Koel, B. E. Surf. Sci. Submitted

for publication,
(54) Windham, R. G.; Koel, B. E. J. Phys. Chem. 1990, 94, 1489.
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the polycrystalline Pt-Sn alloys and the ordered Sn/Pt(l 11)
surface alloys is difficult, since the Sn/Pt(l 11) surfaces used in
our work do not have a bulk distribution of Sn and this affects
the thermodynamics and kinetics. However, the different observed
behavior serves to highlight the attendant advantages of working
with thin film alloys on single-crystal samples to produce specific
bimetallic surfaces. The problem of surface segregation into and
across (due to grain boundary effects) bulk alloy surfaces is
mitigated to a large extent when thin surface alloys and/or
overlayers on single-crystal substrates are utilized.
Metal overlayers are not without their own surface structural
problems. For example, in a related study on the effects of the
chemisorption of H2, CO, and 02 on Bi/Pt( 111) interfaces,52 small
molecule adsorption was observed to induce island formation and
structural changes in the overlayer at critical exposures. For the
Bi/Pt( 111) system, Bi atoms form chemisorbed overlayers with
net repulsive Bi—Bi interactions and do not appear to alloy under
experimental conditions.52 Thus, the spatial positions of the Bi
adatoms are not fixed as rigidly as the positions of the Sn atoms
in the Sn/Pt(l 11) surface alloys. Surface adatom mobility, the
global energetics of adsorption, surface reconstruction, and compound formation are strongly correlated effects which dictate the
extent of surface segregation at bimetallic surfaces when exposed
to chemisorbed species. All of these factors by necessity require
the use of surface structural probes that independently address
long-range order and surface adsorbate site geometry. In the case
of the Sn/Pt(l 11) surface alloys, the ability to form a bimetallic
surface with the second metallic component incorporated in the
surface layer as opposed to on the surface has a dramatic effect
on the chemistry of small molecule adsorbates. The differences
between the two different types of bimetallic surfaces used in model
studies of chemisorption and catalysis are highlighted in the study
presented here.

atomic oxygen) under our experimental conditions. Arguments
similar to those for H2 chemisorption on the surface alloys may
apply to 02 chemisorption as well. The adsorption energy of 02(a)
on Pt( 111) is 8 kcal/mol.39 This is apparently lowered by the
presence of Sn adatoms in the surface alloys to the point that
adsorption is not observed at 100 K. From this observation, the
heat of adsorption of 02(a) on the alloy surfaces is at most about
5 kcal/mol; chemisorption of 02 on the Sn/Pt(l 11) surface alloys
has been weakened to an extent that 02(a) is essentially a physisorbed species. This decrease is due to an electronic effect, since
we have observed molecular 02 adsorption on Pt( 111) surfaces
covered with 0.25 and 0.33 ML of coadsorbed (unalloyed) Sn and
Bi52 on Pt( 111); i.e., the ensemble required for adsorption of
molecular 02 should be present on the Sn/Pt(l 11) surface alloys.
In addition, a similar electronic effect has been observed to decrease the heat of adsorption of ethylene on these Sn/Pt(l 11)
surface alloys.55 The origin of the barrier for 02 dissociation on
the alloys is more difficult to explain. A simple explanation is
that decreasing the 02(a) well depth leads to a larger dissociation
barrier. However, we have no information on the changes that
occur in the 0(a) potential well or on the changes that occur for
the energy of the transition state itself. In addition to this type
of electronic effect, the decomposition ensemble of Pt atoms
required for 02 dissociation may have been altered or removed
by alloying Pt with Sn. Additional experiments and detailed
theoretical work would be of benefit to an accurate explanation.
4.4. Comparison with Other Bimetallic Systems. For the UHV
experiments described in this work, large structural changes of
the Sn/Pt( 111) surface alloys were not induced by small molecule
chemisorption, as judged from LEED and AES measurements
taken after exposure to the respective gases. This is in contrast
to early AES measurements of Bouwman et al.9 and later work
by Hoflund et al.16 using ISS, XPS, and scanning AES, on the
chemisorption of H2 and 02 at the surfaces of polycrystalline Pt-Sn
samples. The work of these authors demonstrated significant
surface segregation effects into and laterally across the surface
for specific adsorbates. A quantitative comparison of segregation

on

Acknowledgment. Support from the Department of Energy
through the Morgantown Energy Technology Center is gratefully
acknowledged by M.T.P. B.E.K. acknowledges the support of
this work by the U.S. Department of Energy, Office of Basic
Energy Sciences, Chemical Sciences Division. We acknowledge
Dr. Mark Jones for help with the TDMS simulation code and Dr.
Walt Ellis for helpful discussions.

(55) Paffett, M. T.; Gebhard, S. C.; Windham, R. G.; Koel, B. E. Surf.
Sci. 1989, 223, 449.

Decomposition of an Organophosphonate Compound (Dimethyl Methylphosphonate) on
the Ni(111) and Pd(111) Surfaces
X. Guo, J. Yoshinobu, and J. T. Yates, Jr.*
Surface Science Center, Department

of Chemistry, University of Pittsburgh, Pittsburgh,

Pennsylvania 15260

(Received: December 27, 1989)

The decomposition of a model organophosphonate compound, dimethyl methylphosphonate (DMMP), by Pd(l 11) and Ni( 111)
surfaces has been studied by using Auger spectroscopy (AES) and temperature-programmed reaction spectroscopy (TPRS).
In both cases, in the absence of 02, thermal decomposition of DMMP occurs [Pd, below 300 K; Ni, below 340 K] based
on the observation of desorption-limited H2 and CO evolution. Phosphorus is deposited on both Pd(l 11) and Ni(l 11) surfaces
following the DMMP decomposition. Oxidation at 1075 K removes the surface phosphorus on Pd(l 11). On Ni(l 11), however,
surface phosphorus cannot be removed by oxidation at 1075 K, nor is preoxidized Ni(l 11) active for phosphorus removal
at 1075 K. By comparison with similar experiments on Mo(l 10), it appears that the early transition metals may be more
suitable for the catalytic oxidation of organophosphonate compounds, on the basis of the lower temperature for sustained
removal of surface phosphorus by oxygen on Mo(l 10) [900 K] compared to Pd(l 11) [1075 K],

catalytic decomposition of the model compound, dimethyl methylphosphonate (DMMP), has been achieved under oxidizing

Introduction
The surface chemistry of organophosphonate compounds has
been the subject of a recent review1 due to their relevance as
environmentally hazardous materials. The sustained heterogeneous
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(1) Ekerdt, J. G.; Klabunde, K. J.; Shapley, J. R.; White, J. M.; Yates,
Jr., J. T. J. Phys. Chem. 1988, 92, 6182.
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