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ABSTRACT .

Low energy electron diffraction (LEED), x-ray photoelectron
spectroscopy (XPS), and Auger electron spectroscopy were used to
determine the structure and composition of the surfaces of [111] and
[100] oriented crystals of an ordered alloy of bulk stoichiometry
Pt3Ti. Thermal desorption spectroscopy (TDS) was used to study the
adsorption of carbon monoxide and hydrogen on these surfaces. The
clean annealed surface of [111] orientation has the ordered structure
expected from truncation of the bulk crystal, consisting of alternat-
ing atomic rows of (50% Pt + 50% Ti) and 100% Pt. The surface of
[100] orientation also has a regular truncation structure with the
outermost layer being 50% Ti in a c(2x2) lattice and the second layer
the 100% Pt layer. At near-ambient temperature, the adsorption of CO
at the Ti sites is dissociative and at the Pt sites is molecular. The
‘orderly substitution of Ti for Pt atoms in the surface changes the
Pt-Pt pair site distribution such as to eliminate most of the sites
for bridge bonding of the CO molecule. Only a single symmetric TDS
peak was observed for CO desorbing from the alloy surface, as opposed
to the asymmetric peak shape observed from pure Pt surfaces, which we
suggest is a consequence of bridge-site elimination. At Tow tempera-
ture (230 K), a second molecular state of CO was observed which we
assigned to a pre-dissociative state on Ti sites with CO lying paral-
lel to the surface. No hydrogen could be observed to desorb from
clean annealed Pt3Ti surfaces dosed with hydrogen at room tempera-
ture. Unfortunately, we were not able to distinguish between the
possibilities: (1) that hydrogen does not adsorb on the surface at
room temperature; or (2) that hydrogen adsorbed at room temperature
is not desorbed by flashing the surface temperature to ca. 900 K.



1. INTRODUCTION

Pt3Ti is an intermetallic compound which can be considered
repreéentative bf a class of compounds (Engel-Brewer_typé) (1)
characterized by a highly negative entha]py of formation, which have
béen object of intensive study for their catalytic properties in the
reduction of oxygen to water in fuel cells (2). The adsorptive
properties of an intermetallic compound of this type are of interest
because the strength of the intermetallic bond is likely to favor the
formation of a well-ordered surface where enrichment phenomena are
expected to play a minor role (3,4,5). In such a surface, the
chemisorptive properties may be modified by effects due to either the
dilution of the active atoms in the bimetallic surface (ensemble
effects) or by modifications of the electronic properties of the atoms
due to the intermetallic bond (ligand effects). Another important
point relative to this type of surface lies in its relation with "SMSI"
type systems (6,7). In these systems thé adsorptive properties of the
active metal are strongly modified by the interaction with the support.

It is possible that an intermetallic bond plays a fundamental role in
SMSI and the formation of a compouhd such as Pt3Ti was initially
suggested as a possible explanation for SMSI properties (7). Although
thefe is an accumulation of evidence implicating TiOx overlayer
formation as the key phenomenon in SMSI (8,9,10), a study of the
adsorptive propérties of the Pt3Ti surface may still furnish
information on the role of the intermetallic bond in modifying the

adsorptive properties of each metal and on the possible relationship of



SMSI-type systems to binary "Enge]-Brewer" type alloys.

In the present study, we used the surface techniques of AES,VXPS
~ and LEED to characterize the structure and composition of the alloy
surface. TDS was the main tool used to investigate the adsorption
properties of CO and H2' The LEED analysis of the structures of

3
preliminary results for CO and H, adsorption on polycrystalline Pt,Ti

Pt,Ti(111) and (100) surfaces is published elsewhere (11,12), and

appeared in a previous communication (13). 1In the present paper we
summarize and discuss all the results obtained in this sfudy both on
polycrystalline and on single crysfa] [100] and [111] oriented Pt3T1
surfaces. The results show that in all cases the clean surface at
equilibrium contains both Ti and Pt atoms in the oﬁtermost layer. In
general, we observed significant variations in the reactivity of the
Pt3Ti surface with respect to pure Pt. These variations can be
interpreted in part as the result of the geometric effect due to the
presence of titanium in the surface and in part as due to electronic
effects from thé intermetallic bonding. |
EXPERIMENTAL

Pt3Ti po]ycrysta]]inelﬁaterial was prepared afc melting the base
metals in argon atmosphere (Ti and Pt nominal purity, 99.99%{. X-ray
examination indicated the formation of the fcc, AuCu3 type structure
(14). Single crystal samples were pfepared from the polycrystalline
material by recrystallization in a zone melting furnace. Samples
oriented along the [001] and [111] directions by Laue diffraction
methods were spark cut from the single crystal material. One of the

crystal faces was mechanically polished, while the other was gold
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brazed on tantalum foil. Tantalum Wires were spotwelded 6h this foil
to support the sample and to anneal it by resistive heating. The
sample temperature was measured by means of a chromel-alumel -
thermocouple spotwelded on the tantalum foil. Two different UHV
systems were used for the present study. One was equipped with LEED, a
singie pass CMA with glancing electron gun for AES and quadrupole mass
spectrometer for TDS. This system was also equipped with an e1éctroh
beam evaporator located in a separate chamber. This evaporator was used
to coat the samble surface with a Pt film in order to compare the
properties of pure Pt and Pt3Ti in the same experimental conditions.
Films of titanium, deposited by means of a Ta?Ti alloy filament, were
used for the same purposes of comparison;

The second vacuum chamber was equipped with a:Mgﬁxx-ray sburce and
a hemispherical analyzer with multichannel counting capability (15).
TDS spectra could also be recorded by means of a quadrupole mass
spgctrOméter. In this chamber, a pure Pt(111) sample was used to
compare the properties of pure Pt with those of Pt3Ti(111).

Due to the different experimental set-up, different annealing
rates were used for TDS experiments. In the first vacuum chamber, a
rate of 26 deg/sec was used for the Pt3Ti(]11) surface and higher rates
for the (100) and polycrystalline surfaces. In the second chamber, a
rate of 6 deg/sec was used for the same experiments. The TDS spectré
were qualitatively reproducible from the same crystal in the two .
chahbers. However, the CO TDS peaks from the same sample was
consistent]y shifted towards higher temperature in the experiments

performed with the higher heating rates. Simple calculations based on



the equations reported in (16) show that this difference is due solely
to the difference in the heating rate;

3. . RESULTS

3.1 Clean Surface Characterization

Most of the initial contamination present on the Pt3Ti surfaces
upon introduction in the vacuum chamber could be removed by room
temperature ion bombardment. [t was not possible, however, to remove
all the oxygen and carbon in this way. Further cleaning could be
bbtained annealing the sample in UHV conditions at temperatures higher
than about 500 K, which resulted in thé removal of oxygen apparently by
reaction with surface carbon to form CO. Ugually, after this
treatment; only carbon remained on the surface. A further reduction of
the»carbon could be obtained by a high temperature treatment involving
sequential oxygen dosing and thermal annealing. Oxygen dosing must be
carefully controlled, since excessive treatment in oxygen can cause the
formation of surface of surface titanium oxide and deplete the
subsurface region of Ti. We succeeded eventually in obtaining an
oxygen free surface with less than 5% monolayer contamination of carbon
as determined by XPS and by AES (in the latter case uging the
calibfétion reported in (17)).

In general, the ion bombardment Pt3Ti surface showed a much higher
Ti/Pt signal ratio than the annealed one. This result can be
interpreted in terms of preferential'sputterimg of Pt atoms. Using the
mbde] developed in (18) with the data for rg]ative sputtering
cross-sections reported in (19), it can be shown that the bombarded

surface composition does not correspond to the equilibrium, but it is



enriched in Ti as a result of the sputtering process. From this
calculation it appears that the.enrichment in platinum of the surface
dbserved upon anﬁea1ihg after sputtering is simply the restoring of the -
equilibrium composition.

The intensity of the Pt and Ti AES peaks can be used to estimate
the surface composition of the clean, ahnealed alloy. The values
reported in literature for the absolute dN/dE intensities of these
peaks appear to be unreiiable for this purpose, since the actual
intensity depends in general on the experimental conditions especially
in the case of titanium (20). Instead, we used evaporated Ti and Pt
films as internal standards to calibrate the intensities of the AEs
signals. The Ti concentration in the surface was assumed to be
proportional to the dN/dE intensity of the Ti AES peak at 385 eV.
Therefore, the Ti concentration in the Pt3Ti surface can be measured as
the ratio of the intensity of the Ti peak‘for Pt3Ti and for a pure Ti
film. The composition of the PtéTi surface can also be determined by
the same procedure from the intensity of the Pt (238 ev) peak using
pure Pt films as reference.

Several measurements were performed depositing Pt and Ti fi]mé on
the polycrystalline Pt3Ti surface, obtaining a surface composition of
29+2 at% in Ti based on the Pt AES peak height and alcomposition of
28+1 at% in Ti based on the Ti AES peak height. The compositions of
the single crystal surfaces were obtained by comparison of the relative

Ti/Pt AES peak height ratio to that for the polycrystalline surface.

The resulting calculated composition were 26 ~ at% Ti for the (111)

surface and equal to 30 at% Ti for the (100) surface. All the



composition analyses are summarized in Table 1. These data indicate a
nearly bulklike composition of the clean, annealed Pt3Ti suffacgs, We
‘remark, however, that when the surfdce was oxidized, the relative
intensity of the Ti AES peaks was much higher, indicating segregation
of oxidized titanium species onto the surface. A detailed study of the
oxidation process of these surfaces has been reported elsewhere (21).
We note also that upon annealing a clean Pt3T1 surface in the absence
6f reactive gases, no significant variation of the Ti/Pt dN/dE ratio o
was found for temperatures up to about 900 K. For higher'temperatures,
an irreversible increase of the relative Ti intensity was found,
accompanied by an increase of the carbon AES signal. This result is
attributed to the formation of titanium carbide on the surface,
possibly arising from the reaction with carbon segregating from the
interior of the crystal.

The LEED results relative to the Pt3Ti(100) and (111) surfaces
have been reported (12) and will be only briefly summarized here. The
Pt3Ti fcc lattice has cell parameters which are less than 1% different
from those of pure Pt (14); It is, therefore, possible to interpret
the Pt3Ti diffraction patterns as "superstructures" of the basic Pt
pgttern. Using the Wood notation, the LEED pattern observed for the
Pt3Ti(lll) surface corresponds to a p(2x2) type cell, while the pattern
relative to the Pt(100) surface corresponds to a c(2x2) cell. These
cells correspond exactly to the cells expected from a structural model
which assumes that the surface structure of Pt3Ti derives from sihp]e
truncation of the bulk. In such a model, the outermost plane of

Pt3Ti(]11) contains exactly 25% of Ti atoms, as all (111) type planes



are identical. The Pt3Ti(1OO) plane may bé.either one of two possible
alternating (100) planes: one pure Pt and the other'c&ntaining 50% of
Ti atoms. In bofh cases, a c(2x2) LEED pattern would result. These
models for the structure of the (100) and (111) surféces are shown in
Fig. 1. | |

3.2 Adsorptive Properties

3.2.1 Carbon Mohoxide

On.all three types of Pt3Ti surfaces studied, upon ekposure to
carbonemonoxfde at room temperature at pressures up to 1x10-6 torr we
‘obtained evidence of undissotiated (i.e. molecular) adsorption from AES
| and UPS measurements. The carbon KLL AES lineshape results typical of
undissociated CO (22) and UPS measurements showed the molecular bands
of undissociéted CO. The He(Il) UPS spectra after exposure to CO of
the Pt3Ti(111) and Pt(111) surfaces are shown in Fig. 3. In both
cases, the most prominent features appearing after CO adsorption are at
ca. 9 eV and 12 eV below Ef, indicative of the 4s and 1m-50 molecular
orbital bands of undissociated CO. The main features of the CO
molecular bands appear to be the same on both surfaces.

The XPS data gave clear indication that a fraction of the adsorbed
co dissociates on the surface at room temperature and/or upon flashing
the surface to the desorption temperature of the reversfb]y bound CO.
Figure 4 shows the 0 1s-Pt 4p region of binding energy for the clean
Pt3Ti(111) surface, the surface after 15 L dose of CO and after thermal
desorption of the CO. After the thermal flash, ah oxygen signal is
still detectable. Higher resolution comparison of these features is

shown in Fig. 5. The double O 1s peak.observed here can be compared to



the double peak reported by Norton et al. (23) after CO adsorption on
Pt(111). The doublet on Pt3Ti is much more pronounced, with the Tow
binding energy peak much more intense than on Pt(]11). The 0 1s remnant
after flashing is shifted to slightly lower binding energy and |
corresponds exact]y'to the 0 1s peak observed after direct exposure to
oxygen of the Pt3Ti(111) surface. From these data it can be concluded
that CO dissociates on part of the Pt;Ti surface. To determine whether
co diséociates;upon adsorption or as an effect of the thermal flashing
during TDS experiments, XPS spectra were recorded at incremental
temperatures above 228 K. ngure 6 shows thé comparison of the O1s
structure at 313 K vs. 228 K. The low energy feature of the 0 1s peak
is shifted towardﬁ even lower energy at low temperature. This shift
can be attributed to a different chemical state of the adsorbed CO at
low temperature and possibly to undissociated (molecular) CO adsorbed
on Ti atoms with the oxygen end down at Ti sites (24).

The relative intensity of the O 1s remnant feature on the
Pt3Ti(1]1) surface after CO thermal desorption was not very
reproducible, e.g. variable from ca. 10 to 20% of the total oxygen
signal immediately after CO adsorption. Deconvolution of the oxygen 1s
feature showed that the low binding energy peak is 20%2% of the total
peak at 313 K. The poor reproducibility can be attributed to the
difficulty in obtaining a perfectly clean Pt3Ti surface. Therefore;
quantitativé estimétes of the fraction of surface which dissociates co
are not very reliable. However, it is estimated that this fraction is
15-25%, which is consistent with the hypothesis that CO is dissociated

on]y_on Ti sites, considering that some of these sites are blocked by -



carbon coﬁtémination at any given time.

On all three types_of Pt3Tf surfaces studied we observed virtually
the same CO TDS spectrum once the effect of the diffekent heatihg rates
used was taken into account. The CO thermal desorptfon spectrum for
Pt3Ti(]l]) is shown relative to that for Pt(111) in Fig. 7. The
maximum of the thermal desorption peak is shifted about 50 K lower on
Pt3Ti(111). This temperature did not vary if the Pt Ti surface were
exposed to CO at room temperature. The results for the intermetallic
surface for lower CO exposures showed that the adsofption kinetics is
second order, as on pure Pt. The same CO TDS peak shape’was observed
for Pt3Ti(100) and polycrystalline Pt3Ti. A comparison of the TDS
results for polycrystalline Pt and the three types of Pt3Ti surfaces is
shown in Fig. 8. In this case the high temperature peak of the
polycrystalline Pt surface is suppressed on the alloy. Also, the
temperature of the peakﬂmaximum for the'Pt3Ti surfaces in Fig. 8
.appears higher than that for Pt3Ti(111) as shown in Fig. 7. This
discrepancy is, however, to be attributed solely to the different
heating rates, as discﬁssed in the "Experimental" section.

The area under the CO TDS peak, after exposure at room
temperature, was always smaller for the Pt3Ti surface than for the Pt
surface, e.g. the ratio of the areas for the alloy and for the pure
metal was ca. 0.5 for the (111) oriented surfaces. This value is
smaller than expected if we assume that the coverage in terms of CO
molecules per platinum atom (only CO on Pt sites desorb intact) is the

same in Pt3Ti'as in Pt. This discrepancy appears to be caused by

geometric effects due to the dispersion of Ti atoms in the surface, as
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it will be discussed in detail in 4.2.

| We found also that the surface fitanium oxide formed upon exposure
of the surface to 02 (21) could block the under]ying meta]lsufface to
CO adsorption. If the Pt3Ti surface was only partly oxidized, CO
desorption cguld still be detected. In these conditions, CO desorption
was always accompanied by the formation of CO2 desorbing at higher
temperatures (Fig. 9) and by a partial reduction of the titanium oxide
on the surface. No CO2 desorption could befdefected if the surface was
not previously oxidized. Also CO2 desorption was not detectable from
oxidized Ti in absence of Pt (i.e. from an oxidized Ti foil).
3.2.2 Hydrogen

Hydrogen adsorption on all three types of surfaces studied was

strongly dependent of the previous thermal treatment. On the (111)
surface, saturation dosing with H2 at room temperature after a moderate
pre-annealing (T ca. 500 K) gave rise to an H2 TDS spectrum shown in
Fig. 10a; the corresponding TDS spectrum for the (100) surface after
the same treatment is reported in Fig. 10b. The H2 TDS peak areas were
highly sensitive to the annealing temperature and progressively
decreased in intensity as'the crystals were annealed over ca. SOO}K.
This,progressive disappearance is illustrated in Fig. 10b in the case
of the Pt3Ti(100) surface. This result can be attributed only in part
to impurities segregating on the surface. The position of the peaks in
Fig. 10b is modified as a function of the annealing, a result which is
not expected if adsorbing sites are simply sterically blocked. |

Moreover, AES measurements appear to rule out complete blocking of all

Ti sites and show that the amount of surface carbon in these conditions
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is Certainly'insufficient to block a signiffcant fraction of the Pt
sites. Indeed the presence of free Pt sites was verified by the
observation that CO could still be reversibly adsorbed. Although therl
presence of free Ti sites cannqt be considered certain, it appears
.evident that the ]ack‘of H2 desorption from Pt sites on the Pt3Ti is
not primarily caused by steric blocking.
4., DISCUSSION
4.1 Surface Structure

The first step in.understanding the chemical properties of a
bimetallic system is to determine the structure and composition of the
putermostvlayer. As it is well-known, in most cases the surface
~composition of an alloy differs from that of the bulk. Several
theoretical treatments can be applied to exothermic binary alloys in
order to predict the surface composition. Van Santen and Sachtler (4)
have developed a treatment based on the "broken bond" model for the
Pt3Sn compound, which has the same AuCu3 type structure as Pt3Ti.
Pt-Ti alloys of variable stoichiometry have been examined by Spencer
(3), again using an approach based on the broken bond model. A more
sophisticated treatment of surface enrichment in exothermic alloys,
valid for the (110) plane of a 1:1 alloy, has been developed by
Moran-Lopez and Falicov (5). From a qualitative viewpoint, all these
treatments fndicate that, in general, a highly negative enthalpy of
formation does not favor surface enrichment at low temperature, and,
therefore, the surface composition of Pt3Ti should be'similar to that
of the bulk. This conclusion is explicitT; stated in (3) for the Pt3Ti

stoichiometric compound, although it is also stated that Ti segregation
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should 6ccur for lower (non-stoichiometric) titanium contents. The
latter prediction agrees with thé usually valid prediction that the
surface will be enriched in the component which has the lower enthalpy
of sﬁb]imation. Enrichment should also occur by exchange of atoms in
the two outermost surface p]énes. Another prediction of the theory (4)
is that, below the critical temperature, the surface combosition‘should
be weakly dependent on temperature.

The relative tendency of PtsTi to show surface enrichment in
comparison to other alloys can be illustrated by the following |
calculations. It can be éhown (4,5) that in a binary intermetallic
compound, the degree of surface ehrichment is correlated to a

dimensionless, A, parameter defined as:

A= (Uaa'ubb)/(uaa+ubb'zuab)

where "UX" are the pair energiés relative to the A and B components of
the alloy. In geheral, low values of delta correspond to little or no
surface segregation. From the heats of sub]imatfon of Pt and Ti (1)
and from the enthalpy of formation of Pt3Ti (25), we can estimate the
value of the pair energies and obtain a value of A (PtéTi) = 0.26.
This value is very small in comparison to that of other isos;ructura]
alloys, such as AuCu3 (A=1.37) and Pt3Sn (A=1.44). The low value of A
.for Pt;Ti is due to two factors: the high value of Uab (27.4
kcal/mole) and the small difference between Ubb (18.8 kcal/mole) and

U (22.4 kcal/mole). The calculated value of A can be used for an

aa
estimation of the amount of surface segregation on the basis of the
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results reported in (5). These results show thaf an exothermic alloy
surface enrichment is neglfgib]e for delta values of the order of the
one qa]cu]ated'for"Pt3Ti, as long as\the temperature is much below the
critical temperature (for order, disorder transformation) value. Since
the critical temperature for Pt3Ti can be estimated as higher than 1800
K, it can be conc]Uded that in the range of temperatures used in the
present study surface enrichment should play a very minor fo]e in the
VPt3Ti surface in comparison to other alloys, and that most likely no .
surface enrichment should occur at all.

Experimentally, the AES and LEED results are in good agreement
~ with the above theoretical predictions. Firstly, we observed no
dependence of the ratio of the Ti and Pt AES signal on temperature, in
agreement with one of the predictions. Secondly, both the LEED results
and the results of the AE§ measurements (Table 1) show that the surface
composition is close to that of the bu]k. Pt3Ti(111) in particular, may
have a composition of the odtermost layer which is identical to that of
the bulk. The Pt3Ti(100) surface, instead, appear to contain more
titanium. Thié fact is explainable assuming that, of the two possible
(100) planes in Pt3Ti, the one with a 1:1 ratio of Pt and Ti étoms
forms the outermost layer, while the other (composed of pure Pt) forms
the_second outermost layer. This hypothesis is in agreement with the
results of dynamical calculations of the LEED intensities (11).
Calculations of the relative intensities of the Ti and Pt AES peaks
based on the Gallon formalism (26) show that this model is compatible
with the Ti(387 eV)/Pt(235 eV) dN/dE ratios observed for the Pt3Ti(111)

and Pt3Ti(]00) surfaces (Table 1).
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4.2 CHEMISORPTION PROPERTIES

In general, the chemisorptive properties of a metal in a binary
al]oy change only slightly, or not'at all, in comparison to the
reactivity of the same metal in pure form. This rule is followed by
many of the binary alloy surfaces studied so far (27,29). However, our
results for the Pt3Ti surface show that the adsorptive properties of CO
and H2 are considerably changed in comparison to those relative to.pure
platinum. We performed experiments on Pt and Ti films as well as oh a
(111) oriented Pt sample in order to compare the properties of Pt3Ti
wifh those of the pure metals. In general, the results were in
agreement with the available literature data bn the adsorptive
properties of platinum and titanium.

Considering titanium first, it is known that hydrogen diffuses
into the»titanium bulk after adsorption and that the CO molecule
dissociates, at least in part, on the titanium surface (30,31).
Titanium also reacts rapidly with oxygen forming a surface oxide (32).
A1l these results could be reproduced in our apparatus -with Ti films.

Platinum has a more complex behavior. It is known that CO is
molecularly bound to the Pt surface and it has been shown that the CO
TDS spectrum depend§ strongly on the Pt surface morphology. The
presence of defects on the surface affects the adsorption parameters
(33). In general, polycrystalline Pt gives rise to a double CO
desorption peak (33,34). Single crystal Pt faces have a different
behavior: the (111) face shows a single CO desorption peak, with a
maximum for saturation coverage reported in the range 410-420 K by

several authors (33,35-38). The same maximum is reported at much
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higher temperatures by other authors (39,40), presumably as the result
of the presence of defects in the surface. We found a value of 413 K
for the maximum of this peak, Fig. 7. The Pt(100) surface has a more
complex TDS CO spectrum, showing at least two peaks (37,39) at
temperatures similar to those re]at{ve to the polycrystalline surface.
Considem‘ng.H2 adsorption, the literature data (41-43), as well as our
expefiments, agree on the fact that a single H2 desorption peak is
detéctable from clean polycrystalline Pt after room temperature
exposure. 'Herver, the peak area decreaQes if the Pt surface is
"smoothed" by High temperature annealing, indicating that surface
defects play a major role in the adsorption of hydrogen on the surface
(33), a result cohfirmed by studies of H2 adsorption on stepped
surfaces (44,45).

In comparing the results relative to CO adsorption of the alloy
and of pure Pt and Ti, it must be recognized that fitanium in the alloy
surface may behave like titanium metal and dissociation of CO at
titanium sites is a possibility. From the XPS data, it is clear that
CO dissociates on part of the Pt3Ti surface, with the proportionality
consistent with the hypothesis that the dissociation occurs on titanium
sites. This result is in keeping with the known propertfes of titanium
metal and with brevious]y observed reactivity of titanium sites in the
N13Ti alloy surface (46). |

In general? modifications of the chemisofptive properties of

metals in alloys can be attributed to two different factors: 1.)

- ensemble effects and 2.) ligand effects (27-29). Ensemble effects are

caused by the disappearance (or reduction in number) of specific
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adsofption sites caused by the dilution of like a€Gms in the Surface,
Ligand effects are caused instead by a modification of the electronic
properties of one or both metals causéd by the intermetallic bond. . it
is obvious that both effects can play a role in the surface properties
of an alloy, and it is often difficult to sebarate the part of éach.
However, the Pt3Ti single crystal surfaces are formed by an ordered
array of Pt:and Ti atoms, so that, in this specific case,
considerations based on the surface structure should be helpful to
establish the role of "geometric effects", i.e. site modification
effects. | |
If the surface étructure of Pt3Ti corrésponds to fhe‘mode]

developed in the previous section (that is bulk truncation), theh
titanium atoms are dispersed in the surface in such a way as to be in
contact only with platinum atoms, independently of the crystallographic
orientation of the surface. On the other hand, Pt-Pt bonds are still
present. On the (111) oriented Pt3Ti surface, the Pt sites necessary
for the adsorption of CO in both top and bridge orientation are -
present. However, their re]ative'number is not the same as on Pt(111).

In this surface, every Pt atom is bound to only 4’Pt étoms in the
surface plane in contrast to the 6 Pt-Pt bonds existing in the Pt(111)
surface. This has the effect of eliminating 33% of the Pt-Pt bridge
sites on the alloy which would otherwise exist if the same number of Pt
-atoms were arranged as on the Pt(111) surface. On the Pt3Ti(100)
surface, neither the "short" Pt-Pt bridge sites nor Pt 4-fold sites
exist. Pt and Ti atoms are arranged in a checkerboard pattern and only

mixed 2-fold (Pt-Ti) and mixed 4-fold sites (2Pt and 2Ti) exist.
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These changes in the number'of specific sites may have important
effécts in CO adsorption. In the Pt3Ti(]]]) case, the reduction in the
number of bridge sites may explain the experimentalvobsefvation that'
the area of the CO TDS peak is only 0.5 of the peak area relative to
Pt(111), instead of the expected 0.75 if only the geometrical area
occupied by Ti atoms is taken into account. In this case, the effect.

- of the dispersion of the Ti atoms is to block a fraction of the surface
which is larger than the fraction geometrically occupied by Ti. The
suppression of the Pt 2-fold énd 4-fold sites on the Pt3Ti(]00) surface
may cause the suppression of the high temperature CO TDS peak typical
of polycrystalline and (100) oriented platinum (Fig. 8). This peak is
generally attributed to CO adsorbed on Pt 4-fold sites, as for example
showh in work of Doyen and Ertl (47) and of Barteau, et al. (42).
However, on the’Pt3Ti(]00) face, as well as on (100) facets on the
Pt3Ti polycrystalline surfaée, Pt 4-fold sites do not exist. According
to the calculations of Mehandru, et al. (24), the adsorption of CO on
mixed Pt-Ti 4-fold sites is energetically unfavorable in comparison to
adsorption on top of the Ti sites. Therefore, the site that is related
to the high temperature CO TDS peak on Pt surfaces does not exist on
Pt3Ti, and only the low temperature peak should be observed, in
agreement Qith the results (Fig. 8). It appears, therefore, that most
aspects of the CO TDS spectra for the alloy surfaces can be explained
by purely geometrical "ensemble" effects. | |

Considerations based on pure ensemble type effects cannot,
however, explain the shift of the CO TDS peak temperature observed on

Pt3Ti(111) in comparison to Pt(111). Assuming that this peak is
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produced by CO molecules desorbing only from Pt sites, the shift of the
maximum of the peak for Pt3Ti(111)‘in comparison to Pt(111) (Fig. 7)
amounts to 50 degrees and corresponds to a lowering of the activatibn
energy to desorption from platinum sites on the alloy surface. This
energy can be estimated as 14% lower on the Pt3Ti(111) surface assuming
that the desorption process can be described by an Arrhenius typé
equation (16). The adsorption energy at zero coverage has been
estimated as ca. 28 kcal/mole for CO on Pt(]li)v(33,35,37) and can,
therefore, be estimated to be ca. 24 kcal/mole for P£3Ti(111). This
vé]ue will be considerably smaf]er for finite coverages since in both
the Pt3Ti and Pt surface CO desorbs with a second order kinetics, i.e. .
the intermolecular interaction is repulsive. Dipo]e-dfpo]e |
interactions may play a role in the covérage dependence of the bond’
energy, but since the temperature of the haximum in the CO TDS peak
does not véry even for an equal coverage on the alloy and pure Pt (Fig.
7), it is a reaéonable assumption that the CO-CO repulsion due to
dipole-dipole effects is approximately the éame on both surfaces..
Therefore, to account for the reduced adsorption energy of CO on Pt3Ti,
it appears necessary to invoke.the existance of 1igahd effects, that is
of modifications of the Pt electronic properties due to the |
intermetallic bond. )

According to Brewer (1), the stability of the Pt-Ti Bond (as well
as that of the bond of other alloys of Pt with metals of the IVB and VB
grdup) can be explained in terms of the interaction of electrons of the
d orbitals from both metals. Specifically, d e]ectfons from Ti (d3s)

would combine with empty Pt d orbitals (d7sp) to form a filled alloy
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d-band. "As a consequence, platinum in the alloy would have fewer
atomic-like d-orbitals available fqr CO bonding. The possibility of
such an electronic effect is entirely consistent with the UPS results
that show a modification of the structure of the valence band in PtsTi

indicative of rehybridization. The XPS data also suggest a chérge

“transfer between Pt and Ti (48). CO adsorption on the (100) and (111)

faces of Pt3Ti has been object of a theoretical study (24) which takes
into account the modifiéation of the Pt orbitals due to the
intermetallfc bonding. The calculation predicts a decrease in the
binding energy of the CO molecules bound to Pt atoms in the alloy
surface (this decrease occurs only if the Ti sites are occupied by'a
small electropositive adsorbate, such as 0). The calculations also
predict that CO should be adsorbed parallel to the surface with the
oxygen end on the Ti sites. The calculation indicates weakening of the
C-0 bond and a Tow dctivatfon barrier to dissociation of the molecule
at the Ti sites. All of these expectations of the theory are
consistent with our experimental observations.

Considering the results for H2 adsorption, the effect of alloying
on the adsorptive properties of Pt and Ti atoms in the surface is more
complex than in the case of CO. A basic point here is that hydrogen
has to be dissociated in order to be adsorbed and must recdmbine in
order to desorb. Both dissociation and recombination phenomena ﬁay
require more than a single atomic site: an ensemble of 3 fi atoms has
been reported as the sfte needed to dissociate H2 on Ti(0001) (49) and
steps and defects in general are reported necessary forvH2 dissociation

on Pt (33). Since Pt and Ti are interspersed in an ordered fashion on
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the Pt3Ti surfaces, certain types of sites are not available: no Pt-Pt
or Ti-Ti nearest neighbor pairs are present on the (100) surface plane;
on the (111) plane no Ti-Ti pairs exist, although Pt-Pt pairs and
3-fold_Pt sites exist. Because of this structure, on both (100) and
(111) surfaces, a hydrogen atom bonded to titanium can only be desorbed
either after reéombination with one previously adsorbed on Pt or after
moving from titanium to a platinum site. Another basic point which one
must consider for hydrogen adsorption studies by TDS is that in TDS one
observes only the hydrogen desorbing from the surface, which does not
necessarily represent the amount of hydrogen adsorbed on the surface.
Unlike the CO adsorpfion e*periments, AES, XPS and UPS were not useful
(in our experiments) in determining the coverage (or absence) of |
hydrogen on the P£3Ti surfaces. Thus, the fundamental observation we
made related to hydrogen adsbrption; that little or no hydrogen was
observed to desorb ffom any of the we}]-annea]ed stoichiometric Pt3Ti
surfaces, does_not enable us to distinguish between the possibilities
(1) that hydrogen is not cﬁemisorbed,on the Pt3Ti surface at room
temperaturé or (2) that hydrogen adsorbed on Pt3Ti surfaces at room
temperature is not desorbed by flashing the surface temperature to ca.
900»K. As these two possibilities lead to essentially diametrically
opposed conclusions regarding the interaction of hydrogen with the
Pt3Ti-surface, a direct determination of hydrogen coverage (or absence)
on the surfacé by another spectroscopy is'required before these results
can be related to the surface chemistry of Pt;Ti. Having made this
disclaimer, we feel it is reasonable to put forth some speculation on

what these results may indicate about Pt3Ti surfaces.
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If we attempt to generé]ize the CO adsorption results, it seems
that the Pt and Ti'atoms in the alloy surface retain much of the
chemical character they_héve in the pure metal, i.e. CO is still
adsorbed molecularly on Pt sites and dissociatively on Ti sites. The
details of the interaction with the adsorbate, such as the binding |
energy on site gedmétry, are the aspects of the chemigtry that are
modified by alloying. By analogy then, one might expect the hydrogen
interaction with Pt and Ti atoms in the alloy surface to retain the -
essential character of the interaction in the pure metals, i.e. strong
fnteraction with Ti, forming a hydride type bond, and possibly
absorption of hydrogen into the bulk. It is possible that the "clean"
annealed surface of Pf3Ti (already) has hydrogen atoms adsorbed on Ti
sites, due to the difficulty of detecting hydrogen while it is on the
surface. Occupation of Ti sites may make it difficult to dissociate
hydrbgen on the alloy surface by eliminating suitable unoccupied site
pairs, as discussed above.‘ Because of the hydride nature of the Ti-H
bond, and the fact the titanium-transition-metal alloys are known to
form bulk hydrides, it is also possible that hydrogen adsorbed onto
Pt3Ti preferentially dissolves into the bulk rather than deéorbing on
heating. The progressive decrease in the quantity of hydrogen
desorbing from the Surface as the sputterd surface was annealed at
progressively higher temperatures tends to favor the site-elimination
interpretation. The sputtered surface was Ti rich (relative to Pt3Ti)
and yet the largest quantity of hydrogen was observed from this
surface. If hydrogen had a tendancy to absorb rather than desorb, it

should have happened on this surface as well as the annealed surface.
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Annealing eliminated defects and restored the stoichiometry and pair-
site distribution to that in Fig. 1. During the annealing/cooling
stage Ti sites may become saturated with hydrogen by interaction with

9 torr) of hydrogen in

the relatively high background pressure (ca. 107
our UHV system, and this Ti self-poisoning may make it difficult to

| dissociate hydrogen to cover the Pt sites. A residual hydrogen effect
on the properties of metals has been discussed at length by Paé] and
Menon (50). Menon and coworkers have suggested that residual hydrogen
plays a role in the SMSI effect with Pt/TiOz, and our results with
hydrogen on Pt3Ti, with the foregoing interpretation of these results,
are consistent with many of the effects of residual hydrogen.described
by Paal and Menon.

Finally, we suggest some similarities in the propertieSrof the
Pt3Ti surface with the SMSI-type systems such as Pt supported on
reduced TiOz. According to Tauster, et al. (6,7), SMSI systems are
characterized by the lack of adsorption of CO and H2 at near-ambient
temperaturé. The Pt3Ti surface qualified only in part as having
SMSI-type adsorptive properties since, although H2 adsorption appears
to be suppressed on annealed surfaces, CO adsorption is still present.
The shift>towards low temperatures of the CO TDS peak is, however,
indicative of a lower adsorption energy, so that the properties of the
Pt3Ti surface can be seen as intermediate between those of pure Pt and
of Pt/reduced TiOZ. When the Pt3Ti surface is partly oxidized, the
formation of CO2 upon exposure to CO is a reaction which does not occur
on Pt nor on titanium oxide. This observation points towards a special

synergic effect of surfaces where moieties of oxidized Ti and active



23

metal (Pt) coexist, as suggested by some recent studies of the SMSI

effect (9,10).
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5. CONCLUSION

.The structure of the Pt3Ti(1]1) and (100) surfaces are formed'byv
simple truncation of the bulk lattice. These surfaces consist of
ordered arrays where both Pt and Ti atoms aré present with a known
distribution of adsorption sites of different types, e.g. Pt-Pt and
Pt-Ti pair sites, 3-fold Pt sites, etc. We found that CO was adsorbed
- molecularly on Pt sites while it was dissociated on Ti sites. At
sﬁfficiently low temperature, there was évidence of a pre-dissociated
molecular state of .CO on Ti sites indicative of an 0-end down (i.e. CO
molecule lying parallel to surface plane) geometry. _CO'adsorbed on Pt
sites on the alloy surface Has a lower binding energy than on pure Pt.
This result can be intebpqeted in terms of both ligand and ensemble
effects. Litt]e or no hydrogen was observed to desorb from annealed
‘stoichiomefric alloy surfaces. Unfortunately, we could not distinguish
experimentally between the possibilities: 1.) that hydrogen does-not.
chemisorb on thé alloy surface at room temperature; 2.) that hydrogeh
adsorbed on the alloy surface does not desorb from thé surface upon
flashing to 900 K; Some similarities can be found in the behavior of
Pt3Ti and SMSI-type systems such.as Pt supported on TiOZ. These
similarities suggest that the Pt-Ti bond may play an important role in
the chemical properties of a system where both metallic p]atinuh and
oxidized fitanium interact with gases. However, the fact that the
Pt3Ti surface adsorbs CO at room temperature, in contrast with the
properties of SMSI type systems, indicates that the formation of a
binary alloy cannot be taken as the primary factor causing the SMSI

effect.
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Table 1. Composition of the Single Crystal and Polycrystalline Pt3Ti
Surfaces, as Determined by AES.

Surface Type Ti(387)/Pt(237) dN/dE  Composition (% Ti)
PtaTi(111) | 1.7 ' 26%
Pt3T4(100) | 2.1 31%" or 4731
Pt3Ti(polycrystalline) 1.9 28%

TComposition averaged over first two layers.

I Composition of outermost layer calculated from observed AES ratio
using the two-layer Gallon equation (26) assuming a pure Pt second
layer.
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FIGURE CAPTIONS

Bulk truncation models for the structure of the (a) [100] and
(b) [111] oriented Pt3Ti surface.

Comparison of the UPS valence spectrum of the Pt3Ti(111)
and Pt(111) surfaces.

UPS valence spectrum for Pt(111) and Pt3Ti(111) after
saturation with CO.

Oxygen 1s XPS spectrum on the Pt3Ti(111) surface: (top)
clean surface, (center) after exposure to CO, (bottom) after
flash desorption of CO.

High resolutioh 0 1s XPS spectrum on the Pt3Ti(111) surface
after exposure to CO (a) and after CO thermal desorption (b).

Comparison of the 0 Ts peak after exposure of the Pt3T1(111)
surface at (a) 228 K and (b) 313 K. - :

Comparison of the TDS spectrum after saturation with CO of
the Pt3Ti(111) and of the Pt(111) surface.

Comparison of the TDS spectra observed after saturation with
CO of the three types of CO surfaces studied.

C02 thermal desorption after saturation with CO from (1)
clean polycrystalline Pt3Ti and (2) partially oxidized poly-
crystalline Pt3Ti.

a) Evolution of the Hy TDS spectrum for successive pre-
annealing of the Pt3Ti(100) surface, curve 1: after pre-

- annealing at 623 K, curve 2: after pre-annealing at 973 K,

curve 3: after pre-annealing at 1093 K.

b) Ho TDS spectrum from the Pt3Ti(111) surface. Curve 1:
Surface pre-annealed at 573 K; curve 2: surface pre-annealed
at 1198 K.
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