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Formation of and CO adsorption on an inert La-Pt„111… surface alloy

A. Ramstad and S. Raaen
Department of Physics, Norwegian University of Science and Technology, NTNU, N-7491 Trondheim, Norway

~Received 9 October 1998!

Thin La overlayers~up to '3 ML! have been deposited onto a Pt~111! surface. We find that an ordered
interface alloy is formed when the system is annealed above 800 K. A 232 overlayer structure was observed
by low-energy electron diffraction. Photoemission reveals a substantial increase in the density of states near the
Fermi level as a result of the alloying reaction. When the as-deposited La-on-Pt~111! system was exposed to
CO, and subsequently annealed, a desorption peak was observed to coincide with the alloying transition. The
signature of this desorption peak was that of zeroth-order desorption. Thermal-desorption studies showed that
CO is more weakly adsorbed on the La-Pt surface alloy as compared to the pure Pt~111! surface. A desorption
energyEd50.960.1 eV was estimated for CO on the surface alloy in the limit of zero CO coverage. The
desorption measurements are discussed in view of recent Monte Carlo simulations as well as calculations using
the transfer-matrix method.@S0163-1829~99!03223-3#
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I. INTRODUCTION

Electronic promoters play an important role in heterog
neous catalysis.1,2 The platinum~111! surface doped by low
work-function elements like, e.g., rare-earth metals, m
constitute an important system for studying cataly
promotion.3 The presence of a low work-function element
the surface has the effect of lowering the electrostatic po
tial and thus affecting the bonding of gas molecules a
thereby altering the catalytic activity. However, an over
description of a given catalytic reaction is made complica
due to the fact that a substantial number of other proper
of the catalyst may also have been changed by the adsor
e.g., adsorption sites and the surface mobility of adsor
species, the structure and electronic structure of the cata
the number of active sites, etc.

Rare earths are well suited to be used as dopants in c

lysts since they have low surface free energies.4 They there-
fore have a tendency to be located at or near the surface
actual catalytic system, and will thus directly influence a
sorption and desorption of various gas molecules. F
quently, simple model systems may give useful insight i
real catalytic processes as well as fundamentals of adsorp
and desorption of various gas molecules. In this work,
overlayers on a Pt~111! crystal have been studied by phot
electron and thermal-desorption spectroscopies. The mo
tion for this study was to modify electronic and structu
properties of the Pt~111! surface to change its reactivity. Th
formation of an ordered surface alloy, as well as adsorp
of CO and O2 on the surface alloy, have been investigat
Previous experiments have shown that solid-state react
occur when rare earths are deposited on a variety of met
substrates even at ambient temperatures.5–7 We find that the
La-Pt alloy is more inert to adsorption of CO and O2 than the
pure Pt~111! surface at ambient temperatures. Similar to
present case, previous work on the Ce on Pt~111! system
showed that a surface alloy formed that was relatively in
to adsorption of oxygen.8
PRB 590163-1829/99/59~24!/15935~7!/$15.00
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II. EXPERIMENT

Photoemission measurements were recorded using
HA-50 hemispherical electron energy analyzer from Vacu
Science Workshop~VSW!. The exciting radiation was from
a twin-anode x-ray source from VSW for the x-ray phot
electron spectroscopy~XPS!, and a homemade rare-gas di
charge lamp for the ultraviolet photoelectron spectrosco
~UPS!. Total-energy resolutions were'1 eV and'0.2 eV
for XPS and UPS, respectively. Temperature-programm
desorption ~TPD! spectra were recorded by using
Transpector H100M quadropole mass spectrometer f
Leybold-Inficon that was interfaced to a personal compu
The tip of the mass spectrometer was shielded to minim
contributions from the edges and back side of the sampl
well as the sample support. Some of the initial TPD measu
ments were performed without this shield. The TPD me
surements were performed using a heating rate of 2 K/s.
temperature was varied by use of a Eurotherm tempera
controller. The sample was cooled by liquid nitrogen in ord
to enable measurements below ambient temperature.

The Pt~111! crystal was cleaned by repeated cycles
Ar-ion sputtering~30 min at room temperature, and 15 m
at 1100 K!, oxygen annealing at 131028 torr at 1000 K, and
annealing to 1500 K for 5 min. The cleanliness of the surfa
was verified by measuring C 1s and O 1s core levels by XPS
and by UPS from the valence-band region, and the struc
was checked by low-energy electron diffraction~LEED!. The
work function of the sample was measured by subtracting
width of the UPS from the photon energy (hn521.2 eV!. La
was deposited from a water-cooled evaporation source
consisted of a thermally heated tungsten basket, and that
thoroughly outgassed prior to use. The effective La cover
was estimated from core-level intensity measurements.
La-Pt~111! surface alloy was produced by heating the sam
to 900 K at a rate of 2 K/s.

III. RESULTS AND DISCUSSION

First the formation of the La-Pt~111! surface alloy will be
considered. The alloy formation has been studied by us
15 935 ©1999 The American Physical Society
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15 936 PRB 59A. RAMSTAD AND S. RAAEN
XPS, UPS, and as TPD. It is observed that when CO
adsorbed on the as-deposited La-on-Pt~111! sample, some
remaining CO will in fact desorb at the temperature of t
alloy transformation.

The main emphasis in this paper will be placed on
ordered La-Pt~111! surface alloy and thermal desorption
CO from this sample. The observed relative inertness to
sorption of CO and O2 on this system at room temperature
remarkable in view of the expected high reactivity of ra
earth metals.

A. Surface alloy formation

When an effective La coverage of near 1 ML was dep
ited on the Pt~111! substrate and subsequently annealed
900 K, a 232 superstructure was observed by LEED. P
vious work on the Ce-Pt~111! system showed similar results
and presented speculations that the surface was Pt termin
in that case.8 More recently, a comprehensive study of t
Ce-Pt~111! system by Baddeleyet al.9 concluded that the
structure of the interface was anABAB layered arrangemen
of Pt2Ce and Kagome´ nets of Pt atoms, where either type
layer could appear at the surface as the terminating struc
It was argued that observed low reactivity to ambient ga
was caused by a termination by a Kagome´ net of Pt atoms.9

Recent work on La-Pt~111! by Garnieret al.10 showed that a
surface alloy was formed that was stable against contam
tion, when a'10-Å La overlayer on Pt~111! was annealed a
900 K for about 10 min. A 232 LEED pattern was ob-
served. The electronic structure of this alloy was found to
similar to the Ce-Pt~111! alloy. Similar conclusions regard
ing the electronic and geometric structure were also found
Pillo et al.11 Substantial changes were observed in the p
toemission from the valence-band region when a surface
loy was formed by annealing. In Fig. 1 we show valenc
band photoelectron spectra that were recorded near no
emission. A large increase in the 5d emission near the Ferm
level is seen for the heated sample as compared to both
as-deposited La-on-Pt~111! sample and the pure Pt~111!
sample.

As may be expected when a low work-function mater
like La (f ' 3.5 eV! is deposited on the surface of a hig
work-function material like Pt (f'5.7 eV!, a substantial
decrease in the work function is observed. This is shown
Fig. 2 for various amounts of La on the Pt~111! surface. An
increase in the work function is observed after formation o
surface alloy upon heating to 900 K. The resulting wo
function of the alloy, however, is in the order of 1 eV low
than that of pure Pt~111!. We note that changes in wor
function are small for coverages below 0.5 ML, i.e., in
coverage region where surface alloying was not observed
discussed below. The errorbars in Fig. 2 in the estimate
relative work functions are of the order 0.3 eV, due partly
uncertainties in coverage estimates and partly to uncert
ties in the measurements of the work function itself.

The formation of a La-Pt~111! surface alloy was found to
depend critically on the amount of La that was deposited
the Pt substrate before annealing the sample. In Fig. 3
show TPD spectra from a La-on-Pt~111! sample that has
been exposed to sufficient doses of CO to saturate the
face. These La-Pt samples were not annealed prior to
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desorption measurements. The structure between temp
tures 400 and 500 K corresponds to the usual desorptio
CO that is observed from a Pt~111! crystal ~bottom spec-
trum!. The shoulder near 500 K is an artifact due to deso
tion from the edges, back side, and sample support, since
quadropole mass spectrometer was not shielded for th
measurements. Such a shoulder may also be observe
stepped surfaces; however, this explanation may be ruled
in the present case since the shoulder was strongly attenu
when the mass spectrometer was later shielded. The m
attention should focus on the structure above 800 K in th

FIG. 1. Valence-band photoemission spectra (hn521.2 eV!
from pure Pt~111! ~bottom curve!, as-deposited 1-ML La-on-
Pt~111!, and annealed 1-ML La-on-Pt~111! ~top curve!. The spectra
were recorded near normal emission. The top spectrum corresp
to the ordered La-Pt~111! surface alloy.

FIG. 2. Changes in work functionDf for various amounts of La
on Pt~111!. The vertical arrows show changes that are induced
heating the sample to 900 K. All values ofDf are measured rela
tive to the value for clean Pt~111!.
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PRB 59 15 937FORMATION OF AND CO ADSORPTION ON AN INERT . . .
spectra. For effective La coverages below 0.4 ML no hig
temperature CO desorption structure was observed. Whe
only small changes were observed in the work function o
the UPS for La coverages below 0.4 ML, significant chan
were observed for La coverages above 0.5 ML. The hi
temperature desorption feature also emerges at a La cove
of 0.5 ML. At first a single peak is observed. Subsequen
for coverages slightly less than 1 ML, two peaks are clea
resolved. Finally, for coverages near and above 1 ML, o
single peak is observed.

The signature of the CO desorption peak above 800 K
of zeroth-order desorption, which usually is associated w
desorption from a multilayer or desorption due to decom
sition of a larger species. In the present case, the la
mechanism is most likely to be in effect. The desorption
CO results simultaneously with the formation of the surfa
alloy. The bimodal peak observed above 800 K in the
sorption spectrum for some La coverages is thought to or
nate from C and O that are bound in different local enviro
ments. The nature of a possible C-O-La-Pt complex rema
undetermined.

Carbon monoxide is not adsorbed in its molecular fo
on the as-deposited La-Pt surface. This is indicated by
absence of molecular CO orbitals in the UPS, as shown
the middle curve in Fig. 4, and by the large change in
oxygen 1s XPS as shown in Fig. 5. The top curve of Fig.
confirms previous reports of molecular adsorption on

FIG. 3. TPD spectra from as-deposited La on Pt~111!. The
samples have been dosed to saturation with CO. The effectiv
coverage is given in the figure. The feature near 400–450 K is
usual desorption of CO from Pt, whereas the features above 80
is associated with the formation of the surface alloy. The shou
near 500 K is an artifact that results from desorption from
sample mount and edges and the back side of the crystal.
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Pt~111! surface.12,13 The bottom curve of Fig. 4 shows tha
molecular adsorption also occurs on the annealed La-Pt
face alloy. The main O 1s peak is observed near a bindin
energy of 533 eV in the case of CO on Pt~111! ~bottom
curve, Fig. 5!. A lower binding energy of about 530 eV wa

La
e
K
r

e

FIG. 4. UPS using the HeII line at 40.8 eV. The molecular CO
orbitals are observed for the CO/Pt and CO/surface alloy case

FIG. 5. Oxygen 1s XPS after exposure to 100-L CO to Pt~111!,
0.8-ML La on Pt~111!, and 1.2-ML La on Pt~111!, as indicated in
the figure. The spectra were recorded prior to annealing and sur
alloy formation.
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15 938 PRB 59A. RAMSTAD AND S. RAAEN
observed for the dominant O 1s peak for the as-deposite
La-on-Pt~111! sample~see top and middle curves of Fig. 5!.
The lower-binding-energy peak is stronger for increasing
coverages where the second desorption structure~near 800
K! is more intense. This shows that the low-binding-ene
component near 530 eV in Fig. 5 is related to the complex
which the remaining CO~or C and O! is bound.

The La 3d XPS is shown in Fig. 6 for as-deposited~top
curve! and annealed~bottom curve! 1-ML La on Pt~111!.
The shoulder at the low-binding-energy side of the m
peak is the 3d94 f 1 shakedown satellite. This is a final-sta
effect that results from filling a 4f state which is pulled dow
just below the Fermi level in the presence of the La 3d core
hole. The intensity of the shakedown satellite depends on
hybridization strength between conduction electrons od
symmetry and the 4f orbital in the final state of the photo
emission process, and thus provides a measure of the de
of states near the Fermi level.14,15The increase in intensity o
the satellite for the annealed sample reflects the increa
hybridization between La and Pt states as a result of
formation of the surface alloy.

B. CO adsorption on the surface alloy

The observation was made that the La-Pt~111! surface
alloy was relatively inert, and that it showed lower reactiv
than the clean Pt~111! surface as to adsorption of oxygen a
carbon monoxide. The CO desorption spectra from the
Pt~111! and Pt~111! surfaces are shown in Figs. 7~a! and
7~b!, respectively. The coverage of CO is measured in s
strate units, and is in both cases referenced to the satur
value on Pt~111!, which is taken to correspond to a covera
of u50.6 ~see, e.g., Ref. 13!. In comparing Figs. 7~a! and
7~b!, two striking differences are noticed: First, desorpti
starts at a temperature of approximately 170 K on L
Pt~111!, whereas on Pt~111! no desorption is observed belo
300 K. The entire desorption region is shifted by more th
100° toward lower temperatures in the former case. Sec
there is considerably more structure in the TPD spectra f
the surface alloy. Three peaks are resolved for initial cov
ages aboveu'0.46, two peaks for coverages betweenu

FIG. 6. La 3d5/2 XPS showing the 3d94 f 1 shakedown satellite
at the low-binding-energy side of the main peak, before and a
annealing of 1-ML La-on-Pt~111!.
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'0.39 andu'0.46, and one peak is observed for lower in
tial coverages. For Pt~111! a single peak is observed for a
initial coverages. Unfortunately, we did not obtain use
LEED images for the adsorption system, so correlation
desorption data with adsorbate structures was not poss
Our desorption data on La-Pt~111! are in contrast to findings
on the Ce-Pt~111! surface alloy by Baddeleyet al.9, who
observed similar CO desorption structures and temperat
for pure Pt~111! and the surface alloy.

The lowered desorption temperature for the surface a
as compared to pure Pt indicates a significantly weake
CO-substrate bond, reminiscent of that seen for the~111!
surface of the Cu3Pt alloy.16 We analyze the data in Fig. 7~a!
by making Arrhenius plots of the leading edge of each
sorption curve, and thus extracting the apparent desorp
energyEd(u) and prefactorn(u) corresponding to each ini
tial coverageu. This analysis requiresEd andn to be con-
stant over the fitting region. It is therefore crucial that th
region is chosen so narrow that the coverage only decre
by a few percent of the initial coverage.17 The resulting cov-
erage dependences ofEd andn are shown in Figs. 8~a! and
8~b!, respectively. ExtrapolatingEd to zero coverage, we
find a CO-substrate bond energy of 0.960.1 eV. As a test,
we also made similar measurements for clean Pt~111!, and
found Ed(u50)51.460.1 eV, which is in good agreemen

er

FIG. 7. ~a! TPD spectra of CO from the La-Pt~111! surface
alloy. The initial CO coverages range from 0.10 to 0.56~substrate
units!. ~b! TPD spectra of CO from Pt~111!. The initial coverages
range from 0.09 to 0.6~substrate units!.
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with literature values.12,13,18,19A CO bond energy below 1
eV is not, to our knowledge, observed for any clean tran
tion metal, but is expected for noble metals20–22andsp met-
als like, e.g., aluminum.23 CO bonded to Pt in contact with
such metals may also ‘‘feel’’ a low bond energy.16,24,25It is,
however, more surprising that a lowered bond energy sho
result from alloying with a highly reactive metal such
lanthanum.

A significant change in thed-electron structure upon al
loying is evident from the valence-band spectra in Fig. 1
well as the shakedown intensity in Fig. 6. An increased d
sity of states near the Fermi level~see Fig. 1! does not sug-
gest an increased filling of thed band as a result of hybrid
ization between Pt and La states, which might have b
expected for a less reactive system. In a recent work
Pt~111!, it was concluded that an occupied surface resona
state exists.26 This resonance state was argued to have
signature of ansp-derived Schockley surface state, with
charge density that reaches far out from the surface. If su
surface resonance is removed or strongly perturbed by a
face alloying reaction, it may influence the adsorption pro
erties to some extent,27 but should not dramatically alter th
CO adsorption due to the small charge density carried
such states. A more likely explanation of the rather la
reduction in reactivity on the La-Pt~111! surface alloy may
be related to the existence of strong resonant interaction

FIG. 8. ~a! Desorption energies and~b! pre-exponential factors
for CO desorption from the La-Pt~111! surface alloy as deduce
from the data in Fig. 7~a!, as described in the text. The solid line
are merely drawn as guides to the eye.
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the Pt d band with the CO 5s orbital that give rise to a
pronounced 5s donor contribution to the CO-Pt bond.28 As
the La-Pt~111! surface alloy is formed, thed band moves to
lower binding energies and the Ptd–CO 5s interaction is no
longer resonant, and the CO-Pt bond is significantly s
pressed.

A recent model by Hammer, Morikawa, and Nørskov29

concluded that there should be an increase in the CO des
tion energy as thed-band center shifts to a lower bindin
energy. Our observation of a shift in the Pt 5d density of
states~and thus thed-band center! towards the Fermi level,
and a decreased desorption energy for CO on the La-Pt~111!
surface alloy, seems to oppose this model. However,
model should not apply if the CO adsorb on a La site and
on a Pt site. We still believe that CO adsorbs predominan
on Pt sites, since a higher reactivity than observed from
TPD measurements would be expected on La-domina
sites.

In Fig. 9 we show oxygen 1s core-level spectra for vari-
ous CO coverages on the La-Pt~111! surface alloy. Two dis-
tinct peaks labeledA andB are observed which most likely
correspond to two different adsorption geometries. Th
features coincide in binding energy with previously observ
peaks from the CO on Pt~111! system, and which correspon
to adsorption in ‘‘on-top’’ ~higher binding energy! and
‘‘bridge’’ sites ~lower binding energy!.30 Since the topogra-
phy of the surface alloy remains undetermined, definite
signments of peaksA and B cannot be done. However,
likely assignment is that peakA correspond to on-top site
and peakB correspond to bridge sites on the La-Pt alloy.

Structure in a thermal-desorption spectrum may be cau
by desorption from different sites on the surface as well
adsorbate-adsorbate interactions. The increased structu

FIG. 9. Oxygen 1s XPS for several CO coverages~as indicated!
on the La-Pt~111! surface alloy. Peaks labeledA andB correspond
to different adsorption sites, possibly ‘‘on-top’’ and ‘‘bridge’’ sites
respectively.
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15 940 PRB 59A. RAMSTAD AND S. RAAEN
the desorption spectra from La-Pt~111!, as compared to the
pure Pt~111! substrate, indicates that adsorbate-adsorbate
teractions become more important when the binding to
substrate is weakened. In comparing Figs. 9 and 7~a!, we
notice that the peak labeledB in Fig. 9 appears at simila
coverage as the second sharp feature~at higher temperature!
in the CO desorption spectra. When this adsorption site s
to become occupied, the distance between adsorbates is
denly reduced, and consequently the adsorbate interac
become more important. In addition, site-dependent C
substrate interactions complicate the description of the
sorption.

The pre-exponential factorn shown in Fig. 8~b! has a
low-coverage value of 101261 s21 which stays approximately
constant untilu50.25. It then rises by roughly two orders o
magnitude up to just overu50.35, where it drops abruptly
to 101061 s21. A slight rise followed by an abrupt fall is als
seen in the same coverage region for the desorption en
Ed in Fig. 8~a!. The drop inEd is of the order of 0.3 eV. A
situation where the coverage dependence of the prefactor
the desorption energy mimic each other, is frequently
ferred to as a compensation effect. It has been shown17 that
using too wide a fitting region when extractingEd and n
from the Arrhenius plots may forcen to mimic the detailed
behavior ofEd , resulting in an artificial compensation effec
In our case we see thatn does not show, for instance, th
initial fall seen forEd . We therefore believe that what w
observe is a true compensation effect. The rise followed
an abrupt fall inEd andn, has also been found theoreticall
in Monte Carlo simulations31,32 and by using the transfer
matrix method.33,34These authors explained the abrupt fall
Ed in terms of a structural phase transition in the CO ov
layer. Assuming repulsive nearest-neighbor interactions,
desorption energy of a CO molecule will fall as neare
neighbor sites start to become occupied. This happens a
a critical coverage. Our results for CO on the clean Pt~111!
surface show such a drop for a coverage slightly abovu
50.5. A drop at exactlyu50.5 for CO on Pt~111! has been
seen previously.12,18At u50.5, for low temperatures, CO o
Pt~111! is ordered in ac(432) structure containing no CO
molecules adsorbed on nearest-neighbor Pt atoms. Increa
the coverage aboveu50.5, the overlayer melts and the
recrystallizes in a series of dense, ordered structures con
ing an increasing number of nearest-neighbor CO.35,36 Any
structural phase transition in the overlayer will change
desorption energy. Thus if thermal desorption occurs be
the melting temperature for a given structure, an abrupt d
in desorption energy should be observable by TPD at
corresponding critical coverage. In fact, it has been sho
that the sharp changes inEd(u) around critical coverages ar
visible even above the structure’s melting temperature,
that the sharpness is gradually washed out as the temper
is further increased.33,34

The size of a drop inEd(u) is decided by the strength o
the interactions among the admolecules:Ed5Eb2NnnEnn
2NnnnEnnn2 . . . , whereEb5Ed(u50) is the CO-substrate
bond energy,Nnn is the number of nearest neighbors,Enn is
the nearest-neighbor interaction energy, andNnnn and Ennn
are, respectively, the number and interaction energy of n
nearest neighbors. Taking as an example the CO-CO in
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action potential for CO/Pt~111!, the interaction energies cor
responding to the shortest CO-CO distances in
(A33A3)R30° andc(432) structures would be in the or
der of 0.01 and 0.05 eV, respectively, while the interact
energy for CO adsorbed on nearest-neighbor Pt sites is in
order of 0.3 eV.36,37This shows that the onset of CO adsor
tion on nearest-neighbor sites should produce by far the l
est drop inEd . At this CO-CO distance the Pauli repulsio
which should be virtually substrate independent, domina
over the interaction via the substrate.36 We argue that
changes in CO-CO interactions by phase transitions sho
also result in large variations in desorption parameters
CO adsorbed on other substrates, especially if the C
substrate interaction is weak, as in the case of CO on
La-Pt~111! surface alloy

As argued above, we believe that the large drops inEd(u)
observed for Pt~111! and the La-Pt~111! surface alloy corre-
spond to the onset of nearest-neighbor adsorption. Taking
most likely termination of the La-Pt~111! surface alloy to be
a Kagome´ net of Pt atoms,9–11 a triangular mesh with a
232 structure of vacancies, it is clear that the critical co
erage where nearest-neighbor sites become filled is lo
than 0.5. In the case of CO on the La-Pt~111! surface alloy,
the critical coverage is observed atu'0.35. Incidentally,
this corresponds fairly well to the filling of a
(A33A3)R30° structure atu5 1

3, but this overlayer struc-
ture is incommensurate with a Kagome´ net ~or the other pos-
sible termination suggested in Ref. 9!. From Fig. 9 we know
that no bridge sites are occupied before1

4-ML coverage. This
is possible on a Kagome´ net, but the overlayer must the
restructure, also filling bridge sites above this coverage
order to avoid nearest-neighbor adsorption. It is also poss
to construct simple overlayer structures without near
neighbors atu5 1

3 on a Kagome´ net; however without a cer
tain knowledge of substrate structure or any direct structu
information on the overlayer, we do not wish to speculate
this.

IV. CONCLUSIONS

We have observed formation of an ordered La-Pt~111!
surface alloy when a La-on-Pt overlayer system was
nealed to 900 K. The surface alloy was found to be relativ
inert as to adsorption of oxygen and carbon monoxide. T
structure of the alloy remains undetermined. The work fu
tion of the La-Pt alloy is measured to be in the order of 1
smaller than that of pure Pt~111!. An analysis of thermal
desorption spectra of CO from Pt and La-Pt show that
desorption energy is considerably lower in the case of
surface alloy. The dependence of desorption parameters
CO coverage shows that the desorption depends strongl
lateral interactions in the adsorbed layer. Further exp
ments to determine the structure of the La-Pt~111! surface
alloy are required to gain a comprehensive understandin
this system.
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