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In a previous study, it was shown that surfaces of both the [111] and [100] oriented single crystals 
of CoPt3 have a "sandwich" structure having an outermost atomic layer that is essentially pure Pt 
and a second layer enriched in Co (with respect to the bulk). In the present work, we report a study 
of the energetics of carbon monoxide chemisorption on these surfaces and compare the results with 
our previous study of carbon monoxide adsorption on Pt3Ti surfaces. A surprising similarity in the 
activation energy for desorption of carbon monoxide from Pt sites on both the CoPt3 and the Pt3Ti 
surfaces was found, with the adsorption energy being substantially lower on the alloy surfaces than 
on the pure Pt surfaces of the same orientation. Since the CoPt3 surfaces have a pure Pt top layer, it 
appears that the intermetallic bonding between Co in the second layer and Pt in the top layer 
changes the electronic states available for the bonding of carbon monoxide to the surface. © 1990 
Academic Press, Inc. 

1. INTRODUCTION 

Alloy surfaces have been the object of 
numerous surface science studies investi- 
gating the structural and adsorptive proper- 
ties in order to develop a better understand- 
ing of catalysis by alloys. Binary alloys 
composed of platinum and one electroposi- 
tive metal are of interest from a fundamen- 
tal point of view, since they often form in- 
termetallic compounds with highly negative 
enthalpies of formation (1) and with or- 
dered structures at characteristic bulk com- 
positions, and may have ordered surface 
structures with unique catalytic properties. 
When both metals are present in the sur- 
face, the catalytic and adsorptive proper- 
ties may be affected both by the formation 
of intermetallic bonds (2, 3) and by the dis- 
persion on the solute metal in the surface 
(4, 5). 
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Of particular interest to us is the trend in 
surface chemistry for the binary alloys of 
nominal composition Pt3M when M 
changes across the 3d transition metals, 
e.g., M = Ti(d3s) to Cu(dl°s). The trend in 
the bulk structure of these alloys indicates 
that as the 3d occupation increases, i.e., as 
the M metal becomes more electronegative, 
the heat of formation of the alloy decreases 
(1, 9), the order-disorder transition temper- 
ature decreases (10), and the composition 
range for the formation of ordered phases 
narrows (9, 10). We have reported previ- 
ously (6-8) detailed studies of the surface 
chemistry of the alloy Pt3Ti, 3 which has a 
very negative enthalpy of formation (-20.7 
kcal/g at.) and has an ordered bulk phase 
with the LI2 structure with a critical tem- 
perature above 1500°K. These studies have 
shown that Pt3Ti forms clean annealed low 
index surfaces that are ordered and are sim- 
ple truncations of the bulk L12 structure. 

3 The IUPAC convention for intermetallic com- 
pounds is to place the elements in alphabetical order. 
Hence, we use here CoPt3 and Pt3Ti as the symbols for 
the 75% Pt binary alloys. 
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However,  Paul et al. (11) reported a differ- 
ent surface composition for Pt3Ti(l 11), al- 
though they also saw the same p(2 x 2) 
LEED pattern that is expected for the sur- 
face formed by bulk truncation (8). On the 
basis of LEISS Ti/Pt ratios and variable 
take-off angle XPS intensity ratios, they 
concluded that the surface of Pt3Ti(lll) 
was pure Pt, with a Ti-rich second layer. ' 
They did not explain how such a structure 
could produce a p(2 x 2) LEED pattern. 
Also, Paul et al. did not find any evidence 
for dissociation of CO on their Pt3Ti(lll) 
surface, consistent with the properties of 
CO on a pure Pt surface, whereas Bardi et 
al. found that a fraction of the CO adsorbed 
at 220 K dissociated upon rapid heating of 
the sample to 1000 K, consistent with the 
properties of a surface containing Ti in the 
outermost layer. It is possible that the exact 
procedures for cleaning and annealing the 
Pt3Ti crystal played a critical role in deter- 
mining whether or not Ti is present in the 
top layer. Nonetheless, both studies pro- 
duced identical thermal desorption spec- 
tra for the CO desorbing molecularly from 
the Pt3Ti(lll) surface and attributed the 
differences in TDS compared to pure 
Pt(111) to the effects of intermetallic bond- 
ing. 

In the present work, we report a study of 
the surface chemistry of the alloy CoPt3 and 
compare the chemistry of CO adsorption to 
that observed on Pt3Ti. Cobalt is not as 
electropositive a metal as Ti, the heat of 
formation of the CoPt3 alloy is much lower 
( -3  kcal/g atom versus -20)  and the alloy 
as we used it was not ordered in the bulk. 
Using a combination of LEED and low-en- 
ergy ion-scattering spectroscopy (LEISS), 
we found (12) that the clean annealed alloy 
surfaces of both the [111] and [100] orienta- 
tions are essentially pure Pt, e.g., less than 
2 at.% Co. We found that the chemistry of 
carbon monoxide adsorption on CoPt3 ap- 
peared to have some similarities to that 
on Pt3Ti and to be energetically quite dif- 
ferent from that on either pure metal sur- 
face. 

2. EXPERIMENTAL 

The Co-Pt  alloy was prepared by arc 
melting the pure elements in inert atmo- 
sphere in the proportion of 3Co : 1Pt. Single 
crystal samples were obtained by repeated 
zone refining under vacuum. Elemental 
analysis of the single crystal samples by X- 
ray fluorescence indicated some loss of Co 
occurred during the zone refining. Thus, 
the notation of CoPt3 for this alloy is pri- 
marily for convenience, the alloy being 
slightly substoichiometric. X-ray examina- 
tion of the single crystal samples before 
surface studies were performed showed 
that the bulk alloy was ordered, with thefcc 
AuCu3 type (LI~) structure and a lattice 
constant of 3.85 A, corresponding to a 1.8% 
contraction with respect to pure platinum 
(a = 3.924 A). This value is in agreement 
with the value reported (lOa) for the lattice 
poarameter of stoichiometric CoPt3 (3.831 
A). However,  X-ray diffraction analyses 
performed after the samples underwent 
thermal treatments during the UHV study 
showed that the alloy was disordered (dis- 
ordered meaning a random substitution of 
Co for Pt in thefcc lattice versus an ordered 
substitution of Co for Pt at the corners of 
the unit cell), but the interatomic distance 
was not significantly changed. The critical 
temperature for the order-disorder transi- 
tion in CoPt3 is a relatively low 850°K (lOb), 
lower than the annealing temperature we 
used to obtain clean surfaces with sharp 
LEED patterns, e.g., 1000°K. Apparently, 
the high-temperature disordered structure 
was quenched when the crystals cooled 
from the annealing conditions typically 
used in our UHV chamber. 

Disk-shaped single crystal samples ori- 
ented along the [111] and [100] axes were 
cut from the single crystal rod and mechani- 
cally polished. The disks were gold brazed 
to tantalum foil. The foil was held to a sam- 
ple manipulator by spotwelded tantalum 
wires which were also used to anneal the 
sample by resistive heating. A chromel- 
alumel thermocouple was spotwelded to 
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the tantalum foil for temperature measure- 
ments. Cleaning of the sample surface 
could usually be obtained by means of cy- 
cles of Ar ion bombardment and annealing 
in UHV at or over 900°K. This treatment 
was not always sufficient for the complete 
removal of the carbon surface contamina- 
tion, which could be obtained by annealing 
the ion-bombarded surface in the presence 
of a low (ca. 1 x 10 .8 Torr) pressure of 
oxygen. 

Surface analyses by LEED, AES, 
ARXPS, and LEISS were performed as de- 
scribed previously (12). Carbon monoxide 
desorption spectroscopy was done by dos- 
ing the clean annealed surfaces with CO 
(Matheson research grade) at room temper- 
ature and at a pressure of 1 x 10 .7 Torr for 
10-103 s (1-100 Langmuirs), then heating 
the crystals at a rate of 14°/s (the [100] sam- 
ple) or 16°/s (the [111] sample). The quan- 
tity of CO desorbed as a function of time/ 
temperature was determined with a 
quadrupole mass spectrometer (Leybold- 
Hereus Model IQ-200). 

3. R E S U L T S  A N D  D I S C U S S I O N  

311 LEED 

The LEED pattern exhibited by the 
clean, annealed [111] oriented surface had 
simple hexagonal symmetry with no "su- 
perlattice" reflections due to ordered co- 
balt substitution in the surface, in contrast 
to the superlattice pattern we observed for 
Pt3Ti(111) (8). 

A schematic for the LEED pattern for 
the clean, annealed [100] oriented surface is 
shown in Fig. 1. The spots at the vertices of 
the "square"  in this pattern are those of a 
unit cell which has essentially the same 
structural parameters as those of an unre- 
constructed Pt(100) surface. The rows of 
"extra spots" which appear along the sides 
of the unit cell are due to a surface recon- 
struction. A detailed discussion of the anal- 
ysis of this LEED pattern is given else- 
where (12b). The best description of the 
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Fro. 1. Schematic of LEED pattern for the clean 
annealed surface of CoPt3(100). 

pattern, in terms of a coincident lattice, is a 
c(58 x 22) mesh. LEISS analysis indicated 
that the composition of the surface associ- 
ated with the c(58 x 22) reconstruction was 
essentially pure Pt (I2a). It is clear, there- 
fore, that this structure is related to the "(1 
x 5)" family of reconstructions observed 
on the (100) surfaces of It, Pt, and Au (13). 
It suggests that the surface of CoPt3(100) 
has a top layer of Pt atoms arranged in a 
"quasi-hexagonal" structure similar to the 
(111) surface of Pt. Such a surface struc- 
tural model is shown in Fig. 2. The parame- 
ters of the primitive surface unit mesh are 
given in Table 1. The angle between the unit 
vectors is very nearly hexagonal (120.7 ° ) 
and the orientation of the unit vectors is 
very nearly the same as that in the models 
developed for the pure Pt(100) recon- 
structed surface (13). The coincidences be- 
tween the top layer and the substrate are 
arbitrarily shown in Fig. 2 to occur for the 
"on-top" sites. The bond lengths in this 
model, reported in Table 1, were calculated 
from the value of the bulk bond length of 
the substrate determined by X-ray diffrac- 
tion, 2.72 •, and are nearly identical to 
those of the pure Pt(100) reconstructed sur- 
face (13). Therefore, the outermost layer of 
this CoPt3(100) alloy surface appears to be 
constituted by a larger of pure Pt that 
adopts the same structure as in the pure 
Pt(100) surface, which is a quasi-hexagonal 
layer where the Pt-Pt  bond lengths are ac- 
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TABLE 1 

Parameters of Pt(100) and CoPt3(100) Surface Structures 

Surface structure Surface mesh Angle between mesh 
dimensions (A) unit vectors (degrees) 

Pt(100)--i x 1 2.77, 2.77 90 

Pt(100)-- 1~ 15 2.67, 2.67 119.8 

CoPt3(100)--I x 1 2.72, 2.72 90 
CoPt~(100) c(58 x 22) 2.66, 2.67 120.07 
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tually slightly shorter than in the (111) plane 
of pure Pt (13). 

The (1 x 1) LEED pattern for the [111] 
oriented crystal and LEISS data indicating 
little or no (<2 at.% Co) Co in the top layer 
indicate "sandwich" enrichment of Pt in 
this surface as well. Angle-resolved XPS 
analysis of both the (111) and (100) surfaces 
also indicated that the second layer of at- 
oms is enriched in Co relative to the bulk, 
e.g., 50-60 at.% versus the bulk 25 at.%. 
This "sandwich" type of enrichment was 
anticipated by some of the classical theo- 
ries (5) of segregation phenomena, but has 
not been observed very frequently. A simi- 
lar "sandwich" enrichment of Pt was ob- 
served by Gauthier et al. (14) for the [111] 
orientation of a Ptv8Ni22 single crystal. In 
terms of alloy physical properties which 

constitute the parameters of segregation 
theories (5), P t -Ni  and Pt-Co are nearly 
identical. Recently, Treglia and Lagrand 
(15) proposed a mean-field theory incorpo- 
rating lattice strain (the size effect), surface 
tension, and intermetallic bonding that pre- 
dicts surface enrichment in Pt in the Pt-Ni  
system, but not to the extent of a 100% Pt 
surface (which was observed experimen- 
tally (14)). 

The adsorption of CO at room tempera- 
ture produced no ordered superstructures 
detectable by LEED. On the CoPt3(100) 
surface, prolonged exposure to CO caused 
the c(58 x 22) reconstruction to disappear, 
to be replaced by a simple (1 x 1) pattern. 
The lifting of the surface reconstruction by 
CO chemisorption is also a characteristic of 
the pure Pt(100) surface (24). 

FIG. 2. Model of the c(58 x 22) "hexagonal" reconstructed surface of CoPt3(100). Reproduced from 
Ref. (12b). 
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FIG. 3. Compar i son  o f  the  Co 2P3/2 peak for a clean 
polycrystalline cobalt foil (upper curve) and for the 
clean, [100] oriented alloy surface. A similar result was 
obtained for the [111] oriented surface. 

3 .2  X P S  

In Fig. 3 we show the Co 2P3/2 peak for 
the clean annealed (oxygen free) alloy sur- 
faces compared with the same peak for a 
clean polycrystalline Co foil. There was 
clearly a shift of 0.5 eV toward higher bind- 
ing energy for Co in CoPt3 versus the pure 
metal. The Co 2P1/2 peak showed a similar 
shift• Platinum core level (4f) photoemis- 
sion from the alloy was essentially un- 
shifted with respect to the pure platinum 
surface• The +0.5-eV binding energy shift 
for Co in the CoPt3 alloy is qualitatively 
similar to the + 1.3-eV shift observed for Ti 
in the Pt3Ti alloy (16) ,  but not as large. In 
the case of Ti in Pt3Ti, the shift for the alloy 
was as large as the shift for Ti in the cubic 
monoxide TiO, but here for Co in CoPt3 the 
shift is about 0.8 eV less than the shift for 
the cubic monoxide CoO (17) .  It appears 
that the intermetallic bonding in CoPt3 has 
some similarity to the bonding in Pt3Ti (26) ,  
e.g., the solute atom in the alloy state has a 
lower electron density about its nucleus 

than does the same atom in the lattice of 
like solute atom, but the change from the 
state as the pure metal is not as dramatic for 
Co as that for Ti. 

Another qualitative similarity in the in- 
termetallic bonding can be seen in the 
(bulk) valence band structures, shown in 
Fig. 4. These should be compared with the 
spectra for Pt3Ti given in Ref. (7). For both 
the CoPt3 and Pt3Ti alloys, there is an in- 
crease in the density of states at the bottom 
of the valence band (about 6 eV below the 
Fermi level), this increase being more pro- 
nounced in Pt3Ti than in CoPt3. If we com- 
bine both the core level shifts with the 
changes in the valence band density of 
states, an elementary interpretation is that 
in forming the intermetallic bonds in these 
alloys, there is a rehybridization of d-orbit- 
als of the solute atom that are nonbinding 
(atomic-like) in the pure solute metal to 
form bonding orbitals in the alloy, which 
results in a shift in electron density from 
about the solute atom to the interatomic re- 
gion. 
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FIG. 4• Compar i son  o f  the  valence  band s t ructure  
for clean (100) p la t inum (top curve),  c lean polycrystal-  
line Co (middle curve),  and  the clean [100] oriented 
C oPh  surface (bot tom curve).  
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Fro. 5. Comparison of O ls peak for (a) carbon mon- 
oxide and (b) oxygen chemisorbed to saturation at 298 
K on [111] oriented CoPt3. 

The adsorption of carbon monoxide on 
the clean alloy surface could be detected in 
XPS by the appearance of the oxygen and 
carbon ls peaks. The O ls peak resulting 
from adsorbed CO was shifted by 1.8 eV 
toward higher binding energy with respect 
to the oxygen peak for oxygen chemisorbed 
on the surface (Fig. 5). This is the same 
shift we observed for the chemisorption of 
CO on pure Pt surfaces. The asymmetric 
shape of the O Is peak, with the shoulder on 
the high energy side, is identical to the 
spectrum reported by Norton et al. (18) for 
CO on Pt(111) and quite different from the 
d o u b l e t  s p e c t r u m  w e  r e p o r t e d  p r e v i o u s l y  
(7) for Pt3Ti(111). We attributed the doublet 
structure as arising from the distinctly dif- 
ferent bonding geometries predicted for CO 
at Pt and Ti sites (2) in the Pt3Ti(111) sur- 
face. Flashing the crystal to >900°K com- 
pletely r e m o v e d  all  o x y g e n  and c a r b o n  de -  
t e c t a b l e  by XPS, showing that no 
detectable decomposition of CO took place 
during desorption. This result indicates a 
substantial difference in the interaction of 
C O  w i t h  t h e  CoPt3  a l l o y  in c o m p a r i s o n  to  

our results with the Pt3Ti alloy, where ca. 
25% of CO molecules adsorbed were disso- 
ciated even at low temperature (>330°K) 
(7). However, the absence of dissociation is 
similar to the observation by Paul et al. (11) 
on their Pt-enriched Pt3Ti(111) surface. 

3.3 TDS 

In Fig. 6 we show the thermal desorption 
spectra recorded from the [111] and [100] 
oriented alloy surfaces after adsorption to 
saturation with CO. The CO TDS peak for a 
polycrystalline CoPt3 surface was similar to 
that of the [111] surface. The shape of the 
CO TDS spectrum from the CoPt3(111) sur- 
face is qualitatively similar to the spectrum 
observed on the Pt(111) surface by various 
authors (19-24) although it occurs at a sig- 
nificantly lower temperature. Also, the 
maximum in the broad spectrum for the 
CoPt3(100) surface occurred at a considera- 
bly lower temperature than the main peak 
from pure Pt(100) (22, 23). For exposure to 
CO to lower than saturation coverages, we 
found the same behavior that has been re- 
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F I G .  6 .  CO thermal desorption after l0 Langmuirs 
exposure at 300°K from the [100] surfaces of pure Pt 
(1 ' )  and CoPt3 ( 2 ' ) ;  a t  2 5 0 ° K  from the [ 111]  surfaces of 
pure Pt (1) and CoPt3 (2). Heating rate: ca. 15°K/s in all 
cases (see t e x t ) .  
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ported for pure platinum surfaces (19-23), 
i.e., a shift in the maximum of the CO TDS 
peak toward higher temperatures for lower 
coverages. On both the [111] and [100] ori- 
ented surfaces of CoPt3, saturation cover- 
age by CO was somewhat lower than that 
found on the pure Pt surface of the same 
orientation, e.g., 60-70%. 

The observation of purely molecular CO 
desorption from the CoPt3 surfaces is not 
surprising, considering that the surface 
composition of these surfaces is essentially 
pure Pt, and it is well known that CO does 
not dissociate on clean Pt surfaces. For the 
CO desorbing molecularly from the Pt sites, 
the TDS spectra for the Pt3Ti(111) surface 
(7, I1) were very similar to the result here 
for CoPt3(111), with a peak temperature of 
360-370°K. Using the Redhead (25) analy- 
sis for TDS, the 50°K difference between 
the peak temperatures from the two alloy 
(111) surfaces and the Pt( l l l )  surface 
means an activation energy for desorption 
that is ca. 15% lower on the alloy surfaces. 
For the CoPt3(100) surface, the difference is 
even larger, corresponding to an activation 
energy that is 22% lower than for the 
Pt(111) surface. 

It is well known that CO is a useful mole- 
cule for probing electronic effects in alloy 
surfaces due to the sensitivity of the CO- 
metal bond to the d-orbital configuration of 
the metal. However, it is also well known 
that one must consider structural effects 
(so-called "ensemble" effects) in addition 
to electronic effects when interpreting the 
effect on adsorbate bonding of dispersing a 
solute metal atom in the surface of another 
metal. In our analysis of CO bonding to 
Pt3Ti surfaces (2), we used a quantum 
chemical treatment to examine both ensem- 
ble effects, e.g., the elimination of some 
Pt-Pt bridge sites and Pt fourfold hollows, 
as well as the effect of intermetallic bonding 
on the kind and number of orbitals available 
for bonding CO to Pt sites. The ASED-MO 
calculations (2) showed that even for CO 
bound to a-top Pt sites (i.e., no ensemble 
effect), the use of Pt d-electrons to form 

intermetallic bonds with Ti reduces the 
back-bonding contribution to the total CO- 
Pt bond energy. In the case of the CoPt3 
surfaces, the clean annealed surfaces are 
essentially pure Pt, so there can be no en- 
semble effect due to Co dispersed in the 
topmost layer. There is, nonetheless, a sig- 
nificant difference (15-20% lower bond en- 
ergy) in CO bonding to this pure Pt surface 
layer, presumably due to intermetallic 
bonding of Pt surface atoms with the Co 
atoms in the second layer. We have pre- 
sented core level and valence band spec- 
troscopy which indicate that there are qual- 
itative similarities in the bulk electronic 
properties of CoPt3 and Pt3Ti, and we now 
suggest that the general features of the 
ASED-MO bond model for Pt3Ti also apply 
to CoPt3. It is surprising, however, that the 
effects of intermetallic bonding are so sig- 
nificant, given that the Co-Pt bond energy 
is so much lower than the Ti-Pt bond en- 
ergy. 

The effect of intermetallic bonding on CO 
bond energy that we found here for a pure 
Pt top-layer produced by surface segrega- 
tion from a Co-Pt alloy bulk crystal bears 
some similarity to recent studies of CO 
chemisorption on certain pure metal mono- 
layers on dissimilar metal substrates (27). 
Particularly relevant is the study by 
Strongin and co-workers (28) of a Pt mono- 
layer on Ta(1 I0). Like Pt-Ti, Pt-Ta alloys 
have very exothermic heats of formation (9) 
and exhibit strong intermetallic bonding. 
The CO-Pt bond energy was reported to be 
much weaker when chemisorbed on the Pt 
monolayer on Ta(110) than on the Pt multi- 
layer, an effect attributed directly (by use of 
photoemission spectroscopy of the bonding 
orbitals) to a reduction of back-bonding to 
the CO 2~-* orbitals by the d-electrons of 
the metal monolayer. A qualitatively simi- 
lar reduction of CO bond energy was also 
found for Ni when Ni monolayers were de- 
posited on W(110) and (100) (29). Thus, one 
could view the results reported here for the 
CO-Pt alloy as one of the first examples 
where a pure metal monolayer produced by 
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surface segregation in a binary alloy exhib- 
ited chemisorptive properties characteristic 
of a number of the synthetic metal mono- 
layer systems. Therefore, it should be pos- 
sible to use the property of surface segrega- 
tion in binary alloys to reduce to catalytic 
practice the interesting electronic effects of 
intermetallic bonding observed in many of 
the synthetic metal monolayer systems 
(27). 
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