
'··J; • ' II: 

-~ l i .-

LBL-20034 
Preprint ~-~ 

Lawrence Berkeley Labot;ttllf!JEo 
Fl_£y CABf'IO 

UNIVERSITY OF CALIFORNIA 

Materials & Molecular 
Research Division 
Submitted to Journal of Catalysis 

CO ADSORPTION ON (lll) AND (100) SURFACES OF 

THE Pt3Ti ALLOY. EVIDENCE FOR PARALLEL BINDING 

AND STRONG ACTIVATION OF CO 

S.P. Mehandru, A.B. Anderson, and P.N. Ross 

August 1985 

UL 1 g 

TWO-WEEK LOAN COPY 
., 

Prepared for the U.S. Department of Energy under Contract OE-AC03-76SF00098 

' 'IT()"?Y 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof OF the Regents of the 
University of California. 

. / 

.. 



CO ADSORPTION ON (111) AND (100) SURFACES OF THE Pt3Ti ALLOY. 

EVIDENCE FOR PARALLEL BINDING AND STRONG ACTIVATION OF CO. 

by 

S. P. Mehandru and Alfred B. Anderson 
Chemistry Department, Case Western Reserve University 

Cleveland, Ohio 44106 

and 

P.N. Ross 
Materials and Molecular Research Division, 

Lawrence Berkeley Laboratory 
Berkeley, California 94720 

This study was supported by NASA Grant NAG-3-341 from the Lewis 
Research Center, Cleveland, Ohio 44135. PNR acknowledges support by 
the Assistant S~cretary for Fossil Energy, Office of Coal Utilization,. 
Advanced Energy Conversion Systems Division of the U.S. Department of 
Energy under contract DE-AC03-76SF00098. 



iii 

Abstract 

An ASED-MO study has been made of CO adsorption on a 40 atom 

cluster model of the (111) surface and a 36 atom cluster model of the 

(100) surface of the Pt3Ti al~oy. Parallel binding to high coordi­

nate sites associated with Ti and low CO bond scission barriers are 

predicted for both surfaces. The binding of CO to Pt sites occurs in 

an upright orientation. These orientations are a consequence of the 

nature of the CO w donation interactions with the surface. On the Ti 

sites the ~ orbitals donate to the nearly empty Ti 3d band and the 

antibonding counterpart orbitals are empty. On the Pt sites, however, 

they are in the filled Pt 5d region of the alloy band, which causes CO 

to bond in a vertical orientation by 5 cr donation from the carbon end. 
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1. Introduction 

The high heat of formation of the Pt3Ti alloy1 has been attri­

b~ted to the stro_ng interaction between the d orbitals of both metals. 2 

Understanding of this intermetallic bond has been the focus of a number 
. . 3-6 of invest1gations 1n the recent past. These studies have examined 

modifications of the electronic and the chemisorptive properties of 

this alloy compared with the pure metals. Such effects~ often called 

-'ligand effects', are considered to be the cause of the change in the 

catalytic activity of Pt3Ti compared with the activity of the pure 

Pt metal. The Pt3Ti bulk structure is the fcc cu3Au-type structure 

as shown by X-ray diffraction analysis.4 Superlattice LEED patterns 
5 . 

observed by Bardi and Ross showed that the (111) and the (100) sur-

faces of Pt3Ti are the simple terminations of the bulk structures in 

planes normal to the [111] and [100] directions respectively. The 

111 planes are all equivalent, consisting of alternating atomic rows 

of (50 percent Pt +50 percent Ti) and 100 percent Pt as shown in Fig. 

1. For the {100} planes, however, there are two possible inequivalent 

regular terminations when the crystal is cut normal to the [100] 

direction. These p1anes.alternately have (50 percent Pt +50 percent 

Ti) and 100 percent Pt compositions (see Fig. 2). Bardi and Ross5 

have established that the clean annealed (100) surface has the (50 

percent Pt +50 percent Ti) composition and not the 100 percent Pt 

composition. Using dynamical LEED intensity analysis, they later 

determined that the (100) surface plane has a relaxed structure with 
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the surface Pt atom plane lying -0.5 A above the surface Ti atom 

plane. 7 Relaxation of the (111) surface has not yet been examined 

to our knowledge. 

Bardi et a1. 4 have studied the chemisorption of CO and H2 on 

a polycrystalline Pt3Ti alloy. They concluded from thermal desorp­

tion measurements that CO adsorbs with reduced binding energy to the 

alloy compared to pure platinum, and attributed this difference to the 

1 1 i gand effect 1 • 

In this paper we have examined CO adsorption and dissociation on 

the (111) and the (100) surfaces of the alloy by using cluster models. 

We use the atom superposition and electron delocalization molecula.r 

orbital (ASED-MO) technique, the usefulness of which has been demon­

Strated in our previous CO adsorption studies on Pt(l11), 8 potassium 

promoted Pt(111), 9 negatively charged Ru(001), 10 and Cr(100) s~r­

faces,11 and the reader is referred to those works for further dis-

cussion of the ASED-MO theory. The parameters used in the present 

study are given in Table I. Platinum, carbon and oxygen parameters 

are the same ones used in past studies of CO binding to Pt(111) sur­

faces (Refs. 8,9). Titanium parameters are the metallic ones. 

The clusters used for modeling the single crystal alloy surfaces 

are assigned low spin. We use bulk lattice parameter of 3.906 A but 

the surface atoms are relaxed to the nearest 0.05 A from their bulk 

positions. in a direction perpendicular to the surface plane, for the 

minimum energy. The CO bond length is optimized to the nearest 0.01 

A, the heights of CO above the surface and its lateral displacements 
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are optimized to the nearest 0.05 A, and the tilt of CO from the hori­

zontal is optimized to the nearest 1 degree. 

2. Results and Discussion 

2.1 CO Adsorption on the (111) Surface 

We have used a two-layer thick 40 atom cluster consistin.g of 30 

Pt and 10 Ti atoms as shown in Fig. 1, for modeling the (111) surface 

of the Pt3Ti alloy. The top layer has 16 Pt and 7 Ti atoms, and the 

bottom layer has 14 Pt and 3 Ti atoms. On relaxing only Ti atoms in 

the top layer, it is found that they move down 0.55 A from their bulk 

positions. The binding site and the binding orientation of a single 

CO molecule is then studied on this relaxed surface. The calculated 

results are given in Table II. It is evident from the calculated 

binding energies that the binding of CO .to the Ti sites is favored 

over its binding to the Pt sites. On the Ti sites, the binding ener­

gies of CO bonded end-on as well as side-on are very close. When CO 

is terminally bonded through the oxygen end it is 0.16 eV more stable 

than when bonded through carbon. When CO binds to Ti in the lying­

down" orientation it is 0.06 eV less stable than when bound through the 

oxygen end. While these energies are approximate, they suggest CO can 

bind to the alloy through oxygen, as indicated experimentally by the 

0 1s binding energies for CO adsorbed on Pt3Ti(111) 12 . 

In the reclined orientation the o~end of CO lies about 0.2 A from 

the 1-fold Ti site and the C-end orients towards the neighboring 3-

fold hollow site. The CO axis is tilted 7 deg relative to the surface 
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plane (see Fig. 3). It may be noted that CO binds standing up through 

carbon on the 1-fold site of the Pt(111) surface (Ref. 8 and references 

therein). For comparison purposes we have also calculated the binding 

energy of CO on the 1-fold site of Pt on Pt40 cluster (28 unpaired 

electrons) having the same structure as the Pt30Ti 10 cluster, but 

using the Pt bulk nearest neighbor distance of 2.77 A. We find the 

structure is nearly the same as on the 1-fold Pt site of the alloy. 

The height being 2.05 A and the CO internuclear-distance being 1.16 A 

(compare to Table II). The binding energY to the surface, however, is 

0.29 eV greater on the Pt40 cluster compared to the same site on the 

alloy cluster. On the Pt30Ti 10 cluster, the binding energy of CO 

in the perpendicular orientation on the 3-fold site having a Ti atom 

underneath in the second layer is calculated to be 0.12 eV greater 

than the same orientation on the 1-fold site. But it is still 0.17 eV 

less stable than the 1~fold site of the Pt40 (111) cluster. This de­

crease in the binding energy of CO on the surface Pt atoms of the 

alloy compared to the pure Pt, as well as the change in the site pref­

erence from the 1-fold atop to the high-coordinate site is due to the 

ligand effects in the alloy. It may, however, be noted that the 

reduction in CO binding energy on the alloy surface would occur onJy 

if the Ti ~ites are blocked. In fact, this was observed experimen-

tally: initially adsorbed CO leads to the blocking of the Ti sites by 

oxygen ions formed from its dissociation and the carbon appears to go· 

into the bulk. 12 Subsequently, CO will adsorb only on the Pt sites 

with a presumably weakened adsorption energy. 

"' 

v 
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The lying-down binding configuration for CO on the Ti sites is 

s~milar to the Cr(llO) surface where theor~ 1 and experiment13 agree 

that the CO binds side-on on the high-coordinate site. In a second 

di-o like lying-down orientation for CO on the Pt30Ti 10 cluster model, 

the CO axis is tilted by 25 deg from the surface plane (Fig. 3). This 

orientation is 0.2 eV less stable than the first orientation discussed 
• I . 

previously. The lying-down orientation in which the carbon end points 

towards the 3-fold hollow allows the carbon to bind to two surface Pt 

atoms, accounting for its stability. 

The energy level correlation diagram for CO adsorbed on the Ti 

atom in the lying-down orientation with the carbon end towards the 3-

fold hollow surface site is shown in Fig. 4. It may be seen that CO 

binds to the surface by means of 5 cr and ~ donation bonds to the filled 

titanium band region. The antibonding counterparts are high lying and 

empty, so the donation results in a small positive charge of 0.17 on 

CO. Overall, three donation bonds to the surface and two back-donation 

* bonds from the metal to the~ orbitals of CO. These orbital stabil-

izations are all stronger than they are for the upright orientation 

where the orbital overlaps with surface orbitals are reduced because 

only the carbon atom is involved. CO binds parallel to the Cr(lOO) 

surface according to experimental analysis13 and the reason is the 

same as above, as we have recently shown. 11 When more d electrons 

are present in the transition meta~, the situation may chan~e. In the 

case Of Ru(OOl) the antibonding counterparts to the ~ donation bonds 
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are half-filled. As a consequence CO binds perpendicular to the sur­

face but when the surface is charged cathodically by coadsorbed potas-

* sium, the back donation to the ~ orbitals becomes stronger and the 

reclined orientation becomes favored. 10 Experimental studies show 

th t . t t. 14 ese wo or1en a 1ons. Platinum has a nearly filled d band and 

since the antibonding counterpart orbitals to the~ donation orbitals 

are doubly occupied, th~ resulting closed-shell repulsion causes CO to 

stand upright with the resulting bonding to the surface consisting in 

* a strong 5 ~ donation and weak back-donations to the ~ orbitals with 

a resulting small positive net charg~ on co.8 In this case, cathodic 

shifting of the d band causes CO to move from the 1-fold site to 2- and 

* 3-fold sites where the back-donation to the ~ orbitals is enhanced 

and substantial charge is transferred to co.9 

It is easily understood why parallel binding of CO over two Pt 

atoms on the (111) surface of the alloy is very weak (0.89 eV). In 

this case, as shown in Fig. 5, the antibonding counterparts to the~ 

donation bonds lie in the filled platinum band region and the result­

ing closed-shell repulsion causes CO to stand upright. 

The tilted side-on bonding configuration with the carbon end 

towards the 3-fold hollow site may be considered as a precursor state 

for the dissociation of CO on this surface. When stretched by 0.55 A 

on this site, it reaches its transition state with an activation bar-

rier of 0.74 eV, showing strong activation consistent with the experi­

mental observation of dissociation at near-ambient temperature. 12 

Figure 6 shows the orbital stabilizations for CO in its transition 
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state. . . * As the CO bond 1s stretched, the ~ or~itals shift down, thus 

increasing the interaction with the filled Pt-Ti d bands. This gives 
. * rise to increased charge transfer to the ~ orbitals. 

2.2 CO Adsorption on he (100) Surface 

We model the (100) surface of the Pt3Ti alloy by employing a 36 

atom cluster (Fig. 2). The top layer contains 9 Ti and 9 Pt atoms and 

represents the (50 percent PT +50 percent Ti) truncation as discussed 

in the Introduction. The bottom layer has 18 Pt atoms and models the 

100 percent Pt truncation. On relaxing the top layer atoms, it is 

found that the Ti atoms move down by 0.65 A and the Pt atoms move up 

by 0.05 A from their bulk positions. The calculated relative dis­

placement of the Pt and the Ti atoms on the surface plane (0.7 A) is 

quite close to the value of -0.5 A estimated by Ross and coworkers 

using ~ynamical LEED intensity analysis. 7 Th~ adsorption of CO is 

then studied on this relaxed surface. Figure 7 shows all the binding 

sites and the binding orientations studied on the 36-atom cluster 

model. The calculated results are presented in Table III. Evidently 

the binding of CO on the Ti site in the side-on configuration is 

distinctly favored over the other sites and orientations. In this 

orientation the oxygen end of the CO molecule lies 0.29 A from the top 

of the Ti atom and the carbon end lies 0.45 A towards the Ti site from 

the center of the neighboring 4-fold hollow site. The next site in 

terms of the decreasing binding energy is the 4-fold hollow site on 

which the carbon and the oxygen ends of CO point towards the Surface 

Pt atoms. 
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The CO orbital stabilizations on the most stable lying-down con­

figuration are similar to those shown in Fig. 4 for the (111) surface. 

Since the bond length for the adsorbed CO on the Ti site in the side­

on orientation is 0.03 A longer than it is on a similar site of the 

* (111) surfaces, there is greater back donation to the~ orbitals of 

CO. This results in a Mulliken charge of -~.0~ on CO. 

We have also calculated the CO bond scission barrier for CO 

adsorbed on the most stable site on the (100) surface. When the CO 

bond is stretched by 0.55 A from its equilibrium value it reaches its 

transition state with a barrier of 0.91 eV which is similar to that 

calculated for the (111) surface. 

3. Summary 

We have made a theoretical study of CO adsorption on the (111) 

and (100) surfaces of the Pt3Ti alloy. On the clean surfac~s. bind­

ing of CO on the Ti sites is favored compared to the binding on the Pt 

sites. On the (111) surface the terminally bonded CO through oxygen 

on the 1-fold Ti site, and the side-on bonded CO with the carbon end 

oriented towards the 3-fold hollow surface site and the oxygen end 

nearly on the 1-fold Ti site, are comparable in stability. In the 

lying-down orientation, bonding to the surface is a result of the 5 cr 

and ~ donation interactions, the antibonding counterparts of both are 

high-lying and empty. When CO lies down on the Pt sites, the anti-

bonding counterparts of the ~ donation orbitals are occupied leading 

to a closed-shell type interaction and the bonding to the surface is 

v 
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due to 5 cr donation bond. A qualitative understanding of this differ­

ence in stability for CO binding on the Ti and the Pt sites in the 

lying-down configuration is given in Fig. 8. When CO bonds on the Ti 

sites, the interaction of CO ~ orbitals occurs with the high-lying Ti 

d band region of the Pt/Ti d band. The antibonding orbitals are 

pushed up further and lie in the empty Ti d band region resulting into 

a bond order of two due to~ interacti~ns. This is shown on the left 

side of Fig. 8. When CO bonds parallel on the Pt sites, the CO ~ 

orbitals interact with the Pt d band region near the bottom of the 

Pt/Ti d band and therefore their antibonding counterparts lie in the 

filled Pt/Ti d band. This reduces the net bond order due to ~ inter­

action to zero. This is shown on the right side of Fig. 8. Same 

explanation holds true -for the favored lying-down configuration of CO 

on the (100) surface of the alloy. 

We calculate CO bond scission barriers of 0.74 eV and 0.91 eV on 

the (111) and the (100) alloy surfaces respectively, showing consider­

able bond activation of the lying-down CO molecules. 
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Table I. Atomic parameters used in the calculationsa: Principal quantum number (n), ionization 
potentials (IP) in eV, Slater orbital exponents (~) and respective coefficients (C) for 
double-~ d functions 

Atom s p 

n IP n IP n IP 1 

Pt 6 10.50 2.550 6 6.46 2.250 5 11.10 6.013 

Ti 4 6.82 1.500 4 4.85 1.200 3 8.00 4.55 

c 2 18.50 1.658 2 9.76 1.618 

0 2 26.98 2.146 2 12.12 2.127 

-. ~~--

aAtomic parameters for Pt, C, and 0 are the same as used earlier in our 
previous CO adsorption studies on Pt(111).8,9 The ionization potentials for 
Ti are taken from W. Lotz, J. Opt. Soc. Am. 60, 206 (1970), and the Slater 
exponents are taken from.J.W. Richardson, W.~ Nieuwpoort, R.R. Powell, and 
w~F. Edgell, J.Chem. Phys. 36, 1057 (1962). The 4s and 4p exponents are 
determined as in our past studies of first row transition metals and the 4p 
ionization potential is determined from the lowest 4s ~ 4p excitation energy. 

d 

C1 2 

0.6562 2.396 

0.4206 1.400 

-~--

c2 

0.5711 

0.7839 

....... 

....... 



Table II. Binding site and orientation, binding energy (BE), bond length (Reo), heights (h), and the 
tilt relative to the surface plan; for CO adsorbed on the Pt3oTi1o cluster model of the 
(111) surface. 

Binding site Orientation BE ( eV) RcoO'\l hc0\) ho(A) Tilt(deg) 

1-fold Pt Perpendicular through C 1.54 1.16 2.00 3.16 
Perpendicular through 0 1.52 1.16 2.91 1.75 

1-fold Ti Perpendicular through C 2.77 1.15 1.90 3.05 
Perpendicular through 0 2.93 1.14 2.74 1.60 

3-folda Perpendicular through C 1.66 1.21 1.50 2.71 

Ti Lying downb 2.87 1.18 1.25 1.11 7 
(C-end towards the 
3-fold hollow) 

Lying downc 2.67 1.16 1.60 1.11 25 
(C-end towards the 
1-fold Pt) 

Bridging Pt atoms 
Parallel 0.89 1.18 1.95 1.95 

aThis is the site between three Pt atoms having a Ti atom underneath in the second layer. The 3-fold 
site with a hole underneath is found to be less stable by 0.3 eV. 

b F.. 3 . see 1 g. . 

Csee Fig.3. 

' 
.. , 
..; t ' 
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Table III: Binding site and orientation, binding energy (BE), bond length (Reo), and 
heights (h), for CO adsorbed on the Pt27Ti9 cluster model of the (100) 
surface. 

Binding site Orientation BE(eV) Rco(A) hc(A) ho(A) 

1-fold Pt Perpendicular through C 2.72 1.17 2.00 3.17 
Perpendicular through 0 2.57 1.16 2.91 1.75 

1-fold Ti Perpendicular through C 2.96 1.15 1.85 3.00 
Perpendicular through 0 3 .. 05 1.14 2.79 1.65 

TI Parallela 3.93 1.21 1.50 1.50 

4-fold Perpendicular through C 2.99 1.21 1.05 2.26 
Perpendicular through 0 1.52 1.15 2.05 0.90 

4-fold Parallel 3.71 1.16 1.55 1.55 

ayn this orientation the C-end lies 0.45 A towards the Ti atom from the 4-fold surface 
site and the 0-end lies 0.29 A from the 1-fold site of the Ti atom. 

....... 
w 
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XBL 858-3626 

Fig. 1. Pt 3oTito cluster model for the {llll surface of the Pt 3Ti 
0 

alloy. The bulk lattice parameter of 3.906 A was used in all 

the calculations. 
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XBL 858-3627 

Fig. 2. Pt 27Ti 9 cluster model for the (100) surface of the alloy. 

The top layer has 50% Pt + 50% Ti, and the bottom layer 

has 100% Pt composition. 
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Top View 

2.12 
1.68 

Side View 
XBL 858-3628 

Fig. ,3. The lying-down orientations of CO on the Ti site of the 40 

atom alloy cluste~ model of ~ig. l. 
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5cr * 

4cr-~-

CO CO/Pt
30

r;
10 

Ti Site 
3cr---.....__ ·-

Ti d 

Tid 
+ 

Pt spd 

Pt d 

Pt sd 
+ 

Tisp 

XBL 858-3629 

Fig. 4. Energy level correlation diagram for CO adsorbed in the 

lying-down orlentation on the Ti site of the Pt3oTi10 

cluster model of the (llll surface. The C-end orients 

towards the 3-fold hollow su~Eace site. The correlation 

lines are drawn for orbitals having 0.04 or more electron 

on CO. 
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co 

3-----u ---

XBL 858-3630 

Fig. 5. Same as in Fig. 4 Eor CO in the side-on orientat~on 

bridging two Pt atoms on the (111) surface of the alloy. 
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.,.._ 

5cr*~­
.,_ ~~-

4 
Transition 

cr~ . State 

-~ -
co co CO/Pt?Ji10 

--

XBL 858-3631 

FLQ. 6. Same as in Fig. 4 fo~ CO in the t~ansition state on the 

(111) surface of the alloy. The second column shows the 

eneroy 1ev1s of co having the transition state structure 

but without the cluste~. 
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4-fold 
parallel 

XBL 858-3632 

Fig. 7. Adsorption sites studied on the cluster model of Fig. 2. 

The cross symbol (x) represents perpendicular orientation 

on this site. 

T 
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-6 t * --""* TT-- Tid 
... -s 

lt -
~ 10 

5cr* Pt d * 5cr ~ 

k{ e' -12 
QJ 
c: 1T-- - -1T w 

-14 
co COon.Ti CO on Pt co 

-16 Lying-down Lying-down 

XBL 858-3633 

Fig. 8. Qualitative correlation diagram for CO in the lying-down 

orientation on the Ti and the Pt sites, on the (111) 

surface. 
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