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Introduction
Nanostructures and nanomaterials attract

more and more attention as an active field of

research because of their outstanding physical and

chemical properties. Heterogeneous catalysis, for

instance, is an area where nanoparticles have

technically been utilized for a long time. This is

very important in the chemical industry and in other

technologically relavant applications such as oil

refinery, organic synthesis, depollution, and so on.

Nowadays, bimetallic or alloy surfaces

have become an active field in surface science

because they also play a central role in

nanotechnology and catalysis. It is well known that

the bimetallic catalysts often show enhanced

chemical reactivity and selectivity that are different

from the corresponding to monometallic ones

(single-crystal surfaces). Research on bimetallic

catalysts started in the late 1940s with the purpose

of investigating the changes that occur in the

electronic and adsorption properties.

Previously, the several researches have

been focused on the electronic properties of the

palladium nanoparticles supported on thin alumina

(Pdf AI 0 ) (Firck et al 1988; Jiang et al1889):
2 3

Likewise, Carbon monoxide (CO) is the main

poisoning intermediate in car-exhaust converter.

Therefore, the properties of CO adsorption based

IT'Ull11ia ~t!. ('UR.) 5 (2): n.a. - i).A.2548

on the oxidation of CO have also been investigated.

However, the supported catalysts are somewhat

difficult to study because of its complexity. To

best understand the catalytic behavior of them,

we need to use well-defined and simple models,

so-called model catalysts (Yudanov et al, 2002).

As mentioned above, we are interested in

the cuboctahedral Pd -AI bimetallic clusters

representing the Pd supported on thin alumina.

Likewise, no previous theoretical study at high level

calculation has been reported on the electronic and

adsorption properties of Pd- AI bimetallic cluster.

Therefore, we will investigate not only the effects

of substitution of Pd by Al atoms at various

positions and for different the cluster sizes, we will

also study their adsorption complexes with CO

molecules.
In the current work, we have selected the

cuboctahedralPd ,Pd ,and Pd dusters to model
55 79 116

Pd-Al bimetallic clusters with aluminium substi-

tuted at various positions and concentrations by

means of all-electron relativistic density

functional (OF) calculation. It is well known that

CO is widely used as a specific probe molecule for

the surfaces of both metal and alloy catalysts.

Therefore, the adsorption property is also observed

by allowing eight CO molecules to adsorb at three

,
j
J
1~
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fold hollow Pd 3 central site of each of the (111)

facets. This paper extends the application of novel

computational strategy to investigate surface

properties of metals and alloys by employing

three-dimensional cluster models. A major goal of

this work is to study the influence of AI admixtures

to Pd clusters on the electronic structure and on

their CO adsorption properties.

Computational Details and Method

The calculations reported in this paper were

carried out with the all-electron level using the

linear combination of Gaussian-type orbital fitting

functions density functional (LCGTO-FF-DF)

approach as implemented in the parallel code

ParaGuass. We also used a scalar relativistic

variant of the LCGTO-FF-DF method. This

computational strategy is very economic, yet

sufficiently accurate for geometric parameters,

binding energies, and vibrational frequencies.

The Gaussian type orbital basis set used

for Pd and AI atoms was [18s, 13p, 9d / 7s, 6p,

4d] and [12s, 9p, 2d /6s, 4p, 2d], respectively.

Whereas [14s, 9p, 4d / 6s, 5p, 2d] was used for

both C and 0 atoms. For every atom, the p and d

"polarization exponents" were included as well.

Based on electron configuration of Al atom

([Ne] 3s2 3pl), AI atom shows unpaired electron

(open-shell configuration). However, the amount

of Al atoms containing in the all Pd- AI bimetallic

65

clusters is even number. Therefore, we will discuss

only results of spin-restricted calculations.

For the investigations of CO adsorption properties,

we kept all Pd and Al atoms at positions

corresponding to bare cluster. We optimized only
the position of adsorbed CO molecules to obtain the

approximate equilibrium geometries of adsorption

complexes. For that, we consecutively varied

Pd-C and C-O distances until deviations were

below 0.5 pm by using BP energies. We also

corrected the CO adsorption energy for the basis

set superposition error via the standard counterpoise

technique. To investigate the harmonic CO

stretching vibrational frequency, we approximated

the C-O internal mode by keeping the CO center

of mass fixed. For this purpose, we fitted a

polynomial of degree 4 to five total energy values

nearby the minimum of the potential curve.

In this paper, the different Pd - Al

bimetallic clusters have been employed to carry out

a high level study for a wide range of the substitu­

tion of Pd by Al atoms. We explored a series

of cuboctahedral bimetallic clusters - Pd - Al
79 n n

en = 6, 12, 18, 24, 30) as shown in Figure 1.

Since all the cluster models revealed a high

symmetry belonging to symmetry group0,we kept
h

the metal - metal distances in the Pd-AI bimetallic

cluster fixed corresponding to Pd- Pd bulk distance

of 275 pm (Lide, 1996).

In constructing cluster models, the

cuboctahedral clusters M was obtained by
79
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p~ P~A(O,6)

Figure 1 Sketchesof the cuboctahedralclusters.The nwnbers of AI atoms in the surfaceand sub-surface
layer, respectively, are given in parentheses. Pd (CO) model represents the CO adsorption

79 8

on these flat facets are rather close to edges.

From both experimental and theoretical investiga­

tions, it is known that the three-fold hollow site

on the Pd (111) surface is favored for CO

adsorption at low coverage. Therefore, keeping in

mind the low concentration of Al in the bimetallic

clusters under investigation, we probed this site by

placing CO molecule perpendicular to the (111)

surface with the C atom interacting directly with

Pd atoms located at the centre of the cluster

models.

complex.

truncating the corresponding octahedral clusters

M along the planes (100), (010), and (001)
85

to yield eight hexagonal (111) facets. The six

corner atoms of M cluster were removed to
85

provide M cluster containing also six smallest
79

(001) facets comprised of 4 atoms. This cluster

model was designed to represent the (111)

surfaces by exhibiting the three fold hollow sites

in the center of each (111) facet. This is face

centered cubic, fcc, site (with subsurface

octahedral hole beneath the site). Adsorption site
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As described above, we kept intact

the central Pd adsorption site on surface layer
3

of each of the eight (111) facets in all Pd- AI

bimetallic clusters, but we partially substituted

Al atoms for nearby Pd adsorption site. The
3

resulting series of cuboctahedral Pd- Al cluster

consist of the following seven bimetallic

systems: Pd A (0,6), Pd Al (0,12),
73 16 67 12

Pd AI (0,18), Pd AI (12,0), Pd AI (12,6),
61 18 67 12 61 18

Pd Al (12,12), and Pd Al (12,18). In
55 24 49 30

designating the cluster models, we used the

parenthesis to indicate the number and position of

Al atoms. .The first number in parenthesis r

epresents the number of AI atoms in the top most

surface layer and the second one for the inner

subsurface layer. In Pd Al (12,0) models,
67 12

each Al atoms are located in the surface layer

adjacent to the adsorption site whereas the AI atoms

ofPd A (0,6), Pd AI (0,12), Pd AI (0,18)
73 16 67 12 61 18

models are in the subsurface layer (inner shell)

beneath the central Pd3 adsorption site. For

Pd Al (12,6), Pd Al (12,12), and Pd Al
61 18 55 24 49 30

(12,18) models, AI atoms are located in both

surface layer and subsurface layer.

Results and Discussion
In this section, we will consider the

electronic structureof bare Pd - AI bimetallicclus-
79 n n

ters relative to pure Pd cluster used as a
79

reference. Then, we will discuss the CO adsorption

properties of these bimetallic ones.

67

1. Properties of Bare Pd-AIClusters

Alloying Pd with Al atoms provides

the varying numbers of homo- and heteroatomic

nearest-neighbor M-M bonds. The interpretation

of the heterometallic bonds allows us to better

understand the nature of bimetallic bonding

in several experimental observations. The

calculated characteristics of bare Pd- Al bimetallic

clusters are shown in Table 1. Due to various

homo- and heterometallic bonds formed in the

Pd-AI clusters, the average cohesive energy per

atom, E / 79, increases when compares with
b

the value obtained for the pure Pd cluster.
79

Likewise, it seems to increase with the increasing

of the number of Pd- Al bonds. This indicates that

Al stabilizes the Pd- Al cluster and makes them less

reactive to adsorbed species. Those Al atoms tend

to distribute themselves among Pd atoms in order to

form well distributed alloy. The segregation is not

preferred. If one examines the average cohesive

energy per bond containing in the clusters, E /336,
b

one can see that the average cohesive energy per

bond of pure Pd79 cluster, 0._69eV, is slightly higher

in energy than that of pure AI one, 0.68 eV.
79 -

Moreover, the average cohesive energy per bond of

all Pd:-AI clusters is much higher in energy than

those corresponding to both pure Pd and Al
79 79

clusters as can_be seen in Table 1. Based on these

results, it is indicated that in the Pd-AI



lTnn"liia ~11.(\JR.) 5 (2): n.a, - s.a. 2548

Table 1 Calculated energies a (in eV) for model nanoclusters Pd - AI (n = 0, 6, 12, 18, 24, 30)
,I I .~ 79 0 n

. . " "'/ .:t
along with the number N of the different types of nearest-neighbor contacts (bonds) .

Pd
79

Pd A
73 16

(0,6)

Pd AI Pd AI
67 12 67 12

(12,0) (0,12)

Pd AI Pd AI Pd AI Pd AI
61 18 61 18 55 24 49 30

(12,6) (0,18) (12,12) (12,18)

-5.10 -5.10 -4.81 -5.06 -4.67 -5.12 -4.81 -4.80

-1.88 -1.82 -1.99 -1.76 -2.07 -1.79 -2.14 -2.22

-2.03 -1.92 -2.22 -2.27 -2.27 -2.35 -2.50 -2.65

E /79
b

2.93

0.69

3.15

0.74

2.91

0.24

264

72

E /336
b

~E /n
b

~ E / N(Pd- AI)
b

N(Pd-Pd)

N(Pd-Al)

N(Al-A})

£
F

~£rutd
~£ (Pd)

Pd4d 3

336

3.26 3.20

0.77 0.75

2.18 1.78

0.31 0.25

252 240

84 96

24

3.45 3.28 3.42

0.81 0.77 0.80

2.30 1.53 1.63

0.27 0.23 0.25

180 168 144

156 120 156

3.47

0.82

1.42

0.24

96

180

6048 36

aE 179 - average cohesive energy of Pd - AI per atom, E /336 ( average cohesive energy of Pd - AI
b 79 n n b 79 n n

per bond,~E / n - average contribution of each of the n Al atoms to the change of the overall cohesive
b

energy E (Pd - AI) with respect to E (Pd ), ~£ Pd and~£ Pd (Pd) - the centers of the Pd 4d
b 79 n n b 79 4d 4d 3

density of states with respect to the cluster Fermi energy ( F, total and local (for the Pd moiety in the center
3

of (111) facets), respectively.

clusters, the heteroatomic Pd - Al bonding

interactions are somewhat stronger than

the homoatomic Pd-Pd bonding ones.

Upon investigating the charge distribution

at the Pd adsorption site, we find out that the
3-

atomic charge at this site varies between positive

and negative values. Based on atomic electronega­

tivity values (Pd 1.35, AI 1.47 Allred-Rochow

scale), Al atoms could acquire electron density.

Nevertheless, the electronegativity of Al atom

is somewhat close to that of Pd atom. It, therefore,

is expected that electrons may transfer either from

Al atom to Pd atom or from Pd atom to Al

atom. This transfer depends on the specific,

structural environment of each atom. Thus, the

substitution of Pd by Al
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Figure 2 Local (Pd adsorption site) density of states (LDOS) for surface Pd atoms in Pd cluster
3 79

(a) and in Pd Al (0,12) cluster (b). The dashed and dotted vertical lines refer to
67 12

Fermi level and Pd 4d-band center, respectively.



atom at the different positions gives difference

effects on the distribution of electrons at Pd
3

adsorption site. However, we need to investigate

the density of states (DOS) that provide the

distribution of electron in energy. This will be

discussed below.

One of the important parameters

investigating the electronic structure is the Fermi

energy, €. There are three clusters that exhibit
F.

Fermi energy closer to the Fermi energy of Pd
79

clusters. These are Pd AI (0,6), Pd AI (0,12),
73 6 67 12

and Pd AI (0,18). The mixing of d electrons of
61 18

Pd with sp electrons of Al underneath shifts

(F toward lower energy and electrons are less

diffuse, On the other hand, for the others as shown

in Table 1, the mixing of d electrons of Pd

with sp electrons of Al at surface layer moves

(F towards higher energy and electrons are

more diffuse relative to those of the reference

Pd clusters.
79

Additionally, the center of Pd 4d-band

IS widely used to characterize the ability of the

adsorbate-surface bonding interaction. Figure

2 shows some of the local (Pd. adsorption site)
3

density of states (LDOS) of the surface Pd atoms.

For Pd-Al clusters, the Pd 4d band of Pd adsorp-
3

tion site is broader than that of pure Pd clusters.. 79

The DOS plot of all Pd- Al clusters demonstrates

the major d - band and small peaks around -

10.2 eV. These small peaks are the energy level

that indicates the mixing of electron between the

Pd d band and AI sp band. This slightly destabilizes

the center of Pd 4d-band. The 4d-band centers

of total Pd atoms with respect to (F shifts away

--------------------_.

11'H1T'il:iaJ.ltI. (ua.) 5 (2): n.a. - e.a. 2548

from those corresponding to pure Pd clusters.
79

They are separated into two groups. The first

group that shifts upwards consists of Pd Al
67 12

(0,12), Pd Al (0,6), and Pd Al (0,18).
73 6 61 18

This group has Al atoms in the second layer only.

The second group that shifts downwards has Al

atoms at both the surface layer and the second layer.

As indicated earlier that having AI in both layers

will make the Pd- Al clusters more stabilized

and this is consistent with the downward movement

of the total Pd 4d-band center. Furthermore,

the 4d-band centers of Pd adsorption site with
3

respect to e ~e (Pd), shift toward higher
F, Pd4d 3

energy (away from vacuum). Therefore, one of

the reasons for weak CO chemisorption on Pd-AI

cluster may be that all local 4d-band centers

are much below E
F.

2. Propertiesof CO-Adsorbed Pd-Al Clusters

The interaction of CO with bimetallic

surfaces has been the subject of many works

because CO is an ideal probe molecule to investi­

gate the chemisorption properties of bimetallic

surfaces. Likewise, it can provide a simple test of

chemical reactivity as well. There is extensive

information about the surface chemistry of this

molecule in both monometallic and bimetallic

substrates. Also, the bonding mechanism is much

better known for CO than for any other simple

molecules. The BSSE corrected adsorption

energies, geometry parameters, and vibrational CO

frequencies are shown in Table 2. The optimized

C-0 distance varies in narrow
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Table 2 Calculated characteristics for adsorption complexes of eight CO molecules on the three

fold hollow I sites of the (111) facets of the cuboctahedral Pd-Albimetallic clusters.

Pd Pd A Pd Al Pd AI Pd AI Pd AI Pd AI Pd AI
79 73 16 67 12 67 12 61 18 61 18 55 2. .9 30

I (0,6) (12,0) (0,12) (12,6) (0,18) (12,12) (12,18)

r (Pd-C) Ipm

r (C-O) Ipm

E leV
ad

W(C-O) /cm'

e leV
F

.1£ leV
Pd4d

.1£ (Pd )/eV
Pd4d 3

204.1 202.1 206.4 206.2 209.8 212.9 211.1 212.9

119.2 119.2 118.9 118.8 118.4 117.7 118.1 117.6

1.82 1.19 1.56 1.50 0.79 1.02 1.25 0.96

1739 1740 1750 1754 1765 1791 1786 1816

-5.31 -5.28 -5.04 -5.29 -4.91 -5.30 -4.98 -5.00

-2.01 -1.86 -2.19 -1.88 -2.24 -1.97 -2.34 -2.37

-2.40 -2.51 -2.77 -2.56 -2.92 -2.76 -3.04 -3.13

r(Pd-C), r(C-O) - interatomic distances,

E - BSSE corrected adsorption energy per CO molecule,ad

W(C-O) -harmonic frequency of the CO vibration, and the other notations as defmed in Table 1.

interval from 117.6 -119.6 pm. It is elongated

by 6 and 7 pm for the calculated and experimental

values for free CO molecule, respectively. Whereas

the Pd-C distance spreads over a rather wide

interval from 202 to 215 pm. This is due to 0"

donation and 1t' back donation interactions with

the substrate. Those interactions describe the nature

of the chemisorption bond formed between CO

and transition-metal surface. It is best described by

the mixing of the CO molecular orbital with the

metal d-state as illustrated in Figure 3.

su rf'ace surface

0"donation 1t back donation

Figure 3 lllustration of orbital interactionbetween

CO and metal surface.

In this model, CO molecule donates

electron from its 50"molecular orbital to vacantmetal

d-band. This is called (J donation that makes

the metal more electron rich. In order to

compensate for this extra electron density, a filled

metal d-band will interact with 21t* antibonding



otbitals of CO. This interaction is called 1t back

donation. Since the CO adsorption on alloy

is a complex phenomena, we can simply present

the orbital interactiondiagrambetweenCO andmetal

surface as shown in Figure 4.

8"" ,: ••••• _ n·'?IX)
, ', :
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Figure 4 Illustration of orbital interaction between

CO and metal surface.

According to Table 2, the Fermi levels of

all CO-adsorbed Pd-Al clusters shift toward higher

energy. This leads to a broader 4d-band of Pd3

adsorption site. As a consequence, all the 4d-band

centers of the Pd adsorption site, ~ E (Pd),3 Pd4d 3

shows the downward shift with respect to E ThisF.

is illustrated by Figure 4. Due to both (j donation

and 1t back donation, the E is higher in energy.
F

Therefore, the 4d-band center of Pd adsorption
3

site, E is further away from E This weakens thec, F.

chemisorption bond between CO and P adsorption
3

site of all Pd-Al bimetallic clusters. Thus, it is shown

that the interaction energy is primarily controlled

by Pd 4d-band energy position. This observation

is in agreement with those observed by Hammer

et al (1995).
Consequently, if the 21t' molecular

orbital of CO gains less electrons from Pd 4d-band.

The 1t back donation will become weaker. This

can lead to a strengthening of C-O bond, which is

11·Hn'ji~8~t1. (us.) 5 (2): n.a. - s.a. 2548

evidenced by increasing of CO stretching frequency.

One can see from Table 2 that the calculated

CO vibrational frequencies on various Pd-AI

clusters are higher than that on the pure Pd clusters.

They spread over a rather wide interval from

1750 to 1816 cm+L. Such a range of CO

frequencies, considerably shifted down from

the value of gas-phase CO molecule with a

calculated harmonic frequency of 2113 em-\ is

typical for CO molecules adsorbed on transition

metals.
Interestingly, the substitution of Pd by

Al atoms leads to the weakening of CO adsorption

energies at Pd adsorption site. The adsorption
3

energy is less than that of CO-adsorbed Pd79

cluster with the interval from 1.56 to 0.79 eV.

As previously reported, Iobdnek: et al (2001)

found that the temperature programmed desorption

(TPD) spectra of CO adsorption on Pdf Al203

exhibit the two desorption peaks located below

the desorption temperature of Pd polycrystalline

foil. Moreover, the desorption energy compared

to that of clean Pd foil is 1.10 eV and 0.98 eV

at 405 and 364 K, respectively. As mentioned -

above, it can be indicated that the adsorption.

energy of CO adsorption on Pdf Al 0 shows2 3 ",:'

~,

the lower values compared to Pd crystalline foil: w

Therefore, the calculated results of CO adsorptiQ~
..,

OlJ Pd- Al clusters are in agreement with the {

experimental ones.

Conclusion
In the present work, we have presented

the theoretical study on the electronic structure of

bare Pd-Al bimetallic clusters and on CO adsorp- :{

tion complexes by means of DF calculations. It has
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been demonstrated that Pd-Al bimetallic clusters

are more stabilized when Al atoms are well

distributed among the surface layer and the

subsurface of the clusters. Moreover, Pd atoms

exhibit the strong interaction with Al atoms by

forming a bimetallic alloy with modified electronic

structure. For CO adsorption, the calculated CO

adsorption energies manifest a weakening of Pd- Al

bimetallic surface - CO interactions. Therefore,

these Pd- Al bimetallic clusters should be a better

catalyst for the reaction involving CO intermediate.

The behavior of the bimetallic clusters that is

different from the Pd single crystal is due to the

changes in the electronic structures. Likewise, more

calculations that consider the cluster relaxation and

optimization are needed to better understand the

Pd-Al interaction and the reactivity of the Pd-AI

surface toward CO molecule.
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