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Abstract. The aim of this paper is to report a study of the reactivity of Pt(lOO) cluster and the 
same system modified by a nickel tetramer towards the atomic hydrogen adsorption. This study 
was carried out in the framework of density functional theory which provides global and local 
indexes that can be used to characterize the reactivity. The analyzed reactivity descriptors 
were: chemical potential, chemical hardness, electrophilicity index and Fukui function. The 
results showed that the global reactivity descriptor predicts that the platinum cluster modified 
by nickel is more reactive than the pure platinum cluster and that the local Fukui function 
provides information about the most susceptible site to electrophilic attack in platinum cluster.

1. Introduction
There is a strong current interest in the study of supported metal nanoclusters, not only from a 
fundamental point of view but also because of their technological relevance in, e.g., heterogeneous 
catalysis or the design of nanoscale magnetic storage devices. Systems with reduced dimensions can 
exhibit surprising properties [1].
The increase in catalytic properties resulting from the formation of intermetallic compounds is 
attributed to the alteration of the electronic structure and physicochemical properties, such as work 
function and density of states at the Fermi level [2],
The system Pt/Ni has been widely studied in its various forms: Alloy surface [3], pseudomorphic 
overlayer [4] and supported nanoparticles [5], Recent studies have revealed that the Pt-Ni alloy surface 
presents a considerable increase in the catalytic activity versus Pt pure compared to the reaction of 
oxygen reduction [6] and Ni-Pt nanoparticles which are more reactive compared to the oxidation of 
methanol on the surface of Pt(100) surface [7], It is therefore of great interest to know the microscopic 
mechanisms responsible for the modification of the reactivity in this bimetallic system since this 
knowledge will allow the design of catalysts composition and specific structures.
The Density Functional Theory (DFT) has provided the basis for rigorous mathematical definitions of 
reactivity descriptors like chemical potential, electronegativity, chemical hardness, softness, etc., [8],
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All of these are well established global indicators in chemical reactivity studies and are going to be 
used in this paper to characterize the reactivity of Pt(100)n cluster and Pt(100)nNim (n=25, m=4) toward 
the adsorption hydrogen atom.
Also local indicators have been introduced in the theory to explain the reactivity or selectivity at a 
particular site of the system. In this work, we adopted the Fukui function to analyze the reactivity of 
the surfaces against a hydrogen atom.

2. Theoretical background
In DFT, the chemical potential and hardness for the N-electrons system with total energy E and 
external potential v(r) are defined as the first and second derivatives of the energy with respect to N
[8-11]:

a«La' (i>
and
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In numerical applications, p and pare calculated through the following approximate version of Eqs.
(1) and (2), based upon the finite difference approximation and the Koopmans theorems [8],

and
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IP is the ionization potential, EA is the electron affinity, £H and £L are the energies of the highest 
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), 
respectively. The electrofilicity index is defined as [11]:

2?7
(5)

This quantity is a measure of the propensity of systems to acquire electronic charge from the 
surroundings. Considering clusters or metallic surfaces as binding environments, (0 can be useful for 
analyzing the interaction with small molecules.
The condensed Fukui functions are denoted as [10]:

A+ = qk(N+ 1)- qk(N)

A = qk(N)- qk(N-l)
(6)

where qi(M) is the atomic electron population at atom k for either the neutral system (M=N), the 
cation (M=N-1), orthe anion (M=N+1).

3. Computational methods
Density functional theory (DFT) as implemented in Gaussian03 [12] has been used for all the 
calculations. The hybrid B3LYP density functional method was used, which includes Becke's 3- 
parameter nonlocal-exchange functional [13] with the correlation functional of Lee et al [14], The 
effective-core-potential LANL2DZ [15] is used for the atoms of Ni and Pt and the bases 6-31G** for 
hydrogen atom.
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The Pt surfaces with (100) crystalline plane were modeled using Pt(100)25 clusters and Ni 
nanoparticles was simulated by a nickel tetramer, Ni4, Figure 1. Since the reactivity of the surface is 
evaluated in terms of global and local indices based on well localized processes of charge transfer 
between adsorbate-substrate the use of an atomic bilayer was not considered.

Figure 1. PtnNim (n=25, m=4) system

In all calculations the nearest neighbor Pt-Pt distance was fixed at the experimental value [16] of 0.277 
nm for platinum. The optimization of the geometry of the Ni ad-atoms was carried out maintaining the 
geometry of the substrate fixed. The effects of relaxation of the substrate atoms were not considered. 
The interaction of the hydrogen atom on Pt (100)n and Pt (100)nNim surfaces was optimized in different 
adsorption sites: on top, bridge and hollow. At each site the H-surface distance was optimized, while 
all other parameters of these systems were kept frozen. In all cases, harmonic frequency analysis was 
performed to verify that the optimized structures are local minima.
The binding energy of hydrogen atom to the M-H systems (M= P(100)n, and Pt(100)nNim) was 
calculated as:

Ead ~ H ~ ~ (7)

Where, EM-h is the energy of hydrogen adsorbed on M system, EM energy from the M system and EH is 
the energy of hydrogen to an infinite distance from the surface, respectively.

4. Results
Table 1 shows the values of the global reactivity descriptors -chemical potential (p), chemical 
hardness (r|) and electrofilicity index (co)- for the pure and modified surfaces, Ptn and PtnNm, 
respectively, and the binding energy (Ead) of hydrogen atom on PtnH and modified surface, PtnNimH. 
The adsorption site of hydrogen atom is indicated as T (on top) and B (bridge), Figure 2. Not found 
adsorption on the Hollow site.

Figure 2. Hydrogen 
adsorption site (a) 
Pt„H(B), (b) PtnH(T), 
(C) PtnNim H(B), (d) 
PtnNim H(T)

The reactivity of global indicators is an intrinsic electronic property of the system and indicates their 
availability for a chemical change that may occur. The chemical potential measures the escaping
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tendency of electrons from the equilibrium systems then as ji becomes more negative, it is more 
difficult to lose an electron but easier to gain one.
The chemical hardness can be seen as the strength of a system to charge transfer; therefore it 
characterizes the stability of the systems under study. The electrophilicity index is a measure of 
stabilization energy of the system when it is saturated with electrons which come from the external 
environment, i.e., it measures the tendency of a system to capture electrons.
The chemical potential, the negative of the absolute electronegativity, of the hydrogen atom is -7.20 
eV and the chemical potential of Ptn and PtnNim systems are -6.03 eV and -5.92 eV, respectively 
(Table 1). Therefore it can be expected that Ptn and PtnNim systems act as a donor system and the donor 
Fukui function /k should indicate the reactivity of different regions of Ptn cluster.
The Ptn system had a greater value of chemical hardness, 0.56 eV, that the PtnNim, 0.46 eV, hence the 
latter system is more reactive or softer. The hydrogen adsorption stabilizes Ptn systems, being PtnH(T) 
more stable than PtnH(B) with a chemical hardness value equal to 0.61 eV and 0.59 eV, respectively. 
The same trend is observed for the modified surface but in this case the PtnNimH(B) is more stable than 
PtnNimH(T) with a chemical hardness value equal to 0.55 eV and 0.49 eV, respectively.
The values of the electrophilicity index confirm the tendency of the system, noting that the lower 
values of co are for PtnH(T) and PtnNm H (B).
An analysis of the binding energy of hydrogen atom in different sites covering the surface under study 
confirms that site energetically favorable for Ptn cluster is on top and for PtnNim is on bridge.

Table 1. Global reactivity descriptors, chemical potential (p), 
chemical hardness (T|), electrophilicity index (co) and binding 
energy (Ea<i) for the systems: Ptn, PtnNim, PtnH and PtnNimH (n = 25, 
m = 4),

System R
(eV)

n
(eV)

CO
(eV)

Ea[| 
(eV)

Pt„ -6.03 0.56 32.41 -
Pt„Nim -5.95 0.46 37.93 -

Pt„H(T) -6.02 0.61 29.70 -4. 64
Pt„H (B) -5.93 0.59 29.80 -4.45

Pt„NimH(T) -5.92 0.49 37.76 -4.53
Pt„NiraH (B) -5.84 0.55 31.00 -6.56

00^1 QMa'j

Figure 3. Fukui function (fk ) of Ptn and Ptn Nim systems.

The Fukui function (/k ) allows identifying the most active sites in the surface. The greater reactivity 
of cluster Pt (100)25 is located in the center with maximum value of Fukui function equal to 0.407, 
Figure 3. This site is the most susceptible to electrophilic attack and this result is in agreement with the 
previous one for hydrogen adsorption on platinum cluster, PtnH(T). Reactivity observed in the edge of 
the platinum cluster atoms can be considered artificial because the border atoms have unsaturated
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valences which can cause additional reactivity. The modified surface Ptn Nim presents the greater 
reactivity on Ni tetramer with the same value of Fukui function for each Ni atom. The four Ni atom 
have obviously the same probability to be attacked by electrophylic species, therefore in this case they 
do not provide the adsorption hydrogen site.
Future studies using larger cluster and effects of relaxation between adsorbate-substrate will allow us 
to make up a further analysis on the impact of the localized Fukui function to predict energetically 
favorable adsorption sites.

5. Conclusions
The study of the reactivity of Pt(100) cluster and of the same system modified by a nickel tetramer 
towards the atomic hydrogen using the global and local reactivity descriptors, allows us to arrive at the 
following conclusions:
-The global reactivity descriptors, chemical potential, chemical hardness and electrophilicity index 
confirm that the Pt cluster modified by nickel tetramer is more reactive than the pure Pt cluster.
-The local reactivity descriptor, Fukui function (/k), predicts that the greater reactivity of pure Pt 
cluster is located in the central atom and for PtnNim surfaces in the Ni tetramer.

6. Reference
[1] Roudgar A, GroB A 2004 Surf. Sci. 559 L180.
[2] Greeley J, Norskov J K, Mavrikakis M 2002 Annu. Rev. Phys. Chem. 53 319.
[3] Yao K, Cheng, Y F 2007 J Power Sourc . 173 96.
[4] Kitchin J R, Khan N A, Barteau M A, Chen J G, Yakshinskiy B 2003 Surf. Sci. 544 295.
[5] Paulus U A, Wokaun A, Scherer G G 2002 J. Phys. Chem. B 106 (16) 4181.
[6] Paulus U A, Wokaun A, Scherer G G, Schmidt T J, Stamenkovic V, Markovic N M, Ross P N 

2002 Electrochimica Acta 47 3787.
[7] Lee S, Park K, Choi J, Kwon B, Sung Y 2002 J. Electrochem. Soc. 149 A1299.
[8] Parr R G, Yang W 1989 Density Functional Theory of Atoms and Molecules (New York, 

Oxford University Press).
[9] Parr R G, Yang W 1984 J. Am. Chem. Soc. 106 4049.
[10] Parr R G, Von Szentpaly L, Liu S 1999 J. Am. Chem. Soc. 121 1922.
[11] ParrRG, Donnelly R A, Levy M, Palke WE 1978 J. Chem. Phys. 68 3801.
[12] Gaussian 03, Revision B.04.; Frisch M J; Trucks G W; Schlegel H B; Scuseria G E; Robb M A; 

Cheeseman J R; Montgomery Jr J A; Vreven, T; Kudin K N; Burant J C; Millam J M; Iyengar S 
S; Tomasi J; Barone V; Mennucci B; Cossi M; Scalmani G; Rega N; Petersson G A; Nakatsuji 
H; Hada M; Ehara M; Toyota K; Fukuda R; Hasegawa J; Ishida M; Nakajima T.; Honda Y; 
Kitao O; Nakai H; Kiene M; Li X; Knox J E; Hratchian H P; Cross J B; Bakken V; Adamo C; 
Jaramillo J; Gomperts R; Stratmann R E; Yazyev O; Austin A J; Cammi R; Pomelli C; 
Ochterski J W; Ayala P Y; Morokuma K; Voth G A; Salvador P; Dannenberg J J; Zakrzewski V 
G; Dapprich S; Daniels A D; Strain M C; Farkas O; Malick D K; Rabuck A D; Raghavachari K; 
Foresman J B; Ortiz J V; Cui Q; Baboul A G; Clifford S; Cioslowski J; Stefanov B B; Liu G; 
Liashenko A; Piskorz P; Komaromi I; Martin R L; Fox D J; Keith T; Al-Laham M A; Peng C 
Y; Nanayakkara A; Challacombe M; Gill P M W; Johnson B; Chen W; Wong M W; Gonzalez 
C; Pople J A. 2003 Gaussian Inc (Wallingford CT).

[13] Becke A D 1993 J. Chem. Phys. 98 5648.
[14] Yang W, Parr R G, Lee C 1988 Phys. Rev. B 37 785.
[15] Hay P J, Wadt W R 1985 J. Chem. Phys. 82 270, Hay P.J., Wadt W.R 1985 ibid. 82 284.
[16] Wyckoff R W G 1965 Crystal Structures (second edition vol. 1) (New York: Interscience 

Publishers).

5


