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Abstract-Extended Hueckel molecular orbital calculations for the adsorption of H-atoms in a simulated 
aqueous electrochemical environment on Pt(ll1) and Pt(100) clusters were made. Different adsorbate 
configurations were considered. H-atom adsorption on hollow sites coadsorbed with an on top OH- 
species for Pt(l1 I), and H-atom adsorption on bridge sites for Pt( 100) are favoured. At potentials lower 
than the hydrogen electrode equilibrium potential, H-adatom configurations involving subsurface Pt 
atoms can also be formed. For both Pt( 111) and Pt(lOO), these structures are probably related to species 
involved in the H-atom electrosorption and hydrogen evolution reaction. Copyright 0 1996 Elsevier 
Science Ltd 
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1. INTRODUCTION 

The Pt-H atom interaction plays a key role in elec- 
trochemistry, particularly at the Pt/aqueous solution 
interface in the range of potentials related to the H- 
adatom electrosorption equilibria, and hydrogen 
evolution reaction. Relevant data on these processes 
have been obtained on Pt single crystals involving 
both low and high Miller indices[l-71. In principle, 
the formation and characteristics of H-adsorbates on 
Pt in a particular environment depend on the 
H-atom adsorption energy at the different adsorp- 
tion sites[7-91. It should be noted that in recent 
years Pt-H and Pt-H,O interactions under ultra- 
high vacuum conditions, at well-defined single 
crystal surfaces, have been extensively studied[lO- 
141, and the results obtained for those systems have 
encouraged us to attempt a quantum mechanics 
modelling of the Pt-H system at the Pt/aqueous 
electrochemical interface. In general, two main types 
of H-adatoms on Pt in an aqueous environment are 
distinguished in the range of potentials where the 
H-atom electrosorption takes place, namely, strongly 
and weakly bound H-adatoms dominating at Pt sur- 
faces with a lower and a higher atom density, respec- 
tively. However, the real situation is more 
complex[lSlS] as, for instance, the third anodic 
voltammetric peak related to H-adatom elec- 
trodesorption on Pt has been assigned to subsurface 
hydrogen adsorption[19]. Furthermore, a.c. imped- 
ance data[20, 213 have revealed that other H- 
adatom species would appear as intermediates in the 
course of the hydrogen evolution reaction on Pt in 
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acid. This conclusion appears to be supported by 
data derived from electrochemically modulated 
infrared spectroscopy[22-241 and visible-infrared 
sum frequency generation techniques[25]. The for- 
mation of intermediates in the hydrogen evolution 
reaction has also been inferred from the analysis of 
potential relaxation curves[8,9]. 

The situation outlined above suggested the conve- 
nience of attempting a quantum chemistry approach 
to surface species likely formed at a simulated Pt/ 
aqueous electrochemical interface in order to dis- 
criminate the structure and energy of possible 
H-adsorbates. This is a relevant issue in dealing with, 
for instance, the interpretation of the complex elec- 
trosorption spectra of H-atoms on Pt in aqueous 
solution, and to provide a more realistic approach to 
the nature of H-atom intermediates involved in the 
hydrogen evolution reaction. 

The possible structures and energies of H-adatoms 
were calculated on Pt(100) and Pt(l11) clusters at a 
simulated Pt/aqueous electrochemical interface using 
the Extended Hueckel Molecular Orbital (EHMO) 
semiempirical procedure developed by HoffmannC26, 
271 and recently improved by Calzafferi[28-311. 
This calculation procedure proved to be sufficiently 
simple and reliable to deal with the subject matter of 
this paper. In fact, the selection of the calculation 
procedure was determined by computational limi- 
tations and the size of the finite clusters involving 
transition metal atoms of a high atomic number. 

2. THE CALCULATION PROCEDURE 

The EHMO method was applied to describe the 
structural and electronic properties of the Pt-H 
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system for a given geometry. The EHMO method is 
one of the simplest semiempirical methods available 
to describe the valence electronic structure, binding 
energies and chemical properties of large transition 
metal clusters involved in adsorption systems. It is 
worth noting that the EHMO method gives an over- 
estimation and an underestimation in bonding 
forces, but the relative bonding structural stability is 
well described[28]. 

The EHMO method including a sum of two body 
electrostatic terms[27, 30, 313 makes possible the 
optimization of the adsorbate structure for a given 
geometry. ,Accordingly, ET, the gobal energy of the 
system, is calculated from the contribution of three 
terms, ie 

ET = E,,Mo -C~,OE,O+RE (1) 
c 

where E,,,, is the non-corrected EHMO total 
energy including monoelectronic terms; b: is the 
occupation number, EF is the valence state ioniza- 
tion potential (VSIP) of the pth atomic orbital, and 
RE is the repulsion energy correction term. RE is 
evaluated from E,,, the contribution of the electro- 
static repulsion energy between atoms A and B, 
separated from each other by the distance R,,. 
Then, 

RE = c 1 EAB 
A B<A 

The EHMO method does not explicitly consider a 
term for the short-time repulsion energy between dif- 
ferent atoms. To calculate the minimum adsorption 
energy and equilibrium distance between interacting 
atoms, the method was reformulated[29-311 by 
including firstly E,, , a repulsion energy term, and 
secondly, H,, , a distance-dependent exponential 
factor in the off-diagonal EHMO matrix elements. 
The former represents the difference between the 
coulombic interaction energy and the arithmetic 
mean of attractive interaction energy for A-B and 
EA. Then, 

1 -- 
2 [ s 

zA &di+Zaj&di] 

(3) 

where Zi, Ri and pi are the nuclear charge, the loca- 
tion and the electron density of the ith atom (i = A, 
B), in this case atom B being more electronegative 
than atom A. The latter is calculated from the 
empirical weighted Wolfsberg-Helmholtz formula, 

H,,, = WABW,, + H,JS,, (4) 

where p and v stand for the ,uth and the vth orbitals 
of atoms A and B, respectively. 

Values of the diagonal elements for the Hamilto- 
nian in equation (4) are experimentally based, and 
valence orbitals are given by the Slater form. K,, 
and 6 are adjustable empirical parameters in the 
range 1.4 < (1 + K) Q 2.5 and 0 < 6 < 0.1 nm. Then, 
K,, is the K-parameter used for the EHMO method 

in the off-diagonal Hamiltonian matrix elements, 

K,, = 1 + K exp[ - 6(R,, - ro)] (5) 

where r0 is the sum of atomic radii of atoms A and 
B. The diagonal Hamiltonian matrix elements are 
given by the -VSIP values taken from experimental 
and Hartree-Fock-Slater data. Slater’s exponents 
are based on self-consistent calculations. 

The following calculation procedure was 
employed to evaluate the interaction of a single 
H-atom with either the Pt(ll1) or Pt(lO0) single 
crystal surface in a simulated aqueous electrochemi- 
cal environment, under an applied electric potential. 
The single H-Pt interaction is described by an 
adsorbed ensemble of the type [Pt,. H], where N is 
the number of Pt atoms of the high spin bilayer 
cluster used to model the Pt surface (Fig. 1). For 
Pt( 111) and Pt(100) the values N = 22 and 25 were 
chosen, respectively. These figures represent the 
minimum values of N compatible with border effect- 
free calculations and constant binding energies. Clus- 
ters were geometrically built by keeping the Pt-Pt 
bond length constant at 0.277 nm. This figure,agrees 
with the Pt-Pt interatomic distance in bulk Pt[32]. 

The H-Pt interaction energy is given by the spe- 
cific VSIP value which defines the equilibrium 
potential of the system. This value is attained when 
the charge transfer at the equilibrium internuclear 
distance is close to that predicted from the electro- 
negativity difference according to the Pauling’s ionic- 
ity relationship[33]. Values of the initial parameters 
are assembled in Table 1, which was taken from[34]. 

b 

a 

Fig. 1. Platinum cluster models. (a) Pt,,(lll); (b) Pt,,(lOO). 
Complete and uncomplete circles indicate Pt atoms at the 

surface and subsurface layer, respectively. 
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Table 1. EHMO calculations: optimized parameters 

Atomic orbital VSIP(eV) [,(a.u.-I) i2(a.u.- ‘) cl c2 
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Pt 5d - 12.83 4.0950 1.8600 0.7980 0.3520 
Pt 6s -9.32 1.9830 
Pt 6p - 5.72 1.3440 
0 2s - 27.96 2.5640 
0 2P - 12.16 2.2640 
H 1s - 13.30 1.3000 

VSfP = Valence state ionization potential. 
i,, 2 = Exponents of the base generating functions. 
c,, 2 = Linear coefficients of the double zeta Pt d-orbitals 

Following the method previously described for Pt 
and H[35], VSIP and Slater orbital exponents were 
taken from[28]. Values 6 = 0.035nm and K,, = 
1.75 have been set in equation (5) as those leading to 
the best description of both the bond length and the 
adsorption energy. 

Positive applied electric potentials were simulated 
by shifting VSIP values from the Fermi energy level 
of Pt downwards[36, 371. The influence of the 
applied electric potential on solvent adsorption was 
neglected. In a previous study[34], the change of 
VSIP with the applied electric potential was set 
equal to 1 as the simplest choice, because there was 
no experimental information that could justify a dif- 
ferent dependence. On the other hand, for the 
H-atom electrosorption on Pt, it is reasonable to 
admit that the change in the geometry of the H- 
adsorbate ensemble with the applied electric poten- 
tial is reflected by the characteristics of H-atom 
electrosorption voltammetric current peaks. 

For a single H-adatom and a single water mol- 
ecule interaction with the Pt single crystal surface, 
distinguishable adsorption sites, such as, on-top 
(one-fold), bridge (two-fold) and hollow (higher 
coordination) were considered. Adsorption at a 
hollow site implies a four-fold coordination on 
Pt,,(lOO). Otherwise, either three or four Pt atoms 
can define the hollow H-atom or OH coordination 
on Pt,,(lll), depending on whether the fee [(3-1)- 
hollow site] or the hcp [(3-3)-hollow site] local sym- 
metry is involved, respectively. Obviously, several 
adsorption configurations are related to the inter- 
action of either a single H-atom or OH-species with 
each one of those sites. In this work, different 
adsorption configurations and degrees of Pt surface 
coverage by H-atoms on both the top-most and 
underlying sites were systematically considered. In 
this case, the most stable OH-adsorbate configu- 
ration was chosen. 

It should be noted that the similarities between 
theoretical calculations and real surface processes 
must be handled carefully because of the space limi- 
tation of finite clusters which can lead to different 
responses of the electronic distribution to a local 
interaction with small atoms. Unfortunately, it is dif- 
ficult to extend ab-initio calculations, as those carried 
out for small (N = 4, 5) “testing” clusters[38], to 
large clusters (N > 20) built up with transition 
metals of high atomic numbers. In these cases 
EHMO calculations lead to results which can be 
compared with experimental data[27,28, 34,36,37-J. 

3. RESULTS 

The formation of a stable H-adatom configuration 
implies that a minimum potential energy for the 
system is achieved. In the simulated aqueous electro- 
chemical environment, calculations show that among 
all possible H-adatom configurations, those involv- 
ing the bridge on Pt(lOO), and the hollow coordi- 
nation together with neighbour H,O or 
OH-adsorbates on Pt(ll1) are the most relevant. 
From spectroscopic data[23, 241 it was found that 
H-adatom bridge coordination for Pt,,(lOO), and 
(3-1)-hollow coordination with neighbour on top 
OH-adsorbates for Pt,,(lll) are the most stable 
adsorbate configurations, in agreement with a full 
optimization in bond distance and planar angle for 
each adsorbate geometry (Fig. 2). The geometry and 
relative stability of each adsorbate can be inferred 
from data assembled in Table 2. Values of AE, the 
adsorption energy, were calculated from the differ- 
ence : 

AE = 4. P,NH - ET, ~t,v - EH - Eo, (6) 

where k nNH and ET, ptN are the total energy for the 
[PtN H] and the [PtJ ensembles, respectively, E, 
and E,, stand for the energy term related to the free 
H-atom and OH-species, respectively. 

The geometry optimization of adsorbed ensembles 
is obtained by changing simultaneously I,._“, the 
Pt-H bond distance and the Pt-Pt-H planar 

Table 2. Single atomic H adsorption energy, AE, opti- 
mized Pt-H distance, and perpendicular distance (h) from 
H-atom to the plane of the surface for [Pt,,(l 11) . H. OH,] 
and [Pt,,(lOO) H] configurations at the equilibrium 

potential 

Pb,(lll) 

on-top 
bridge 
hollow 

(3-3) 
hollow 

(3-l) 

AE rP,-n 
eV nm 

0.0234 0.174 
0.1239 0.180 
0.0786 0.175 

-0.8310 0.186 

h 
nm 

0.104 
0.020 

0.095 

pt,,ww 

on-top 
bridge 
hollow 

AE 
eV 

0.0126 
-0.7831 

0.0663 

rPt-H h 
nm nm 

0.176 - 
0.187 0.112 
0.175 0.020 
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Fig. 2. H-atom structures involving surface Pt atoms at Pt 
clusters. (a) H-adatom (3-l)-hollow coordination and OH- 
adsorbate on-top coordination on Pt,,(lll). (b) H-adatom 

bridge coordination on Pt,,(lOO). 

angle. For this purpose, rpt_n was changed 0.001 nm 
stepwise from the initial rP,_” = 0.160 nm value up to 
a value at which the Pt-H bond rupture occurs. 
Correspondingly, for each rP,_” value the planar 
angle was fully optimized. The same geometry opti- 
mization was extended to the Pt-CGH bonds. 

The adsorption bond resulting from the H-Pt 
interaction at the second Pt layer is similar to that 
previously calculated from a linear H-Pt coordi- 
nation. No influence on the adsorption energy was 
found when larger Pt clusters were considered. 

Data assembled in Table 2 show that the most 
stable structure of a single H-adatom on Pt,,(lOO) 
corresponds to the bridge adsorbate geometry, 
whereas for a single H-adatom on Pt,,(lll) the 
largest adsorbate stabilization energy results for the 
(3-1)-hollow interaction with a neighbour on top 
OH-adsorbate (rR4 = 0.202 nm, ran = 0.102 nm). 
These results are rather different from those reported 
previously[37], since for the chosen parameters, OH- 
species are more likely to be adsorbed than a single 
water molecule. 

The gradual Pt surface coverage by H-adatoms 
makes the adsorbate ensemble more stable on both 
Pt2s(100) and Pt,,(lll) surfaces. It should be noted, 
however, that EHMO calculations made for water 
adsorption on Pt,,(lOO) results in an unstable 
adsorbate for Pt fully covered by H-adatoms. These 
results are consistent with the H-adatom structures 
advanced over a decade ago for Pt from in situ infra- 
red spectroscopy[22,24]. 

The net charge variation in the H- and O-atom for 
the (3-1)-hollow adsorption with the applied electric 
potential was followed on Pt,,(lll). In this case, it 
was found that the O-atom charge strongly depends 
on the applied electric potential, since the O-atom is 
directly bonded to the Pt surface. On the other hand, 
the net charge on the H-atom bonded to the O-atom 
is almost constant in the range - 1.0 to l.OeV, since 
the H-atom bound to the O-atom is located far from 
the Pt surface (Table 3). Likewise, no clear variation 
in the charge of the H-atom bonded to Pt with the 
applied electric potential could be observed (Table 
3). These results indicate that the influence of the 
applied electric potential on the Pt surface is almost 
fully compensated by the more electronegative 
O-atom. 

When the degree of surface coverage by H- 
adatoms increases, new stable H-adatom structures 
which are built at the centre of a four Pt atom 
cluster region, are found for both Pt,,(lll) and 
Pt,,(lOO). The calculation of the stability of these 
structures is appropriate to describe possible H- 
adatom local interactions resulting from different 
degrees of Pt surface coverage. For the most stable 
H-adatom bridge configuration on Pt,,(lOO) (Fig. 3), 
the stabilization of the adsorbed ensemble proceeds 
via a (2 x 2)-structure at a bridge coordination site, 
whereas for Pt,,(l 11) (Fig. 4) the adsorbed ensemble 
energy is -0.13 eV, as would be expected for a phy- 
sisorbed species. However, a H-adatom at a (3-1)- 
hollow site, together with an OH-adsorbate at an 
on-top neighbour site, gives a more realistic descrip- 
tion of the H adsorbed ensemble. 

Different local interactions and changes in the H- 
adatom adsorption energy on Pt,,( 100) are obtained 
at negative applied electric potentials. Likewise, the 

Table 3. Charges on the 0 and H, qo and qH, of hollow 
[Pt,,(l 11) H. OH,] ensembles at different applied electric 

ootential (V) 

WV) 1.0 0.5 0 -0.5 -1.0 

q&W 0.589 0.546 -0.501 -0.456 -0.406 
qnO*(ecu) 0.404 0.405 0.408 0.408 0.408 
qHt(ecu) - 0.204 0.112 -0.073 -0.012 0.045 

* Net charge on the H-atom bound to O-atom. 
t Net charge on the H-atom bound to Pt. 

Fig. 3. H-adatom structures involving surface Pt atoms at 
Pt clusters. H-adatom bridge coordination on Pt,,(lOO) for 

a degree of surface coverage z 3/8. 
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Fig. 4. H-adatom structures involving surface Pt atoms at 
Pt clusters. H-adatom bridge coordination on Pt,,( 111) for 

a degree of surface coverage z 9/14. 

presence of a H-adatom at a hollow site directly 
bonded to a Pt-atom at the second layer, tends to 
shift the H-adatom from a bridge to an on-top site. 
Although the appearance of such complex geometry 
is rather unlikely (0.23eV), it tends to become stable 
when the applied electric potential is below -0.1 eV. 
This type of H-adatom coordination involving both 
the first and second Pt atom layer for Pt,,(lOO) is 
depicted in Fig. 5. Nevertheless, for applied electric 
potentials more negative than -0.35eV, the stabili- 
zation of the H-adatom adsorbed ensemble decreases 
abruptly, and for -0.4eV only physisorbed H-atom 
species are observed again on P&(100). For applied 
potentials even lower than -0.4eV, negative net 
charges for H- and Pt-atoms are found. Correspond- 
ingly, a large repulsion energy between Pt and H 
atoms, which can not be compensated by the 
adsorption energy itself, appears. 

A similar analysis was made for H-adatoms on 
Pt,,( 111). In this case, a H-adatom at a (3-l)-hollow 
site and an OH-adsorbate at a neighbour on-top site 
become the most likely adsorbate ensemble (Fig. 6), 
although values of AE correspond to physisorbed 
species when the applied electric potential is above 
-0.15 eV. On the other hand, for applied electric 
potentials below -0.35 eV, a further stabilization of 
the H-adatom interacting with a Pt atom at the 
second layer is observed. In this case, the corre- 

Fig. 5. H-adatom structures involving subsurface Pt atoms 
at Pt clusters. H-adatom on-top coordination on Pt,,(lOO). 
Degree of surface coverage z 7/16; degree of sub&ace 
coverage z 5/9. H-atoms with and without a circle rep- 
resent H-atoms interacting with either a surface Pt or a 

subsurface Pt atom, respectively. 

Fig. 6. H-adatom structures involving subsurface Pt atoms 
at Pt clusters. H-adatom bridge and on-top coordination 
on Pt,,(lll). Degree of surface coverage g 2/7; degree of 
surface coverage z 3/8. On-top coordinated neighbour 

OH-adsorbates are also shown. 

sponding AE value is free from the water 
coadsorption influence. 

For applied electric potentials below -0.5eV the 
adsorbate ensemble is no longer stable, ie the AE 
changes from negative to positive. This change is due 
to a rather large net negative charge for both the H 
and Pt atom on Pt,,( 111). 

The above description resulting from EHMO cal- 
culations implies the possible existence of several H- 
adatom states on Pt in the simulated aqueous 
electrochemical interface. In fact, the multiplicity of 
H-atom electrosorption voltammetric Peaks has 
been associated with the formation of different H- 
adatoms on Pt in acid. The EHMO description also 
indicates that, under a high degree of surface cover- 
age by H-atoms, H-adsorbates involving a Pt atom 
at the second layer would be also possible. 

4. DISCUSSION 

It is well known that H-atom electroadsorption on 
Pt results mainly in the formation of two different 
adsorbates, namely, the weakly and strongly 
adsorbed H-atom. For Pt( 111) single crystal surfaces, 
the weak H-Pt bonding, in contrast to the strong 
H-Pt bonding for Pt( lOO), should involve the contri- 
bution of a water molecule to the formation of the 
adsorbed ensemble[37, 39-421, which can be for- 
mally represented as a [PtN. H. OH,] ensemble. IR 
spectroscopy data showed that the bond energy of 
weakly bound H-adatoms on Pt( 111) depends on the 
applied electric potential (charge density)[13, 391. 
Otherwise, strongly bound H-adatoms on Pt(100) 
imply an adsorbed ensemble in which the H-atom 
electron density is delocalized on the Pt surface[37]. 

Depending on whether the electron energy level is 
lower or higher than the Pt Fermi level, either nega- 
tively or positively charged H-adatoms result. This 
excess of charge results in a change in the shape of 
the potential energy curves, which in turn implies a 
change in both the H-Pt site interaction for each 
possible H-adatom coordination, and the polariza- 
tion of molecules at the interface. 

Our results show that the formation of H- 
adsorbates at surface Pt sites and subsurface Pt sites 
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in the simulated aqueous electrochemical environ- 
ment becomes possible on both Pt,,(lll) and 
Pt,,(lOO). Furthermore, results predict that a tran- 
sition from surface to subsurface adsorbate configu- 
rations is feasible by adequately changing the 
applied electric potential. This finding provides a 
new insight into the nature of H-adatom species on 
Pt in both vacuum and aqueous environments. In 
fact, this type of configurational transition has been 
reported for Pd(ll1)[43], and the presence of sub- 
surface H-adatom states at Pt, Pd and Ni single 
crystal electrodes as well[44,45]. 

H-adatom subsurface states on Pt result from the 
H-adatom stabilization by an excess of negative 
surface charge which favours a transition from a H- 
adatom bridge coordination to a H-adatom hollow 
subsurface coordination on Pt,,( lOO), and from a H- 
adatom (3-l)-hollow coordination to a H-adatom 
hollow subsurface coordination on Pt,,(lll) (Figs 5 
and 6). H-adatoms bound to a surface Pt and a sub- 
surface Pt atom are electronically different as a result 
of the excess of negative charge at the H-adatom 
bound to a subsurface Pt atom. These H-adatom 
subsurface states could probably be related to the 
Pt-H vibration frequency recorded near 0.05V 
by electrochemically modulated infrared spec- 
troscopy[22] and visible-infrared sum frequency gen- 
eration vibrational spectroscopy[25]. 

On the other hand, the possible existence of H- 
adatoms at the subsurface level would introduce an 
additional state in those electrochemical processes in 
which H-atoms are involved. This can be visualized 
through the potential energy curves calculated from 
Morse equation[46] for the solvated proton 
(reactant) and the H-adatom bound to surface and 
subsurface Pt atoms (product) (Fig. 7). For this 
purpose, data assembled in Table 4 were used for the 
H-surface and H-subsurface adsorbates in the course 
of the H+ ion discharge step. 

The potential energy vs. either the rR_” or rH_,,ul 
distance (Fig. 7) plot represents the stabilization for 
the H30+ ion in solution (curve I), the H-adatom 
bound to a surface Pt atom (curve 2), and the H- 
adatom bound to a subsurface Pt atom (curve 3). 
The equilibrium Pt-H bond length is taken from the 
gas phase data, rp,_” = 0.18 nm[36]. The equilibrium 
distance in curve 1 is 0.22nm, irrespective of the 
applied electric potential. For H-adatom formation 
on Pt two equilibrium distances are obtained, 
namely, 0.18 nm and 0.16 nm, depending on whether 
a Pt atom at the surface or at the subsurface is 
involved in adsorbate formation. 

‘H-OH2’” m 

0.4 0.3 0.2 0.1 

1 
L- -4 . 
e 
W 

-3 - 

-2 - 

-1 - 

1 

I 

\ / 

0.2 0.4 0.6 

rpt_Hlnm 

Fig. 7. Potential energy vs. rR_n and t-non2 diagram 
involving H+-ion hydration (curve 1), H-adatom-surface Pt 
(curve 2) and H-adatom-subsurface Pt (curve 3) inter- 
actions. Calculations are based on data assembled in 

Table 4.) 

The preceding description can be further improved 
by considering the change of the substrate lattice 
spacing with the applied potential, which is another 
problem of importance in dealing with electrochemi- 
tally promoted H-absorption on metals[15]. 

5. CONCLUSIONS 

l The EHMO quantum chemistry approach applied 
to the reversible H-atom electrosorption provides 
information about the possible existence of a H- 
adatom and OH-species bound to a surface Pt atom, 
and a H-adatom bound to a subsurface Pt atom. 
l For Pt,,(lll) the stable H-adatom ensemble 
involving surface Pt comprises a (3-1)-hollow coor- 
dination and an on-top neighbour OH-adsorbate, 
whereas for Pt,,(lOO) the stable H-adatom ensemble 
consists of a bridge coordination. 
l For Pt,,(lll) the stable H-adatom ensemble 
involving subsurface Pt can be described as a (3-1)- 
hollow surface and (3-3)-hollow subsurface coordi- 

Table 4. Parameters used in the calculation of the potential energy 
diagram shown in Fig. 7[461 

Morse equation, E = Edas{ 1 - exp[ - a(r - r,)]}’ 
E = potential energy 
E d,,a = dissociation energy for either H-OH 2 , H-P&, or H-PtsubSurl 
a = O.l8nm-’ 
Proton enthalpy of hydration = - 269 kcal mol - ’ 
Hydrogen atom ionization energy = 313 kcal mol-’ 
Pt work function (mean electron energy in the metal) = 120 kcal mol -I 
r&H-Pt,,,,) = 0.18 nm 
r,(H-Pt..., .,,. A = 0.16 nm 
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nation with OH-adsorbates as neighbours at on-top 
sites. Otherwise, for Pt,,(lOO) the stable H-adatom 
ensemble implies a hollow subsurface and an on-top 
surface coordination, without OH-adsorbates. 
l Morse potential energy curves for proton in solu- 
tion, a H-adatom bound to a surface Pt atom, and a 
H-adatom bound to a subsurface Pt atom indicate 
that within the range 0 to -0.35eV, the activation 
energy for the H + ion discharge reaction decreases 
because of the increase in the H-adatom subsurface 
Pt adsorption energy. 
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