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A simple model is constructed to calculate the potential energy surface of dissociative adsorption
and associative desorption reactions at the metal/solution interface. The model is based on an
extension of the Anderson—Newns Hamiltonian and has three reaction coordinates; the bond length
or the distance between the fragments, the distance from the surface, and the generalized solvent
coordinate familiar from the classical theory of electron-transfer reactions. The properties of the
three-dimensional potential energy surfaces are studied and the activation energy for dissociative
adsorption is calculated as a function of the applied potential and the metal work function. In the
observed trends, the absorption energy and hence the electrosorption valency of the fragments play
an important role. For certain “extreme” values of the bonding or antibonding energy levels,
molecular ions may become metastable and affect the reaction mechanisd@98American
Institute of Physicg.S0021-960808)70529-X

I. INTRODUCTION By parameterizing the ionization potentials of the atoms con-
stituting the metal cluster, this method allows for a continu-

Undoubtedly the key event in heterogeneous catalytiys shift of the electronic bands and the Fermi level of the

reactions is the step in which a molecule dissociatively adetal. However, in Anderson’s method the electrode surface

sorbs, or adsorbed fragments combine, to form new chemicabmains uncharged and no electric field exists in the double
entities. The modeling of such reactions is the central issugyqr.

of theoretical heterogeneous catalysis. Theoretical ap- Recently, progress has been made in the modeling of

proaches to chemisorption, dissociative chemisorption, angarious classes of electrochemical reactions by model Hamil-

assﬁ.c'?t'vf. r?(_eriorpnon ) mayh |nYCJtIve fvanc;}us levels Oftonians. Schmicklé® was the first to extend a well-known
sophisticationt. The quantum chemistry of SUCh Systems may, o1 yamiltonian from surface physics, the so-called

be treated by model Hamiltonians, by semiempirical meth- o o
ods such as the extended ¢kel method, or byab initio Anderson—Newns Hamiltonighto the electrochemical in

: . rf including th ling with th lar solvent. Sev-
methods based on self-consistent-field Hartree—Fock theorte ace by .CUd gt ecpup ,g th the polar solvent. Se
. . . - L ral extensions of Schmickler's model have been suggested
or density functional theory. The semiempirical aidinitio . : . .
since, including treatments of outer- and inner-sphere elec-

approaches usually involve cluster models of the metal sur-

13 H 5
face, and although these cluster models have their limital " transfer at metal™and semiconductor electrodés,

6; 7-20
tions, with the present level of computational capabilities_proton transfef? ion transfet’"*°and concerted bond break-

quite satisfactory and insightful results are attainable fof"d €lectron transfer reactions at metal electrades-
simple reactions at the single-crystal/lUHV interface. though these approaches will never give information as de-

The situation is much more complicated for catalytic re-tailed as “first-principles” simulations or quantum-phernical
actions at metal/liquid interfaces as two formidable problemgalculations, they are very useful as conceptualizations of
arise which are not yet satisfactorily treatable by clusteicertain classes of electrode reactions. Furthermore, owing to
models. The first is the presence of the solvent and the eledbeir relative simplicity, they more readily give insight into
trolyte ions which are definitely going to have an influencethe potential dependence of the reaction rate, clearly a central
on the rate and the selectivity of many heterogeneously eledssue in electrode kinetics.
trocatalyzed reactions. The second problem is the presence In this paper a new extension of Schmickler's
of an electric field due to an excess charge on either side dinderson—Newns Hamiltonian is suggested which allows
the interface. This basically reduces to the problem of how tdhe calculation of the potential energy surfa&&S of dis-
include a continuously adjustable electrode potential in sociative adsorption and associative desorption at a metal
cluster model of the metal. So far only the latter problem haglectrode. This seems to be the first microscopic model of a
been tackled in the context of cluster models by Andersontruly electrocatalytic reaction in which bonds are broken or
in his atom superposition and electron delocalization moformed. The dimension of the PES is higher than that of any
lecular orbital(ASED-MO) theory, a semiempirical methdd. previous model of electrochemical reactions, as there are

0021-9606/98/109(5)/1991/11/$15.00 1991 © 1998 American Institute of Physics
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three reaction coordinates proper to this process; the distance x. ©
of the center of mass of the molecule or the fragments from ©

the electrode, the bond length of the bond being broken or
the distance between the two fragments, and the polarization
state of the solvent or total charge of the reactive complex. £ 2
The latter coordinate, the well-known solvent coordinate
from the Marcu® and Levich—DogonadZ2 theories, is /
unique to condensed-phase charge transfer reactions and has ) ®

no counterpart in dissociative adsorption reactions at the Q

@ transition state

metal/gas interface.

A few words on the organization of the paper. In Sec. Il,
we give the Hamiltonian describing the system, which con-
sists in fact of two Hamiltonians, one describing the mol-
ecule and one describing the fragments. The two adiabatic
ground-state potential energy surfaces which follow from
both Hamiltonians are calculated, and we then calculate th
total potential energy surface by simply “mixing” the po-
tential energy surfaces of the two subsystems. Our mod
treats both oxidative and reductive dissociative adsorption.
In Sec. lll the properties of the resulting potential energy o
surface are studied, deriving the typical reaction path, iden
tifying the rate-determining stég, and calculating the acti-
vation energy of the bond breaking step and its dependen
on parameters such as potential and metal work function. A[h
short summary of our results is given in Sec. IV.

FIG. 1. A pictorial view of the Tafel-Volmer mechanism.

Surface chemists would refer t(2.4) as a Langmuir—
inshelwood mechanism and 1@.5 as an Eley—Rideal
echanisnt®] The theory to be described below will give a
ES of the Tafel-Volmer mechanism.

Before we plunge into the equations, it is good to have a

e pictorial and intuitive view of the physical events we
are assuming to take place during the process. This qualita-

tive description will sometimes anticipate the results of the
antitative modeling, but will allow us to introduce the

ree reaction coordinates that are needed to fully describe
the system.
Considering the reductive dissociatit¢h1l), there is first

the molecule approaching the surface along the distance co-
Il. THE HAMILTONIAN AND THE GROUND STATE ordinatex [Fig. 1(a)]. In our modelx describes the distance
PES of the center of mass of the molecule from the surface.

o ) i Throughout this paper, we consider the molecule in a posi-
Our aim in this paper is to calculate the PES for theyjon parallel to a featureless surface; perpendicular rotations
following electrode reactions: are not taken into account. The molecule is attracted to the

Xo+ 26" =2X" (2.1  surface by van der Waals forces, and, when it gets close to

the surface, by sharing electrons with the metal substrate in

and surface bonds. Part of the electronic attraction may be due to
Y,—2Y"+2e, (2.2) the donation of electrons to the antibonding orbital of X3e

molecule, depending on how the energy of this antibonding
where we will refer toX, (,) as the molecule and™ (Y*)  orbital lies with respect to the Fermi level of the metal. The
as the fragmei#). In principle, the fragment can be any energy level of the antibonding orbital lowers as the mol-
chemical entity. However, we concentrate more specificallyecule approaches the surface due to the image interaction.
on reaction(2.1) with X being a halide, e.g., However, the backdonation of metal electrons to the anti-
Cly+ 2¢~=2CI. 2.3 bonding orbital weakens the(_—X bond and_ _the bqnd
stretches along the bond coordinatéAt some critical point
A typical example of reactioffi2.2) would be the H oxida- in phase spac@Fig. 1(b), the transition stafe it becomes
tion. However, our model is certainly too crude to describefavorable for the molecule to break up into two adsorbed
hydrogen, as this would have to include a much more accufragmentgFig. 1(c)], r now describing the distance between
rate description of the proton—solvent interaction than thehe two fragments. The calculation of when this exactly oc-
simple purely electrostatic model considered below. curs is the main objective of this paper. In a final step, the
In the classical electrochemical literatdfe’> the above  fragments desorb from the electrode surface and wander off
reactions are usually believed to follow either a so-callednto the solutiorFig. 1(d)]. During all these events, we will
Tafel-Volmer mechanism, assume that the total charge distribution on the reactive sys-
tem changes gradually and adiabatically. It is important to

X2=2Xads (2.9 realize that there exists no single step in which exactly one
Xagsh € =X, entire electron is being exchanged with the electrode. This
gradual “charging” of the reactive complex will involve a
or a so-called Heyrovsky—Volmer mechanism, reorganization of the surrounding solvent and will therefore
Xyt e =Xt X, influence the total potential energy of the system. This sol-
(2.5  vent reorganization is the third reaction coordinate, and we
Xagst€ =X will follow ideas from the Marcu®—Hust’ theory by as-
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suming that this collective solvent coordinate can be conveeorresponding occupation number, creation, and annihilation
niently expressed by the total charge We note that the operators. Thé&/, are the corresponding matrix elements.
concept of a collective solvent coordinate implies that it is,  In considering the solvent and its interaction with the
strictly speaking, more accurate to speak of a free energgnolecule we follow ideas familiar from electron transfer
surface than a potential energy surface, but we will use théheory and distinguish between fa@lectroni¢ and slow
term potential energy surface throughout. solvent modes. The former are assumed to be instantaneous
The picture forY, dissociation is very similar, the main and incorporated in the electronic energy. The slow sol-
difference being that instead of the antibonding orbital wevent modes are represented as a collection of harmonic os-
have to specify the bonding orbital which is able to donatecillators; their interaction with the molecule is assumed to be
electrons to the electrode and thereby weakeningYth& linear and proportional to the charge accumulated in the an-
bond. This last point is important as it means that, in thistibonding orbital. ThudH reads
paper, we will assume that in reacti@?2) there is no back-
donation of metal electrons to the antibonding orbital of the
Y, molecule. It is rather the donation of bonding electrons to
the metal which is driving the breaking of the bond. We
adopt this picture because we want our model for reactiorf he first term denotes the unperturbed solveptandp, are
(2.2 to be the “mirror image” of our model for reaction the dimensionless coordinates and momeatathe frequen-
(2.2). cies andv labels the solvent modes. The second term ac-
counts for the interaction. Thg,(x) are the coupling con-
stants. They depend on the distamde account for a change
We first describe the interaction of the ¥olecule with  in solvation as the molecule approaches the surfaee be-
the surface. We will consider only the electronic interactionlow).
of the antibonding LUMO energy leved, with the metal The termH,,, describes the change in the potential en-
electronic levels. This is sufficient to describe the bondergy of the bond as the antibonding orbital gets occupied by
breaking process, although for a more accurate description ehetal electrons. As in Saaat’s modeF® the X—X bond is
the adsorption process the interaction with the molecule’slescribed by a Morse potenti@E,(X5)]. In contrast to
HOMO orbital will also be important® This interaction will  Saveant's model, we assume that by occupying the antibond-
be included in a simplified way, as explained below. Theing orbital with an electron, the bond weakens but the mol-
Hamiltonian employed is equivalent to a Hamiltonian re-ecule does not break up. The breaking-up depends on how
cently suggested to describe concerted bond breaking aritie energy of the molecule compares to the energy of the two
electron transfef! That model was studied mainly in the adsorbed fragments. The molecular ion bond potential is also
limit of weak electronic coupling, to model the reductive a Morse potentidlE, (X, )]. By multiplying these potentials
cleavage of molecules located in the outer Helmholtz planeby the operator§1—n,] andn,, we construct an effective
i.e., not adsorbed onto the metal surface. Such reactions hagwitching function describing the weakening of the bond,
been studied in great detail by Save and co-worker’ It
was noted in our previous paper that for stronger electronic  Hbob=[1—NalEp(X2) +NaEL(X3). 2.9
coupling, the model was capable of describing the phenom- _ i
enon of backdonation mentioned in the previous section. It id '€ Morse potential foK is
this feature of the model that will be exploited here. Back- _ 2
donation is also held responsible for theppotential-dependent Eo(Xz) =De{[1-exp—a(r—ro) "~ 1}, (2.19

IR stretch frequencies of electrochemically adsorbed diatomyherer is the bond distance,, the equilibrium bond dis-

ics such as NO and CO; in fact, to eXpIain this phenomenort,ance, and:)e the dissociation energy. The paramem'rs
a model quite similar to the one presented below was conrelated to the bond vibration frequenay, (in s™%) by a

1
Hoom5 2 hw,(pi+a0) —na2 hiw,0,(0)0,. (29

A. X, adsorption

sidered by Holloway and Nekov™ = wp(u/2D ) Y2 with u the reduced mass of the atoms par-
The Hamiltonian describing th¥, interaction with the ticipating in the bond breaking process. For convenience, we
metal consists of three parts, choose a bond potential fot, consisting of the same pa-
rameters, i.e.,
H=Heiect Hson ™ Hpb- (2.6)

Ey(X;)=Dg{[1—exp—a(r—ry))]?
In the second-quantized form, the electronic and solvent (X2 ) =Dl R—al 0))]
Hamiltonians are the same as in Schmickler's models, —1+exp(—2a(r—rg))}. (2.11)

N . N The two potentials are drawn in Fig. 2. Note that, in this
Helec= fa”a+2k fk”k+zk [Vi(X)C, Cat Vi (X)CaCkl,  model, the dissociation energy f is exactly half that of
(2.7) X5, which is a reasonable estimate. For instance, our model
predicts that for GJ the dissociation energy is 1.24 €¥.30

wheren, is the occupation number operator of the antibond-eV experimentally, for Br, 0.99 eV (1.15 eV experimen-
ing orbital, withc] andc, the corresponding creation and tally), and | for 0.77 eV (1.0 eV experimentally®!
annihilation operators. The electronic states on the metal are By well-known techniques detailed elsewhérene cal-
labeled by the quantum numblern,., ¢, , andc, denote the culates for the ground-state PES(x,r,q),
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FIG. 2. The Morse bond potentials Ed2.10 and(2.11).
()

El(xlr!Q) :Ea(x,r !q)<na>

Aq(x)
2

Exr,q)+A%(X)
N X, r.0)—Eo) 2+ A%(X)

(2.12

+X1(X)q?+Ep(Xp) + Vi, (X)

with {n,(x,r,q)) the average occupation of the antibonding
orbital, given by
)
1 €L(x,r,
(na(x,r,q))= = arcco( ail—(x)q)) (2.13
As equations very similar to Eq$2.12—(2.13, including
the detailed derivation, are given at many places in the
literature’ 91317 we do not repeat their derivation here.
Equation(2.12) is the exact solution of the ground-state PES
of the above Hamiltonian if it is assumed that the width of
the Fermi distribution of the metal electronic states can be
neglected, and if the parametky, which describes the elec-
tronic interaction of the diatomic with the surface, is inde-
pendent of the electronic energy The first term in Eq.
(2.12 corresponds to the energy of the elec{mccupying
the antibonding orbital; the second term is the electronic
bonding energy of the diatomic adsorbate, and equals zero at
infinite distance from the surface whete,=0; the third
term is (free) energy of solvation of the diatomic when it
carries a charge q; the fourth term is bonding energy of the
diatomic; and the fifth term is the interaction of the core of
the diatomic with the metal surface. A more detailed expla-
nation and definition of the various quantities in E§.12
now follows.

@ A(X)=m2Vi(X)|?5(e— €) is the broadening of the
molecule’s antibonding orbital energy, due to the elec-
tronic interaction with the metal states. Equati@ril2
can only be derived ifA; is assumed that to be inde-
pendent of the energy (wide conduction band ap-
proximation. A, falls off approximately exponentially
with the distance of the molecule from the surface. We
take A (x) =AY exp(—x/), with I=1A.

(b) gq==,9,/g, is the so-called generalized solvent coor-

M. T. M. Koper and G. A. Voth

dinate familiar from the Marcus theof¥.In Hush’s
interpretatior?’ —q is equal to the(fractiona) charge
on the molecule.

E. is the energy of the bottom of the conduction band.
Its exact value is immaterial; in all that follows we
have taken it equal te-12 eV.

The term’e,(x,r,q) is the renormalized antibonding
energy level, given by

Ea(xarvq)zfa+q)+A‘//M/solv_ 2)\1(X)q+ Eb(xg)
— Ep(X2) = M(X) = €im(X) + F(X) A ¢
(2.19

As mentionedg, is the energy of the antibonding or-
bital, or the electron affinity of th&X, molecule, e,
=—EA(X,).

® is the work function of the metalA ¢son IS the
change in the surface dipole potential at the metal/
solvent interface, due to changes in both the metal and
solvent surface dipole potentials as a consequence of
the presence of other phase. The quantdy
+Adnsoy May be viewed as the “electrochemical
work function,” or as the potential of zero chargg,

on the vacuum or absolute scéfeThis term is added

to €, so that the Fermi level of the metal corresponds to
the electronic energy zero.

)\1(x)=2,ﬁwyg§(x)/2 is the distance dependent sol-
vent reorganization energy. Its bulk value is estimated
as the slow part of the molecular ion’s real solva-
tion energy, ie., \i()=—(€mn—es )/ (1—€*
XAGg(X3). €p and €5 are the optical and static
dielectric constants of the solvent, and for practically
all solvents the quantity e;—e; *)/(1—e5*)~0.5.
Experimental values for the molecular ion’s real solva-
tion energy are not available, but a rough guess can be
made from the idea that ax, is about twice as large
as anX~, which in the Born-model would lead to a
2% smaller solvation energy. Molecular dynamics
simulations show that the solvent’s potential of mean
force depends on the distance from the electrode sur-
face; an ion has to overcome a solvent barrier in order
to adsorb onto the met&t:>* One can take this impor-
tant effect into account by introducing a distance-
dependent solvation energy. We follow Schmickler's
parameterization for the distance dependéniég;
AX)=N©)[£+(1-Hp((x=ra)/L)], (2.15
whereé is the fraction of the bulk solvation energy that
the ion experiences in the adsorbed state, pfid is
an interpolating function given by

p(y)=0 for y<O0,
p(y)=(3—2y)y? for O<y<1,
p(y)=1 for y>1,

r, is the van der Waals radius of the atolm,s the

distance at which\ reaches its bulk value, taken to be
4 A

(2.19
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(h) )\fl(x) is the fast part of the distance-dependent solvaconceptual purposes. The only interaction term that needs to
tion energy. Its bulk value is estimated asfi(oo) be added with respect to Schmickler's model is the repulsion
=—(1- )/ (15 HAGL,(X3), its distance de- between the two fragments.

pendence has the same form as E16. Note that The expression for the ground-state PES is
the sum ofx ; and)\fl is simply the solvation energy of
the monovalent ion. E’'(x,r,q) :Ei(xir,q2)<ni(x,r,q2)>

(i) €&m(x) is the image interaction of the electron occupy- ~ )
ing the antibonding orbital on thé, molecule with the N Ax(x) € (X,r,0p) + A5(X)
electrode. This quantity is one of the most difficult to 27 (€ (x,r,0,) — Eo)%+ Ag(x)

estimate reliably. We have adopted a rather arbitrary
model in which we take the classical form for the im-
age interaction for distances larger thagp, with a
distance-dependent dielectric constant as specified iWith (ni(x,r,qz)) the average occupation of the ion’s orbital,
Refs. 17 and 18. For distances shorter thanwe want ~ given by

to avoid that the image interaction overrules all other

interactions so we fix it at the constant value it has for €(X,1,05)
x=r,. There are of course many other choices pos- (M(X:1,02))=— arcco(w).
sible, but none of them changes the qualitative conclu-

sions of this work, as long as the image interaction iSthe various symbols and terms in E@.18 have the fol-
attractive (which is sometimes debated in the lowing meaning:

literature®). Note that in the employed definitio,, is

+ A 2(X) Q5+ Vy(X) + Vy_x(r) (2.18

(2.19

a positive quantity. (i)  dx=al2

() F(x)A¢ is the electrostatic potential in the electric (i)  A2(X) is the broadening of the ion’s orbital energy. It
double layerA ¢=(7+ Eeq— Epd is the electrode po- ~ has the same parameterization/agx). _
tential with respect to the potential of zero chargg, (i)  €(x,r,q) is the renormalized energy level on the ion,
is the equilibrium potential;z is the overpotential. given by
F(x) models the distribution of the potential in the
double layer region. As a rough estimate we have as- E(X,,0p) =€+ P+Athison— 2N 2(X) 0

sumed a linear drop of the potential between the metal .

surface and the outer Helmholtz plane which isxat _ Aa(X) Eim(x)"'F'(X)AQ{’- (2.20 .

=r+L.Y (iv) ¢ is the energy level on the ion, or the electron affin-
(k) Vx,(x) is the interaction potential of the ba¥e mol- ity of the at?m;fi: —EA(X). _

ecule with the metal surface. It includes effects of the(v) )‘2()5) a_nd)\z(x) have thg same meaning and param-

interaction of the HOMO orbital with the metal elec- eterlizatlon_as the sc_>|vat|on parameters in the previous

tronic levels, van der Waals attraction, Pauli repulsion, section, with the difference that they are estimated

etc3® For simplicity we again assume a Morse poten- frof" the reall solvat|.on energies of t¢" ion, for
il which tabulations exist.

(vi)  Vx(x) is the interaction potential of the atom with the
metal surface. It includes van der Waals and Pauli
sz(x)zDXZ{[l—exp(—aXZ(x—rc))]z—l}. (2.17 contributions, but no electronicovalenj and electro-
static (image-type contributions. These latter two in-
teractions are contained in the model, i.e., in the
ande;, terms. It is taken equal to the repulsive part of
the Morse potential of Eq2.17).
Vyx_x(r) is the repulsion between two fragments. We
take it equal to the repulsive part of the Morse poten-
tial in the previous section, i.e.Vx_x(r)=Dg
Xexp(—2a(r—rg)). This is a rather severe approxima-
tion, as in a more consistent treatment it should more
explicitly treat electrostatic and covalent contribu-
tions, which both depend on the electron occupation
of the fragments.

We could have chosen a more complicated potential, in
order to include a barrier foX, adsorption as is sometimes
found for the interaction of a diatomic with the metal/
vacuum interfacé® However, this barrier is normally low
and therefore omitted in our model. (vii)

Using literature values for the various parameters, one
can calculate the three-dimensional PES for the interaction
of the molecule with the metal surface. To determine
whether the molecule is stable with respect to the fragments,
we need a more specific description of the interaction of the
fragments with the metal. This is considered in the next sub-

section. . .
(viii) All the other symbols have the same meaning as in
the previous section.
B. X~ adsorption The potential energy surface for comparison with that of

For the interaction of th&~ fragments with the metal the molecule must be that of two fragments, correcting for
surface, we employ Schmickler's model for electrochemicathe double counting of their interaction. Hence,
ion transfert’ Again, to keep matters simple, we treat the
electron as spinless. This is certainly good enough for our  E,(x,r,q)=2E’'(x,r,q)—Vx_x(r). (2.21
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C. The total potential energy surface

In calculating the PES of the total reaction, we follow a suggestion made by Hamis Darling and Hollowad} for the
dissociative adsorption of diatomics at the metal/vacuum interface. We couplg,tlead E, PES through the mixing
parameteN,(X,r). The total PES then simply follows from

El(xlr !Q) + Ez(X,r ,q/2) - [(El(xar!Q) - EZ(X!r!q/Z))Z_ 4(V12(X1r))2]1/2

EtodX,1, )= 2 (2.22
|

As we have no good way to estimaig, we usually take it E1(X,1,q)="¢,(X,r,q){n,)
as small, such that Eq2.22 essentially reduces to taking — 5
the lowest energy of the two. The interaction element is as- A1(X) 0 €3(X,r,q) +A7(x)
sumed to fall off exponentially withx and r, Vix(X,r) 2 ('Ea(x,r,q)—Ec)2+A§(x)
=VY, exp—xl)exp(r/l,), with |, andl, both taken at 1 A. , o ,
Although this approach does not have a rigorous quantum- +A1(X) a7+ 220 (X)q = 2N 1 (X) — Z°€jm(X)
mechanlqal basis, it should provide a plausible ansatz for —ZF(X)Ap+Ep(Y5 )+ Vy (X)+1P(Y5)
interpolating between the two PES. 2

Before we study in detail the shape of the PES and the —®—Ahsons (2.24

predictions it makes about activation energies, transfer coef- . . .

ficients, etc., let us perform a small check that our paramwherez=1 is the charge of th&, molecular ion. The last

eterization is indeed correct. Putting the overpotental three terms are added to make the energy ofthenolecule

=0, and equatingE;(x=, r=ro, q=0) and E,(x €qual toEy(Y;). The electronic energy leved, is given by

=, r=w, g,=1), we should obtain an expression for L IP(Y) 4D+ A >
. ; . . =— —2M(X)q+F(xX)A

Eeq in terms of the various thermodynamic quantities. We €a (Y2) Ywrson— 2M1(X)q+FO0AS

get the Born—Haber expression, +Ep(Yy) —Ep(Y5)+ )\fl(x) + €im(X) (2.2
Eeq= —AGg(X7)+EA(X) and is related to the average occupation of the orbitgl by
—0.8D,— (@ + A pysson—Epzo): (2.23 Eqg. (2.13. IP(Y,) is the ionization potential of th¥, mol-

ecule. The bond potentials are given by
which is simply the “work function” for the X,

+2e~=2X" reactiof> minus a constant which relates the En(Y2)=De{[1—exp—a(r—rq))]°—1} (2.26
vacuum scale to the electrochemical scale to which w
choose to refeE,. andEg, (note that, on the vacuum scale,

Epze= @+ A hysson)- A common(though debatedvalue for Ep(Ys)=De{[1—exp —a(r—ry))]?
this constant is 4.44 eV with respect to the NEfEn Table
| we give the various parameters for the chlorine, bromine, —1+exp(—2a(r—ro))}. (2.27)

and_ .|od.|ne reduct_|on a_md compare the calculated standard |, energy of a fragment is
equilibrium potential with the experimental standard poten-

tialS. E,(Xlr!q2):Ei(xir!q2)<ni(xar!q2)>
Ay(x) E(X,1,02) +A3(X)
27 " (&(x.T.0a)— Eq)2+ AZ(X)

D. The Y,/2Y PES

The PES for reactior(2.2) is calculated from a very +X2(X) G5+ 22N 5(X) G2~ 2\ 5(X)
similar model to that presented in the. previous sections. — 22, (X)— ZF(X) A+ Vy(X) + Vy_y(r)
However, a few parameters and equations change, as ex-
plained subsequently. +IP(Y) =D — Avhyyson (2.28
For the interaction of the molecule with the electrode, .
we have with

€=—IP(Y)+®+ Aot F(X)A
—2N1(X) 9o+ N (X) + €m(X), 2.2
TABLE |I. Calculated and experimental standard potentials Xf 1 )q2 f( ) E'm( ) (229
+2e”=2X" vs NHE (data from Refs. 31, 39, 40 where IP{) is the ionization potential of th¥ atom. The
total energy of the two fragments is calculated as befe
(2.21)]. The equilibrium potentiak is given by

X AGLUXT) EA(X) DuX) EH°[Eq.(223]  EZ

cl -3.29 3.613  2.479 1.224 1.358
Br -3.15 3.363  1.970 1.088 1.087 Eeq= AGgo(Y ") +IP(Y)
[ —2.67 3.063 1542 0.522 0.535

+0-5De_(q)+A¢M/soIv_ Epz&- (2.30
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FIG. 3. (a) Contour plot in the —q plane of the PES foX,+2e™=2X" at
x=1.8A. (b) As in (@ but for x=6.0A. ParametersAGL,(X")
=3.29eV, AGL (X;)=2.61¢eV, €.=1.85, ¢,.=78.6, EAX)=3.11¢eV,
EA(X2)=2.15eV, ®+Ayson=Epc=4.3 eV, Al=3eV, AJ=3eV, 1,
=1.81A, L=4A, D,=2.479eV,r,=1.988A, a=1.977 A", £=0.5,
Vi,=0.1eV,Dy,=0.2eV,ay,=2.5A"".

Ill. PROPERTIES OF THE PES
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FIG. 4. Total PES at equilibrium in the-x plane as explained in the text.
Parameters as in Fig. 3.

thanrg, the dashed line shows the minimum energy. From
the one-dimensional reaction paths calculated at varidns
ther—q plane, the “full” PES in Fig. 4 is constructed. The
contour plot of Fig. 4 is shown in Fig. 5, where the dashed
line is again the reaction path. These surfaces clearly illus-
trate the principle of catalysis; close to the electrode surface,
the activation energy to dissociation is significantly reduced
with respect to, say, the outer Helmholtz plane. It is impor-
tant to realize that to every point on the PES of Fig. 4 there
belongs a different value af. In Fig. 6 it is shown how the
energy and the solvent coordinajechange along the reac-
tion path. The reaction coordinate here is a mixture ahd
x. During the actual breaking up of the molecule, the system
mainly moves along the-coordinate, as can be seen from
the reaction path in Fig. 4. During the desorption of the two
fragments, the system moves along theoordinate: this
process is of course Schmickler’s ion transfer.

A very similar PES is calculated for reaction £g.2). A
typical example is shown in Fig. 7. The parameters here do
not reflect any reaction in particular, as we want avoid giving

As our PES are three-dimensional, we have to devise € impression that this is a reasonable model for the hydro-
method to picture them in a convenient and physically meangen oxidation.

ingful way. To this end, we calculate the PES in theq

plane by constraining the distangefrom the surface at a
series of values. Two examples of a PES contour plot at a

distance clos€l.8 A) and a distance further aw&§ A) from

the surface are shown in FiggaBand 3b). In these figures,
we have chosen values for the various parameters that should
approximately apply to the chlorine/chloride reaction, which

are given in the figures’ captionéThe parametera?, A9,

V9, andé should come from quantum-chemical and molecu-
lar dynamics calculations and have been given reasonable
and hopefully realistic valuesOn these two-dimensional
PES the steepest-descent path is calculated from the one
minimum [characteristic of thgladsorbedl X,] through a
saddle point to the other minimufnharacteristic of twdad-
sorbed X~ ]. Of course, the latter minimum really lies at
infinite separatiom, but for convenience it is cut off dthe
arbitrary value of 3.25 A. These paths are shown as the

dashed lines in the contour plots. For separations smaller FIG. 5. Contour plot of Fig. 4. Dashed line is the reaction path.
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FIG. 6. The energ{ and the solvent coordinatgalong the reaction path

drawn in Fig. 5. FIG. 8. Work function dependence of the activation endfgy as defined

in Fig. 6. A son="0.7 €V. Other parameters as in Figs. 3 and 7.

According to classical transition state theory, the rate of
the reaction will depend on the energy of the saddle point of
the PES, which is the transition state or the activated comenergy of the transition state is directly related to a change in
plex for the reaction. There are two such transition states ifhe adsorption energy of the fragment with the work func-
our model, in agreement with the idea that the reaction take0n- If we consider reactiof2.1), the adsorption energy of
place in two steps, and the most interesting for our purpose§® X fragment gets more negative with decreasing work
is the activation energy to dissociative adsorption, as definefyinction. For the parameter values in Fig. 8, the slope of this
in Fig. 6. It is of interest to calculate this energy as a functioncurve is~0.65. The value is exactly the electrosorption va-
of the work function of the metal catalyst, as this experimenJency — yx of X. In our model, the electrosorption valency
tal parameter does not affect the overall thermodynamics of/ould be equal toy=zg—{(1—g), wherez s the valency
the reaction. In Fig. 8 we show how the activation energy aPf the (bulk) ion, {'is the partial charge transferred from the
equilibrium changes with the work function of the substrate @dsorbed ion to the metal, arglis a geometrical factor
Opposite trends are observed for the oxidative and reductiv&hich expresses the fraction of the double layer potential
dissociative adsorption. For reactié2.1) the activation en- that is actually experienced by the adsorbed “fofor the
ergy decreases with decreasing work function; for reactiolata in Fig. 8,z=-1, g~0.69, {~—0.1, which indeed
(2.2) the activation energy increases with decreasing worldgrees with the slope of the curve. The activation energy for
function. The latter trend has indeed been extracted from théissociation changes with the adsorption energy of the frag-
literature data by Trassati for the,#:2H* +2e~ reaction® ~ ments following a Bfasted relationship,

It is interesting to analyze the physical origin of this dE
trend (in our model and the meaning of the slope of the adt =ag,
curves shown in Fig. 8. First, we find that the change in the 2dBqgs

whereag is the Brimsted coefficient for dissociation. Hence,
for the work function dependence of reactit¢hl), we find

(3.9

dEact_ 9
dd - YxaB -

(3.2

\\\\\“ . A4

T

) .

\\\\\\‘o\so.'o
W

W i i —
T “‘\\t\\‘““‘"""‘%‘k (N From Fig. 8, we find thatlE,,/d®=0.66 and hencevg

R 0' N
‘\g\\\gg“\\.o'l

W ‘ -2 S
\ ‘\\g.‘\\\\\\;\\\‘\\)‘3333&3333‘@224{% % ~0.51, which is close to the expected value of 1/2. For a plot
% AR R . . . .

Y R 3N of d Iniy/d®, wherei, is the exchange current density at
R R Wy e , :
\\\\\\\«\\\\\\\\\\\\\ 8‘3"‘3‘3‘3:2::3:?‘2 4 equilibrium, this would imply a slope of 25.5 €V (for the

R RREIRLLL . .
\%\s\“‘k\‘kx\‘?‘\‘wg?s:‘ hydrogen couple, Trasatti’'s dafa give a slope of
1.0 . XS o '0'22:0'.?3:. 2 ~16 e\/_l)_

. {?‘ The potential dependence of the activation energy, for

one typical value of the work function, is shown in Fig. 9. As
expected, it decreases with more negative overpotential.
Again, there is a one-to-one correspondence with the adsorp-
tion energy of the fragment. The adsorption energy ofXhe
fragment gets more positive with more negative overpoten-
tial. However, the adsorption energy is referred to ¥ie
state in the bulk, whereas the reaction energy of the disso-
ciation step is referred to the,+2e~ state. Therefore, for
the slope of Fig. 9, we find

FIG. 7. PES in the —x plane for theY,=2Y* +2e" reaction at equilib-
rium. ParametersAGL,(Y*)=4eV, AG{,(Y3)=3¢eV, €.=1.85, ¢
=78.6, IP{Y)=5eV, IP(Y,)=7¢eV, ®+Aysov=Ep—=4.3€V, A?
=3eV, AJ=3eV, r,=15A, L=4A, D.=4eV, ry=125A, a
=2A"% £=07,V],=0.1eV,Dy,=0.2eV,ay,=25A"".
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FIG. 9. Potential dependence of the activation energy for the electrocatalytic
X, dissociation A yson=0.7 €V. Other parameters as in Fig. 3. 20 u (b)
= 1.5
d—=2(1+ vx)ag. (3.3 @
1.0
(Recall thatyx<0.) Note that the transfer coefficient, i.e., q ]
the slopedE,/d7, is significantly smaller thar}, even
though the Brasted coefficient of the dissociation step 0.57
proper is close t@. This is mainly due to the fact that at the 1
adsorption site, the fragments feel only part of the total 0.0 @ /ﬁ
double layer potential, due to the geometrigdhactor in the , y : . . . .
formula for the electrosorption valency. In the particular case 2.0 25 .3.0 35
of Fig. 9, the Butler—Volmer transfer coefficientis0.28. A r/A

consequence of formule.3) is that if yy=—1, the activa-
tion energy for dissociative adsorptighafel reaction does  FIG. 10. Two contour plots at overall equilibrium in thie-q plane for
not depend on the potential. This is, within the context of ourEA(X2)=3.65eV.(a x=1.8 A, (b) x=6 A. Other parameters as in Fig. 3.
model, a logical result as thé is completely discharged for
vx=—1 and hence the dissociation is not accompanied by ) o .
any electron exchange with the metal substrate; it is a purel{'teractions an this will also exert an influence on the mac-
heterogeneous chemical reaction. Of course, the ion transféPSCOPIC raté” Also note that in the above mechanism the
process (Volmer reaction will depend markedly on the partial ChanEﬁ(:l‘_f) appears, but Fhat in the experimen-
potentialt” 19 tal trends wlth potential or work funcnon _the eIec.trosorpu.on
Note that in the above analysis, we looked only at thevalencyyx is the relevant quantity, as this quantity also in-
activation energy of dissociation. In the overall reaction rate/Udes the effect of the double layer. _
the desorption of the fragmefibn transfey also plays a role. Figures 3—6 apply to a relatively low or even negative
The rate of this step shows the opposite dependence on tfdectron affinity of theX, molecule. This parameter does
adsorption energy, and the combination of these two oppoégsually not have_ a very significant effect on th_e_act_watlon
ing trends for dissociation and subsequent desorption leadd1€r9y ©f the dissociation. If the electron affinity is de-
to the well-known volcano relationshff:2 creased by 2 eV, the activation energy mcrea@_ ex-
In our calculation, we find that th¥,,intermediate still pected by ~0.1 eV for the values of the work function in

carries a partial charge. Hence, a more general way tgig. 8. However, with increasing electron affinity of the mol-

present the Tafel—Volmer mechanism is eculg, a new minimum is formed gt= 1, and this leads to a
5 qualitatively new and interesting picture. In Fig. 10 we show
Xo+26e" =2X s (3.4 two contour plots of the PES close to the surfet® A, Fig.

10(a)] and far from the surfacks A, Fig. 1ab)], as in Fig. 3,

but now for relatively high electron affinity. In the bulk of

In our calculation abova§is quite close to 1, but clearly this the solution, far from the surface, there is a new metastable
value depends on many factors, primarily on the electronminimum, corresponding to th¥, ion, which is stabilized
affinity of X, the solvation energy of~, and the strength of by its high affinity to accept an electron, in conjunction with
the electronic interaction. More importantly, it will depend the gain in solvation energy. However, the direct transition
on the prevailing coverage of,q,, and is expected to get from the X, ion to two X~ ions is very unlikely at this
closer to zero the higher the coveraggecondly, the distri- distance, because the coupling constdfy should be very
bution of theX,4s0on the surface will depend on the lateral small here and hence the reaction is strongly nonadiabatic.

X2t (1= 8e =X".
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As the electrode surface is approached, ¥je is further  simpler approach adopted in this paper. More substantial
stabilized by the image interaction, provided it counterbal-progress can also be expected from detailed molecular dy-
ances for the loss in solvation energy. Therefore close to theamics simulations of two ions interacting with the metal,
surface[Fig. 10(a)] only one minimum remains, correspond- the solvent, and each other. Such results may also shed light
ing to theX; ion. Clearly, our model is by far not accurate on how to decide whether a given reaction follows a
enough to make quantitative predictions, but it seems that théolmer—Tafel or Volmer—Heyrovsky mechanism. This is
qualitative conclusion is justified that under these circum-definitely a next important step in understanding electrocata-
stances, a variant of the Tafel-Volmer mechanism may aplytic bond breaking and bond formation at the metal/liquid
ply, namely, interface.

Xo+ Be”=X5 e
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