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ABSTRACT

A short review is given of our present understanding of the trends in the
chemisorption energies and activaton encrgies for dissociation for simple gas
moleceles on the transition metals. The effect of adsorbed aikali atoms on the
activat.on energy for dissociation is also discussed. This is then used to explain the
trends n activity along the tansition metal rows and the promoting effect of K for
the amemonia synthesis reaction. The basis for the description is the development
of a kisetic model for the ammonia synthesis which can describe quantitatively the
macroscopic kinetics of a commercial catalyst under industrial conditions, The
model -elates the reaction rate directly to the properties of the chemisarbed reac-
tants, Dtermediates and product as measured for model single crystal systems
under wltra high vacuum conditions,

1. Introduction

One of the aspects about solid surfaces that has the targest fundamental and technical impor-
tance is the way in which chemical reactions are affected by the presence of a surface. Many reac-

At the most general level the role of the surface can often be regarded as a means of stabilizing
intermediates in the reaction. The synthesis of NH, directly from N; and H,, for instance, is
extremely slow m the gas phase because it reaires a prohibitively large encrgy to break the N-N
bond. At a metai surface the N atoms are stabilized by the chemisorption bond to the surface and

why some salids are better catalysts than others or why the addition of traces of other elements can
increase or decrease the rate considerabiy, a much more detailed picture of the processes at the sur-
face is needed. T1e same is true if we want to understand differences in selectivities between vari-
ous surfaces.
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Our understanding of the chemisorption process is stll far from complete. So far the
knowledge is almost exclusively about metal surfaces. Most is known about the static properties:
chemisorption sites, bond lengths, binding energies eic.. The binding cnergy of simple atomic and
molecular adsorbates can now be caiculated as a function of distance outside the surface [1-5] and
good agreement is found between experimental and theoretical results. There is also a qualitative
understanding of the properties of the metal and the adsorbate determining bond lenths, vibrational
frequencies, and trends in the binding energies from one meial to the next [4,5). Even the
adsorbate-induced relaxations and reconstructions of the surfaces is now beginning to be described
[6]. One can say that the adiabatic potential energy surface is reasonably described for the simplest
{atomic chemiscrption) systems and that there is a qualitative understanding of some aspects of the
potential energy hypersurfaces for more complicated systems [3,4,7].

Less is known about the dynamics of the adsorbate motion on the adiabatic potential energy
surface. A large amount of information now emerges from molecular beam experiments. Molecular
dynamics-like simulations of adsorbate dynamics have emphasized the complexity in the reaction
dynamics introduced by the multi-dimensional nature of the adiabatic potential [8,9]. The counpling
to substrate phonons is found to be an important energy transfer mechanism {91, but the coupling to
the electron-hole pair excitations is also important, at least in some systems [10]. This is for
instance evidenced by the occurence of chemiluminescence during adsorption of reactive molecules
like O, or the halogens {10]. The question of the relative importance of the two energy dissipation
mechanisms is stili not resolved.

A kinetic description of chemical reactions is much simpier than a full dynamical description,
Because of the therma] averaging, only certain features of the adiabatic potential cnergy surfaces,
namely the minimum encrgy barricrs separating the minima, enter into the rate {1 1]. The encrgy
transfer processes and the complex motion on the muliidimentional potential energy surface enter
into the so-called pre-exponential factor, Usualty one of the ¢lementary steps in a chemical reaction
is much slower than the others in which case the net rate of the reaction is equal to the rate of this

reaction mechanism and use the UHV measurements 1o derive the kinetics for the reaction in ques-
tion, which can be used without extra input to describe the reaction under high pressure and tem-
perature conditions, This is the case for the the NH, synthesis over Fe [ 12,13) and for the reaction
of CO with O, and NO over Rh [14]. More reactions are bound to follow shortly.

With the ability of relating the properties of chemisorbed molecuies and atoms direcily to the
kinetics of high pressure catalytic reactions we also get a chance to use our understanding of the
adiabatic potential energy surface for chemisorption to explain some of the general questions in the
field of cawlysis. This is what we shall attempt in the present paper. We will use the kinetics
developed for the ammonia synthesis to explain i) why the transition 1. 2tals close 1o iron in the
periodic table are the most active catalysts for this reaction and ii) why potassium promotes the
reaction considerably. In the following we first briefly discuss the qualitative picture of the wends in
atomic binding energies and activation energies for dissociation. The kinetics of the ammonia syn-

thesis is then reviewed, and finatly in Section IV the results are presented and discussed. The last
section is a summary.

I.The adiabatic potential energy surface.

The adiabatic potential is a high dimensional hypersurface in the space spanned by the adsor-
bate and substrate coordinates, As discussed in the introduction, only certain aspects of the potentizl
energy surface cnier into the rate expression, It is therefore illustrative for such purposes to give a
one-dimentional representatation showing only the minima and barriers along the lowest energy
reaction path. An example of such a representation of a calculated potential energy surface for the
adsorption of a molecule (Hy) on a metal surface (Mg(0001)) is shown in Fig.1(b) [7]. It has many
resemblances with the usual Lennard-Jones picture [15] as indicated in Fig.1(c), except for an exma
minimum between the physisorbed state and the dissosiated state. This is a molecularly chem-
isorbed state which is & precursor to the dissociation. Similar states have been observed experimen-
tally or found theoretically for a number of molecules (N2, CO, O; etc.) [3,12,16] and the H, state
has recently been observed on stepped Ni(100) [17].

Fig.1(a) shows the one-electron densities of states comresponding to the total energy diagram in
Fig.1(b). Far from the surface, the H, bonding states are filled and the sdsorbate is essentially a
closed shell entity. The first barrier it mects approaching the surface is also completely analogous to
the barrier seen by rare gas atoms at a surface. Closer to the surface the anti-bonding H, state is
shifted down due to the interaction with the metal electrons and starts getting filled. This provides
an attraction which bends the energy curve over and eventually gives rise to the chemisorbed
molecule minimum. In spite of the substantial degree of filling of the anti-bonding level there is
still some H-H intcraction left here, which must be overcome if the molecule is to dissociate. This
is what gives rise to the second energy barticr. The dissociated state shows a single adsorbate-
induced resonance well below the Fermi level. This picture is not restricted to H,. All simple
molecules have anti-bonding levels which must fill during the dissociation and the one-electron
spectra of the dissociated state show valence level resonances well below the Fermi level. For tran-
sition metals the interaction with the d-clectrons generally incoeases the stability and lowers the
cnergy barriers.

Using the effective medium theory [18] it can be shown that the contribution to the total
cnergy from the adsorbate - metal-d interaction can simply be added to the sp-electron contribution
and that it can be described by the change in the sum of one-electron energies due 1o the interaction
with the d-electrons [19]. The sp-contribution is basically what is seen in Fig.1. This will not vary
substantiaily from one wransition metal to the next. The trends in the binding energies along the
transition metal series are given by the trends in the adsorbate - metal-d interaction. Fig.2 shows
the result [19] of a simple calculation of the wends using the Newns-Anderson Hamiltonian [20].
Two cases are shown. One where the adsorbate level is well below the Fermi levei corresponding to
the atomic chemisorption case (c.f. Fig.1) and one where the adsorbate level is at the Fermi level
corresponding to a molecule at the top of the barrier between the molecular and atome chemisorp-
tion minima. Again we stress that the present arguments are independent of the specific system stu-
died.

. The atom chemisorption encrgies vary according to the model approximately as N;~10, where
Ny is the number of d-electrons in the transition metal. This behaviour is observed experimentally
for all the simple gas atoms [21). The quality of the simple picture can be judged for H chemisom-
tion from Fig.3. The fact that the slope of the chemisorption eacrgy vs. atom number in Fig.3 is
almost constant indicates that the adsorbate - metal-d coupling matrix element does not vary much
from one metal to the next,
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The activation energies for dissociation vary according to the simple model approximately 1z
W4~10)N,. This is at least in qualitative agreement with the observation that the tendency toward.
dissociation generally increases as one Boes to the left from the noble metals Cu, Ag, and Au {22).

Retuming 10 the picture of the dissociation process given by Fig.1 it is clear that the filling o~
the antibonding level will tend to make an adsorbing molecule slightly negative. This is in accor
dance with work function measurements. This also means that an adsorbing molecule will be ven,

by a ncgative test-charge) at neighbouring sites due to the charge transfer from the alkali atom o
the surface. An adsorbing molecule like Ny, CO, or O, will therefore be stabilized by the presence
of adsorbed alkali atoms. The activation encrgy for dissociation is therefore decreased, Estimates
based on Fig.4 indicate that the alkali-induced energy chan ge is of the order 0.1 eV [23]. It can alsy
be seen from Fig.4 that the effect is larger far from the surface where the molecular adsorption takes
place than closer in where chemisorbed atoms have their equlibrium positions.

Electro-negative atoms like 0, S, or Cl give rise to an clectrostatic potential of the opposite
sign than the electro-positive aikali atoms and therefore have the opposite effect on the activation
energy for dissociation {23),

Other models of the poisoning and promotion of surface reactions have been proposed [24)
They focus on the change in the surface density of states induced by the presence of the poison or

HL The kinetics of the ammonia synthesis,

The kinetic model we have developed to describe the ammonia synthesis is discussed in detail
in a series of papers {13]. Here we only mention z few important points. The mechanism for the

Ny+* o5 Nywr )

Np=* +* 5 IN-+ - @
H,+2% — 2H-* | )

N-* + H-#* 5 NH-* 4 # @
NH-* + H-* —3 NH,* 4 # 5
NHy-* + H-* — NH,-* 4 » (6)
NHy—* —5 NH, + * 7
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Here a * signifies a free site on the surface. The second step, which is the dissociation of the molec-
ular precursor, is assumed to be ratc limiting in accordance with a number of experimental observa-
tions [12,23}. The overall rate is then given by the difference between the forward and backward
rate of step (2):

r=2k (By,¢ 0, -—E';e,%.) (8)

where 0, is the coverage of x. X' 2 is the equilibrium constant of step 2, and
ky=k gexp(~E o/kT) &

is the rate constant for step 2. k, is given from the N, sticking coefficient [13], which has been
measured as a function of temperature on various Fe single crystal surfaces with and without
adsorbed K [12]. Since we are trying to model a commercial catalyst which is promoted with K [26]
we use the value for the optimally promoted surface. The sticking probability is approximately
ndependent of the crystal face when K is present [12].

The coverages are given from the equilibrium constants for all the other steps. These can be
calculated from the partition functions of the adsorbed and gas phase species, and the partition
functions can be estimated from the binding energies and vibrational and rotational excitation ener-
gies, These have to a large extend been measured. The binding energies are deduced from thermal
desorption measurements. This amounts to considering only the first two reaction steps. It is
important 1o know the sticking coefficient before the binding energy is deduced because the desorp-
tion rate is related to it by the principle of microscopic reversibility [11].

The resulting calculated ammeonia production is compared to measured values in a test reactor
with a commersial catalyst under a broad range of conditions in Fig.5. In order 10 model the plug
Fow test reactor it is nessecary to devide the reactor up into small segments. The gas compostion in
each segment is given from the conversion in all the previous segments. The only knowledge about
the catalyst used in the calculations is the area of metallic Fe, which is measured independently by
CO chemisorption,

The agreement between theory and experiment seen in Fig.$ gives confidence that the mode!
dzscribes the esscntial features of the reaction. We can go on to look at the coverages of adsorbed
species down through the reactor. The coverages will change as the gas phase composition changes
d1e to the ammonia production. Fig.6 shows the coverages for a typical set of conditions. I is seen
that the coverage of free sites is very small and that basically all of the sites on the surface are
cavered by atomic N, which has by far the largest binding energy. This is why the N chemisorption
erergy is the most important parameter in the problem together with the Ny sticking coefficient. The
other binding energies and ail of the excitation energies can be changed substantially without
cranging the result [13).

IV.Understanding the trends in activity.

We can now combine the understanding of the trends in binding energles and activation ener-
gies as a function of the metai and the presence of additives with the kinetics of the ammonia syn-
thesis, This should allow us to describe the trends in the catalytic activities.

First we shall consider the variations in the catalytic activity along the transition metal rows

[12]. We use the variation of the chemiserption energies and the activation energies for the dissoci-
ation process with the number of d-electrons N4 discussed in Section II:
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Ea=E+c 3Ny (N,~10) an

We neglect the dependence of these energies on the d-bend width and the coupling matrix element.
As discussed in connection with Fig.2 there is some justification for this, but it is clearly a crude
approximation which can only be expected to give the general trends. This, for instance, -neans
that we cannot describe the differences in the activities for ransition metals in the same group, If
one is interested in the activity of a given metal the chemisorption properties of the reactan:s on this
surface should be measured in detajl,

The values of the parameters in Eq.(10) and (11) for nitrogen adsorption are chosen to be
Edon=-0.10 eV, E =195 ¢V, €1=0.057 eV, and c,=0.094eV. ‘These values correctly repraduse the
detailed measurements for Fe(111) [12] that form the basis for the description of the reactior over
iron described above. They also give a sticking probability for N; on W(100) of the order one as
found on the most reactive fages [27). Finally, they give thermal desorption peak temperamres for
atomically chemisorbed N on W(100) [27] and Ni(100) [28} within 20 K of cxperiment. It must be

The variation of the catalytic activity measured as the ammonia production for & fixed area of
the catalyst with the number of d-electrons is shown in Fig.7. The figure clearly has the 'volcago®

1o the right in the transition metal series. N;=7 is the compromise. To the right of Ny=7 there is
Plenty of free surface but the dissociation is slow, whereas to the left the dissociation is fast but the
surface is covered completely with N,

To increase the activity of, say, Fe significantly, the activation energy for dissociation m st be
decreased without an increased stability of the chemisorbed atom, This cannot be acomplished by
changing the metal, The best thing to do is to add adsorbed K. As discussed in Section K rais
decreases the activation energy without affecting the chemisorbed atoms nearly as much. This is =
basis for the use of K as Promotor in all commercial ammonja catalysts. Adsorbed K increases ghe
sticking probability by decreasing the activation barrier or equivalently increasing the stability of
the chemisorbed molecule by 0.1 eV [12]. This can account semi-quantiatively for the promatisg
effect seen in the high pressure catalytic reaction as illuserated in Fig.8. Here the ammoria
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concentration is shown as a function of distance down a reactor is shown in two cases: one using
the usual sticking coefficient of the K promoted surface as in Fig.5 and one using the smaller Ny~*
binding energy corresponding 1o the sticking probability on the clean Fe(11 1) surface [12].

In Fig 8 we also show the measured ammonia concentration out of & reactor with the usual
catalyst and a catalyst prepared without any K. The effect of K is very significant. It must be

The poisoaing effect of chemisorbed oxygen can be described in a similar way. The oxygen is
introduced in the system as traces of water in the synthesis gas. This is discussed in detail in Ref.13.

V.Summary.

In summary we have shown that in spite of its incompleteness the theoretical description of
the interaction potentials for chemisorption of simple gases is so developed that it can provide an
understanding of qualiiative features in catalysis. We can understand the origin of the 'volcano’

mezal series found for many reactions. Our discussion has been based mainly on the ammonia syn-
thesis, but qualitatively the same picture will be valid for other reactions as well. The promotiong
effect of alkalies and the poisoning effect of oxygen on the rae of ammonia synthesis can also
described.

There is still a long way before we understand the full dynamics of adsorption and reactions.
Rate constants cannot be calculated from first principles, but must be measured. The measurements
can be performed on well characterised single crystal models and we have shown that such meas-
urements can be used in the description of the complex phenomena at a catalyst surface operationg
under high press.re and temperature conditions.
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FIG.1. (a) Que-electron density of states and (b) total binding energy for an H, molecule approach-
ing 1 Mg(0CO1) surface with the moleculaer axis parallel to the surface and oriented along the
<100> directon above a Mg atom, as a function of position along the reaction coordinate connect.
ing the local ninima and saddle points of the adiabatic potential energy surface. The extrema on the
potential are denoted: (P) Physisorbed state, (A) Activation barrier for molecular adsorption, (M)
Molecularly wdsorbed state. Here the density of states is shown both in the outer (M,} and inner
(My) part of the well. (D) Activation bartier for dissociation, (B) Two isolated H atomns chem-
isorbed in the two-fold bridge site. In (c) we show a schematic picture derived from (a) showing
how (b) can e interpreted as originating from a series of diabatic states, which can be described
approximaelr as Hy, Hj, and 2H-, respectively, & denotes the metal work function and A, the
affinity of x. R is easily seen how (loca!) changes in ¢ will change the stability of Hj and the height
of the activation barriers.
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FIG.2. The change in the sum of the one-electron energies when a one-electron stake with energy E,
interacts with a band of one-electron states. The calculation is performed within te resonant level
model (after Newns, Ref. 20) using a semi-elliptical band. The one-electron etergy differ=ace,
which is responsible for the tmends in the interaction energy of an adsorbate an # transition metal
surface, is shown as a function of the position of the center of the band, or equivaently, the degree
of filling of the band, for two cases: one where the adsorbate level is at the Fermi level anc one
where it is well below. Energies are measured relative to the Fermi level and in units of half the
band-width. The hopping matrix efement is assumed constant and equal to 0.5. Moderate changes in
this does not change the trends. From Ref. 19.
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FIG.4. The induced electrostatic potential due to adsorbed alkali metals on # jellium {r,=2) surface,
The adsorbed atoms are at their calculated cquilibrium positions. Contour viuues of +2, +-1, +0.5,

+-0.3, and +-0.1 arc shown within a sphere of radius 7 bohr. The vertical line denotes the jellium
edge. From Ref. 23.
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FIG.6. Variation of the coverage of various species down an ammonia reactor with a K promated
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FIG.7. Trends in the ammonia production from 1 m? of catalyst as a function of the number of d-
¢lectrons in the substrate, The reaction conditions are kept constani(l atm, 400 C, stoiciomelric
gas). The binding energies and activations energies are estimated as discussed in the text. From
Ref.13.
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FIG.8. The variation in the ammonia concentration down a reactor at 1 atm, 400 C, using the stick-
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