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In order to understand the ammonia synthesis reaction over
Ru-based catalysts, we have performed a series of density func-
tional calculations of the adsorption and dissociation of N, on
Ru(0001). We find molecularly and atomically adsorbed states of
N, on Ru(0001) with structures, binding energies, and vibrational
frequencies in good agreement with experimental data for these
systems. We explain on the basis of the electronic structure of the
Ru surface, the large difference in adsorption energy of N atoms
in the hcp and fcc sites, the large diffusion barrier, and the large
indirect N—N repulsion. The reaction path is determined using
the hyperplane adaptive constraint method. We find that the
lowest energy path shows a sizable barrier toward dissociation of
130 kJ/mol. During dissociation, the molecule, which is standing
perpendicular to the surface in the molecularly adsorbed state, is
first rotated into a metastable, flat-lying molecular precursor and is
then dissociated into two adjacent hcp adsorption sites. We discuss
the electronic structure along the reaction path and show that
the N induced dipole moment varies substantially. The variation
of the dipole moment is used to discuss a possible model of the
promoting effect of Cs on this reaction.  © 1997 Academic Press

1. INTRODUCTION

The ammonia synthesis over Fe-based catalysts has been
extensively studied for several decades (1). The reaction
has also been studied over other metals (2), and recently a
number of experimental studies of ammonia synthesis over
Ru-based catalysts have appeared (3, 4). Just like for the Fe
system, these studies have been augmented by studies of
N, adsorption and dissociation on Ru single crystals (5, 6).
The picture that emerges is that the N, dissociation step is
rate limiting like on Fe. It also appears that alkali metals
are strong promoters of the reaction on Ru, particularly Cs.
The main difference from the Fe system is that the N dis-
sociation is considerably slower; the sticking probability is
less than 10~*2 at 300 K, compared to 10~¢ on Fe(111) (5).
Molecular beam scattering experiments have shown the di-
rect dissociation of incoming N, molecules on Ru(0001) to
be strongly activated, and that vibrational excitation of the

incoming N, molecules is very effective in promoting the
reaction (6). The same conclusion has been drawn from
molecular beam scattering experiments on Fe(111) (7), but
for this system it has been suggested that while molecules
with a high kinetic energy dissociate directly upon impact
and over a high barrier, the thermal process goes over a
molecular precursor and is essentially nonactivated (8, 9).
Similarly, it cannot be excluded that another, less activated
dissociation channel exists on Ru. Another open question
for the N2/Ru system is that while alkali metals are strong
promoters of the reaction (3, 4), the interaction between
adsorbed N and adsorbed alkali atoms is repulsive (10).
This is completely the opposite of the Fe system, where
the attractive interaction between N, and adsorbed alkali
atoms is thought to be related to the promoting effect
(8, 11).

To understand in more detail the ammonia synthesis re-
action over Ru we have performed detailed density func-
tional calculations of the reaction path for N, adsorption
and dissociation over the Ru(0001) surface. Very recently
calculations based on density functional theory (DFT) and
with a nonlocal approximation to treat exchange and cor-
relation effects (12) have proven able to treat large and
complex systems of relevance for reactions on metal sur-
faces. Atomic and molecular bond energies and geometries
as well as activation energies for simple surface reactions
have been calculated (13-19) in good agreement with ex-
perimental results, where available. The calculations pre-
sented in the present paper show that the dissociation of N,
is highly activated on Ru(0001), the minimum barrier being
1.36 £ 0.1 eV (130 kd/mol). There are two molecularly ad-
sorbed states, one chemisorbed species with the N—N axis
perpendicular to the surface and another state which is lying
flat on the surface and which is metastable. In the final state
the chemisorbed N atoms are bound by 1.54 eV (150 kJ/mol
N_) and we find a strong N—N repulsion for coverages larger
than a quarter of a monolayer. We use the calculated po-
tential energy surface and the detailed information of the
electronic structure of the system along the reaction path
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to discuss the reaction mechanism, including the possible
effect of alkali promoters on this reaction.

In the following we first describe the calculational
method in some detail. We then present our results for
molecular and atomic chemisorption of N, and N on
Ru(0001). Here there are extensive experiments to com-
pare to and we use this system to illustrate the accuracy of
the calculational approach. We then go on to present the
potential energy surface for the dissociation process, and
finally we discuss the implications of these results for the
dynamics and kinetics of the dissociation process.

2. CALCULATIONAL METHOD

The calculation has two components. The first is the solu-
tion of the electronic structure problem and calculation of
the total energy of the system at a fixed set of coordinates
for all the atoms in the system. This is done using density
functional theory. The calculation is ab initio in the sense
that only the coordinates and nuclear charges are input into
the calculations. The calculation has some approximations
in terms of a finite size of the system treated, approxima-
tions for the exchange and correlation energy, and the use
of pseudopotentials. These are all well tested, and we will
also test the accuracy of the calculation below.

The Ru surface is modeled by a periodic array of slabs.
Each slab is six atomic layers thick and there is a vacuum
region between slabs of length 10.9 A, corresponding to five
Ru layers. The surface unit cell is a 2 x 2 unit cell as shown
in Fig. 1. The use of a slab geometry instead of a cluster to
describe the metal ensures that the metallic properties of
the substrate are well described. Nitrogen is adsorbed only
on one side, and the atoms in the first two Ru layers are
allowed to relax. The difference in work function between
the two slab surfaces is corrected for by adding a dipole
layer of appropriate magnitude in the middle of the five
vacuum layers.

FIG. 1.
configurations along the reaction path for N, dissociating over Ru(0001):
(1) the initial, molecularly adsorbed state; (M) the metastable molecularly
adsorbed state; (TS) the transition state; and (F) the final, dissociated state.

Ilustration of the unit cell used in the calculation and the

We use the generalized gradient approximation (12)
(GGA) for the exchange and correlation energy and do
fully selfconsistent pseudopotential calculations (12, 20).
With these approximations, and the c/a ratio fixed at the
experimental value (1.582), we get a lattice constant for
bulk Ru of 2.757 A, which is a few percent larger than the
experimental value. This theoretical lattice constant is used
in the slab calculations. In these calculations the pseudo-
wavefunctions are expanded in plane waves with a cutoff
of 40 Ry, and the surface Brillouin zone is sampled at 18 spe-
cial k-points. In order to stabilize the numerical procedures,
the occupation numbers are Fermi distributed with an elec-
tronic temperature of KT =0.05 eV, and all total energies
are extrapolated to T =0 K. For details of the calculations
we refer to Refs. (21) and (22).

The other part of the calculation is the determination
of the minimum energy reaction path. Any chemical re-
action can be viewed as a transition from one minimum
(the reactants) to another (the products) on the potential
energy surface describing the energy of all the atoms in
the system as a function of their coordinates. In the fol-
lowing we denote a point in this configuration space by a
vector containing all the coordinates of the M atoms in the
system

T'=Ry,Ry, ...

= (X1, Y1, Z1, X2, Y2, 2, ..

, Rm) [1]

< XM> YM, Zv)- [2]

The minimum energy path is the most probable reaction
path. It crosses between the two local minima over the low-
est barrier, and this barrier will be the activation energy
for the process. All other points along the minimum energy
path are also the lowest energy point in all degrees of free-
dom except the one along the path. Itis in general difficult to
define algorithms that find the lowest energy path (23). The
energy must be minimized relaxing all coordinates of the
problem except one, the local direction of the path. Here
we use the newly suggested method, the hyper-plane adap-
tive constraint (HAC) method (24), which can be viewed as
a simplified version of the Nudged Elastic Band method of
Mills et al. (23).

Inthe HAC method an initial guess at a path is first made.
We use a linear interpolation between the initial and the
final state (I} and I'r). We illustrate this in two dimen-
sions in Fig. 2. The figure shows the (z, b) plane spanned
by the height z of the N, molecule above the Ru surface
and the N—-N bond length b. The two end points represent
the molecularly adsorbed state of N (I) and the atomically
chemisorbed state (F), which is closer to the surface and
has a much longer N-N bond length. The line connecting
these two points is the starting guess. We point out that in
the full calculations we consider not only the (z, b) plane
but all six N, coordinates and all the coordinates of the Ru
atoms in the first two layers of the surface.
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FIG. 2. lllustration of the hyper-plane adaptive constraint (HAC)
method for finding the minimum energy reaction path. The figure shows
the initial guess and the final path for N, dissociation on Ru(0001) in the
(z, b) plane spanned by the height z of the center of mass of the molecule
over the Ru surface plane and the N-N bond length b. The initial guess
is just the dashed line connecting the initial (1) and final (F) state. After
minimizing the energy perpendicular to the local path the minimum en-
ergy path, shown as a solid line, develops. The constraint is defined along
the way as the hyperplane perpendicular to the line connecting the two
neighboring points on the path. The hyperplanes for the final path are
sketched at the images used.

One should note that the path found with the HAC
method will depend slightly on the choice of coordinates.
However, stationary points along the path, such as the tran-
sition state, are independent of such choices.

In the implementation of the method only a finite num-
ber of points (images) along the path are considered. The
coordinates of each image are first relaxed toward lower
energy within the hyper-plane normal to the path. This is
achieved by moving the point only along the force perpen-
dicular to the path. Often it is necessary to add extra im-
ages along the path—this can be done at any time of the
calculation.

To ensure that the correct path is found, the hyper-plane
constraints must be updated as the path changes. In general,
the normal to the hyper-plane of image number n is defined
as the vector I',;; — I',_1. This means that the constraint is
modified under the influence of the motion of the rest of
the path.

The final result is seen in Fig. 2 to be quite different
from the initial guess. It can also be seen that the final
constraints (shown dashed) are not perpendicular to the
initial guess for the path. In fact, the method is quite robust
even for complex paths, where simple intuitive approaches
fail (25).

It is often useful to define a reaction coordinate s as the
norm of the total change in all coordinates along the path,

starting at the initial state I';:

I
S:/n dT. [3]

For a finite number of images we use a discrete version of
Eq. [3]:

n-1
S$=) ITia—Ti [4]
i=1

We stress here that the method is unbiased—only knowl-
edge of the initial and final states of the reaction is input to
the calculation. Other virtues are that only one constraint is
imposed during relaxation and that relaxations of the sub-
strate are easily included.

3. MOLECULAR AND ATOMIC CHEMISORPTION

We first consider the simple cases of atomic and molecu-
lar adsorption of N, on the Ru(0001) surface. In Table 1
we compare calculated and measured properties of gas
phase N, molecularly chemisorbed N, and atomically
chemisorbed N.

TABLE 1

Comparison of Calculated and Experimental Properties of Gas-
Phase N, and Molecularly and Atomically Chemisorbed Nitrogen
on Ru(0001)

DFT Exp.

Gas-phase N,

Bond length (A) 1.11 1.102

Frequency (cm™1) 2413 23592
(v/3 x +/3)R30°-N2/Ru (0 = 1/3)

N-N bond length (A) 1.13 1.10+£0.04°

Ru—-N bond length (A) 2.00 2.00+0.05°

Buckling (A) 0.15 0.00 £ 0.05°

N-N frequency (cm™?) 2239 2195°

Adsorption energy (eV/molecule) —0.61 —0.444
p(2 x 2)-N2/Ru (0 = 1/4)

Adsorption energy (eV/molecule) —0.47
p(2 x 2)-N/Ru (6 =1/4)

Ru-N bond length (A) 1.98 1.93+0.05°

Buckling (A) 0.10 0.0740.04°

N(L)-frequency (cm™1) 534 573"

N(=)-frequency (cm™1) 507

Adsorption energy (eV/atom) -0.77

Adsorption energy (fcc site) (eV/atom) 0.00

Diffusion barrier (eV) 0.93 0.94 £0.15¢
¢(2 x 2)-N/Ru (6 =1/2)

Adsorption energy (hcp sites) (eVV/atom) -0.19

Note. The chemisorbed N atoms are positioned in hcp sites unless oth-
erwise stated. All adsorption energies are relative to gas phase N,. The
buckling is the lifting of the Ru atoms under the molecule relative to
its nearest neighbors in the surface layer. The theoretical results in the
(v/3 x +/3)R30° structure are from Ref. (26). The experimental data are
from: ®Ref. (27); °Ref. (28); °Ref. (10); °Ref. (29); °Ref. (30); 'Ref. (31);
9Ref. (32).
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The calculations have been done by placing the adsor-
bate in a certain site and varying all degrees of freedom
of the adsorbate and the two first layers of Ru, to find the
most stable adsorption site. This defines the adsorption en-
ergy (with no zero point energies for vibrations included)
and the adsorption geometry. From small variations in the
adsorbate position around the minimum energy position
we get the second derivatives of the energy and hence the
vibrational frequencies.

For the molecularly adsorbed state we have consid-
ered both a (2x2) and a (/3 x +/3)R30° unit cell, be-
cause experimentally, adsorbed N is known to order in a
(/3 x +/3)R30° structure (5, 10). The details of the (v/3 x
V/3)R30° calculation can be found in Ref. (26). It is seen in
Table 1 that the calculation also favors the (v/3 x +/3)R30°
structure for the molecularly adsorbed state. The adsorp-
tion structure is shown in Fig. 1 (the initial state 1) for the
(2 x 2) structure. The vibrational frequency of N, is also rea-
sonably described, and in particular the shift of 174 cm~tin
the frequency upon adsorption compares very well with the
experimentally observed shift of 164 cm™! (29). The differ-
ence between the experimental and calculated chemisorp-
tion energy of N, of about 0.2 eV sets the scale of the abso-
lute accuracy of the calculated energies.

As shown in Ref. (26) the electronic structure of chem-
isorbed N, can be understood qualitatively and semiquan-
titatively in terms of an interaction between the molecular
50 and 27* states and the metal d states.

We further show in Table 1 that the present calculational
method accurately describes the properties of atomically
adsorbed N for the p(2 x 2) structure where comparison to
experiment can be done. The N atom sits threefold coor-
dinated in an hcp site as shown in Fig. 1 (F) for the hy-
pothetical c(2 x 2) geometry. The chemisorption energy is
predicted to be 2 x 0.77 eV = 1.54 eV (~150 kJ/mol) per N,
molecule in the most stable p(2 x 2) structure at a quarter
of a monolayer coverage. At higher coverages where the N
atoms “share” Ru atoms the chemisorption energy drops to
2x0.19 eV =0.38 eV (~40 kJ/mol). There is thus a sizable
N-N repulsion above a quarter of a monolayer coverage.
The structure and energetics of atomic chemisorption agree
well with the calculations of Schwegmann et al. (30).

The DFT result for the barrier for diffusion of atomic N
is 0.934+0.1 eV which is in good agreement with a recent
experiment showing the barrier to be 0.94 +0.15 eV (32).
It should be noted that there is a large difference in energy
between the equilibrium hcp site for adsorption and the fcc
site of 0.77 eVV—this preference for the hcp site is also found
experimentally (32).

The difference in N adsorption energy in hcp, fcc, and
bridge sites as well as the effect of preadsorbed N atoms can
all be traced back to differences in the coupling between the
N2p states and the Ru d bands. This coupling is illustrated in
Fig. 3. We suggest that it is most convenient to consider first
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FIG. 3. Illlustration of the coupling of the renormalized N2p state to

the Ru d band. (a) Schematic of the N2p state after coupling to the sp
electrons of the substrate. (b) Self-consistently calculated DOS projected
onto the 2p orbitals of N atom adsorbed in an hcp site. () Self-consistently
calculated Ru d DOS for the clean surface.

the coupling between the adsorbate states and the metal sp
electrons and then include the effect of the coupling to the
d electrons (13, 33-35). The former gives rise to a shift and
broadening of the adsorbate levels, while the latter gives
rise to the formation of bonding states below the d bands
and antibonding states above.

The coupling to the metal sp electrons varies much less
from one metal to another or from one site to another than
the d-coupling. We can therefore ascribe the variations in
adsorption energy directly to variations in the d density of
states (DOS). Figure 4 shows comparisons of the calculated

£-£_ (eV)

-10 - -10 + -10 ~

FIG. 4. Density of states projected onto Ru d,. orbitals pointing to-
ward different adsorption sites for N atoms. The four different sites are
hep, fcc, bridge, and an hep site where the Ru atom has an N atom adsorbed

in a neighboring hcp site.
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DOS of the clean surface projected onto a Ru d, orbital
pointing toward the N adsorption site above an hcp, an fcc,
and a bridge site (the z-axis is directed from the center of the
Fe atom to the center of the N atom). We also show the DOS
toward an hcp site for a Ru atom which already has one N
nearest neighbor (calculated for the p(2 x 2) structure). The
d-DOS at the fcc site can be seen to be broader than that at
the hcp site. This signifies that the d states pointing in this
direction bond strongly to the Ru atoms in the second layer,
leading to bonding and antibonding Ru—Ru states. The deep
lying d states cannot be shifted through the Fermi level due
to the interaction with the adsorbate states, and therefore
do not contribute as much to the bonding of the adsorbate
to the surface. The same effect is seen for the Ru d-states
that have already interacted with a N atom. The bridge site
DOS looks much more like the hcp one, but here only two
N2p states can couple strongly to the Ru d states instead of
three in the hcp (or fcc) site.

We can substantiate that it is the difference in the d-DOS
that determines the variations in the N chemisorption en-
ergy by using the Newns—Anderson model (36) to directly
link the adsorption energy to changes in the d-DOS of the
metal atoms to which the N atom couples. We use the same
parameters as for O2p for the coupling matrix element (35)
and aposition of the N2p states 2.5 eV below the Fermi level
(see Fig. 3). The N—Ru distance is so that in the threefold
(fcc or hep) sites each of the three 2p orbitals interacts with
one “directed” d orbital on each of the three Ru neighbors
(37), and in the twofold site only two 2p states are assumed
to interact. This gives a difference between fcc and hcp of
0.62 eV (to be compared to the full DFT-GGA result of
0.77 eV from Table 1), a difference between bridge and hcp
of 1.12 eV (to be compared to the full DFT-GGA result of
0.93 eV from Table 1), and a difference in binding energy
per N atom between the p(2 x 2) and ¢(2 x 2) structures of
0.45 eV (to be compared to the full DFT-GGA result of
0.58 eV from Table 1).

From the above simple modeling, it can be seen that the
coupling of N2p states to the d band of a Ru atom modified
by a neighboring N atom, can account for the main part
of the N-N repulsion. The N-N (indirect) interaction can
therefore be understood in a sequential adsorption model,
in the following way: First one N atom is adsorbed. This
modifies (shifts down) the d states of the neighboring Ru
atoms. The next N atom will see a modified d band and bind
weaker than the first. It is clear that only two N atoms that
bond to the same Ru atom will experience a N—-N repulsion
in this picture. The repulsion can therefore be viewed as
due to the “sharing” of the metal atoms.

4. THE DISSOCIATION PATH

We now turn to the dissociation reaction. We use the
HAC method described above to get the minimum energy
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FIG.5. (Top) The calculated energy (E) along the reaction path for
N, dissociating over a Ru(0001) surface. The forces parallel to the reaction
path have been used in constructing the fit. (Middle) The variation of the
height of the molecular center of mass above the Ru surface layer (z), the
N-N distance (b) and the angle of the N-N bond axis with respect to the
surface plane (0). To illustrate the degree of substrate relaxations along
the reaction path, the contribution of the Ru degrees of freedom to the
reaction coordinate is also shown (sgr,). (Bottom) The N,-induced dipole
moment (u) along the reaction coordinate.

reaction path connecting the adsorbed molecular state and
the dissociated state. The energy as a function of the re-
action coordinate, Eq. [4], is shown in Fig. 5. To plot a
smooth curve through the points we have also used the first
derivatives dE/ds= —F - dI'(s)/ds, where F is the force.
Also shown in Fig. 5 are the variations in selected coor-
dinates along this path. It can be seen that the height of
the molecule above the first Ru layer decreases monoton-
ically along the reaction path. The N-N bond length stays
almost constant for the first part of the reaction, where the
molecule rotates.

The picture that emerges from Fig. 5 is the following.
As the molecule approaches the surface it is first attracted
toward a molecularly adsorbed state (denoted I in Fig. 1).
Here the molecule stands perpendicular to the surface, and
has the properties discussed in the preceding section. Fur-
ther along the reaction coordinate, the molecule rotates,
and a new metastable molecularly adsorbed state is seen
(M inFig. 1). Continuing along the reaction coordinate, the
energy continues to increase until the transition state (TS
in Fig. 1). The transition state is characterized by a very
stretched molecule. One of the N atoms is already close to
the final state in the threefold hollow site, whereas the other
is twofold coordinated to the Ru underneath. Finally, the
two N atoms end up in hcp sites. The energy is still higher
than the lowest energy state discussed in the preceding sec-
tion, because the two N atoms still feel a repulsion from
each other (they still “share” one Ru atom). Diffusion to
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adjacent hcp sites will then lower the energy of the system
from —0.38 to —1.54 eV (see Table 1).

Apart from the residual interaction between the two N
atoms that have just dissociated from each other in the final
state in Fig. 1 (F), it can be seen that due to computational
limitations we have used a unit cell where the N atoms
in adjacent unit cells also “share” Ru atoms in the final
state of the reaction. Had the dissociation taken place at a
lower coverage (in a larger unit cell), the energy in the final
state would have been somewhere in between —0.38 and
—1.54 eV. This does not mean that the finite size of the unit
cell givesasimilar error in the transition state. It can be seen
in Fig. 1 (TS) that in the transition state no N atoms “share”
any Ru atoms through the periodic boundary conditions, so
the interactions will be substantially weaker here. In order
to estimate the magnitude of these interactions, we have
calculated the energy of the transition state in two differ-
ent unit cells, a 2 x 2 and a 3 x 2. In these calculations the
substrate is represented by only two Ru layers. The effect
of increasing the unit cell size, and thereby increasing the
distance between neighboring dissociating molecules, is a
lowering of the barrier by 0.12 eV.

The DOS projected onto the two N atoms in the transition
state are shown in Fig. 6. Because of the very stretched N-N
bond length in the transition state (1.9 A), the electronic
structure of the molecule is very final state-like. The large
splitting of the N2p states that is seen in the molecularly
adsorbed state (I in Fig. 1) (26) is only small in the transition
state. The 2p projected DOS on the two N atoms are both
very similar to the DOS shown in Fig. 3b for a N atom
adsorbed in an hcp site. The differences are due to the small
residual N—N interaction and also due to the different Ru—N
bond lengths.
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FIG.6. DOS projected onto 2p orbitals of the two N atoms in the

transition state. One atom is close to an hcp site and one is close to a
bridge site. Both DOS are compared with the DOS projected onto the
2p orbitals of a N atom adsorped in an hcp site (shown dashed).

The contribution from the Ru degrees of freedom to the
reaction coordinate, Eq. [4], is also shown in Fig. 5. It is
seen that there is a substantial rearrangement of the sub-
strate, particularly during the later parts of the reaction.
This means that one cannot think of the surface as a pas-
sive substrate providing sites for adsorption. It takes a vital
part in the dissociation process.

5. DISCUSSION

The calculated potential energy diagram in Fig. 5 pro-
vides a very nice explanation of the experimental observa-
tions regarding the dynamics and kinetics of the N dissoci-
ation reaction on the Ru(0001) surface. It is seen that there
is no nonactivated path. The top of the barrier is at 1.48 eV
above the energy of the free molecule. Correcting for finite
size effects, as estimated above, we find that all dissociating
molecules must overcome a barrier of at least 1.36 eV. This
first of all explains the extremely low dissociative sticking
probability measured for this surface (5). The finding of a
large barrier in Fig. 5 is in good qualitative agreement with
molecular beam experiments (6).

The barrier for rotating the Nz molecule into the
metastable molecularly adsorbed state is 0.5 eV. The bar-
rier for the molecule to desorb or rotate back to the initial
state is small, but this state might still play a role as a mo-
bile precursor at synthesis conditions. In spite of the short
lifetime of this state, the molecule will have the possibility
of moving around on the surface in this state for a limited
time to find sites (defects or promoters) where dissociation
is facile.

It might be possible to detect signatures of the down
lying molecular state (M) during desorption. Desorbing
molecules might exchange energy with the substrate after
having surmounted the transition state. This would mean
that the desorbing molecules would not have a kinetic en-
ergy corresponding to the full potential energy (the barrier
height) at the transition state. There have been indications
of such an effect in experiments monitoring the angular dis-
tribution of desorbing N3 (38). A clarification of the effect
of this state on the dynamics and kinetics of the dissociation
process will have to await a more detailed simulation of the
dynamics and more detailed experiments.

One of the open questions in connection with the Ru
catalyst for ammonia synthesis is the role of coadsorbed al-
kalis. It is well established that alkali metals promote the
reaction considerably (2-4). The state of Cs on the surface
may be associated with co-adsorbed oxygen (39), but irre-
spective of the detailed structure of the Cs on the surface it
is tempting to suggest that the effect of the Cs is the same
as the effect of K on Fe catalysts, that is, to stabilize N,
on the surface and lower the barrier for N, dissociation
(8, 11). Such a stabilization has been explained in terms of
the electrostatic interaction between the adsorbed N, and K
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(40, 41): Adsorbed N, on Fe(111) (the « state) gives rise to
an increased workfunction corresponding to electron trans-
fer from the surface toward the molecule, while adsorbed K
gives rise to a dipole with the opposite orientation (if the K
is associated with adsorbed oxygen, this dipole is typically
even larger). This gives an attractive interaction, and esti-
mates of the dipole moments show that even the size of the
effect is reasonable. This picture cannot be directly trans-
ferred to the case of N, on Ru(0001). Experiments show
that the molecularly adsorbed N lowers the work function
and interacts repulsively with adsorbed K. This agrees with
the electrostatic picture of the adsorbate-adsorbate inter-
action, but cannot explain the promoting effect of Cs on the
synthesis reaction.

The key to this puzzle is perhaps found by considering
the variation in the Ny-induced dipole moment along the
reaction path in Fig. 5. It can be seen that the molecularly
adsorbed state of the molecule does indeed give rise to a
small decrease in the work function and thus to a small
negative dipole moment. This will interact repulsively with
the negative dipole moment of adsorbed K or Cs. Further
along the reaction path, the dipole moment changes sign,
and around the transition state it is large and positive. Any
adsorbate that will give rise to a lowering of the work func-
tion of the surface will therefore lower the barrier due to
electrostatic interactions.

Adsorption of Cs lowers the work function of Ru(0001)
byupto4eV (42). The change in work function isa measure
of the average change in electrostatic potential outside the
surface due to adsorption of the alkali at a certain coverage.
Since the typical length scale of such variations outside a
metal surface is ~1 A (40, 41), this must mean that adsorbed
Cs as optimum coverage gives rise to an electrostatic field
of & ~ 4 VV/A. This value is an average parallel to the sur-
face; some sites will experience a larger value, some sites a
smaller one. Since the N, dipole moment at the top of the
barrieris u=0.14 eA\, the first order lowering of the energy
iSSE = e >~ 4x0.14 eV =0.56 eV (43). This will lower
the barrier for dissociation almost to the level of the initial
barrier for rotation of the molecule. The barrier for rotation
will be slightly increased, because here the induced dipole
moment has the opposite sign, but there is the possibility
that the rotation takes place far from a promoter, and the
metastable molecule migrates to the Cs atoms where they
dissociate very fast.

The Kkinetic modeling of the ammonia synthesis reaction
over Cs promoted Ru, has suggested a barrier of 33 kJ/mol
for the dissociation step (4). This is in quite reasonable
agreement with the barrier for the first rotation step in the
calculations. It must, however, be stressed that the discus-
sion above of the effect of Cs is only tentative.

We conclude that the density functional calculations give
an excellent description of the atomic and molecularly ad-
sorbed state of nitrogen on Ru(0001). The calculations also

shed new light on the dissociation process—there are only
highly activated reaction paths and there is a molecular
precursor. Calculations of the nitrogen-induced dipole mo-
ment along the reaction path provides a possible explana-
tion of the promoting effect of Cs and other alkali metals
on the reaction.
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