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Ammonia synthesis over a Ru(0001) surface studied
by density functional calculations
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Abstract

In this paper we present DFT studies of all the elementary steps in the synthesis of ammonia from gaseous hydrogen and nitro
ruthenium crystal. The stability and configurations of intermediates in the ammonia synthesis over a Ru(0001) surface have been in
both over a flat surface and over a stepped surface. The calculations show that the step sites on the surface are much more reac
terrace sites. The DFT results are then used to study the mechanism of promotion by alkalies over the Ru(0001) and to det
rate-determining step in the synthesis of ammonia over the Ru catalyst.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

In the Haber–Bosch process ammonia is synthesize
rectly from gaseous nitrogen and hydrogen over cata
particles. The catalyst mostly used is based on iron [1],
ruthenium is more active and a ruthenium-based catalys
been commercialized recently [2,3]. The catalyst is, h
ever, not nearly as common as the iron catalyst due to
high price of ruthenium and the shorter lifetime of the ca
lyst [4].

In the following we will outline the detailed reactio
mechanism for ammonia synthesis over Ru.

The first step in the reaction over a Ru surface, the N2 dis-
sociation, has been widely studied experimentally [5–1
Other steps in the reaction have also been investigate
experiments [11–18]. This is usually done either by deco
position of NH3 [15], N2H4 [16], or NH2CHO [17] or by
letting adsorbed nitrogen and hydrogen react [18]. The r
tion intermediates can then be identified by their vibratio
spectra, and in this way adsorption sites and configurat
can be deduced for the surface species present [11,14,1
The adsorption of the reaction intermediates, espec
NH3, is the subject of many discussions [14,17,18]. For
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E-mail address: norskov@fysik.dtu.dk (J.K. Nørskov).
0021-9517/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9517(03)00156-8
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NH3 molecule, thermal desorption spectroscopy (TDS) s
ies show two different chemisorption states, denotedα1 and
α2 [14]. Theα1 state desorbs at about 310 K and is the o
one present at low coverages. At higher coverages both s
are seen withα2 desorbing at about 180 K. The adsorpti
sites and geometries of these two states have not been
with certainty but both the on-top site and the hollow s
and even the coexistence of both of them, have been
gested [14,17,21].

Also theoretical studies have directed their attention
NH3 synthesis over a Ru surface, but DFT studies for o
steps in the reaction than the N2 dissociation [22–26] are
rather few. An estimate of the energetics along the reac
path was first presented by Rod et al. [27] and later by Zh
et al. [28], who in addition to adsorption also estimated
barriers for the hydrogenation steps in the reaction. Zh
et al. included the influence of step sites on the surface
parts of the process in their study, but they concluded
the effect is small.

Calculations have also been used as a tool in the ide
cation of reaction intermediates on the surface. This has
done by calculating vibrational frequencies for an interm
diate and comparing it to the frequencies found in the ex
iments discussed above [20,29,30]. The adsorption ene
and vibrational frequencies have been estimated with D
both for the NH3 molecule [29] and the NH species [20
The subject of the former calculations was the adsorptio
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NH3 on a Ru cluster [29,30]. From these calculations
comparison with experiments they suggest a threefold
low site as the most stable adsorption site for NH3. From the
DFT calculations for NH adsorbed on a Ru cluster Staufe
al. [20] suggest the same adsorption site for NH.

Below we present our results from DFT calculations
all the elementary steps in the reaction over a Ru(0001)
face. First we describe the calculational method. Then
adsorption of reaction intermediates will be considered
addition to the reaction barriers. The promotion mechan
over the Ru(0001) surface is next studied and finally we
the results from the DFT calculations to confirm that
rate-limiting step of the reaction over the Ru(0001) surf
is the N2 dissociation.

2. Methods

To calculate adsorption energies and reaction bar
for the synthesis of ammonia over Ru(0001) we use d
sity functional (DFT) calculations. The DFT calculations a
based on a plane-wave expansion of the wavefunction
RPBE description of exchange and correlation effects [
and ultrasoft pseudopotentials [32]. Plane waves with
netic energy up to 25 Ry are used. The self-consistent e
tron density is determined by iterative diagonalization of
Kohn–Sham Hamiltonian, Fermi-population of the Koh
Sham states (kBT = 0.1 eV), and Pulay mixing of the re
sulting electronic density [33]. All total energies have be
extrapolated tokBT = 0 eV.

Two model systems were used to describe the Ru(0
surface, one for terraces on the crystal and another fo
steps on the surface. In both cases the surface was mo
by a periodic array of slabs. In the model for the flat surf
we used two-layer slabs and a (2×2) surface unit cell. The
surface atoms are kept fixed at their bulk positions and
slabs are separated by 11 Å of vacuum. The effect of no
laxing the surface atoms has been tested. These calcula
showed that by relaxing the top surface layer increased
adsorption energy of N on the surface by only 0.04 eV.

The choice of a two-layer slab for the terrace model
be justified by the test shown in Fig. 1a. The energy for
slabs with a different number of layers is determined,
it can be seen that its variation with the number of lay
is quite small. Thus the minimum number of layers, nam
two, is chosen in order to save computational time. The
of such a small unit cell will introduce some degree of er
to the results but the accuracy was estimated to be suffi
for the comparison made here. Fig. 1b shows the atom
adsorption energy for different sizes of surface unit ce
The adsorption energy is nearly the same for the (2×2) unit
cell and the (3×2) unit cell. This indicates that interaction
between the adsorbate are the same at these surface
ages of N. The smaller unit cell is therefore chosen in
calculations for the terrace site.
-

d

s

t

r-

Fig. 1. The adsorption energy (�EN ) of an atomic nitrogen on a Ru(0001
as a function of (a) number of layers and (b) surface coverage. The refe
energy is the clean Ru slab and the N2 molecule in the gas phase. The u
of two layers introduces only about 0.05 eV error compared to the m
converged results using four- and five-layer slabs.

The stepped surface is also modeled by two-layer
with 11 Å of vacuum between the slabs. A step is made
the surface by adding two Ru rows on one side of the sla
this case a (4×2) unit cell is used. In the stepped Ru surfa
the two top layers are allowed to relax.

To find the barriers for each step in the reaction, we
two different methods. For N2 dissociation the initial and
final state were first found. Then the bond length between
two N atoms was kept fixed and the system allowed to re
This was repeated with a longer N–N bond length until
molecule had dissociated. By also keeping track of the fo
between the N atoms it is possible to locate the trans
state. The approach assumes that the N–N bond leng
close to the reaction coordinates. This has been shown
true for N2 dissociation on Ru(0001) [22]. Not all reactio
paths are as simple as the one for N2 dissociation. For more
complex reactions, where only the substrate and the pro
are known, we use the nudged elastic band method (NE
determine the reaction path [34,35].

3. Results and discussions

The reaction mechanism for the NH3 synthesis on a Ru
surface has not been completely established but is beli
to be similar to the one on Fe surfaces. For the Fe c
lyst, however, the detailed mechanism for NH3 synthesis is
known and the elementary steps in the reaction are [36,

(1)N2 + 2∗ → 2N∗,

(2)H2 + 2∗ � 2H∗,

(3)N∗ + H∗ � NH∗ + ∗,

(4)NH∗ + H∗ � NH2∗ + ∗,

(5)NH2∗ + H∗ � NH3∗ + ∗,

(6)NH3∗ � NH3 + ∗,

where∗ stands for an empty site on the surface. It has b
shown that the first reaction is rate-determining and the o
reactions are in equilibrium. We have therefore decide
study these elementary steps in the NH3 synthesis over a R
catalyst using DFT calculations.
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The calculated energetics for the reaction path are sh
in Fig. 2. The figure shows the formation of two NH3 mole-
cules, both on a flat surface and on a stepped surface.
an N2 molecule and three H2 molecules dissociate. In th
next steps the hydrogen atoms are added to the nitr
atom one-by-one, and the most stable adsorption site
configuration are found for each number of hydrogen ato
After addition of three H atoms, the first NH3 molecule des-
orbs from the surface and the formation of the second N3
molecule continues. The process is exothermic by 1.8 eV
formation of two ammonia molecules. If we take zero-po
energies [38,39] into account the reaction energy is−1.0 eV,
which is in very good agreement with thermodynamical d
(−1.0 eV) [40].

3.1. The reaction over terrace sites

To look closer at the reaction intermediates, the ads
tion energies and preferred geometries found in the D
calculations are shown in Table 1. The adsorption sites fo
in the calculations are in good agreement with sugge
sites in the literature. The intermediates N and H both
in a threefold hollow site [19,41–43]. Hcp sites are prefer
by N, whereas H sits in an fcc site. This is in agreem
with the results of Schwegmann et al. [41], who found
low-energy electron diffraction (LEED) and DFT studi
that N sits in an hcp site. They determined that N is loca
1.05± 0.05 Å above the Ru surface.

An adsorbed NH sits in an hcp site, as suggested
Staufer et al. [20]. When two hydrogen atoms have b
added to the N atom our calculations suggest that the
action intermediate moves from the hollow site to a twof
bridge site. Unfortunately we have not found experime
evidence to support this change in site, as NH2 is unstable a
room temperature (the barrier to form NH from NH2 is very
small, see Fig. 2) [18]. Rauscher et al. [16] have, howe
observed NH2 on the Ru(0001) surface at 220–280 K d
ing hydrazine decomposition, but no suggestion of poss
adsorption sites is made in their paper.

According to the calculations, the most stable adsorp
site for an adsorbed NH3 is the on-top site where the co
figuration is slightly tilted. In calculations where we tried

Table 1
The calculated adsorption energies and geometries for the NH3 synthesis
reaction intermediates over a flat surface

Species Site �E (eV/molecule) h (Å) b(N–H) (Å) α

H fcc −0.52 1.08 – –
N hcp −0.29 1.19 – –
NH hcp −0.89 1.29 1.02 3◦
NH2 Bridge −0.54 1.69 1.02 55◦
NH3 On-top −1.32 2.24 1.02 55◦

The first two columns show the adsorption site and the adsorption en
(�E) (relative to N2(g) and H2(g)). In the next two columns the adsorba
height over the surface (h) and the N–H bond length (b(N–H)) are shown.
In the last column the angle between a surface normal and the N–H
(α) is shown.
t

adsorb NH3 in an hcp hollow site the molecule was not s
ble on the surface and desorbed. These results are in
agreement with the results from DFT studies performed
Frechard et al. of the adsorption of NH3 on rhodium sur-
faces [44]. The fact that NH3 is bound most strongly to th
surface in the on-top site is not surprising. The molec
binds to the surface through the lone electron pair on th
atom. The surface bond is formed mainly from electrost
interactions between NH3 and the substrate. The electro
rich N atom is therefore expected to bind to the surfac
the most electron-deficient site, the on-top site.

To complete the picture of the reaction path, energy
riers along the path have been calculated. The barriers f
are for the hydrogenation steps (3), (4), and (5) in addi
to the N2 dissociation barrier (1). The three barriers for t
addition of an H atom are similar in height. The first hyd
genation step has a barrier of about 1.2 eV/molecule and this
height increases by about 0.1 eV for each hydrogen ad
The heights of the calculated barriers are shown in Fi
and in Table 2. Our values are in a good agreement with
results from Hu and co-workers [28]: their calculations g
1.13, 1.28, and 1.20 eV for reactions (3), (4), and (5), res
tively.

As an example of the hydrogenation steps studied h
Fig. 3 shows the formation of NH2 according to

(7)NH∗ + H∗ � NH2∗ + ∗.

In the initial state (IS) the NH adsorbate sits in an hcp
while an H atom sits in a neighboring fcc site. Next the
atom moves to the NH (TS). Finally the adsorbate comp
moves to the bridge site, which is preferred by the prod
NH2. The other two steps are similar to the one shown he

3.2. The reaction at step sites

The DFT results for adsorption energies and prefe
geometries for the reaction intermediate at step sites
shown in Table 3. Comparing adsorption energies for the
termediates at the step site to the energies at terrace
(Table 1) we see that the surface species are bound stro
to the step site than the terrace site. Different surface spe
are stabilized by different amounts of energy, from alm
no stabilization for H atoms (0.03 eV) to significant sta
lization of 1.12 eV for NH2. The reason for the stabilizatio

Table 2
The reactions studied and the calculated barriers heights,Ea, for both ter-
race sites and step sites

Reaction Terraces Steps
Ea (eV/molecule) Ea (eV/molecule)

N2 + 2∗ → 2N∗ 1.9 0.4
H2 + 2∗ → 2H∗ – –
N∗ + H∗ → NH∗ + ∗ 1.2 1.1
NH∗ + H∗ → NH2∗ + ∗ 1.3 1.3
NH2∗ + H∗ → NH3∗ + ∗ 1.4 1.2
NH3∗ → NH3 + ∗ – –
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Fig. 2. Calculated energy diagram for NH3 synthesis over a Ru surfac
Both the energetics for the flat surface (dashed lines) and the stepped s
(solid lines) are shown. The formation of two ammonia molecules from2
and H2 is shown.

Fig. 3. The addition of a hydrogen to an adsorbed NH. First NH sits in
threefold fcc site, but during the reaction it moves over to the less co
nated bridge site. The figure shows the initial state (IS), the transition
(TS), and the final state in the reaction (FS). The energy barrier for th
action isEa = 1.3 eV/molecule estimated by DFT calculations.

is twofold. First the reactivity of Ru atoms at the step
increased due to the undercoordination of step atoms.
effect has been explained by the d-band model of Ham
and Nørskov [45]. The more step atoms the adsorbate b
to, the more pronounced this effect. The other factor is s
freedom, since at the step the adsorbate is much more fr
find an energetically favorable adsorption configuration t
at the terrace site.

The preferred sites for N and NH are still the hcp sit
but since they are closer to the step both intermediate
stabilized by about 0.1 eV/adsorbate. The most stable co
e

o

Fig. 4. The most stable configuration for (a) NH and (b) NH2 adsorbed a
a step site. The unit cell used in the calculations is indicated by the
atoms. The size of the unit cell is (4×2) and a three-layer slab is used.

Fig. 5. The addition of a hydrogen to NH2 adsorbed at a step site. IS deno
the initial state, TS the transition state, and FS the final state.

figuration for an H atom at a step site is the one where it
at the edge of the step and is bound to two Ru step atom

A similar configuration is the most stable one for the N2
intermediate (Fig. 4b), but where H is only stabilized
0.03 eV NH2 is stabilized by more than 1 eV. The cause
the large stabilization is that at the step NH2 is able to bind
at a bridge site on the step and is therefore much more fr
find a stable configuration than on the terrace, even tho
the adsorbate is not bound to a larger number of Ru atom
the step. NH3 binds in a similar way as NH2 but at an on-top
site on a Ru step atom.

In addition to adsorption energies, we have calculated
barriers for the reaction at the step sites. The influence o
edge atoms is largest for N2 dissociation, where the barrie
is lowered by 1.5 eV/molecule [26]. These results are su
ported by experiments performed by Dahl et al. [26]. Th
experiments give a N2 dissociation barrier of (0.4± 0.1) eV
over a Ru(0001) surface. This barrier is thus for the diss
ation at the step sites and is in an excellent agreement
nd
he
Table 3
The adsorption energies and geometries for the intermediates in the NH3 synthesis on a stepped Ru(0001) surface

Species Site �E (eV/molecule) b(Ru–N) (Å) b(N–H) (Å) θ H–N–H α

H Bridge −0.55 – – – –
N hcp −0.40 1.99 – – –
NH hcp −0.95 2.06 1.03 – 0◦
NH2 Bridge −1.66 2.15 1.03 113◦ 56◦
NH3 On-top −1.76 2.27 1.03 109◦ 34◦

The first two columns show the adsorption site and the adsorption energy (�E) (relative to N2(g) and H2(g)). The next two columns show the Ru–N bo
length (b(Ru–N)) and the N–H bond length (b(N–H)), respectively. The two last columns show the angleθ H–N–H and the angle showing how much t
adsorbate is tilted relative to a surface normal (α).
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our DFT calculations. The dissociation barrier for the t
race sites has been determined by Diekhöner et al. [8], w
they measured the barrier through laser-assisted assoc
desorption. In these experiments, which are mainly sens
to the desorption from the terraces, they estimated the
sociation barrier to be 1.8 eV, which is also in very go
agreement with our DFT results.

The effect on other barriers in the reaction is not
large, the barriers for the hydrogenation steps are low
by 0.2–0.3 eV/molecule. The reason for this is the diffe
ent geometries of the transition states. In N2 dissociation the
N atoms are not only bound to the step but are also bo
to a larger number of Ru atoms than in the dissociation
the terrace [26]. For the transition state configurations of
hydrogenation steps this is not the case. In these step
transition state is bound to the same number of subs
atoms as in reaction sites on a terrace. For these rea
steps the reason for the lowering is solely the enhance
activity of the Ru step atoms.

Fig. 5 shows configurations along the reaction path
the addition of an H atom to NH2. It shows the reaction pat
found to have the lowest barrier. In the initial state the N2
sits at the edge of the step and the H atom at the base o
step. This is not the most stable adsorption site for an H a
but the path gives the lowest barrier. The barrier for this
action is 1.0 eV/molecule. As the H atom does not sit in
most favorable site, the energy difference for the two s
has to be added to the barrier. This gives a total barrie
1.2 eV/molecule. Other reaction paths for the NH3 forma-
tion were also investigated but they all give higher barrie

Zhang et al. [28] have also estimated the barrier for
second hydrogenation step. Their calculations gave a
rier of 0.81 eV/molecule. This is somewhat lower than t
value we find but different initial states can explain the d
ference. In their calculations they use as the initial st
a configuration, which is similar to configuration for NH2
(Fig. 4b). We, on the other hand, use the one shown
Fig. 4a. This gives a difference in the calculated barrie
about 0.3 eV/molecule.

3.3. Promotion

Next, we studied the effect of promotion on the re
tion paths. For the Ru catalyst electropositive alkali met
like Cs, have been found to give the largest promotio
effect [46]. In this case where the promoter atom is an e
tropositive alkali or alkaline earth metal atom the effect c
be estimated by calculating the dipole moment (µads) in-
duced when the adsorbate is bound to the surface. The e
of the promoter atom has been shown to be given prima
by the electrostatic interaction between this dipole mom
and the electrostatic fieldε induced by the adsorbed alka
atom (εalkali) [47,48]. We therefore estimate the change
the adsorption energy due to the promotion as

(8)�Eint = −εalkaliµads.
e

e

t

Table 4
The calculated dipole moment (µads) for the transition
state, N2,TS and the intermediates in NH3 synthesis as a
result of promotion of the surface

Terraceµads(eÅ) Stepµads(eÅ)

N2,TS −0.13 [25] −0.15
N −0.03 [25] 0.01
NH 0.18 0.24
NH2 0.25 0.27
NH3 0.35 0.56

Table 4 shows the calculated dipole moments for config
tions along the two reaction paths. According to Eq. (8)
interaction energy decreases if bothµadsandεalkali are neg-
ative (the adsorbate bond becomes more stable). Morte
et al. [25] have used DFT to estimate the electrostatic fi
adsorbed Na atom induces to beεNa = −1 V/Å.

The energy of the N2 transition state decreases in t
presence of a field of this strength and the transition sta
stabilized compared to an unpromoted surface. On the o
hand, other configurations studied are destabilized, exce
which is almost unaffected by the presence of the prom
The same effect is seen both for the terrace sites and the
sites but the influence is larger at the step site.

The DFT calculations therefore indicate that alkali ato
promote the NH3 synthesis both by lowering the N2 disso-
ciation barrier and by lowering the coverage of other in
mediates along the reaction path. This is in accordance
studies investigating the effect of electropositive promo
atoms on the reaction steps, where the increased sta
of the N2,TS has been suggested [25,48–50] as well as
destabilization of the reaction intermediates [49,51].

3.4. The rate-limiting step

Finally, we studied which step is the rate-determin
step in the reaction. Fig. 2 shows that at the step sites
N2 dissociation step has the lowest barrier of the react
This raises the question whether this reaction step real
the rate-determining step of the reaction as commonly
sumed [52]. To study this we have estimated the rates
for the N2 dissociation and for the step where NH2 is formed.
The latter step is chosen because it is the step in the rea
with the highest barrier according to the DFT calculatio
In the following we assume that the reaction happen
T = 700 K.

If we first look at the dissociation step. The rate for t
step can be written as

(9)r1 = k1
PN2

Po
θ2∗ ,

where

(10)k1 = Ae−Ea/kBT ,

PN2 is the partial pressure of nitrogen,Po is the standard
pressure (1 bar), andθ∗ is the number of free sites on th
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surface. At the temperatures and pressure we are consid
we need not include the molecularly adsorbed state ex
itly, since it is in equilibrium with the gas phase and ha
very low coverage. To estimate the rate constant trans
state theory can be used giving

(11)k1 = kBT

h

qTS

qgas
e(Egas−�ETS)/kBT .

HereqTS andqgas are the partition functions for N2,TS and
N2(g), respectively [53], and we defineEgas= 0. By com-
paring Eqs. (10) and (11) we see that the prefactorA is

(12)A = kBT

h

qTS

qgas
.

The partition function for N2 in the gas phase can be writt
as

(13)qgas= kBT

2εrot

kBT

PN2/Po

(
2πmkBT

h2

)3/2

,

when the N–N vibrations are assumed to be frozen o1

The rotational constant for the N2 molecule is εrot =
0.248 meV [40].

To evaluateqTS we have performed DFT calculation
to estimate the vibrational frequencies for the N2 in the
transition state, which gives 73, 65, 58, 55, and 53 m
respectively. These frequencies give usqTS = 10.00 using
qTS = qvib as at the transition state both the translational
the rotational partition functions are close to unity.

Using then Eqs. (11) and (13) to estimate the prefa
we getA = 0.241 s−1. With these assumptions and∆ETS =
0.4 eV/molecule, the rate constant for the N2 dissociation is
k1 = 3.2× 10−4 s−1.

If we now look at the rate for step (4), it can be written

(14)r4 = k4θNHθH

and using Eq. (10) as

(15)r4 = Ae−Ea/kBT θNHθH.

To estimate the prefactor for this step, transition-state th
can also be used. In this case the partition function for
two states can be assumed to be almost equal and close
A then becomes

(16)A = kBT

h
= 1013 s−1.

For this prefactor andEa = 1.3 eV, the rate constant fo
this step becomesk4 = 4400 s−1.

These calculations show that the rate constant is lo
for the first step in the reaction. This is generally the c
in the temperature range usually used in the ammonia
thesis as can be seen in Fig. 6. Furthermore, under synt

1 The vibrational contribution to the partition functionqvib = ∏
i 1/(1−

e−h̄ωi/kBT ) can be assumed to be frozen out whenh̄ωi/kBT is high
enough. The N–N stretching mode in the gas phase has the freq
h̄ω = 272 meV [47]. At 700 K the term̄hωi/kBT = 4.5 andqvib = 1.01.
g

1.

is

Fig. 6. The calculated rate constantsk1 and k4 for reactions (1) and (4)
respectively. The calculations show that in the temperature range used
ammonia synthesis (350–500◦C) the rate constant for the N2 dissociation,
k1 is lower thank4. The insert shows the measured rate constant taken
Ref. [26] (points). The density of active sites is taken to be 1.57×1017 m−2

and is found by assuming that the number of step sites is 1% of the
number of sites on the Ru(0001) surface (1.57× 1019 m−2) [54].

conditions the number of free sitesθ∗ is low whereasθH and
θNH are high [52], which only enhances the difference in
two rates, c.f. Eqs. (9) and (14). This shows that the N2 dis-
sociation is indeed the rate-determining step in the reac
under most conditions.

4. Conclusion

We have presented DFT results for the elementary s
in ammonia synthesis over a Ru catalyst. The calc
tions show that the intermediates in the reaction are bo
stronger to the active sites located at steps than on fla
races. Based on this we suggest that the reaction m
occurs at the step sites. We can, however, not exclude
one or more of the elementary reaction steps take place
terrace site. It is clear from Fig. 2 that the hydrogenatio
NH could take place over terrace site as well. We also c
clude that the N2 dissociation is the rate-determining st
in the reaction over a Ru(0001) surface. Finally, the ca
lations suggest that the promotion of the reactants by a
metals takes place by a combination of a stabilization of
transition state of the N2 dissociation and the destabilizatio
of NH species on the surface.
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