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Chapter 6

The Curious Reaction
Mechanism of Ammonia on
Ru(0001)

This chapter is based on Gerrits, N.; Kroes, G.-J. Curious Mechanism of the
Dissociative Chemisorption of Ammonia on Ru(0001). J. Phys. Chem. C 2019,
123, 28291–28300, DOI: 10.1021/acs.jpcc.9b09121

Abstract
Dissociative chemisorption of polyatomic molecules on metals, which is

relevant to heterogeneous catalysis, usually proceeds through a rotationally
adiabatic or rotational sudden mechanism. The reaction is usually either di-
rect, or proceeds through a trapped molecular physisorped state. Here, ab
initio molecular dynamics is used to model the dissociative chemisorption
of ammonia on Ru(0001). The reaction mechanism is neither rotationally adi-
abatic nor rotational sudden, with clearly distinct and non-statistical initial
and time-of-reaction orientation distributions. Reasonably good agreement
is obtained between computed and previously measured sticking probabil-
ities. Under the conditions investigated the reaction of NH3 goes through a
molecular chemisorption-like state, but the reaction is direct.

https://doi.org/10.1021/acs.jpcc.9b09121


198 Chapter 6. The Curious Reaction Mechanism of Ammonia on Ru(0001)

6.1 Introduction

Recent ab initio molecular dynamics (AIMD)[1–7] and quasi-classical trajec-
tory (QCT)[8, 9] calculations on high-dimensional potential energy surfaces
(PESs) are providing a wealth of information on the dynamics of polyatomic
molecules reacting on metal surfaces. Of these, direct reactions on metal sur-
faces are typically either rotationally adiabatic[10] (e.g., water + Ni(111)[4,
11]) or in a sudden regime[12, 13] (e.g., CHD3 + Pt(111)[5] and methanol +
Cu(111)[7] (see also Chapter 10)). In the former case, the initial orientation
distribution of the reacting molecules is statistical (i.e., it resembles a sin(θ)
distribution of the θd angle shown in Figure 6.1a) and is steered towards tran-
sition state (TS) values[4]. In the latter case, the initial orientation distribution
is already close to the orientation at the barrier geometry[5, 7, 14, 15]. Approx-
imate methods such as the Reaction Path Hamiltonian (RPH) approach[16]
often use either a rotationally adiabatic or a sudden approximation[13, 14].
Furthermore, if a reaction proceeds through a molecular chemisorption-like
state, it is usually trapping mediated[3]. However, as will be shown here,
ammonia reacts on Ru(0001) through a very different mechanism, in which
both the incident orientation distribution and the distribution at the TS are
non-statistical, but clearly distinct. Furthermore, the reaction is observed to be
direct, even though the molecule proceeds through a molecular chemisorption-
like geometry as observed in trapping-mediated reaction.

Due to the high pressures and temperatures involved in the Haber-Bosch
process[18], whereby N2 is converted to NH3, ammonia is not only a product
in this process, but also a reactant, and Ru is a good catalyst for ammonia
production[19]. Therefore, predicting and understanding the reaction of am-
monia on Ru(0001) is not only of interest for fundamental reasons, it is also of
practical importance, as NH3 is a raw material for the production of synthetic
fertilizer that helps feed a substantial part of the world’s population[20]. Ad-
ditionally, Ru is the best single metal catalyst for ammonia decomposition[21–
23], which is relevant to the production of COx-free H2 for hydrogen fuel cell
applications[22]. In the kinetics of ammonia decomposition, the breaking of
the first NH-bond is an important step[22–24].

Molecular beam sticking experiments on dissociative chemisorption of
ammonia on Ru(0001) have been performed by Mortensen et al.[25] at sur-
face temperatures (Ts) of 475 and 1100 K. They found the dissociation to be
activated and independent of Ts at incidence energies larger than 85 kJ/mol.
Consequently, they proposed a direct reaction mechanism for these conditions.
For the lower Ei their detailed experiments allowed them to propose a mecha-
nism involving a molecularly chemisorbed state reacting at defect sites. In the
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FIGURE 6.1: (a) θd angle (i.e., the dissociating bond) of CHD3[17] (red) and HOD[4]
(purple) for all reacted trajectories at the initial time step (dashed lines) and when
a dissociating bond reaches the TS value (solid lines). The solid black line indicates
a statistical sin(θ) distribution. The dotted lines indicate the TS values. (b, c, d, e)
θ1, θ2,3, β, and β′ angles of ammonia for all scattered (green), trapped (brown), and
reacted trajectories, where the results for the reacted trajectories are shown at the
initial time step (blue) and when the dissociating bond reaches the TS value (orange).
The angles of the non-dissociating hydrogen atoms with respect to the surface normal
are indicated by θ2,3. β′ indicates the angle between the surface normal and the
umbrella axis, which is defined as the vector going from the geometric center of the
three hydrogen atoms to the nitrogen atom. The dotted lines indicate the TS values

belonging to the top2fcc barrier geometry.
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latter mechanism, diffusion of reactants to and products away from the defects
limits the sticking at very low Ts, and desorption of NH3 prior to reaching the
defects limits trapping-mediated reaction at high Ts.

So far, only Hu et al.[26] used dynamics calculations to model the exper-
imentally measured sticking probabilities on NH3 + Ru(0001), performing
QCT calculations on a twelve-dimensional (12D) PES fitted with a neural
network approach[27]. Their work focused on vibrational enhancement of
the reaction, and they found vibrational efficacies near unity for each of the
four vibrational modes of NH3. Although the dynamical behaviour of the
ammonia molecule was included, the metal surface atoms were kept frozen.
They did not model energy transfer to the surface atoms, even though this can
play a major role in the computed reactivity for molecule-metal surface reac-
tions[8, 12, 13]. The Perdew, Burke and Ernzerhof (PBE) exchange-correlation
(xc) density functional (DF)[28] was used. For high incidence energies the
computed sticking probabilities for NH3 in its initial vibrational ground state
were considerably higher (by a factor 2 - 2.5) than the experimental sticking
probabilities, which the authors attributed to the use of the PBE DF. Indeed,
this DF, like its very similar[28] predecessor PW91[29], often overestimates the
reactivity of molecules on metal surfaces[5, 30–33] (see also Chapter 5 where
the ease of charge transfer between the molecule and metal surface is related
to the ability of a DF to accurately describe a molecule-metal surface barrier
height).

Here, the reaction is studied at the higher incidence energy conditions for
which the experimentalists did not yet characterize the reaction mechanism
in detail, and for which AIMD calculations can be used: For high incidence
energies the system can be kept small as defects do not play an important
role, and propagation times can be kept short. In the AIMD calculations,
the motions of NH3 as well as that of the surface atoms of Ru(0001) are
modelled explicitly. Different aspects are adressed of the reaction mechanism,
i.e., the orientation distribution of the reacting molecules, and the role of
the molecular chemisorption state in the reaction at high incidence energies.
A DF is used containing revised PBE (RPBE)[34] exchange (more repulsive
than PBE exchange) and the Van der Waals correlation DF of Dion et al.
(vdW-DF1)[35], and is therefore called the RPBE-vdW-DF1 DF. In this chapter,
it is shown that the reaction proceeds through an unusual mechanism, in
which the initial orientation distribution of the reacting molecules is non-
statistical, but is clearly distinct from the non-statistical distribution at the
time of reaction, which resembles the orientation at the TS. Additionally,
although the reaction is direct, the reacting molecules go through a geometry
that is similar to the geometry that would be taken on by the molecular
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precursor state dominating the reaction mechanism at low Ei. Compared to
the earlier dynamics calculations[26] the agreement with the experimental
sticking probabilities is improved.

6.2 Method

For the AIMD and electronic structure (Density Functional Theory, DFT) calcu-
lations the Vienna Ab-initio Simulation Package (VASP version 5.3.5)[36–40] is
used. The first Brillouin zone is sampled by a Γ-centered 4× 4× 1 k-point grid
and the plane wave basis set kinetic energy cutoff is 400 eV. Moreover, the core
electrons have been represented with the projector augmented wave (PAW)
method[40, 41]. The surface is modeled using a 4 layer (3× 3) supercell, where
the top three layers have been relaxed in the Z direction and a vacuum distance
of 15 Å is used between the slabs. Due to the use of the vdW-DF1 correlation
DF the employed vacuum distance causes a small interaction energy between
the surface and the molecule in the gas phase, which effectively raises the
barrier height by 3.0 kJ/mol. However, due to the computational cost a larger
vacuum distance is untractable in the AIMD. Therefore, 3.0 kJ/mol is added
to the translational energy to counteract this shift (see Section 2.4.2). In order
to speed up convergence, first-order Methfessel-Paxton smearing[42] with a
width parameter of 0.2 eV has been applied. The employed computational
setup is confirmed to be converged within chemical accuracy (1 kcal/mol, or
4.2 kJ/mol), as shown in Section 6.A.

Transition states are obtained with the dimer method[43–46] as imple-
mented in the VASP Transition State Tools package (VTST)[47], and are con-
firmed to be first-order saddle points. Forces on the degrees of freedom are
converged within 5 meV/Å, where only the ammonia is relaxed in all its de-
grees of freedom, i.e., when computing TSs the surface is kept fixed in its
relaxed surface-vacuum geometry.

The RPBE-vdW-DF1 DF is used, which is defined as

Exc = ERPBE
x + EvdW-DF1

c , (6.1)

where ERPBE
x is the exchange part of the revised Perdew, Burke and Ernzerhof

(RPBE)[34] exchange-correlation DF and EvdW-DF1
c is the non-local Van der

Waals correlation DF of Dion et al. (vdW-DF1)[35].
A surface temperature of 475 K and 1100 K is simulated in the AIMD cal-

culations, where the atoms in the top three layers are allowed to move. The
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TABLE 6.1: Thermal expansion coefficients for the a and c lattice vectors, which are
taken from Ref. [48].

Temperature (K) αa(K−1) αc(K−1))

475 1.00110 1.00168
1100 1.00684 1.01045

TABLE 6.2: Experimental beam parameters that describe the simulated NH3 velocity
distributions. ν0 and α are based on time-of-flight measurements on CHD3/H2 beams

(see the text)[17, 50].

Tn (K) 〈Ei〉 (kJ/mol) ν0 (m/s) α (m/s)

400[50] 74.0 2899 290
500[50] 89.2 3157 316
600[17] 102.9 3418 342
700[17] 119.5 3683 368

expansion of the bulk due to the surface temperature is simulated by multi-
plying[49] the computed ideal lattice constants (a = 2.7524 Å, c = 4.3334 Å)
with the thermal expansion coefficients[48] that are provided in Table 6.1.

Since ammonia has a similar mass as methane, the parameters used to sim-
ulate the molecular beam bundles (the stream velocity and width parameters,
see Table 6.2) are taken from Refs. [17] and [50], which reported experiments
performed for CHD3 + Pt(111) and Ni(111). The width parameter α is taken as
10% of the stream velocity ν0, which is somewhat larger than was obtained for
CHD3[17, 50]. Note that this procedure was not employed in Ref. [26], where
ammonia was in its vibrational ground state and the velocity distribution was
not taken into account. For every AIMD data point at a surface temperature
of 475 K and 1100 K, 1000 and 500 trajectories were run, respectively, using
a time step of 0.4 fs. Other technical details of the AIMD calculations and
the sampling of the initial conditions can be found in recent work[17, 32, 50]
and in Chapter 2. Note that since NH3 is an oblate symmetric top rotor, the
rotational states have been described in the same manner as for CHD3[17, 50]
(see Section 2.4.2), which is also a symmetric top rotor.
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FIGURE 6.2: (a) Top2fcc TS of ammonia on Ru(0001), indicating the orientation angles
as used in Table 6.3. θ1 is the angle between the dissociating NH bond and the surface
normal, β is the angle between the principal axis of NH2 (i.e., the vector going from
the geometric center of the two non-dissociating hydrogen atoms to the nitrogen
atom) and the surface normal, and γ is the angle between θ1 and this principal axis.
(b) Same as panel a but here the length of the dissociating NH bond (r) and distance
of the nitrogen atom to the surface (ZN) are illustrated. (c) Top view of the top2fcc TS

geometry.
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FIGURE 6.3: Elbow plot of ammonia
on Ru(0001) as a function of ZN and r
(distance between the nitrogen atom
and the surface, and the length of the
dissociating NH bond, respectively),
where other degrees of freedom are
fixed according to the top2fcc TS ge-
ometry. Contour lines are drawn at
intervals of 10 kJ/mol between -40
and 200 kJ/mol. The white circles in-
dicate the MEP and the black square
indicates the highest point along the

MEP.
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6.3 Results

6.3.1 Activation Barriers and Adsorption Energies

Figures 6.2a-c show the top2fcc barrier geometry obtained with the RPBE-
vdW-DF1 DF and depicts the angles that are used in the description of the
barrier heights and geometries obtained with the RPBE-vdW-DF1, SRP32-
vdW[17] and PBE[28] DFs shown in Tables 6.3 and 6.3. The θ1 angle is the
angle between the dissociating bond and the surface normal. The β angle
is the angle between the surface normal and the principal axis of the NH2
fragment, which is defined as the vector going from the geometric center of
the two non-dissociating hydrogen atoms to the nitrogen atom. The γ angle
indicates the angle between the axis defined and the dissociating bond (see
Figure 6.2a). ZN indicates the distance of the nitrogen atom to the surface and
the length of the dissociating NH bond is indicated by r (see Figure 6.2b).

Two barriers have been obtained, the top2fcc and top2hcp barriers, of
which the top2hcp barrier height (63.2 kJ/mol) is 2.7 kJ/mol lower than the
top2fcc barrier height (65.9 kJ/mol). Moreover, in terms of the five coordinates
shown in Figures 6.2a and 6.2b the two barrier geometries are very similar,
with an important difference being the location of the dissociating hydrogen
atom, i.e., towards the fcc and hcp hollow sites. Additionally, Figure 6.3
shows the elbow plot of ammonia on Ru(0001), where ZN and r are allowed
to vary but the remaining NH3 coordinates are fixed to the top2fcc TS values.
For this geometry, an adsorption well of about 36 kJ/mol is found before the
MEP makes a turn. The top2fcc barrier geometry obtained by Hu et al.[26]
using the PBE DF is similar to the one obtained with the RPBE-vdW-DF1
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DF but their top2fcc barrier height is 20.3 kJ/mol lower. Moreover, with the
computational setup described in Section 6.2, but with the PBE DF, a similar
top2fcc barrier height and geometry is obtained as Hu et al.[26], where the
difference in barrier heights is only 2.3 kJ/mol. Interestingly, for PBE the
top2hcp barrier height obtained in this chapter is also lower than the top2fcc
barrier height (by 3.1 kJ/mol), but the top2hcp barrier was not mentioned
previously by Hu et al[26]. Nevertheless, the top2hcp barrier is confirmed to
be present and to yield the lowest barrier height in the work of Hu et al. as well
(private communication). It should also be noted that the converged surface
lattice constant for PBE in this work is slightly smaller (a = 2.7148 Å) than
the one obtained by Hu et al.[26] (a = 2.7251 Å) due to Hu et al. employing
tetrahedron smearing with Blöchl corrections[51] for the bulk optimization
instead of Fermi-Dirac smearing[52], which is employed throughout the rest
of their DFT calculations.

With the SRP32-vdW DF previously developed for CHD3 + Ni(111)[17]
barrier heights for NH3 + Ru(0001) are obtained that are similar to the PBE
barrier heights, although now the top2fcc barrier height is 0.6 kJ/mol lower
than the top2hcp barrier height (Tables 6.3 and 6.3). Again, the geometries
are similar to the geometries obtained with the RPBE-vdW-DF1 DF. This was
also observed for the barriers of CHD3 on Pt(111) obtained with the PBE and
SRP32-vdW DFs[5]. In general, it seems that the vdW interactions mostly
lower the barrier height, and do not affect the barrier geometry much: Mixing
in repulsive RPBE exchange (by going from PBE to SRP32 or RPBE exchange)
while retaining PBE correlation would raise the barrier, but replacing PBE
by vdW correlation fully (in case of SRP32 exchange) or partly (for RPBE
exchange) compensates for this. However, the inclusion of vdW interactions
may affect other areas of the PES in different ways, and therefore the dynamics
may change as well, as has been shown for CHD3 + Pt(111)[5].

The adsorption well of ammonia on Ru(0001) is shown in Figure 6.4, which
is obtained by fixing the ammonia in the gas phase geometry. It is observed
that the adsorption well is considerably deeper when the nitrogen atom points
downwards (74.5 kJ/mol) than when the hydrogen atoms point downwards
(18.5 kJ/mol), which corresponds to a chemisorbed and physisorbed state,
respectively. When the ammonia molecule is fully relaxed at the surface an
adsorption energy of 75.7 kJ/mol is obtained (see Table 6.5), which is in rea-
sonable agreement with experiment (88.7 kJ/mol)[53]. Moreover, allowing
the surface atoms to relax in response to the molecule as well yields an ad-
sorption energy of 81.4 kJ/mol (Table 6.5), which is in even better agreement
with experiment. When also the interaction energy of 3.0 kJ/mol is taken into
account due to the employed vacuum distance (see Section 6.2), an adsorption
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FIGURE 6.4: Physorption and chemisorp-
tion well of ammonia on Ru(0001). The
blue and red lines indicate whether the
hydrogen atoms (physisorption) or nitro-
gen atom (chemisorption) are closest to
the surface, respectively. The asymptotic

gas phase energy is taken as zero.
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TABLE 6.5: Adsorption energies (Eads) of NH3 on Ru(0001) computed with the RPBE-
vdW-DF1 DF, where the metal surface is kept fixed and relaxed. Ammonia is always
relaxed. The corrected adsorption energies due to the interaction energy caused by

the smaller vacuum distance are provided in the brackets.

Surface relaxed w.r.t. vacuum Surface relaxed w.r.t. NH3

Site ZN (Å) Eads (kJ/mol) ZN (Å) Eads (kJ/mol)

Bridge 2.61 -29.8 (-32.8) 2.55 -32.4 (-35.4)
Fcc 2.75 -26.2 (-29.2) 2.70 -28.1 (-31.1)
Hcp 2.78 -25.6 (-28.6) 2.78 -26.3 (-29.3)
Top 2.30 -75.7 (-78.7) 2.36 -81.4 (-84.4)
T2f 2.34 -50.7 (-53.7) 2.36 -62.1 (-65.1)
T2b 2.32 -56.2 (-59.2) 2.36 -66.6 (-69.6)
Top (PBE)[26] 2.23 -83.7 - -
Top (Exp.)[53] - - - -88.7
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energy of 84.4 kJ/mol is obtained (Table 6.5), which reproduces the experi-
ment with almost chemical accuracy. With the PBE DF a similar adsorption
energy (83.5 kJ/mol)[26] is obtained. This similarity in adsorption energy is at-
tributed to the PBE exchange typically binding more than the RPBE exchange,
combined with the vdW correlation compensating for this effect. Furthermore,
the preferred adsorption site is the top site, which is in agreement with theory
and experiments by Maier et al.[54] and Hu et al.[26], who both used the PBE
DF without long-range correlation effects.

The barrier heights computed with the RPBE-vdW-DF1 DF can also be
corrected for the unconverged value of the vacuum distance, obtaining Ec

b.
Values of Ec

b and the associated zero-point energy corrected values are listed
in Tables 6.3 and 6.4.

6.3.2 Sticking Probability

The computed sticking probability of ammonia on Ru(0001) is shown in Figure
6.5a. The sticking probabilities computed by Hu et al. for vibrationally ground
state NH3[26] and the sticking probabilities measured by Mortensen et al.[25]
are also shown. The sticking probability obtained with the RPBE-vdW-DF1 DF
for a mobile surface is in better agreement with experiment than the sticking
probabilities computed using the PBE DF within the static surface approxi-
mation[26]. The computed RPBE-vdW-DF1 sticking probabilities are smaller
than the PBE sticking probabilities even though in the calculation of the latter
the contribution from excited vibrational states to the sticking was omitted,
and no averaging over the velocity distribution in the molecular beam was
performed. Performing both averaging procedures would have led to even
higher PBE sticking probabilities (see Figure 6.6 for sticking probabilities for
vibrationally ground state NH3). Furthermore, when the experimental results
are multiplied with a factor 1.5 (Figure 6.5b), excellent agreement between the
computed RPBE-vdW-DF1 and the measured sticking probabilities is obtained.
This multiplication improves the mean absolute deviation (the mean of the
distances between the theoretical and experimental sticking probability curves
along the energy axis) from 23.1 kJ/mol to 4.5 kJ/mol, which is almost within
chemical accuracy. Moreover, in agreement with experiment, no difference
in reactivity is obtained using a surface temperature of 475 K or 1100 K at
high incidence energy, i.e., the sticking probability has no surface temperature
dependence. Trapping is also observed (see Figure 6.B.1), but the trapped
molecules will most likely desorb when the corresponding trajectories are
propagated longer for the incidence energies considered, where the measured
sticking is independent of surface temperature.
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FIGURE 6.5: (a) Sticking probability of ammonia on Ru(0001). All theoretical results
are indicated by closed circles and the experimental results are indicated by open
diamonds and squares, of which the diamonds and squares are measurements using
hydrogen or nitrogen desorption, respectively. Experimental results are taken from
Ref. [25], and previous theoretical results without surface motion (closed green
circles) are from Ref. [26]. The AIMD results are the closed blue (Ts = 475 K) and
red (Ts = 1100 K) circles. The error bars represent 68% confidence intervals. (b)
Same as panel a, but with the experimental results multiplied with a factor 1.5. The
horizontal offsets between the computed and fitted experimental sticking probabilities

are indicated by the numbers (in kJ/mol).
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FIGURE 6.6: Sticking probability of NH3
on Ru(0001). Theoretical results including
vibrational states sampled with a Boltz-
mann distribution according to Tn or only
the ground state are indicated by closed
and open circles, respectively. Ts = 475 K
and 1100 K with(out) surface motion are
represented by the blue and red (black)
symbols, respectively. The error bars rep-

resent 68% confidence intervals.

The effect of surface motion is investigated as well by fixing the surface
atoms in their ideal positions, commonly referred to as a frozen surface or
Born-Oppenheimer static surface model, but using a lattice expansion coeffi-
cient corresponding to Ts = 1100 K. This excludes any energy transfer from
ammonia to the surface atoms, and corrugation in barrier heights and posi-
tions due to the movement of the surface atoms. In Figure 6.5a the sticking
probability on the frozen surface is considerably higher than on the mobile
surface. The thermal modulation of barrier heights and positions typically
has a negligible effect on the sticking probability when the incidence energy is
near or above the barrier height, as has been shown previously for methane
reacting on several surfaces[8, 55, 56]. Furthermore, since both in this work
and the experiments performed by Mortensen et al.[25] no surface tempera-
ture dependence is found for the incidence energies addressed, it is expected
that this holds true for NH3 + Ru(0001) as well. Therefore, it is likely that the
increase in sticking is mainly caused by the lack of energy transfer from the
molecule to the surface atoms, and thus including surface motion into the
modeling of NH3 + Ru(0001) is necessary.

The difference between the computed sticking probabilities in this chapter
and those by Hu et al.[26] for vibrationally ground state ammonia is somewhat
smaller than might have been expected from the difference between the Eb
value of PBE (45.6 kJ/mol)[26] and RPBE-vdW-DF1 (62.9 kJ/mol). However,
note that the sticking probability of Hu et al. should be underestimated as also
the contribution of vibrationally excited NH3 should be taken into account (see
Figure 6.6). Furthermore, as will be shown in the next section, the dynamics
plays an important role in the dissociation of ammonia, especially the re-
orientation of ammonia. Therefore, the minimum barrier height might play a
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TABLE 6.6: Average value of the θ1, β and γ angles with the standard error (σm)
and standard deviation (σ) for all reacted and scattered trajectories. The top2fcc and

top2hcp TS values are included as well.

θ1(°)± σm(σ) β(°)± σm(σ) γ(°)± σm(σ)

Reacted (t = 0) 41.0 ± 1.1 (25.5) 62.2 ± 1.1 (26.6) 62.3 ± 0.4 (9.8)
Reacted (r = r‡) 103.6 ± 0.5 (12.5) 155.2 ± 0.6 (13.4) 74.6 ± 0.8 (19.1)
Scattered (t = 0) 89.7 ± 0.7 (38.4) 90.6 ± 0.7 (40.1) 62.2 ± 0.2 (9.8)
top2fcc 115.6 177.2 61.6
top2hcp 116.1 176.5 60.3

smaller role than expected.
The sticking probabilities measured on Ru(0001) were not absolute sticking

probabilities, but relative sticking probabilities measured by a combination of
three different methods using partial pressures and temperature programmed
desorption (TPD) of H2 and N2. The relative sensitivities of these three meth-
ods were calibrated to one another for overlapping regimes of surface tem-
peratures where the methods were applicable. Absolute sticking probabilities
were then obtained by also performing a King and Wells experiment[57] on
a surface with an artificially high defect concentration created by sputtering,
against which the other methods for measuring sticking of NH3 on defect free
Ru(0001) were then calibrated[25]. This procedure was needed due to the
tendency of NH3 to stick to the walls of the chamber. However, the uncertainty
of the absolute sticking probabilities obtained in this manner was not stated.
Since the shape of the sticking probability curve is predicted correctly if the
experimental data is multiplied with a factor 1.5 (see Figure 6.5b), and the
experimental error margin is unknown, it is possible that the disagreement
between experiment and theory in this chapter is at least in part caused by an
error in the calibration of the sticking probabilities. On the other hand, the re-
sults of Chapter 5 suggest that a GGA DF will always underestimate the barrier
height of NH3 + Ru(0001) since the difference between the molecule’s electron
affinity and the metal surface’s work function is smaller than 7 eV, thus likely
requiring a DF that reduces the self-interaction error (e.g., a screened hybrid
DF). Nevertheless, additional experiments are required in order to validate
both theory and experiment. For further discussion of the agreement between
theory and experiment, see Section 6.4.
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Gas phase Reorientation Molecular 
chemisorption

Dissociation

FIGURE 6.7: Snapshots from a typical trajectory of reacting ammonia on Ru(0001).
The gas phase (a), first moment of reorientation (b), molecular chemisorbed state (c),
and moment of reaction (d) are depicted. The dissociating hydrogen atom is indicated

by the red circles. The simulation time portrayed in these panels is about 50 fs.

6.3.3 Dynamics During the Reaction

In order to elucidate the reaction mechanism of ammonia on Ru(0001), the
dynamics of the reaction is now investigated. First, all reacted trajectories,
except for one, occurred without bouncing, so the reaction proceeds directly,
without the system going through a long-lived molecular precursor state.
However, looking at the angles of ammonia during a reaction (see Figure 6.1,
Table 6.6, and Figures 6.7a-d, which present snapshots from a representative
example of the reactive trajectories) paints a different picture. The initial
distribution of θ1 is centered on values smaller than 90° (Figure 6.1b), so
typically the leaving H atom initially points away from the surface (Figure
6.7a). The dissociating hydrogen atom is only reoriented towards the surface
(as in the TS, see Figure 6.2a) near the moment of the reaction (i.e., when
r = r‡), see Figures 6.1b and 6.7d. Moreover, the non-dissociating hydrogen
atoms are initially oriented towards the surface (θ2,3 > 90° and β < 90°,
Figures 6.1c,d and 6.7a), while at the time of reaction they point upwards
(θ2,3 < 90° and β > 90°, Figures 6.1c,d and 6.7d). Closer inspection of the
reacted trajectories suggests that the nitrogen atom first binds to the surface
(Figures 6.7b and 6.7c), while the two non-dissociating hydrogen atoms are
oriented along (Figure 6.7b) and then away from (Figure 6.7c) the surface. After
this, a rapid reorientation of all hydrogen atoms occurs and subsequently a
hydrogen atom dissociates (Figure 6.7d), which is the hydrogen atom that was
originally oriented away from the surface (Figure 6.7a). It is possible that by
first binding the nitrogen atom to the surface, and thus forming a chemisorbed
molecule, the NH bond is destabilized so that it can dissociate more easily
after reorientation. Furthermore, this reaction occurs rapidly and without
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bounces on the surface, where typically the time between ammonia impacting
on the surface and dissociation of an NH bond is about 50 to 150 fs. Several
movies of dissociation events are provided in the supporting information of
Ref. [58] to illustrate the mechanism. Since the dissociative chemisorption
of ammonia on Ru(0001) occurs initially through molecular chemisorption
and only subsequently an NH bond dissociates, this is arguably not a simple
direct reaction mechanism as reported before[25, 26], but rather a molecular
chemisorption mediated direct reaction mechanism.

Importantly, at the initial time step the orientation distribution of the react-
ing molecule is non-statistical, i.e., it does not resemble a sin(θ) distribution
as shown in Figure 6.1a. A non-statistical initial distribution has also been
observed for other polyatomic molecules reacting on metal surfaces (Figure
6.1a) (e.g., CHD3[15, 17, 50] and methanol[7], see Chapters 7, 9 and 10) for
which cases the reaction mechanism can be described reasonably well as a
rotational sudden mechanism. Interestingly, unlike for the aforementioned
cases, the initial orientation distribution of NH3 does not resemble the barrier
geometry or the orientation distribution at the time of reaction. Only at the
moment of dissociation, i.e., when r = r‡ for the dissociating bond, does the
time-evolved orientation distribution of ammonia resemble the barrier geome-
try, which to the best of our knowledge has not been observed before. This
has consequences for the approximations that can be made in modeling the re-
action. For example, the HOD + Ni(111) reaction can be treated as rotationally
adiabatic[4, 59], while the reaction of CHD3 + Ni(111) can be treated reason-
ably well with a rotational sudden approximation[14] (see also Figure 6.1a).
However, the unique behaviour of ammonia, where rotationally non-adiabatic
dynamics is coupled with a non-statistical distribution of the orientation of
the reacting molecule at t = 0, prevents the usage of such approximations
and only models where the full dynamics is included, such as AIMD, can
describe NH3 + Ru(0001) correctly. It should be noted that although HCl +
Au(111) appears to exhibit a statistical initial distribution and a time-evolved
distribution of the orientation of HCl resembling the barrier geometry (i.e., a
rotational adiabatic mechanism, see Chapter 3), a careful analysis of the reac-
tion mechanism suggests that the reaction is, in fact, rotationally non-adiabatic,
similar to NH3 + Ru(0001) (see Chapter 4. Furthermore, quantum dynamics
might be necessary to describe the reaction of NH3 on Ru(0001)[26] at low
Ei, but performing quantum dynamics (QD) calculations using the full 12D
hamiltonian is probably computationally prohibitive. So far QD employing a
hamiltonian including all degrees of freedom of the molecule has been per-
formed up to 9D, e.g., on H2O + Cu(111)[60]. For molecule-surface systems
with more than nine molecular degrees of freedom reduced dimensionality
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FIGURE 6.8: Average energy transfer
from scattered ammonia to Ru(0001) com-
pared to the refined Baule model. The
black line is the energy transfer predicted
by the refined Baule model, whereas the
blue and red circles indicate the energy
transfer predicted by AIMD at Ts = 475 K

and 1100 K, respectively.

hamiltonians have been employed, e.g., with nine degrees of freedom for CH4
+ Ni(111)[61], and the use of the rotationally adiabatic or rotational sudden
approximation might therefore be desirable. However, as has been noted
here, these approximations are not valid for the reaction of NH3 on Ru(0001),
and therefore employing a reduced dimensionality hamiltonian may not be
straightforward.

Figure 6.8 shows the predicted energy transfer of the scattered trajectories
obtained with AIMD and by the refined Baule model[62, 63] (see also Section
2.5), which is defined as

〈ET〉 =
2.4µ

(1 + µ)2 〈Ei〉 , (6.2)

where µ = m/M (m is the mass of ammonia and M is the mass of a ruthenium
atom) and 〈Ei〉 is the average incidence energy. Here it is seen that the energy
transfer computed with AIMD is about 20%, whereas the refined Baule model
predicts an energy transfer of about 30%. This disagreement is larger than has
generally been observed for CHD3[63] (Chapter 9) and methanol[7] (Chapter
10). It is possible that trajectories that transfer less energy from ammonia to
the metal surface are also less likely to trap, and therefore that the average
energy transfer is lower than one would expect from the comparatively simple
refined Baule model.

Molecules are most likely to trap when the lone pair on the nitrogen
atom is pointing away from the surface (β′ < 90°, see Figure 6.1e). When
the lone pair is oriented more towards the surface, it is considerably more
likely to react, probably due to the possibility of forming the chemisorption-
like state required for the reaction. An obvious reason for trapping would
be the translational energy transfer from the ammonia to the metal surface.
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FIGURE 6.9: Kinetic energy of trapped
ammonia parallel (XY direction, orange)
and perpendicular (Z direction, red) to
the surface, the energy transfered from
NH3 to the surface phonons (compared to
t = 0, blue), and increase in the rovibra-
tional energy of NH3 (compared to t = 0,
green) at the final time step, i.e., when
t = 1.0 ps, as a function of incidence en-
ergy. The error bars represent 68% confi-

dence intervals.
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However, even when energy transfer from the molecule to the surface is not
allowed by employing a frozen surface, trapping is still observed (about 2%
at 〈Ei〉 = 119 kJ/mol, versus 5% if surface motion is included, see Figure
6.B.1). This suggests that energy transfer to other motions, i.e., motions of
NH3, may also cause ammonia to be trapped. For instance, it is possible
to excite the vibrational bending mode of ammonia when the umbrella is
pointing towards the surface, thereby converting translational energy into
vibrational energy. Also, a large fraction of the translational energy of trapped
molecules is oriented parallel to the surface instead of perpendicular to the
surface after the initial collision. These energy transfer effects are quantified in
Figure 6.9. The largest energy transfer is observed to vibrations and rotations,
and this represents about 60% of the energy transfered. The energy transfer
from motion normal to the surface to motion parallel to the surface and to the
phonons and rovibrational motion make it less likely to scatter. It is expected
that these trapped trajectories are likely to scatter back into the gas phase at
longer simulation times, as they might be able at some point to escape both
the chemisorption and physisorption wells. This has also been observed for
some of the scattered trajectories, which scattered after one or two bounces
on the surface. The observation of trajectories that scattered after one or two
bounces, and the observation that only one of the reacted trajectories was
indirect (occurred with bouncing) is in accordance with the original proposal
by the experimentalists[25] of a direct mechanism for the high Ei addressed
here, and the surface temperature independence of reaction they observed.

Figure 6.10 shows that the reaction occurs relatively more near (i.e., more
than expected on the basis of relative surface areas) the bridge site than near
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FIGURE 6.10: (a) Fraction of clos-
est high symmetry site, i.e., the
top, hollow and bridge (blue,
orange and green, respectively)
sites, to the impact site of reacting
ammonia as a function of the in-
cidence energy when a bond dis-
sociates, i.e., when r = r‡. The
open and closed symbols indicate
a surface temperature of 475 K
and 1100 K, respectively. The dot-
ted lines indicate the statistical
average for the high symmetry
sites. (b) The sticking probabil-
ity of NH3 on the high symmetry
sites as a function of the incidence
energy. The error bars represent

68% confidence intervals.
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FIGURE 6.11: Distance of the nitrogen
atom to the surface when a bond disso-
ciates, i.e., when r = r‡, as a function of
incidence energy. The open and closed
circles indicate a surface temperature of
475 K and 1100 K, respectively. The blue,
orange, and green lines indicate the top,
hollow, and bridge sites. The horizontal
dotted lines indicate the TS values of ZN,
where the values belonging to the hollow
and bridge sites are taken from Ref. [26].
The error bars represent 68% confidence

intervals.
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FIGURE 6.12: Distribution of steering
of ammonia in the XY direction for all
reacted (blue), scattered (orange) and
trapped (green) trajectories. Steering is
here defined as the distance travelled by
NH3 in the XY plane between the ini-
tial time step and first classical turning
point for the scattered and trapped trajec-
tories, and between the initial time step
and when a bond dissociates, i.e., when

r = r‡, for reacted trajectories.
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the top and hollow sites. However, from the minimum barrier location (near
the top site, see Section 6.3.1) one would expect that the top site should be
relatively more reactive than the other sites. The barrier height on the bridge
site was predicted by Hu et al. to be 11 kJ/mol higher than the minimum
barrier height[26]. Furthermore, the reactivity of the top and hollow sites is
similar, even though compared to the minimum barrier the barriers on the hcp
and fcc sites were predicted to be higher by 49 and 38 kJ/mol, respectively[26].
The possibility is considered here that the relatively low reactivity near the
top site is caused by the bobsled effect[64, 65], which can reduce the reactivity
as it causes the molecule to slide off the MEP and react over a higher barrier
than the lowest barrier[8, 63]. However, Figure 6.11 shows that the average
distance of the nitrogen atom to the surface is close to the TS value for all three
sites. Therefore, it seems unlikely that the bobsled effect plays a large role. At
present, it remains unclear why the bridge site is more reactive than the top
and hollow sites. It can be speculated that the use of vdW-DF1 correlation
leads to the barriers being relatively lower (i.e., compared to PBE) above the
bridge and hollow sites, where the barriers are closer to the surface.

Interestingly, a considerable amount of steering in the XY plane is observed
(see Figure 6.12). The steering also seems to be independent of incidence
energy and whether the trajectory will go on to react, scatter or trap. Moreover,
looking at Figure 6.13, the dynamical steering in the XY direction mostly steers
the ammonia away from the hollow sites towards the bridge sites. At high
incidence energy steering from the bridge site towards the top site occurs as
well.
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(Å

)

〈
Ei
〉

= 120 kJ/mol (1100 K)

0 2 4

X (Å)
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FIGURE 6.13: Impact site of reacting ammonia on Ru(0001) indicated with circles
at the initial time step, i.e., t = 0 fs and ZCOM = 7.5 Å, whereas the color of the
circle indicates the closest high symmetry site when a bond dissociates, i.e., when
r = r‡. The top, fcc, hcp and bridge sites are indicated in blue, green, red and black,

respectively, and the top layer atoms are indicate by the gray circles.
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6.4 Discussion of the Comparison of Experiment and
Theory

Here, potential issues are discussed with both theory and experiment that
could further affect the comparison between the measured and computed
reaction probabilities. First, the inversion of the umbrella of the ammonia
molecule during the dynamics might be treated incorrectly with the QCT
approach in the AIMD[66, 67]. Especially when higher nozzle temperatures
are employed, the probability of having vibrationally excited bending modes
is considerable. However, in the AIMD the inversion of the umbrella does
not occur before reaching the surface, and the inversion of ammonia occurs
on a timescale (once per 21 ps[68]) that is considerably longer than the time
it takes to reach the surface in the AIMD (100 fs). Therefore, it is concluded
that the QCT approach should be valid at high incidence energies where
reaction occurs in a "classical over the barrier fashion", and thus tunneling
should not play a significant role. Another issue is that the experimental
beam parameters[25] are not exactly known, making a direct quantitative
comparison difficult as beam parameters can have a large effect on the reaction
probability of molecules reacting on metal surfaces[30, 69, 70]. This effect can
also be seen in Figure 6.6 where results are compared for ammonia in the
vibrational ground state with ammonia vibrationally excited according to a
Boltzmann distribution. At the higher incidence energies and concomitant
higher nozzle temperatures, the sticking probability of vibrational ground
state ammonia is somewhat lower than when the vibrational excitations in the
molecular beam are taken into account.

6.5 Conclusions

In this chapter the dissociative chemisorption of ammonia on Ru(0001) is
investigated with AIMD. Not only is surface motion included for this reaction
for the first time, a DF incorporating attractive Van der Waals correlation
(RPBE-vdW-DF1) is employed as well. With respect to earlier work employ-
ing the PBE DF and modeling the Ru(0001) surface as static the computed
sticking probability is found to be in improved agreement with experiment.
This improvement is attributed to both modeling the Ru(0001) as a mobile sur-
face, and using the RPBE-vdW-DF1 DF. Also, the lack of surface temperature
dependence at high incidence energy observed by experiment is confirmed
with AIMD. It is found that the modeling of surface motion is required to
accurately describe the sticking probability. The reaction mechanism is neither
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rotationally adiabatic nor rotational sudden, with initial and intermediate (i.e.,
at time of reaction) orientation distributions that are both non-statistical, but
do not resemble one another, which to the best of our knowledge has not
been observed before. Furthermore, it is observed that under the conditions
investigated the dissociation of ammonia on Ru(0001) is not described by a
simple direct, or by an indirect trapping-mediated reaction mechanism, but
rather by a direct reaction mechanism in which NH3 goes through a very
short-lived molecularly chemisorbed state. Direct dissociative chemisorption
of a polyatomic molecule where the molecular chemisorption of a molecule is
immediately followed by dissociation has also not been observed before.
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Appendix

6.A Convergence

Figure 6.A.1 and Table 6.A.1 illustrate the convergence of the minimum barrier
height for ammonia dissociation on Ru(0001) (Eb) as a function of number
of layers for different numbers of k-points using a kinetic energy cut-off
of 400 eV, yielding a converged barrier height of 44.8 kJ/mol. The SRP32-
vdW DF that was originally developed for CHD3 + Ni(111)[17] is used here
instead of the RPBE-vdW-DF1 DF used throughout the rest of this chapter.
Moreover, a vacuum distance of 13 Å is used, instead of 15 Å used in the rest
of this chapter. However, similar convergence behaviour is expected. The
computational set up employed for the AIMD calculations (4 layers, 3× 3
surface unit cell, 4× 4× 1 k-points, kinetic energy cut-off of 400 eV), with the
exception noted for the vacuum distance, gave a barrier height of 44.0 kJ/mol.
It is confirmed that the computational set up is also converged with respect to
the kinetic energy cut-off. Furthermore, Table 6.A.2 shows the top2hcp barrier
heights obtained with the SRP32-vdW DF as a function of the vacuum distance.
Here it can be seen that 30 Å yields converged barrier heights. Note that in
Table 6.A.2 for only a vacuum distance of 13 and 30 Å a dimer calculation is
performed, whereas for the other values of the vacuum distance the barrier
geometry yielded by 13 Å is employed, i.e., a so-called single point calculation
is performed. For a vacuum distance of 30 Å it is confirmed that a single point
calculation reproduces the result of the dimer calculation. However, for 15 Å a
small difference of 1.4 kJ/mol is obtained between the single point and dimer
calculations (see Table 6.3, where Eb = 42.0 kJ/mol instead of 40.6 kJ/mol).
Hence, a translational energy shift of 4.4 kJ/mol instead of 3.0 kJ/mol would
have been more appropriate due to the interaction energy (see Section 6.2),
but we consider this difference to be small enough to not affect the results
presented in this chapter considerably. It is also confirmed that employing the
RPBE-vdW-DF1 DF yields the same difference in barrier heights between 15 Å
and 30 Å as the SRP32-vdW DF.
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TABLE 6.A.1: Convergence of the minimum barrier height (kJ/mol) on Ru(0001)
(top2hcp geometry) is shown as a function of the amount of layers, k-points, and
the size of the surface unit cell (3× 3 and 4× 4) for a plane wave energy cutoff of
400 eV using the SRP32-vdW DF. A vacuum distance of 13 Å instead of 15 Å (used
throughout the rest of this chapter) is employed. The results obtained with the
employed computational set up in the AIMD (except the vacuum distance) is in bold

and the most converged result (i.e., obtained with the largest setup) is in italic.

Layers k-points Eb, 3× 3 Eb, 4× 4

4 3× 3× 1 44.0
4 4× 4× 1 44.0 42.2
4 6× 6× 1 43.5 42.8
4 8× 8× 1 42.9 42.8
4 10× 10× 1 42.9

5 3× 3× 1 46.0
5 4× 4× 1 46.6 45.8
5 6× 6× 1 45.7 45.7
5 8× 8× 1 46.3 45.3
5 10× 10× 1 46.2

6 3× 3× 1 48.2
6 4× 4× 1 47.9 46.8
6 6× 6× 1 47.5 47.5
6 8× 8× 1 47.4 47.4
6 10× 10× 1 47.3

7 3× 3× 1 46.1
7 4× 4× 1 45.8 45.9
7 6× 6× 1 45.3 45.5
7 8× 8× 1 45.3 45.6
7 10× 10× 1 45.6

8 3× 3× 1 44.7
8 4× 4× 1 45.1 45.1
8 6× 6× 1 45.3 44.8
8 8× 8× 1 45.2 44.5
8 10× 10× 1 44.9

9 3× 3× 1 43.9
9 4× 4× 1 44.0 44.3
9 6× 6× 1 44.1 43.8
9 8× 8× 1 43.9 43.6
9 10× 10× 1 43.7

10 3× 3× 1 44.8
10 4× 4× 1 44.6 44.9
10 6× 6× 1 44.9 45.0
10 8× 8× 1 44.6 44.8
10 10× 10× 1 44.6
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FIGURE 6.A.1: Convergence of the minimum barrier height on Ru(0001) (top2hcp
geometry) as a function of the amount of layers for the number of k-points equal to
(n× n× 1), where n is indicated in the legend. The SRP32-vdW DF is used. The upper
panel and lower panel used a 3× 3 and 4× 4 supercell, respectively. The dashed lines

indicate the converged barrier height.

TABLE 6.A.2: Minimum barrier height (kJ/mol) on Ru(0001) (top2hcp geometry) is
shown as a function of the vacuum distance with the computational set up used in

the AIMD employing the SRP32-vdW DF.

Vacuum distance Eb (kJ/mol)

13 44.0
15 40.6
17 39.0
20 38.2
25 37.7
30 37.5
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FIGURE 6.B.1: Sticking probability of
ammonia on Ru(0001) obtained with
AIMD. Ts = 475 K and 1100 K are rep-
resented by the blue and red symbols,
respectively. The closed and open sym-
bols indicate reaction probabilities and
trapping probabilities, respectively. The
error bars represent 68% confidence in-

tervals.
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6.B Trapping

Figure 6.B.1 shows the reaction probabilities of NH3 on Ru(0001) obtained
with AIMD, where the trapping probabilities are shown as well. At the
lowest incidence energy about three times as much trapping occurs as reaction,
whereas at the highest incidence energy the trapping probability is about a
factor 4 smaller than the reaction probability. Under the conditions shown in
Figure 6.B.1, trapping is not expected to contribute to reaction[25]. If trapping
were to affect the reaction probability, it is expected the measured sticking
probability to depend on Ts, while it does not.
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