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Chapter 7

CHD3 + Cu(111), Cu(211), and
Single-Atom Cu(111) Alloys

This chapter is based on Gerrits, N.; Migliorini, D.; Kroes, G.-J. Dissociation of
CHD;3 on Cu(111), Cu(211), and Single Atom Alloys of Cu(111). J. Chem. Phys.
2018, 149, 224701, DOI: 10.1063/1.5053990

Abstract

In order to model accurately reactions of polyatomic molecules with metal
surfaces important for heterogeneous catalysis in industry, the Specific Reac-
tion Parameter (SRP) approach to density functional theory has been devel-
oped. This approach has been shown to describe the dissociation of CHD3
on Ni(111), Pt(111), and Pt(211) with chemical accuracy. In this work, predic-
tions have been made for the reaction of CHD3 on Cu(111) and Cu(211) using
barriers, elbow plots, and Born-Oppenheimer molecular dynamics. Hope-
fully, future experiments can prove the transferability of the SRP density
functional to systems in which methane reacts with flat and stepped surfaces
of adjacent groups of the periodic table, by comparison with the present pre-
dictions. Moreover, the effect of a so-called single atom alloy on the reactivity
of methane is investigated by making predictions for CHD3; on Pt-Cu(111)
and Pd-Cu(111). It is found that the reactivity is only increased for Pt-Cu(111)
near the alloyed atom, which is not only caused by the lowering of the barrier
height but also by changes in the dynamical pathway and reduction of energy
transfer from methane to the surface.
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7.1 Introduction

For heterogeneous catalysis, one of the most important processes is steam re-
forming, where methane and steam react over a metal catalyst and form molec-
ular CO and hydrogen. At high temperatures, the dissociation of methane
is a rate controlling step on a wide variety of metals[1, 2], and thus warrants
detailed study of the breaking of the CH bond on metal surfaces. Moreover,
methane dissociation on copper is a much investigated method for creating
high quality graphene[3-9]. However, due to the complexity of the interaction
between metals and molecules and of describing both metals and molecules
accurately, this reaction remains difficult for theoretical studies[10-14]. Re-
cently, it has been shown that chemically accurate results can be obtained for
molecule-metal surface reactions by using a so-called Specific Reaction Param-
eter (SRP) approach[15-17]. Furthermore, the recently developed SRP32-vdW
density functional (DF) not only gives chemically accurate results for the
reaction for which it is developed (CHD3 + Ni(111)[16]), but it is also transfer-
able to systems in which methane interacts with metals from the same group
(CHDs3 + Pt(111)[17]) and with stepped surfaces of the same metal (CHD3
+ Pt(211)[17]). In this chapter predictive calculations are performed for the
reaction of methane on surfaces of a metal belonging to a neighbouring group
of the periodic table, in the hope that these predictive calculations will be
followed by experiments that can test the transferability of the SRP32-vdW DF
to methane interacting with a flat and stepped Cu surface, i.e., Cu(111) and
Cu(211).

Moreover, a way to improve catalysts is to introduce alloys[18], which can
be used to both increase reactivity and selectivity[19]. For example, methane
dissociation is so highly activated on Pt and Ni that the methane will com-
pletely dehydrogenate and thus poison the catalyst[20-22]. However, by
combining Pt or Ni with a less reactive metal like Cu, a highly active catalyst
that does not poison itself can be produced[22]. In order to be able to clearly
identify the effect of the different metals, so-called Single Atom Alloys (SAA)
are investigated in this chapter, where a small portion (5%) of the top surface
atoms is replaced with a different metal. These alloyed metal atoms do not
cluster and thus can be viewed as single isolated atoms[23-25]. So far only
a limited amount of information is available for the reaction of methane on
alloys[22, 26-30]. As such, the SRP32-vdW DF will not only be used to make
a prediction for Cu(111) and Cu(211), but it will also be applied to SAAs
of Cu(111) that incorporate metals for which the DF either gives chemically
accurate results (Pt), or is expected to do so (Pd).

In short, in this chapter a prediction is made for the reactivity of CHD3
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on Cu(111), Cu(211), Pd-Cu(111) and Pt-Cu(111). Furthermore, a detailed
analysis of the dynamical behaviour is provided. This chapter is structured
as follows: a short summary of the technical details is given in Section 7.2.
The barriers are discussed in Section 7.3.1 followed by the minimum energy
path in Section 7.3.2. In Section 7.3.3 the sticking probabilities are presented,
while Section 7.3.4 concerns the impact site associated with reactive collisions.
Finally, a short summary is given in Section 7.4.

7.2 Method

All the Born-Oppenheimer molecular dynamics (BOMD) and electronic struc-
ture (Density Functional Theory, DFT) calculations have been performed with
the Vienna Ab-initio Simulation Package (VASP version 5.3.5)[31-35]. A ki-
netic energy cutoff of 350 eV and a I'-centered 6 x 6 x 1 k-point grid are used.
Furthermore, core electrons have been represented with the projector aug-
mented wave (PAW) method[35, 36], using an Ar core PAW pseudo-potential
for Cu. The (111) surfaces are modeled using a 5 layer (3 x 3) supercell, while
the (211) surface is modeled using a 4 layer (1 x 3) supercell. Furthermore,
the vacuum distance between the slabs is 13 A. In order to speed up conver-
gence, first-order Methfessel-Paxton smearing[37] with a width parameter
of 0.2eV has been applied. Calculations have been performed without spin
polarization, which is not required for a diamagnetic material as Cu. This
computational setup is confirmed to yield results that are converged to within
chemical accuracy (1 kcal/mol, or 4.2kJ/mol), and results with respect to this
convergence are given in Section 7.A.

For the alloys, a single surface layer atom in the supercell is replaced with a
Pt or Pd atom, which is similar to what is observed in experiment[22, 24], and
results in a coverage of 1/9™ of a monolayer. The alloyed atom is confirmed
to remain at its position, i.e., it does not travel over the surface.

Transition states (TSs) are obtained with the dimer method[38—41] as imple-
mented in the VASP Transition State Tools package (VTST)[42], with the forces
on the molecule’s atoms converged within 5meV/A. The TSs are confirmed
to be first-order saddle points by doing a frequency analysis, i.e., by checking
if only one imaginary frequency was found. An ideal slab is used, where the
top three layers have been relaxed in the Z direction.

For the BOMD simulations a surface temperature of 550 K is used, where
the atoms in the top three layers are allowed to move in all three directions
and the ideal lattice constant is expanded by a factor of 1.0078 in order to
reflect the expansion of the bulk due to the surface temperature[43]. The
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TABLE 7.1: Experimental beam parameters that describe the simulated CHD3 velocity

distributions. The stream velocity (1) and the width parameter (x) are determined

through time-of-flight measurements for the nozzle temperatures (T,) of 750 and

900K][16]. The parameters for (E;) = 181.3kJ/mol are not from experiment, but
theoretical estimates obtained by extrapolation.

Tn (K) (Ei) (KJ/mol) vp(m/s) «(m/s)

750 136.4 3760.72 21691
900 160.4 4070.12  274.51
1050* 181.3 4320.12  324.01

frequency w employed in the 1D harmonic oscillator model for the simulation
of surface atom motion (see Section 2.4.1 for this procedure) is in the range
of 1.4 < w < 1.8k]/mol. Ten differently-initialized slabs are generated using
the aforementioned procedure, resulting in a pool of 10000 snapshots. The
average temperature of the pool of snapshots is (541 & 60) K. For every BOMD
data point, 1000 trajectories were run, unless noted otherwise, with a time
step of 0.4 fs. The rest of the technical details for the BOMD calculations can
be found in recent work[16, 17, 44] and in Chapter 2.

The initial translational energy of the molecules has been sampled from the
experimental molecular beam parameters (stream velocity and width param-
eter), which are provided in Table 7.1. Experiments for (E;) = 181.3kJ/mol
were not readily available, so parameters were estimated. Moreover, the noz-
zle temperature is merely an estimate of what is needed to obtain a beam with
the required translational energy distribution, but for the state population
this is not an issue since at this energy BOMD was only done for CHD3 in
the single rovibrational state it would be excited to in a laser-on experiment.
The residual energy Eg (1.9 kJ/mol) is added to the kinetic energy in order to
correct for the interaction with the periodic image and reduced plane wave
cutoff energy, as is described in Sections 2.4.2 and 7.A. The laser-off beams
are simulated by sampling the initial vibrational states of the molecule from
a Boltzman distribution at T,,, while its initial angular momentum has been
set to zero and the molecule’s orientation is randomly sampled. The v; =1
and v; = 2 beams are simulated by initializing all molecules with one or
two quanta in the CH stretch mode, respectively. Moreover, the experimental
R(1) transition to the rotational state ] = 2 and K = 0 is simulated in the
BOMD trajectories (see Section 2.4.2 for the simulation of the rotational states).
The alignment in M should be erased by hyperfine coupling due to the long
pathway of the excited molecules in the experiments[12]. Therefore, M has
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been statistically sampled, i.e., M = —2,—1,0, 1,2 with equal probability.
The SRP32-vdW DF is employed, which was previously used for CHD;3 +
Ni(111), Pt(111) and Pt(211)[16, 17], of which the exchange part is defined as

Ex = x- EXPPE 4 (1 —x) - ELPE, (7.1)

where EXBE and EPBE are the exchange parts of the RPBE and PBE[45, 46]
exchange-correlation DFs, respectively, and x = 0.32. Moreover, the vdW
correlation DF of Dion and coworkers (vdW-DF1)[47] is used. Earlier work
has shown that using a Van der Waals correlation DF may be important to a
correct description of the energy dependence of the reaction probability[48],
signifying that the variation of the barrier height with molecular orientation
and impact site is correctly described[48], and that this is also true for methane
interacting with metals[16, 17, 49]. With the use of an appropriate correlation
DF and an appropriate weighted average of exchange DFs, SRP-DFT has
been shown capable of accurately describing the minimum barrier height,
the anisotropy and corrugation of the barrier height, and the position of the
barrier, which determines how efficiently pre-exciting stretch vibrations may
enhance the reactivity (see Ref. [15] and the supporting information of Refs.
[16] and [50]). Finally, CHDj3 is used instead of CHy in order to avoid artificial
intramolecular vibrational energy redistribution (IVR) in the dynamics when
the CH stretch mode is vibrationally excited[44, 51]. For arguments regarding
the reliability of the quasi-classical trajectory (QCT) approach implicit in the
BOMD, the reader is referred to the supporting information of Refs. [16] and
[44]. There, the authors were able to argue that the QCT approach should not
suffer much from problems like zero-point energy violation, and be accurate
already for reaction of molecules in their ground vibrational state just above
the reaction threshold, with reaction probabilities of the order of a percent.
This was established on the basis of the quality of the comparison of QCT
calculations with quantum dynamics calculations for D, + Cu(111)[52], as
D, has a similar vibrational frequency and reduced mass as the CH stretch
vibration in CHD3, and of actual BOMD calculations for CHD3 + Pt(111) which
showed that the reaction near the threshold only involved zero-point energy
violation in only 1 out of 144 reactive trajectories[44].
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TABLE 7.2: Barrier geometries for CHD3 + Cu(100), Cu(111), Cu(211), Pt-Cu(111), Pd-Cu(111), Pd(111), Ni(111) and Pt(111).

The naming convention from Ref. [53] is used for the (100) and (111) surfaces. Geometry names for Cu(211) indicate first the

location of the methane and then the direction of the dissociating H atom. The height of the C atom on Cu(211) is taken with

respect to the top step edge (EtoE and E/BtoB geometries) or to the middle of the (111) terrace (TtoB geometry). For 8,  and 7y

on Cu(211), the surface normal is taken as the macroscopic surface normal. The zero-point energy corrected barriers are given
in the brackets. The calculations are performed with the SRP-vdW-DF1 DF, unless indicated otherwise.

Surface Site ZcA) rA) 6() B () E,(k/mol)
Cu(100) G2 geometry 2.19 1.84 1294 1653 359 166.1(152.1)
Cu(111) C2 geometry 2.25 1.79 1364 1694 33.0 166.6(151.8)
Cu(111) C2 geometry (550 K) 2.25 1.80 136.6 1684 319 167.9 (153.4)
Cu(111) C2 geometry (PBE-vdW) 2.24 177 1363 1683 32.0 157.2(143.1)
Cu(111) C2 geometry (optB86b-vdW) 2.19 1.74 1341 1675 334 136.2(1224)
Cu(111) C2 geometry (optB86b-vdW)[22] - - - - - 129.3
Cu(111) C2 geometry (SRP32-DF2) 2.28 1.79 1371 168.8 31.7 182.3(167.8)
Cu(111) Fcc 2.25 1.80 1334 1625 292 187.4(171.7)
Cu(111) Bridge 2.26 1.84 129.8 160.8 31.0 193.9 (178.2)
Cu(211) EtoE geometry 2.08 1.86 1251 1574 344 137.8(128.4)
Cu(211) E/BtoB geometry 1.90 1.81 1583 1683 334 152.9 (138.8)
Cu(211) TtoB geometry 1.39 1.81 143.1 163.2 333 174.3(159.8)
Pt-Cu(111)  Atop Pt 2.36 1.66 1332 165.3 321 134.1(121.8)
Pt-Cu(111)  Atop Pt (PBE-vdW) 2.35 1.65 1327 1649 322 124.8(112.6)
Pt-Cu(111)  Atop Pt (optB86b-vdW) 2.32 1.62 1314 1642 329 100.3(88.1)
Pt-Cu(111)  Atop Pt (optB86b-vdW)[22] - - - - - 84.9
Pt-Cu(111)  Nearest neighbour 2.26 1.83 1375 1703 328 173.4(159.2)
Pt-Cu(111)  Next nearest neighbour 2.26 1.80 136.3 168.7 325 165.7 (151.8)
Pt-Cu(111)  Next nearest neighbour (PBE-vdW) 221 1.79 1357 168.2 325 156.4 (143.3)
Pt-Cu(111)  Next nearest neighbour (optB86b-vdW) 2.16 176 1334 1674 340 135.6(1224)
Pd-Cu(111) Atop Pd 2.32 1.76 1369 1679 32.0 142.5(129.2)
Pd-Cu(111) Nearest neighbour 2.26 1.81 1367 169.0 324 172.3(158.0)
Pd-Cu(111) Next nearest neighbour 2.25 1.80 136.2 168.7 325 167.6(153.5)
Ni(111) C2 geometry[16] 2.18 1.61 1357 1647 29.1 97.9 (85.3)
Pd(111) A2 geometry 2.23 1.61 1359 165.0 29.1 84.6 (70.7)
Pt(111) D1 geometry[17] 2.28 1.56 133 168 35 78.7 (66.5)

Pt(111) D1 geometry (PBE-vdW)[49] 2.29 154 1339 1684 - 73.9 (61.7)
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Pt-Cu(111) Pd-Cu(111)

Cu(211) EtoE  Cu(211) E/BtoB Cu(211) TtoB

FIGURE 7.1: Top and side view of the TS of methane on Cu(111) with the C2 geometry

(a,b); Pd(111) with the A2 geometry (c,d); on Pt-Cu(111) (e,f) and Pd-Cu(111) (g,h)

with the C2 geometry; and on Cu(211) with the EtoE (ij), E/BtoT (k,1), and TtoT

(m,n) geometries. For the (111) surfaces, red indicates the fcc sites. For Cu(211), pink

indicates the bottom step edge atoms (B), orange the terrace atoms (T), and blue the
top step edge atoms (E).

FIGURE 7.2: Methane on Cu(211)
with the E/BtoB geometry, in-
dicating the geometry angles as
- usedinTable 7.2. 6 is the angle be-

| tween the dissociating CH-bond
and the surface normal, j is the
angle between the umbrella axis

and the surface normal, and 7 is
. the angle between 6 and .




242  Chapter 7. CHDs3 + Cu(111), Cu(211), and Single-Atom Cu(111) Alloys

7.3 Results

7.3.1 Activation Barriers and Adsorption Energies

The TS geometries for the dissociation of methane on several surfaces are
summarized in Table 7.2 and in Figure 7.1, where the naming convention from
Ref. [53] is used for the TSs on the (100) and (111) surfaces. Figure 7.2 depicts
the angles that are used to characterize the TSs. 0 is the angle between the
surface normal and the dissociating CH bond and f is the angle between the
surface normal and the umbrella axis, which is defined as the vector going
from the geometric center of the three H-atoms to the carbon atom. Finally, vy
is the angle between the dissociating CH bond and the umbrella axis.

The TS geometry on Cu(111) is similar to Ni(111) and Pt(111), except the
CH-bond and umbrella axis of the methane have a slightly smaller tilt with
respect to the surface normal (i.e., 0 and B are larger) and the bond distance
(r?) of the dissociating hydrogen is much larger; i.e., the location of the barrier
is later compared to Ni(111) and Pt(111). Moreover, the barrier height is
166.6 k] /mol, which is 68.7 k] /mol higher than for Ni(111). Since the barrier
on Cu(111) is later and higher than on Ni(111) and Pt(111), less reactivity is
expected. The barrier geometry does not change considerably when PBE-
vdW is used instead of SRP32-vdW, but the barrier height is 9.4 k] /mol lower.
This is to be expected since PBE is less repulsive than a mixture of PBE and
RPBE[15]. Likewise, the barrier height increases only with 1.3 k]J/mol when
the expanded lattice constant for 550 K is used, and the barrier geometry
does not change considerably. Again, using vdW-DF2[54] instead of vdW-DF1
has little effect on the geometry, although it does increase the barrier height
by 15.7 k] /mol. However, using optB86b-vdW[55] does not only lower the
barrier by 30.2k]/mol, it also makes the methane tilt more with respect to the
surface and shortens the length of the dissociating bond, making the barrier
slightly earlier. The barrier height with optB86b-vdW is in good agreement
with previous work[22], being 6 k] /mol higher when the barrier is adjusted for
an adsorption well of 13kJ/mol (the barriers in previous work were reported
with respect to the physisorbed state).

The barriers on the fcc and bridge sites are found by fixing the X and Y
coordinates of the carbon atom at these sites. While these barriers are second
order saddle points, they do provide additional insight on the reactivity across
the surface. The CH-bond length is longer and the methane is tilted more
compared to the top site, and the barrier height is 20.8 and 27.3 k] /mol higher
for the fcc and bridge site, respectively. The barrier height on Cu(100) is similar
to the barrier height on Cu(111), which has been observed previously[5].
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TABLE 7.3: Adsorption energy of CH3 on Cu(111). The naming convention for the
geometries is from Ref. [53].

Site Zc (A) Adsorption energy (kJ/mol)
Bridge2  0.48 -154.8
Bridge3  0.48 -154.1
Fccl 0.48 -154.1
Fcc2 0.48 -140.6
Hcepl 0.48 -154.8
Hcp2 0.48 -141.6
Topl 0.49 -150.3
Top2 0.49 -150.4
Top3 0.49 -150.5

TABLE 7.4: Adsorption energy of H on Cu(111).

Site Zu (A) Adsorption energy (kJ/mol)

Bridge  0.44 -234.5
Fcc 0.44 -245.3
Hcp 0.44 -244.9
Top 0.47 -196.4

Furthermore, the methane molecule has a larger tilt and is closer to the Cu(100)
surface, while the barrier is slightly later. These differences between the (100)
and (111) surfaces are observed for Ni as well[56], except that the barrier
height is 15 k] /mol lower on Ni(100) than on Ni(111).

Tables 7.3 and 7.4 show the adsorption energies for CHz and H on Cu(111),
with the naming convention for the adsorption geometries from Ref. [53].
For the adsorption energies, calculations were done with spin polarization.
Methyl adsorbs stronger on the hollow and bridge sites than on the top site.
Moreover, the adsorption is stronger when the hydrogen atoms are oriented
towards the top sites, than towards the hollow sites. Finally, the hollow sites
are the most favorable adsorption site for hydrogen, followed by the bridge
and top sites. These results are in agreement with earlier theoretical results[5].

For Cu(211), three distinctly different barriers are found: above the top
step edge atom, between the top and bottom step edge, and on the terrace,
which are referred to as the EtoE, E/BtoB and TtoB geometries, respectively. In
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general, the length of the dissociating CH bond is larger than on Cu(111), i.e.,
the barriers for Cu(211) are even later than for Cu(111). Furthermore, the bar-
rier on the terrace (TtoB geometry) is 7.7 k] /mol higher than on Cu(111), while
the barriers at the step (EtoE and E/BtoB geometries) are 28.8 and 13.7 k] /mol
lower, respectively. Finally, for the EtoE geometry the hydrogen dissociates to-
wards the bridge site, which is at odds with the other TS geometries obtained
on Cu(211) for which the hydrogen atom moves towards a hollow site.

For alloys, above the next nearest neighbour Cu atom, almost no changes
are observed compared to Cu(111). The nearest neighbour Cu atom shows
an almost identical barrier geometry, but above these Cu atoms the barrier
heights for Pt-Cu(111) and Pd-Cu(111) are 7 and 6k]J/mol higher than on
Cu(111), respectively. However, above the alloyed top atoms the barrier
changes considerably. The barrier above Pt is further away from the surface
and the dissociating CH bond distance is smaller than for Cu(111), although
the barrier is later than on Pt(111). Moreover, the barrier height is reduced with
32.7kJ/mol relative to Cu(111), although the barrier is much higher than on
Pt(111). When using another DF like PBE-vdW, these changes to the barrier are
very similar, suggesting that mixing PBE with RPBE only affects the minimum
barrier height and not other physics like the energetic corrugation of the barrier
height. This finding is in agreement with a similar finding in quantum Monte
Carlo and DFT calculations on H; + Al(110)[57]. Previous work[22] using the
optB86b-vdW DF reported a much larger reduction of 44 k] /mol relative to
Cu(111), whereas here a reduction of 35.7 k] /mol is found when using the
optB86b-vdW DF. However, the barrier heights previously reported[22] were
incorrect and the corrected results are available in Ref. [58]. The geometry
found previously[22] is slightly different, but can only explain a small part of
the difference (about 2 k] /mol) between previous results and results in this
work. Most of the difference is caused by the relaxation of the surface atoms
during the dimer calculation in Ref. [22] due to the considerable resulting
protrusion of the Pt atom. Furthermore, using a different XC-DF (optB86b-
vdW][55]) results in smaller lattice constants for solids[59]. This could mean
that due to different lattice constants caused by the different DFs, a different
strain in the lattice of a SAA is observed, resulting in a different barrier height
for the alloy.

Marcinkowski et al.[22] introduced the parameter

Egu(lll) . E[I)’t—Cu(lll) (atop Pt)
N =

7.2)
Cu(111) PH(111) ’ (
ECUA BT

where @ = 0 and « = 1 indicate a barrier height equal to Cu(111) and Pt(111),
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respectively. The lower barrier found previously[22] gives aqpBssb-vaw = 0.52,
i.e., the barrier is almost halfway between a Pt(111)-like and Cu(111)-like
barrier, whereas the higher barrier found in this work with the SRP32-vdW DF
is closest to Cu(111), i.e., asrpsr-vaw = 0.37. Moreover, PBE-vdW also results in
a more Cu(111)-like barrier with appgyqw = 0.39. Although additional work
is needed, it seems that by allowing the Pt atom to pucker out, the barrier
becomes more Pt-like for Pt-Cu(111).

Finally, it is checked that relaxing the top layer also in the X and Y direc-
tions does not have a large influence on the barrier height. When the top layer
is also relaxed in the X and Y directions before the dimer calculation (but
note that the top layer is kept fixed during the TS search), above Pt the barrier
height is further reduced by 3.4 k] /mol and above the next nearest neighbour
Cu the barrier height is increased by 1.2k]J/mol. It is expected that similarly
small effects will occur for the case of Pd-Cu(111).

Above the alloyed Pd top atom in Pd-Cu(111) the barrier height is reduced
by 24.1kJ/mol and the changes for the geometry relative to Cu(111) are similar
as for the Pt alloy, but smaller. This is to be expected, since the barrier height
on Pd(111) is also higher and later than on Pt(111). Likewise, Pd-Cu(111) has
a barrier height that is even more similar to a Cu(111)-like barrier height since
a = 0.29, which is also reflected by the fact that the barrier geometry above
Pd is more similar to that found on Cu(111) than what is observed above Pt.

7.3.2 Minimum Energy Path

Figure 7.3a shows the minimum energy path (MEP) of methane dissociating
above the top site on Cu(111). Methane is fixed in its TS geometry, while
varying the length of the dissociating CH bond and distance from the surface.
Since methane has 15 degrees of freedom, the potential along the MEP will
increasingly differ from the true MEP in which other coordinates also vary,
when moving away from the TS. However, points from a nudged elastic
band[60] (NEB) calculation, where all degrees of freedom are relaxed, in
Figure 7.3a are in excellent agreement with the MEP, and this is assumed to
be also the case for other surfaces. As already stated above, the barrier is late
and high on Cu(111). Moreover, the MEP does not have a smooth curvature,
but makes almost a right angle in the elbow plot. Hence, incoming molecules
may not be able to follow the MEP due to the requirement of a high kinetic
energy to overcome the barrier combined with the sharp turn of the MEP,
and thus may have to react over much higher barriers ("the bobsled effect"[61,
62]). This can also be seen in Figure 7.3c, where the reacted trajectories at
(E;) = 181.3kJ/mol for v; = 1 are superimposed on the elbow plot. Even
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Energy (kJ/mol)

Lo 15 1.0 15 o 15
7 (A) r (A) r (A)

FIGURE 7.3: Elbow plot of methane on Cu(111) (a), above Pd in Pd-Cu(111) (b), above
the next nearest neighbour Cu in Pt-Cu(111) (d), and above Pt in Pt-Cu(111) (e). (c)
and (f) are the same as (a), but with reacted trajectories for (E;) = 181.3kJ/mol and
v1 = 1 (c) and v1 = 2 (f). Methane is fixed in its TS geometry above the top site,
whereas Z and the distance of the dissociating CH-bond are variable. Contour lines
are drawn at intervals of 5 k] /mol between 60 and 180 kJ/mol. The colours indicate
the energy (kJ/mol) with respect to methane in the gas phase. The white circles
indicate the MEP. The black circles in panel (a) indicate points from a NEB calculation,
while the black squares indicate the highest point along the MEP.

when the vibrational energy is increased to v; = 2 the trajectories are not able
to follow the MEP in Figure 7.3f. Nevertheless, the trajectories do approach
the minimum TS more closely when the vibrational energy is increased (see
Chapter 8), but this effect is not visible in Figures 7.3¢,f. Furthermore, in Figure
7.4 the top site TS geometry is taken and used to plot the PES for methane
above the fcc site resulting in a similar elbow plot, although the MEP is more
strongly curved. The barrier obtained from this elbow plot is 185.9 k] /mol,
which is only 1.5kJ/mol lower than the barrier obtained using a constrained
dimer search. This suggests that the barrier geometry is almost independent
of the reaction site. Additionally, the change in energy when moving away
from the TS at the top site is similar to the change found at the fcc site, i.e., the
corrugation around the barrier geometry is again almost independent of the
reaction site.

Similarly, Figure 7.3b shows the MEP of methane dissociating above the
Pd atom in Pd-Cu(111). Here, the MEP is further away from the surface and
through a lower barrier than for Cu(111). However, the MEP above the Pt
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atom in Pt-Cu(111) in Figure 7.3e shows larger differences than above Pd
relative to Cu(111), which could be caused by the fact that the barrier above
Pd is more similar to Cu(111) than above Pt. Above Pt the barrier is lower
and earlier and the MEP has a smoother curvature. Furthermore, the MEP
for Pt-Cu(111) has a similar curvature, although at a higher distance to the
surface, as the MEP for Pt(111) does, while the barrier is later and higher.
Above the next nearest Cu atom for both alloys a similar MEP was obtained
as for Cu(111), as can be seen in Figure 7.3e for Pt-Cu(111). Summarizing, the
MEPs above the Pt and Pd atoms in the alloys exhibit similar, but not identical
teatures as the MEPs for Pt(111) and Pd(111). Above the Cu atoms in the alloys
the MEPs are similar to the MEP for Cu(111).

The MEP of methane above the step edge of Cu(211) in Figure 7.5a is similar
to that for Cu(111) in Figure 7.3a, although closer to the surface. Moreover,
the barrier is lower, but later. Figure 7.5¢ shows the same elbow plot, but here
the 6 coordinate is also optimized. The turn the MEP makes for the optimized
8 is slightly smoother early on, but as soon as the bond starts extending the
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FIGURE 7.5: Same as figure 7.3, but for Cu(211) with the EtoE geometry (a) and with
the 6 angle optimized (c). (b) and (d) show the MEP for Cu(111) and Cu(211), where
6 is optimized. The contour lines in (a) and (c) are drawn at intervals of 5kJ/mol
between 0 and 150 k] /mol and indicate the energy (kJ/mol) with respect to methane
in the gas phase. The colours in (b) and (d) indicate the difference in angle with
respect to the TS, and contour lines are drawn at intervals of 0.5 degrees between -10
and 24 degrees. The black squares indicate the highest point along the MEP.
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curvature actually increases compared to the case where 6 is kept fixed, i.e.,
from the curvature point of view the MEP becomes dynamically less favorable
compared to the MEP for which 6 is not optimized. The difference in 6 with
respect to the TS for which the energy is minimized is shown in Figures 7.5b
and 7.5d. If the molecule would follow the MEP, it would undergo a rapid
reorientation of the CH-bond when it approaches the surface before it is able
to extend the CH bond. The bending along the MEP for Cu(211) is similar as
for Cu(111).

7.3.3 Sticking Probability

In Table 7.5 results are summarized for BOMD on several surfaces. At in-
cidence energies close to the minimum barrier height, methane has a much
lower sticking probability on Cu(111) than on Ni(111). At (E;) = 160k]/mol
and 11 = 1 no reaction is observed on Cu(111), and with v; = 2 a reaction
probability of only 2.4% is obtained. At higher incidence energy some reaction
is observed, but only for vibrationally excited molecules, which also explains
why only CH cleavage is observed and no CD cleavage.

Surprisingly, on Cu(211) a similar reaction probability is obtained as for
Cu(111). This could imply that the lower barriers found around the step edge
on Cu(211) are dynamically inaccessible. However, CD cleavage is observed,
which could indicate that methane found a lower barrier to dissociate over
on Cu(211) than on Cu(111) since no CD cleavage was found at Cu(111) for
the same or even higher energy, although it remains unclear whether this is a
statistical anomaly. It is more probable that an increase in reactivity due to the
steps combined with a reduction in reactivity due to the terraces, leads to a
similar reactivity for Cu(211) as Cu(111).

On Pd-Cu(111) the reaction probability is low for (E;) = 160k]J/mol and
v1 = 1, ie, only 0.1% £ 0.1. Apparently, the lowering of the barrier atop
the Pd atom is not large enough to enable the reaction of methane for 160
kJ/mol and v; = 1. In contrast, on Pt-Cu(111) a higher reaction probability
is observed. Interestingly, the barrier atop the Pt atom on Pt-Cu(111) is only
8kJ/mol lower than atop Pd on Pd-Cu(111), and it is not clear whether this
can fully account for the increased reaction probability at (E;) = 160k]J/mol
and for v; = 1. It is possible that since the barrier on Pt is earlier and the
MEP in the entrance channel is less curved than on PPd, the reaction is also
dynamically more favorable on the Pt doped surface than on the Pd doped
surface due to a smaller bobsled effect[61, 62]. Moreover, it was found that
the energy transfer from scattered methane to the surface atoms of Pt-Cu(111)
and Pd-Cu(111) surface is about 10 k] /mol lower than to the Cu(111) surface
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TABLE 7.5: Sticking probabilities obtained with BOMD for Cu(111), Cu(211), Pd-
Cu(111), Pt-Cu(111) and Ni(111). For Cu(111) and Cu(211) at 160k]J/mol and v; =
1, 500 and 692 trajectories were done, respectively. The error bars represent 68%
confidence intervals.

Surface (Ei) (k]/mol) Quantum states Reaction probability (%) Fraction CH cleavage
Cu(111) 160.4 =1 00+02 -
Cu(111) 160.4 v =2 24405 1.00 £ 0.05
Cu(111) 181.3 v =1 05+02 1.00 £+ 0.20
Cu(111) 181.3 v =2 48 +0.7 1.00 £ 0.02
Cu(211) 160.4 1 =1 0.1£0.1 0.00 = 0.32
Cu(211) 181.3 =1 04+02 0.75+£0.22
Pd-Cu(111) 160.4 =1 01+0.1 1.00 £ 0.32
Pt-Cu(111) 160.4 Laser-off 0.6 £0.2 0.00 £ 0.17
Pt-Cu(111) 160.4 =1 14404 071 £0.12
Ni(111)[16] 160.4 Laser-off 28+2.0 0.24 £ 0.05
Ni(111)[16] 160.4 v =1 41 +£22 0.53 = 0.03
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TABLE 7.6: Energy transfer (kJ/mol) of scattered methane to Cu(111), Pd-Cu(111),
Pt-Cu(111) and Pt(111) at (E;) = 160kJ/mol. The results for Pt(111) are extrapolated
from earlier work[17]. The error bars represent 68% confidence intervals.

Surface Energy transfer Refined Baule model
Cu(111) 62+1 68
Pd-Cu(111) 53+1 66
Pt-Cu(111) 52+£1 64
Pt(111)[17] 284+1 24

at equal incidence energy ((E;) = 160k]J/mol) (see Table 7.6). It is possible
that due to the additional lattice strain caused by the alloyed atoms, energy
transfer from methane to the surface via phonon excitations is less efficient.
This is also supported by the fact that the partial phonon densities of states of
the Pt and nearest neighbour Cu top layer atoms in Pt-Cu(111) are found at
higher energies than in Cu(111), which is shown in Section 7.C. Furthermore,
it is likely that the difference in energy transfer is partially caused by the
difference in mass between the Cu atoms and the alloyed atoms, as one would
expect in the Baule model[63, 64] (see Section 2.5). A modified Baule model,
which weights energy loss to the Pt or Pd atom in the surface layer according
to its fractional coverage in the SAA, yields good agreement with the BOMD
results for energy transfer to the surface atoms (Table 7.6).

In most cases, exciting the vy vibrational mode leads to more CH-cleavage
than CD cleavage (see Table 7.5). However, it remains difficult to draw con-
clusions on the fraction of CH cleavage due to the limited amount of reacted
trajectories. Furthermore, Figure 7.6 shows distributions of the 6, § and
angles of methane on Cu(111) and Pt-Cu(111) at the highest collision energies,
noting that the initial conditions are similar for the two surfaces, except that
methane has a higher kinetic energy and vibrational excitation on Cu(111)
than on Pt-Cu(111). Here it can be seen that the angular distributions of the
reacting methane are similar on both surfaces and that there is little steering
in the 6 and B angles, but there is quite some steering in the bend angle
in order to follow the MEP. Moreover, it is to be expected on the basis of the
elbow plots that the vibrational efficacy is high. Unfortunately, due to the
limited amount of reactivity typically only vibrationally excited molecules
react, i.e., vibrational energy promotes the reaction but it is unclear by how
much, as laser-off reaction is hardly seen. Therefore, it is not possible not
compute vibrational efficacies for the BOMD data computed here. Finally, no
trapping is observed, which is to be expected considering the high kinetic
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energy methane has in the performed simulations.

7.3.4 Reaction Site

Figures 7.7a,c show the reaction site of methane on Cu(111) for v; = 1 and
11 = 2, respectively, with (E;) = 181k]/mol. Methane does not have a clear
preference of reaction site on Cu(111), since the distribution appears to be
statistical. It is likely that since the barrier above the hollow sites is only
21kJ/mol higher than above the top site, and methane has a high energy due
to both the translational and the vibrational energy, dynamically there is no
preference of reaction site. Also, no significant steering in X and Y is observed
for either scattered or reacted trajectories.

On Cu(211) methane reacts only at the step, as can be seen in Figure 7.8.
Furthermore, during the dissociation the methyl moves towards the bottom
step edge, while the dissociating hydrogen moves towards the terrace, with
the dissociating bond located above the top step edge atom. This can also
be seen from the fact that the center of mass moves from the top step edge
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FIGURE 7.7: The impact site of reacting methane on Cu(111) for v; =1 (a) and vy = 2
(c), with (E;) = 181kJ/mol, and on Pt-Cu(111) for laser-off (b) and laser-on (1, = 1)
(d), with (E;) = 160kJ/mol. The grey circles indicate Pt atoms, while the black open
circles indicate the Cu top layer surface atoms. The blue (CH cleavage) and red (CD
cleavage) circles are the impact sites when dissociation takes place, i.e., when r = .
The distribution of distance (A) of the reacting CHD3 to the closest top site (either a

Cu or Pt top layer atom) is given in the inset.
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towards the bottom step edge, i.e., there is some steering. Interestingly, for
none of the reactive events the center of mass is above the top step edge atom,
which is the location of the lowest barrier, nor does the dissociation take place
with the hydrogen atom moving towards the bottom step edge, in which
case the dissociation would have to proceed over another barrier. Due to the
limited amount of reacted trajectories it remains unclear whether this is a
statistical anomaly or whether the aforementioned barriers are dynamically
inaccessible, for instance due to the late barrier geometry.

On Pt-Cu(111), for both laser-off and laser-on conditions, reaction occurs
near the Pt, as can be seen in Figures 7.7b and 7.7d. This means that Pt only
alters the barrier locally as suggested by the elbow plots and the minimum
barriers. Moreover, in contrast to Cu(111), methane reacts relatively closer to
the Pt top site, with no difference being observed between CH and CD bond
dissociation. Again, no significant steering in X and Y is observed.

7.4 Conclusions

In this chapter predictions have been made with BOMD on the reactivity of
methane on several copper-based surfaces using the SRP32-vdW DEF, combined
with barriers and elbow plots in order to rationalize the results. The results
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predict a much lower reactivity for Cu(111) than for Ni(111) and Pt(111) due
to the high and late barrier found on Cu(111), requiring high translational and
vibrational energies in order to observe reaction. Furthermore, methane has
the same reaction probability on Cu(211) as on Cu(111), but with the reaction
occurring only at the steps. This can be understood from the lower barriers
at the step and higher barriers at the terrace relative to Cu(111). Moreover,
making a so-called single-atom alloy from Cu(111) with Pt increases reactivity.
This is partially caused by the reduction of the barrier height, together with
changes in the dynamical pathway and reduction in energy transfer from the
molecule to the surface. The minimum barrier is only affected locally around
the alloyed atom, i.e., the Cu surface is unaffected, which is also reflected by
the fact that methane only reacts near the top site of the Pt atom. Also, the
choice of the exchange-correlation DF can have a large effect on the changes
of the local barrier above the alloyed atom. For Pd-Cu(111), the reduction
in barrier height and changes in the dynamical pathway were not sufficient
to observe reactivity at the same energies as Pt-Cu(111). Finally, it is to be
hoped that these predictive calculations will be followed by experiments in
order to prove the transferability of the SRP32-vdW DF among systems in
which methane interacts with flat and stepped surfaces of metals belonging
to adjacent groups of the periodic table, and among systems in which the
interaction is with SAAs of these metals.

In this chapter, the predictions of the reactivity of methane on copper
surfaces are for a limited range of incidence energies, which additionally are
at the high end of what can be achieved with molecular beams using seeding
with Hj. In chapter 8 a larger range of incidence energies is investigated
with a neural network approach, where a potential energy surface is fitted for
methane interacting with a mobile copper surface.
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Appendix

7.A Electronic Structure Calculations

Convergence tests have been performed to ensure that the aforementioned
setup produces accurate results for the interaction of methane with Cu(111).
As a convergence test, calculation of the minimum reaction barrier height of
CHDj3 on Cu(111) has been done. However, the same convergence behavior is
expected for other TS geometries, metal surfaces, and exchange-correlation
DFs. The barrier height is defined as Ey, = €}, — €asym, where €, and €,sym are
the absolute energies from the DFT calculations for the barrier geometry and
the asymptotic configuration, respectively. The asymptotic configuration is
considered to be the gas phase configuration and is obtained by putting the
molecule halfway between two periodic slabs, i.e., the distance between the
carbon of the methane and the surface is 6.5 A. The results are presented in
Figure 7.A.1. Converged setups yield a barrier height of 168 k] /mol, which
the employed computational setup can reproduce within chemical accuracy
(i.e., 4.2kJ/mol).

The effect of the vacuum distance has also been investigated. When a
vacuum distance of 30 A is employed, while keeping Z = 6.5 A, the residual
energy is about 2.5kJ/mol, where the residual energy is defined as Eg =

E]}?A - EiOZA: o5 4+ furthermore, the barrier height is reduced by 0.6 kJ/mol
when usiﬁg a cutoff energy of 350 eV compared to higher cutoff energies,
which is independent of other parameters such as the amount of k-points and
layers. In order to keep the calculations tractable, a vacuum distance of 13 A
is kept and a cutoff energy of 350 eV is used, but 1.9k]/mol is added to the
initial kinetic energy during the BOMD (see Section 2.4.2). This is motivated
by the fact that the interaction energy at this distance is only dependent on the
molecular coordinate Z, which is shown in figure 7.A.2. Here methane is kept
fixed in its gas phase equilibrium geometry, while varying Z above the top
site for a vacuum distance of 13 and 30 A, where Z is defined as the distance
between the surface and the center of mass of methane. The Van der Waals
well depth depends on the orientation of the hydrogen atoms, i.e., if more
hydrogen atoms point towards the surface, the Van der Waals well is deeper.
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FIGURE 7.A.1: The barrier height as a function of the amount of layers for varying

amount of k-points (n x n x 1,n = 4,6,8,10). The first panel is with an energy cutoff

of 350eV and a 3 x 3 supercell, second panel is with an energy cutoff of 350 eV and

a 4 x 4 supercell, and the last panel is with an energy cutoff of 450eV and a 3 x 3

supercell. The dashed lines indicate the converged barrier height and the gray area

indicates chemical accuracy (4.2 k] /mol) with respect to the converged barrier height.
The number 1 defines the amount of k-points and is indicated in the legend.
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The exact orientation and impact site of the molecule have been found not to
influence the results for the Van der Waals energy significantly. For 1, 2 and 3
hydrogen atoms pointing towards the surface and a vacuum distance of 13 A, a
Van der Waals adsorption well was found of 12, 13 and 14 kJ /mol, respectively.
When the vacuum distance is increased to 30 A, the physisorption energy is
4.8kJ/mol higher. Furthermore, the equilibrium distance to the surface is
approximately 3.75 A. These results are comparable to what Li et al. found[6],
who found an adsorption energy of 15 k] /mol and an equilibrium distance for
physisorped methane of 3.532 A.

The described computational setup is used to perform bulk calculations
within the primitive unit cell for a fcc lattice, which yielded an equilibrium
lattice constant ag = 3.679 A, which is 1.8% larger than the experimental value
ag = 3.615 A[65]. The obtained lattice constant was used to model the Cu(111),
Pt-Cu(111), Pd-Cu(111) and Cu(211) slabs.

7.B  Minimum Energy Paths

Figure 7.B.1 shows the elbow plot and the MEP of methane on Cu(111) above
the fcc site, using the TS geometry obtained above the top site. The MEP
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FIGURE 7.B.1: Elbow plot of methane on Cu(111) as a function of Z and the distance

of the dissociating CH-bond. The other coordinates of methane are kept fixed at their

values at the top site C2 geometry except for the COM coordinates, which are taken

such that methane is placed above the fcc site. Contour lines are drawn at intervals of

5kJ/mol between 90 and 300 k] /mol. The colours indicate the energy (kJ/mol) with
respect to methane in the gas phase.

of methane on Cu(211) using the E/BtoB geometry is shown in Figure 7.B.2,
which is similar to the MEP obtained for the EtoE geometry and on Cu(111).
This can also be seen from the curvature of the MEPs on Cu(111) and Cu(211)
where the 0 angle was allowed to relax in Figure 7.B.3. Above the next nearest
neighbour copper atom in Pt-Cu(111) the MEP is almost identical to that of
Cu(111) in Figure 7.B.4. Moreover, above the Pt atom in Pt-Cu(111) the MEP is
also similar to that found for Pt(111) in Figure 7.B.5, although the barrier is
later than on Pt(111). Finally, the MEP on Pd(111) in Figure 7.B.6 is similar to
the MEP on Pt(111).

7.C Energy Transfer

The energy transfer distributions from methane to the Cu(111), Pd-Cu(111),
and Pt-Cu(111) surface, with (E;) = 160kJ/mol and v; = 1, is shown in Figure
7.C.1. The energy transfer from methane to Pd-Cu(111) is roughly the same as
to Pt-Cu(111), whereas Cu(111) yields the largest energy transfer. Figure 7.C.2
shows the total phonon density of states (DOS) for Cu(111) and Pt-Cu(111),
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FIGURE 7.B.2: Elbow plot of methane on Cu(211) as a function of Z and the distance

of the dissociating CH-bond. The other coordinates of methane are kept fixed at

their values at the E/BtoB geometry. Contour lines are drawn at intervals of 5kJ/mol

between 50 and 200 k] /mol. The colours indicate the energy (kJ/mol) with respect to
methane in the gas phase.
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FIGURE 7.B.3: The MEP of methane on Cu(111) (green) and Cu(211) (blue) as a

function of Z and the distance of the dissociating CH-bond r (a), and its curvature (b).
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FIGURE 7.B.6: Elbow plot of methane on Pd(111) as a function of Z and the distance
of the dissociating CH-bond. The other coordinates of methane are kept fixed at their
values at the TS geometry. Contour lines are drawn at intervals of 5kJ/mol between
50 and 200 kJ /mol. The colours indicate the energy (kJ/mol) with respect to methane

in the gas phase.
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FIGURE 7.C.1: Energy transfer from methane to the Cu(111), Pd-Cu(111), and Pt-
Cu(111) surface, with (E;) = 160k]/mol and vy = 1.
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FIGURE 7.C.2: (a) Total phonon density of states (DOS) for Cu(111) (blue) and Pt-

Cu(111) (orange). (b) Partial phonon DOS of the top layer Pt atom (orange), the

nearest neighbour (green) and next nearest neighbour (red) Cu atoms in Pt-Cu(111),
and a top layer atom in Cu(111) (blue).

which are similar. However, the partial DOS shows that the Cu top layer atoms
have a similar DOS, save for the nearest neighbour Cu atom in Pt-Cu(111),
whereas the partial DOS for Pt is at a lower energy.

7.D Surface Atom Displacement

The distributions of the displacement in the Z direction of surface top layer
atoms in Cu(111), Pt(111) and Pt-Cu(111) are shown in Figure 7.D.1. The atoms
in the alloy are on average 0.05 A lower than in pure Cu(111) and Pt(111). This
corresponds well with an effectively 1.9 k] /mol higher barrier above the Cu
atoms in the alloy than on Cu(111) (see Figure 7.D.2).
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FIGURE 7.D.1: Distributions of the displacements of top layer surface atoms in the
Z direction for Cu(111), Pt(111) and Pt-Cu(111) during the surface equilibration at
550 K. For Pt-Cu(111) a distinction is made between Pt and Cu.
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FIGURE 7.D.2: The barrier for methane dissociation on Cu(111) and Pt-Cu(111) as a
function of the displacement Q of the surface atom, above which methane dissociates.
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