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In order to model accurately reactions of polyatomic molecules with metal surfaces

approach to Density Functional Theory (SRP-DFT) h loped. This ap-

important for heterogeneous catalysis in industry, the SpeCific Reaction Parameter
&;hw

proach has been shown to describe the dissociation 3 on Ni(111), Pt(111)

and Pt(211) with chemical accuracy. In this wo ‘Iﬁﬂdic igns have been made for

the reaction of CHD3 on Cu(111) and Cu(2Lld)-us1 B‘z;ﬁiers, elbow plots and ab

initio molecular dynamics (AIMD). Future e erim§nts could hopefully prove the

transferability of the SRP functional to systems in which methane reacts with flat

and stepped surfaces of adjacent grouNl&periodic table, by comparison with
SO-

our predictions. Moreover, the eﬂj&\ alled Single Atom Alloy (SAA) on the

reactivity of methane is investig making predictions for CHD3 on Pt-Cu(111)
and Pd-Cu(111). It is found s:7the activity is only increased for Pt-Cu(111) near
ot

the alloyed atom, which i y.c\aused by the lowering of the barrier height but

also by changes in tl\% | pathway and reduction of energy transfer from
ce.

methane to the surfa
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INTRODUCTION
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Publishi Ior heterogeneous catalysis one of the most important processes is steam reforming, where
HbIS IE§Vhane and steam react over a metal catalyst and form molecular CO and hydrogen. At
high temperature, the dissociation of methane is a rate controlling step on a wide variety

of metals’?, and thus warrants detailed study of the breaking of the CH bond on metal
surfaces. Moreover, methane dissociation on copper is a much i Vestlgated method for
creating high quality graphene®®. However, due to the complexity H&ﬁteractlon between

metals and molecules, and of describing both metals and mole le ccurately, this reaction

remains difficult for theoretical studies!®14

. Recently, it ha own that chemically

accurate results can be obtained for molecule-surface re tl(‘)a by using a so-called Specific

Reaction Parameter (SRP) approach!® 7. Furtheriore, t recently developed SRP32-

vdW functional does not only give chemically accurategesults for the reaction for which it

is developed (CHD3 + Ni(111)%), it is also t anﬁ@ab‘*ﬁ to metals from the same periodic

table group (CHD3 + Pt(111)'7) and to s%uﬁaees (CHD3 + Pt(211)'7). Here we
on

perform predictive calculations for the rea ethane on surfaces of a metal belonging

to a neighbouring group of the periodic \ hope that our predictive calculations will
be followed by experiments that can %the ransferability of the SRP32-vdW functional

to a flat and stepped Cu surface(\\C 111) and Cu(211).

Moreover, a way to impro \,a,'be.hfsts is to introduce alloys'®, which can be used to

both increase reactivity ity!?. For example, methane dissociation is so highly

selecti
at the methane will completely dehydrogenate and thus poison

ofer, b combining Pt or Ni with a less reactive metal like Cu, a

activated on Pt and Ni
the catalyst?’" 22
highly active c th does not poison itself can be produced??. In order to be able
to clearly id 1t1 the effect of the different metals, we will look at so-called Single Atom
Alloys ( re a small portion (5%) of the top surface atoms is replaced with a
differ t.me . Fhese alloyed metal atoms do not cluster and thus can be viewed as single
1solat ator®23 25 So far only a limited amount of information is available for the reaction
o meth ne on alloys?2253%  As such, the SRP32-vdW functional will not only be used to
.%ajk rediction for Cu(111) and Cu(211), but it will also be applied to SAAs of Cu(111)

At Mhcorporate metals for which the functional either gives chemically accurate results

(Pt), or is expected to (Pd).
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rov1ded The paper is structured as follows: a short summary of the technical details

is given in Section II, the barriers are discussed in Section III A followed by the minimum
energy path in Section IIIB. In Section III C the sticking probabilities are presented, while
Section IIID concerns the impact site associated with reactive collisions. Finally, a short

summary is given in Section IV. /

II. METHOD
All the AIMD and electronic structure (Density ‘D\l‘heory, DFT) calcula-

tions have been performed with the Vienna Ab-initfo Simu
5.3.5)3135. A kinetic energy cutoff of 350 eV andsad -centeréd 6x6x1 k-point grid are used.

L WTfjl the Projector Augmented Wave
otential for Cu. The (111) surfaces are

ion Package (VASP version

Furthermore, core electrons have been represen

method (PAW)?536 using an Ar core PAW gseu
modeled using a 5 layer (3x3) supercell, N

(1x3) supercell. Furthermore, the vacuu n_distance between the slabs is 13 A. In order to

211) surface is modeled using a 4 layer

speed up convergence, first order Meth QL axton smearing®” with a width parameter of
0.2 eV has been applied. Calcula ha ¢ been performed without spin polarization, which
is not required for a dlamagne erlal as Cu. This computational setup is confirmed to
be converged to within 1ca racy (1 kcal/mol) and results w.r.t. this convergence
are given in the suppor information.

For the a,lloy ingle sur ce layer atom in the supercell is replaced with a Pt or Pd
atom, which 1s ilar t hat is observed in experiment???4, and results in a coverage of
1/9 monolayér. he alloyed atom is confirmed to remain at its position, i.e. it does not
travel ov the S

sifio staﬂes are obtained with the dimer method3®**! as implemented in the VASP
Transition S te Tools package (VTST), with the forces on the degrees of freedom converged
thln /A, and are confirmed to be first order saddle points by doing frequency
1 e., by checking if only one imaginary frequency was found. An ideal slab is used,
r\the top three layers have been relaxed in the z direction.

or the AIMD simulations a surface temperature of 550 K is used, where the atoms in

3
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the top three layers are allowed to move in all three directions and the ideal lattice constant

AlP

suriace temperature
Publishing
uuued otherwise, with a time step of 0.4 fs. The rest of the technical details for the AIMD

k_dlue to the

42

For every AIMD data point, 1000 trajectories were done, unless

calculations can be found in recent work!®'"43 and in the supporting information. We use
the SRP32-vdW functional previously used for CHD3 + Ni(111), Pt(111) and Pt(211)'%17,
of which the exchange part is defined as

A
E, =z EFPE 4 (1 —z). EFPP 5\ (1)

where ERFBE and EPBE are the exchange parts of th P and PBE** exchange-
correlation functionals, respectively, and x = 0.32. Moreo he.ngW correlation functional
of Dion and coworkers (vdW-DF1) is used. Earh&v:; our group has shown that
using a van der Waals correlation functional m r ant to a correct description of
the energy dependence of the reaction prob 11 o ‘)gnlfylng that the variation of the
barrier height with molecular orientation and impa SLFEe are correctly described*”, and that
this is also true for methane interactin W:\Js16’17’48. With the use of an appropriate
correlation functional and an appro rlat elg ed average of exchange functionals, SRP-
DFT has been shown capable of ac elg( describing the minimum barrier height, the
anisotropy and corrugation of th - height, and the position of the barrier, which

determines how efficiently pre—

Ref.’® and the SI of Re

stretch vibrations may enhance the reactivity (see

16’49). Fintally, CHD3 is used instead of CH4 in order to avoid

artificial intramolecular vipratignal energy redistribution (IVR) in the dynamics when the

d43’50

CH stretch modzik ibfationally excite For arguments regarding the reliability of

the quasi-classi N%e; y (QCT) approach implicit in the AIMD, we refer the reader
to the SI of e%w"‘?’. ere, we were able to argue that the approach should not suffer

blems like zero-point energy violation, and be accurate already for reaction of

eir ground vibrational state just above the reaction threshold, with reaction

51

\—% , as Dy has a similar vibrational frequency and reduced mass as the CH stretch
ifration in CHDs, and of actual AIMD calculations for CHDy + Pt(111) which showed

that the reaction near the threshold only involved zero-point energy violation in only 1 out

4
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Figure 1. Top and side view of the transition state of methane on uﬂ)mﬁ the C2 geometry

(a,b), on Cu(211) with the EtoE geometry (c,d), Pd(111) w1t geometry (e,f), and on
Pt-Cu(111) (g,h) and Pd-Cu(111) (i,j) with the C2 geometry, 1) surfaces, red indicates
the fcc sites. For Cu211, blue indicates the top step edge Q‘am pink the bottom step edge
atoms(B). Q)

of 144 reactive trajectories®®. s F
III. RESULTS “\'~\\\

A. Barriers

The transition state geome«sé\ the dissociation of methane on several surfaces are
summarized in Table I n Flgu 1, where the naming convention from Ref.5? is used

for the transition states ) surfaces. Figure 2 depicts the angles that are used to

characterize the trafsitidn st s. 0 is the angle between the surface normal and the dissoci-
ating CH bond [ angle between the surface normal and the umbrella axis, which

is defined as{the yector omg through the geometric center of the three H-atoms and the

carbon. nal is the angle between the dissociating CH bond and the umbrella axis.

The txansi

CH-boud an§ umbrella axis of the methane have a slightly smaller tilt w.r.t the surface
_~~
nermal (.e. 6 and 3 are larger) and the bond distance (r*) of the dissociating hydrogen

'on/state geometry on Cu(111) is similar to Ni(111) and Pt(111), except the

m arger, i.e. the location of the barrier is later compared to Ni(111) and Pt(111).
reover, the barrier height is 166.6 kJ/mol, which is 68.7 kJ/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

5
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, Pd(111),

This mantiscript was accepted by J. Chem. Phys. Click here to see the version of record.
l s I g 11) and Pt(111). The naming convention from Ref.>? is used for the (100) and (111) surfaces.

Publishiagometry names for Cu(211) indicate first the location of the methane and then the direction of the
dissociating hydrogen. The height of the carbon of the EtoE and E/BtoB geometries on Cu(211)
is taken w.r.t. the top step edge, while the height for the TtoB geometry is w.r.t. the atom in
the middle of the (111) terrace. For 6, 8 and v on Cu(211), the surface normal is the macroscopic
surface normal, i.e. the orientation of the terraces and steps are no/ %nto account. The

zero-point energy corrected barriers are given in the brackets

Surface Site %Nf (deg) ~*(deg) Ejy (kJ/mol)
Cu(100) G2 geometry 2.19 1.84[ 12001653 359  166.1 (152.1)
Cu(111)  C2 geometry 2.25 17941364, 1694 330  166.6 (151.8)
Cu(111) C2 geometry (550 K) 2.25 13’?\&6 168.4 31.9  167.9 (153.4)
Cu(111l)  C2 geometry (PBE-vdW) 2.24 7 1863 1683 320  157.2 (143.1)
Cu(111) C2 geometry (optB86b-vdW) C 1,% 134.1 1675 334 136.2 (122.4)
Cu(111) C2 geometry (optB86b-vdW )22 - - - 129.3
Cu(111l)  C2 geometry (SRP32-DF2) % 1. 79 137.1  168.8 31.7  182.3 (167.8)
Cu(111) Fece \2. 1.80 133.4 162.5 29.2 187.4 (171.7)
Cu(111) Bridge WG 1.84 129.8 160.8 31.0 193.9 (178.2)
Cu(211) EtoE geometry 3 \\2.08 1.86 125.1 1574 344 137.8 (128.4)
Cu(211) E/BtoB geometry 1.90 1.81 1583 168.3 334 152.9 (138.8)
Cu(211) TtoB geometry Y. ‘&\ 1.39 181 143.1 163.2 33.3 174.3 (159.8)
236 1.66 133.2 1653 32.1 134.1 (121.8)
2.35 1.65 132.7 164.9 32.2 124.8 (112.6)
232 1.62 1314 164.2 329 100.3 (88.1)
- - - - - 84.9
226 1.83 1375 1703 32.8 173.4 (159.2)
st neighbour 226 1.80 136.3 168.7 32.5 165.7 (151.8)
Pt-Cu(111) earest neighbour (PBE-vdW) 2.21  1.79 135.7 168.2 32,5  156.4 (143.3)
Pt-Cu(11 earest neighbour 216 1.76 133.4 1674 340 135.6 (122.4)
o/ptggcb vdW)
Pd—C 111 X Pd 232 1.76 1369 1679 32.0 142.5 (129.2)
Pd-Cu earest neighbour 226 1.81 136.7 169.0 324 172.3 (158.0)
FQCu(l\l) Next nearest neighbour 225 1.80 136.2 168.7 32,5  167.6 (153.5)
Qi1 C2 geometry 218 1.61 1357 1647 29.1  97.9 (85.3)
\dﬁh) A2 geometry 223 161 1359 1650 29.1  84.6 (70.7)
Pt(111)!7 D1 geometry 228 1.56 133 168 35 78.7 (66.5)
Pt(111)*® D1 geometry (PBE-vdW) 229 154 1339 1684 - 73.9 (61.7)
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Figure 2. Methane on Cu(211) with the E}Bﬁ@t’metry, indicating the geometry angles as used
in Table I. 6 is the angle between the C&?ﬁk@nd the surface normal, g is the angle between the
d

umbrella axis and the surface norm%\ is the angle between 6 and f.
is expected. The barrie metry does not change considerably when PBE-vdW is used
instead of SRP32@ barrier is 9.4 kJ/mol lower. This is to be expected since

PBE is more reactiveghdn E‘}{ 32-vdW, as PBE is less repulsive than a mixture of PBE and
e

rier increases only with 1.3 kJ/mol when the expanded lattice

d

RPBEY. Likewisexgh
constant for §50 h&d, and the barrier geometry does not change considerably. Again,
using vd% instead of vdW-DF'1 has little effect on the geometry, although it does
increageathe harzifr height by 15.7 kJ /mol. However, using optB86b-vdW5* does not only
lower the baﬁier by 30.2 kJ/mol, it also makes the methane tilt more w.r.t. the surface and
s o;aan the dissociating bond length, making the barrier slightly earlier. The barrier height

it 86b-vdW is in good agreement with previous work®?, being 6 kJ/mol higher when
% barrier is adjusted for an adsorption well of 13 kJ /mol (the barriers in previous work

were reported w.r.t. the physisorbed state).
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"The barriers on the fcc and bridge sites are found by fixing the x and y coordinates of the

o IPar yon at_thictsTHIENS

Publlshladc itional insight on the reactivity across the surface. The CH-bond length is longer and

do provide

tiic methane is tilted more compared to the top site, and the barrier is 20.8 and 27.3 kJ/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®. Furthermore, the
methane has a larger tilt and is closer to the surface, while the barrier is slightly later. These
differences between the (100) and (111) surfaces are observed for/NN.qell55 , except that
the barrier height is 15 kJ/mol lower on Ni(100) than on Ni(1 5

For Cu(211), three distinctly different barriers are found Ve top step edge atom,
between the top and bottom step edge, and on the terracéygw Gb\re referred to as the EtoE,

E/BtoB and TtoB geometries, respectively. In general, t d length of the dissociating

CH bond is larger than on Cu(111), i.e. the b .Sﬁqk(i 211) are even later than for

Cu(111). Furthermore, the barrier on the t ra geometry is 7.7 kJ/mol higher

than on Cu(111), while the barriers at the step ( and E/BtoB geometries) are 28.8 and
NS

mmher transition state geometries obtained

13.7 kJ/mol lower, respectively. Finall toE geometry the hydrogen dissociates

towards the bridge site, which is at odds
on Cu(211) for which the hydrogen a %IQV s towards a hollow site.
For alloys, above the next nea neighbour Cu atom, almost no changes are observed

compared to Cu(111). The ne € elghbour Cu atom shows an almost identical barrier

geometry, but above the e atom the barriers for Pt-Cu(111) and Pd-Cu(111) are 7 and
6 kJ/mol higher thanfon u ), respectively. However, above the alloyed top atoms the
barrier changes co epébly he barrier above Pt is further away from the surface and the

dissociating CH \%h ce is smaller than for Cu(111), although the barrier is later than
ver

on Pt(111). Io er, the barrier height is reduced with 32.7 kJ/mol relative to Cu(111),
although he})ar

r is much higher than on Pt(111). When using another functional like
PBE— %hanges to the barrier are very similar, suggesting that mixing PBE with
RPB only %ﬁects the minimum barrier height and not other physics like the energetic
ckrlfzr on of the barrier height. Previous work?? using the optB86b-vdW functional saw a

NS

/s mol when using the optB86b-vdW functional (note that the barrier heights previously

ger reduction of 44 kJ/mol relative to Cu(111), whereas we find a reduction of 35.7

reported?? were incorrect and the corrected results are available in Ref.’%). The geometry

8
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Publishilr? gc wised by the relaxation of the surface atoms during the dimer calculation in Ref.?? due
w6 vhe considerable resulting protrusion of the Pt atom. Furthermore, using a different
xc-functional (optB86b-vdW??) results in smaller lattice constants for solids®”. This could
mean that due to different lattice constants caused by the different functionals, a different

strain in the lattice of a SAA is observed, resulting in a different bajtier height for the alloy.

Marcinkowski and coworkers?? introduced the parameter 3\

ECu(lll) B E.Pt-Cu(lll) (at? t

b b
a= (2)
Cu(111) Pt(111) £
E —E K

S

where & = 0 and o = 1 indicate a barrier height ‘ql‘l-al to Cu(111) and Pt(111), respectively.

The lower barrier found previously?? gives Qopt B8Gh—vapys= 0.52, 1.e. the barrier is between a
Pt(111)-like and Cu(111)-like barrier, whezeasshe higher barrier found in this work with the
SRP32-vdW functional is closest to Cuﬂe& asrP32—vaw = 0.37. Moreover, PBE-vdW

r with appr_waw = 0.39. Although additional work

also results in a more Cu(111)-like bartie
is needed, it seems that by allow\;ﬁx t atom to pucker out, the barrier becomes more

Pt-like for Pt-Cu(111).
Finally, we checked that. re@he top layer also in the x and y direction does not have

a large influence on t arrien, height. When the top layer is also relaxed in the x and y

direction before the{dimer calgulation (but note that the top layer is kept fixed during the
transition state gbarch) b&/e Pt the barrier is reduced by 3.4 kJ/mol and above the next
nearest neig Cu ‘the barrier is increased by 1.2 kJ/mol. It is expected that similarly

small effegts willioccur for the case of Pd-Cu(111).

£
Abeve, t all({yed Pd top atom in Pd-Cu(111) the barrier height is reduced by 24.1

kJ/mol and 1316 changes for the geometry relative to Cu(111) are similar as for the Pt alloy,
ﬁ

b%rj:jljer. This is to be expected, since the barrier on Pd(111) is also higher and later
anl t(111). Likewise, Pd-Cu(111) has a barrier height that is even more similar to a

h
‘L?(ﬁ’l)—like barrier height since av = 0.29, which is also reflected by the fact that the barrier

geometry above Pd is more similar to Cu(111) than what is observed above Pt.

9
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Figure 3. Elbow plot of methane on Cu(111) (a), abeve in‘Pd-Cu(111) (b), above the next

nearest neighbour Cu in Pt-Cu(111) (d), and abo 1 P“aCu(lll) (e). (c) and (f) are the same
] -
‘\rd v1 =1 (c) and v; = 2 (f). Methane is

as (a), but with reacted trajectories for 181.3 ﬂ{olﬁe
fixed in its transition state geometry aboyve the“top Site, whereas Z and the bond distance of the

e
dissociating hydrogen are variable. Co toNre drawn at intervals of 0.05 eV between 0.5 and

/

2.0 eV. The colours indicate the enﬁif} “wer.t. methane in the gas phase. The black circles

in panel (a) indicate points from a aleulation, while the black squares indicate the highest

point along the MEP, N

~

B. Minimum energy path
9,
Figure 3a sh 1e minimum energy path (MEP) of methane dissociating above the top

site on Cu(1 .mh is fixed in its transition state geometry, while varying the CH bond
length an%izgn from the surface. Since methane has 15 degrees of freedom, the potential
along ghe, ill increasingly differ from the true MEP in which other coordinates also
vary, when r@;ving away from the transition state. However, points from a Nudged Elastic

rﬁ58 ) calculation, where all degrees of freedom are relaxed, in Figure 3a are in

Xce agreement with the MEP, which is assumed to be also the case for other surfaces.
%a?éady 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. Hence, incoming molecules

10
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Figure 4. The/MEP from Figure 3a (green) and above the fcc site on Cu(111) (blue). The

fce M Was‘j)btained by placing the top site geometry on the fcc site. (b) Curvature from the
ﬁ
a%x::—; ioned MEPs. The red points indicate the transition state, while the black squares indicate

% int’on the MEP with the largest curvature.
e
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Figure 5. Same as figufe 3, but for Cu(211) with the A8 geometry (a) and with the 6 angle
optimized (c). (b) ad (d) show, the MEP for Cu(111) and Cu(211), where 6 is optimized. The
contour lines in nd até drawn at intervals of 0.05 eV between 0.0 and 1.6 eV and indicate

the energy (e

v%.t. methane in the gas phase. The colours in (b) and (d) indicate the difference

in angle w.t. thegransition state, and contour lines are drawn at intervals of 0.5 degrees between

£
ree;/ The black squares indicate the highest point along the MEP.

)

ﬁ
n%l;gbe able to follow the MEP due to the requirement of a high kinetic energy to
Ve the barrier combined with the sharp turn of the MEP, and thus may have to react

-10 and.- 24
ﬂ

r much higher barriers (”the bobsled effect”5%°). This can also be seen in Figure 3c,

wheére the reacted trajectories at E; = 181.3 kJ/mol and v; = 1 are superimposed on the

12
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elbow plot. Even when the vibrational energy is increased to v; = 2 the trajectories are not
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Publishiir? gt wken and placed 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 kJ/mol, which
is only 1.5 kJ/mol lower than the barrier obtained using a constraint dimer search. This
suggests that the barrier geometry is almost independent of reaction site. Additionally, the
change in energy when moving away from the transition state at Ze top site is similar to

the change found at the fcc site, i.e. the corrugation around the Weometry is again
almost independent of the reaction site. 5

Similarly, Figure 3b shows the MEP of methane dissociating,abowe the Pd atom in Pd-
Cu(111). Here, the MEP is further away from the surfa aa@ugh a lower barrier than
for Cu(111). However, the MEP above the Pt atom iff Pt-C 1) in Figure 3e shows larger
differences than above Pd relative to Cu(111), m}&&@
barrier above Pd is more similar to Cu(111) tha bO\‘fg Pt. Above Pt the barrier is lower

e caused by the fact that the

and earlier and the MEP has a smoother cugyvatu ﬁlTrthermore, the MEP for Pt-Cu(111)

has a similar curvature as and is at a higL@HCG to the surface than in the MEP for

Pt(111), while the barrier is later and igher~Above the next nearest Cu atom for both

alloys a similar MEP was obtained as muf\l ), as can be seen in Figure 3e for Pt-Cu(111).

Summarizing, the MEPs above t \%]d Pd atoms in the alloys exhibit similar, but not
11

identical features as the MEPS{o ) and Pd(111). Above the Cu atoms in the alloys

the MEPs are similar to the MEP for Cu(111).
The MEP of met neQ\;)\\zethe step edge of Cu(211) in Figure 5a is similar to that for
Cu(111) in Fig? %91 h closer to the surface. Moreover, the barrier is lower, but
later. Figure 5c h?NS\th ame elbow plot, but here the 6 coordinate is also optimized. The
turn the M H@(es for‘the optimized 6 is slightly smoother early on, but as soon the bond
starts ex ndi)lg ¢ curvature actually increases compared to the case where theta is kept
fixed, die. tle curvature point of view the MEP becomes dynamically less favorable
compaged to‘jhe MEP for which € is not optimized. The difference in 6 w.r.t. the transition
s%io:;w ich the energy is minimized is shown in Figure 5b and 5d. If the molecule would
ollo e MEP, it would undergo a rapid reorientation of the CH-bond when it approaches
hsmface before it is able to extend the CH bond. The bending along the MEP for Cu(211)

is similar as for Cu(111).

13
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C. Sticking probability
| This manuscript was accepted by J. Chem. Phys. Click here to see the version of record. |
AI P In Table II results are summarized for AIMD on several surfaces. At incidence energies
P“b“Sh'H&e to the minimum barrier height, methane has a much lower sticking probability on

Cu(111) than on Ni(111). At 160 kJ/mol and ;4 = 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 o af?’%or Cu(111). This
could imply that the lower barriers found around the step e on'Cu(211) are dynamically
inaccessible. However, CD cleavage is observed, which u%si}mqte that methane found
a lower barrier to dissociate over on Cu(211) than on«Cu Bhs'.'ince no CD cleavage was
found at Cu(111) for the same or even higher energy ltho§gh it remains unclear whether
this is a statistical anomaly. It is more probabl t‘};at he Increase in reactivity due to the

steps combined with reduction in reactivity du%ﬁxthﬁ_t_erraces, leads to a similar reactivity

for Cu(211) as Cu(111). \\
On Pd-Cu(111) the reaction probaé'l'%i\low for 160 kJ/mol and v; = 1, i.e. only
t

0.1% £ 0.1. Apparently, the loweri arrier atop the Pd atom is not large enough
to enable the reaction of methanefor 360 B/mol and v, = 1. In contrast, on Pt-Cu(111)
a higher reaction probability: i‘m. Interestingly, the barrier atop the Pt atom on
Pt-Cu(111) is only 8 kJ/mol Man atop Pd on Pd-Cu(111), and it is not clear whether
this can fully account f tl@\jreased reaction probability at 160 kJ/mol and for vy = 1. It
is possible that sincefthe barsief on Pt is earlier and the MEP in the entrance channel is less

curved than on Pd, théweagtion is also dynamically more favorable on the Pt doped surface

than on the P op\ed{urface due to a smaller bobsled effect®®%°. Moreover, it was found
that the ener ansfer (Er) from scattered methane to the surface atoms of Pt-Cu(111)
and Pd-Gu(141) 711 face is about 10 kJ/mol lower than to the Cu(111) surface at equal
inciddice enesr ((E;) = 160 kJ/mol) (see Table III), with Er being defined as

o Er = (Vi+ K;) — (Vy + Ky), (3)

he and K are the potential free and kinetic energy of methane at the initial (i) and final
st\ebs of the trajectories. It is possible that due to the additional lattice strain caused
b

y the alloyed atoms, energy transfer from methane to the surface via phonon excitations is

14
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AIP“he Pil_adhis manusciph wasiaeesniedcby, I Ghem, Rhys. Glick by tseetheryersionofaeegithal at higher

Publishin

energies than in Cu(111), which is shown in the supporting information. Furthermore, it
iogilkely 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®!:62,
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 agpéement with the AIMD
results for energy transfer to the surface atoms. /e

In most cases, exciting the v; vibrational mode leads to @ea\/&ge than CD
on

cleavage (see Table II). However, it remains difficult to dra sions on the fraction

of CH cleavage due to the limited amount of reacted t '6‘39 ies. Furthermore, Figure 6

shows the 6, 8 and ~ angles of methane on Cu(111) gnd Pt-Cu(111) at the highest collision
energies, noting that the initial conditions are similar fog th) two surfaces, except methane
has a higher kinetic energy and vibrational exc'ta(‘ian oﬁ)Cu(lll) than on Pt-Cu(111). Here
we see that the angular distributions of the reacti ffiethane are similar on both surfaces
and that there is little steering in the anh;%\g@s, but there is quite some steering in the
bend angle « in order to follow the ME .Mer, it is to be expected on the basis of the

elbow plots that the vibrational effic })s ,Ql

. Unfortunately, due to the limited amount
of reactivity typically only vibratjonally excited molecules react, i.e. vibrational energy
promotes the reaction but it\ar v how much, as we hardly see laser off reaction.
Therefore, we could not.compute wibrational efficacies for our AIMD data. Finally, no

trapping is observed,

has in our simula/t'

D. Reacti Dte
Y.

and 7c show the reaction site of methane on Cu(111) for v; = 1 and vy = 2,

ich is to be expected considering the high kinetic energy methane

3
S
&
)

Szith E; =181 kJ/mol. Methane does not have a clear preference of reaction site
o@:ﬁh 1), since the distribution appears to be statistical. It is likely that since the barrier
bo e hollow sites is only 21 kJ/mol higher than above the top site, and methane has a
%hhlergy 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

15
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= 181 kJ/mol and v; = 2) and dashed lines are for Pt-Cu(111) (E; = 160 kJ/mol
vy = 1
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Table II. Pt-Cu(111)

' ThlS manuscnpt was acceptcd byJ Chem Phys. Click here £ see the vcrsmn of record;
l s I Pnd Ni(111). For Cu(111) and Cu(211) at 160 kJ/mol and v; = 1, 500 and 692 trajectories were

PUb”Shi«ﬂ@e, respectively. The error bars represent 68% confidence intervals.

Surface (E;) (kJ/mol) Quantum states Reaction probability (%) Fraction CH cleavage

Cu(111)  160.4 v =1 0.0 + 0.2 -

Cu(111)  160.4 v =2 2.4 + 0.5 1.00 + 0.05
Cu(111)  181.3 v =1 0.5+ 0.2 / 00 + 0.20
Cu(111)  181.3 v =2 48 +0.7 ( m 0.02
Cu(211)  160.4 v =1 0.1+0.1 \00 +0.32
Cu(211)  181.3 v =1 0.4 + 0.2 ‘j 0.75 4 0.22
Pd-Cu(111) 160.4 v =1 0.1+ 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 v =1 L 0.71 + 0.12
Ni(111)!6  160.4 Laser off \> 0.24 + 0.05
Ni(111)16  160.4 m =1 \\ 0.53 & 0.03

Table III. Energy transfer of scattered e Cu(111), Pd-Cu(111), Pt-Cu(111) and Pt(111)

at (E;) = 160 kJ/mol. The results(& 11) are extrapolated from earlier work!”. The error
bars represent 68% confidence 1&5@\

Sur, /fa,ce rgy transfer (kJ/mol) Baule model
&Q 62+ 1 57
Pdtcu 53+ 1 55
Pt-Gu(111) 52 £1 53
Q{lll 28+1 20
scatte ac ﬁéd trajectories.

On u( 2 ) methane reacts only at the step, as can be seen in Figure 8. Furthermore,

d rmg the 1SSOClation the methyl moves towards the bottom step edge, while the dissoci-
.% rogen moves towards the terrace, with the dissociating bond located above the top
p edge atom. This can also be seen from the fact that the centre of mass moves from

the'top step edge towards the bottom step edge, i.e. there is some steering. Interestingly,

17
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Figure 7. The impact site of reacting metharfe on 11) for 1 = 1 (a) and v; = 2 (c), with
E; = 181 kJ/mol, and on Pt-Cu(111) for las::\b-}and laser on (v; = 1) (d), with E; = 160

kJ/mol. The grey circles indicate Pt atems, m blue circles indicate the Cu top layer surface

atoms. The green and red circles (ihhpmt sites where dissociation of a CH (green) or CD

(red) bond occurred. The empt, greeN d circles indicate the location of methane at t = 0 fs,
while the solid circles are for Wl%mation takes place, i.e., when r = r¥. The distribution of

distance (A) of the reacti g‘!?ﬂ%’) to the closest top site is given in the inset.

for none of the r:;c i e‘éveys the centre of mass is above the top step edge atom, which is
e

the location of t ‘QKQSZ rrier, nor does the hydrogen dissociate towards the bottom step

edge, which oa) be another low barrier. It remains unclear due to the limited amount

of reacte tra}jec ries whether this is a statistical anomaly or whether the aforementioned
barrieps.are naoﬂlically inaccessible, for instance due to the late barrier geometry.

On"Pt-Cu(111), for both laser off and laser on, reaction occurs near the Pt, as can be
ﬂ

séen in Kigures 7b and 7d. This means that Pt only alters the barrier locally as suggested
,% ow plots and the minimum barriers. Moreover, in contrast to Cu(111), methane
ct?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.
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Figure 8. The impact,site of reacting methane on Cu(211) for E; = 181 kJ/mol and 11 = 1.

The blue shaded area indicates the step, while the red dashed line is the top step edge. The blue

circles aré thesdop layer surface atoms, and the green and red circles are the impact sites where

dissocjation of aCH (green) or CD (red) bond occurred. The empty green and red circles indicate

thelocation of methane at ¢ = 0 fs, while the solid circles are for when dissociation takes place,

i.64 whenyr = r.
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IV. CONCLUSIONS
! I P | This manuscript was accepted by J. Chem. Phys. Click here to see the version of record. |

Publishi In this work we have made predictions with AIMD on the reactivity of methane on several
ublis I[]V%,per—based surfaces using the SRP32-vdW functional, combined with barriers and elbow
plots in order to rationalize the results. The results 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 kinetic and vibrational energies in order to observe zeaction. Furthermore,
methane has the same reaction probability on Cu(211) as on Cu(l(&with the reaction

occurring only at the steps. This can be understood from the arriers at the step and

higher barriers at the terrace relative to Cu(111). Moreover, ing.a so-called single-atom

alloy from Cu(111) with Pt increases reactivity. This i a‘x}i‘@y& used by the reduction
of the barrier height, together with changes in the fdynamieal pathway and reduction in
energy transfer from the molecule to the surface: &Qi)imum barrier is only affected
locally around the alloyed atom, i.e. the Cu surface ha)unaffected, which is also reflected
by the fact that methane only reacts near the topsife-of the Pt atom. Also, the choice of
exchange-correlation functional can have E&e ect on the changes of the local barrier
above the alloyed barrier. For Pd—Cu(‘wxeduC‘cion in barrier height and changes in
the dynamical pathway were not su m Q bserve reactivity at the same energies as Pt-
Cu(111). Finally, we hope that redictive calculations will be followed by experiments
in order to prove the transferﬁ;\i\;;}\the SRP32-vdW functional among systems in which
methane interacts with flat and stépped surfaces of metals belonging to adjacent groups of
the periodic table, an % stems in which the interaction is with SAAs of these metals.

In the present Kﬁeyﬂ ve made predictions of the reactivity of methane on copper
surfaces for a liz ra

\ e of incidence energies, which additionally are at the high end
of what can e}hieve with molecular beams using seeding with Hs. In the future, it

64,65 However,

successfully fyr dissociation of diatomic molecules reacting on metal surfaces
-
résearchgwill have to be carried out aimed at investigating whether accurate NN potentials

‘%1 ¢t be developed for polyatomic molecules reacting on metals, and whether in fact
ction probabilities smaller than 1% can be calculated accurately with a quasi-classical

approach (due to the possibility of quantum effects, and potential problems with zero-point

20
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energy Violation).

! I P This manuscript was accepted by J. Chem. Phys. Click here to see the version of record. |
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See supplementary material for more detailed procedures and results for the AIMD.
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