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An important industrial process is methanol steam reforminé hich is typically used
in conjunction with copper catalysts. However, little agr. er@%&ts on the reaction
mechanisms involved on a copper catalyst. Therefore, we*have performed research
yielding additional insight into the reaction mech is‘lﬁfor igsociative chemisorption

of methanol on Cu(111) using ab initio moleculasx z;?ﬂf?:s (AIMD), supported by

static calculations of the molecule-surface intew ctiorbwith DFT. Our work predicts
that after the initial dissociation formal eﬁyd is formed, through three different
mechanisms. Additionally, it is obserNaLat high energy CH cleavage is the
dominant pathway instead of the fi W sumed OH cleavage pathway. Finally,
in order to describe the interac @hanol with the metal surface, the SRP32-
vdW functional is used, whi :%xin previously developed and tested for CHD3

%‘( u?ng the Specific Reaction Parameter approach
R

on Ni(111), Pt(111) and
(SRP). In this work t%

functional is applied to methanol on Cu(111)

as well, in the hope that future experiments can validate the transferability of the

SRP32-vdW fm@o chemically related molecule-metal surface systems.
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I. INTRODUCTION
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“ 8 Methanol steam reforming is an important industrial process with several applications
Publishing
such as formaldehyde and syngas production. However, there is little agreement concern-
ing the reaction mechanisms of methanol on metal surfaces, especially on copper-based
catalysts'. Due to the existence of several different chemical bonds, methanol dissociation is
described by a complex reaction scheme involving several product:)eing formed via differ-
t

ent pathways. Furthermore, little is known about the mechanism

W{OW the breaking
of the first bond in methanol. For example, experimental evid c@ar formaldehyde forma-

tion on copper catalysts through direct decomposition of me\kﬁn xists®®, although the
cal¢ulations have only been able

underlying pathways remain unclear. So far, theoretic

612 or a dy-

to deal with this reaction scheme on a static level using transigion state theory
namical level but with a frozen surface®. However, these le%ls of theory exclude exchange
of energy between the surface and the molec lezald ’n?nsition state theory excludes any
dynamical effects such as steering as well. Moredwer, “although the complete steam reform-
ing reaction of methanol to CO, and hyh%@

plays a role after the initial reaction st%ﬁe?’l\mfter formaldehyde is formed, by hydrolyz-

ing either a methyl formate intermg% Qr formaldehyde!. Depending on the reaction
f

course also involves water, water only

conditions, the preceding forma‘&\o rmaldehyde is often the rate controlling step for
methanol steam reforming“@ an important reaction step to investigate. There-
fore, in this work water is neglecte d only the dissociative chemisorption of methanol and
subsequent formation offormaldehyde on Cu(111) is investigated using ab initio molecular
dynamics (AIMD) ify order todnclude dynamical effects. Finally, on Pt(111) and Ru(0001)
the methanol de/ positi 1/ mechanism can be affected by the methanol pre-coverage, while

1
no such depeddenge hasbeen reported on Cu(111), on which methanol has a lower adsorp-

inge our simulations are performed in the zero coverage limit, i.e. only initial

Moregver, to model accurately the interaction between molecules and metal surfaces re-
‘% allenging'® 22, Therefore, the Specific Reaction Parameter (SRP) approach has been
s6d to develop a chemically accurate functional (SRP32-vdW) for methane on Ni(111),

Pt(111) and Pt(211)?**. The SRP32-vdW functional was first developed for CHD; +
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Publishiﬁtg( 211)?425). Here we have performed predictive calculations on methanol, which is chemi-
Caiy related to methane, and on a metal surface belonging to a neighbouring group of the
periodic table. We hope that our predictions will be followed by experiments in order to
validate the transferability of the SRP32-vdW functional to methanol on a Cu(111) surface.
To summarize, this work makes a prediction for the reactivity of methanol on Cu(111),
combined with a detailed analysis of the dynamical behaviour. sz 'more, new insights
are gained for the reaction mechanisms for the formation of fo aDehyde on Cu(111). The
paper is structured as follows: a short summary of the techniN is given in Section II.

Moreover, the barriers and elbow plots obtained with stat@f\:alc lations are discussed in
abi

Sections IIT A and III B. In Section III C the reaction prob s are presented, followed by

the impact site associated with reactive collisions imSection Ih D. Furthermore, Section IIT E

concerns the energy transfer of methanol to the fac‘e) and Section IITF the orientations

methanol goes through during the reaction.¢Fina f%rmaldehyde formation is discussed in
\@mn IV.

Section III G, and a short summary is give

II. METHOD §.
NN\

The Vienna Ab-initio Simu ackage (VASP version 5.3.5)2630 is used for the AIMD
and electronic structure hsity Functional Theory, DFT) calculations. A kinetic energy
cutoff of 400 eV and F% 3x3x1 k-point grid are used. Moreover, core electrons have
been represented the P/ jector Augmented Wave method (PAW)303L. The surface is
modeled using aver (dx3) supercell, where the angle between the x and y vectors is

distanee of 15 A is used between the slabs and the top three layers have been

30 degrees i@sf the usual 60 degrees, i.e. a skewed unit cell is used. Furthermore,
£

relaxediin the z direction. In order to speed up convergence, first order Methfessel-Paxton

smearing>? W}Sth a width parameter of 0.2 eV has been applied. Convergence of the employed
c@ional setup is confirmed to be within chemical accuracy (1 keal/mol, or 4.2 kJ/mol)
an u

S ts connected to this convergence are given in the supporting information.
Transition states are obtained with the dimer method3336 as implemented in the VASP

Transition State Tools package (VTST), and are confirmed to be first order saddle points
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l s I por s. 1y and a are determined through time-of-flight measurements for 600, 750 and 900 K?3. The

Publishipg imeters for (F;) = 163.1 kJ/mol are not from experiment, but theoretical estimates obtained

by extrapolation.

T, (K) (E;) kJ/mol vy (m/s) a (m/s)

500%  163.1 3177.70 158.89

600  188.7 3418.00 168.02 /
750 229.2 3760.72 216.91 3\
900  260.5 107012 27450

i<

by checking if only one imaginary frequency is foundfat™the transition state. Forces on the
degrees of freedom are converged within 5 meV /A, whege thb degrees of freedom are for the

motion of the methanol atoms. ‘)

For the AIMD simulations a surface temperat ‘Ef550 K is used, where the atoms in
the top three layers are allowed to move inmdirections and the ideal lattice constant
is expanded by a factor of 1.0078 in or mﬂect the expansion of the bulk due to the
surface temperature®”. Methanol mo mgbeam bundles were simulated according to the
parameters in Table I, which were \bﬁd for CHD3 seeded in Hs molecular beam bundles
in Ref.?. It is assumed that Ml as a similar velocity slip in a molecular beam as

methane, hence beam p

AIMD data point, 5

technical detailiz
supporting info }'OK e use the SRP32-vdW functional previously used for CHD3 +
Ni(111), Pt( 1%%(21 ), Cu(111) and Cu(211)*?439 of which the exchange part is defined

as
ﬁ
KS By = ESP 4 (1—a)- B, (1)

Q&}
E and EPBE are the exchange parts of the RPBE and PBE%! exchange-

Btlon functionals, respectively, and x = 0.32. Moreover, for the correlation part the

eters obtained for CHDj3 are used here for methanol. For every
a-i:%vries were run, with a time step of 0.4 fs. The rest of the

1¢23:24,38,39

o AIMD"calculations can be found in recent wor and in the

vdW correlation functional of Dion and coworkers (vdW-DF1)#? is used.
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Table II. Fh ol on : her,OH or CH
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l s I pea vage occurred and the location of the broken bond. Zero-point energy corrected barriers are

Publishigigen in the brackets.

Label Zé(A) ZiO(A) rH(A) 6*(deg) f(deg) y1¥(deg) v2*(deg) ot(deg) ¢t(deg) Ej (kJ/mol)

OH-fecl 3.06 1.89 1.62 1178 1444 64.9 63.9 144.3 1.0 92.4 (75.7)
OH-bridgel 3.11  1.75 1.49 1125 158.9 59.3 09.6 159.2 04 95.1 (78.1)

CH-topl 246 2.8 2.03 1325 110.6 138.0 24.7 7{%0.3 130.4 (116.2)

CH-top2 2.46 2.87 2.02 1345 111.8 135.3 24.4 (T?*i 0.0 1304 (116.4)
III. RESULTS ‘)\\
—
—
A. Barriers 3

The obtained barrier geometries for meth no(\a_u C’i)(lll) are summarized in Figure 1
and Table II. Additionally, the 0, 71, « aun%t estised to describe the transition state

geometries in Table IT are depicted in Fig

and the dissociating OH or CH bond Wtes the angle between the surface normal

and the umbrella axis, which is defin

is the angle between the surface normal

khe vector going through the geometric center of
the three H-atoms and the carbo\rt rmore, y; defines the angle between the CO bond

and the dissociating CH or % whereas v, defines the angle between the umbrella
axis and the dissociatiriﬁi)r OH«bond. Finally, a describes the angle between the CO

bond and surface nor % indicates the angle between the umbrella axis and the CO
bond. Qﬁ

The lowest b{ r hel t/found is the OH-fcel geometry, where the OH bond is broken
above the fc sit%The rrier height of this geometry is 92.4 kJ/mol, which is in good agree-

esults?. Another barrier for OH cleavage is found above the bridge site

(OH-bridgeM, which is 2.6 kJ /mol higher than the OH-fccl barrier. Both barrier geometries

ment with' earlie

, é}cept for the larger dissociating bond length and tilt of the molecule w.r.t. the

s‘rfaqzje ormal (i.e. § is larger) of the OH-fccl geometry compared to OH-bridgel.
ermore, the barrier height found for CH cleavage is considerably higher than OH

?1\/'& e (38 kJ/mol higher). The two obtained barriers for CH cleavage have identical barrier

heights (130.4 kJ/mol) and similar geometries, where the major difference is the orientation

5
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}u&?l. Top and side view of the transition state of methanol on Cu(111) with the OH-fccl

(a,b), OH-bridgel (c,d), CH-topl (e,f), and CH-top2 (g,h) geometries. At the surface, blue circles

indicate the fce sites.
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S «, Figure 2. The 6, v1, o and ¢ angles used to describe the methanol geometry.
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Figure 3. Elbow plot of methanol on Cu(111), whefe“methanol’is fixed in it the OH-fccl (a) or

-
are variable. Contour lines are drawn at interéqKof‘G J/mol between -20 and 150 kJ/mol. The
ha

colours indicate the energy (kJ/mol) w.r t.N I'in the gas phase and the black squares
‘\\\

indicate the highest point along the MEP.
<
of the molecule w.r.t. the high-s hetny sites. Moreover, the barrier for CH cleavage is

considerably later than for O age due to the larger dissociating bond length. From

CH-topl (b) transition state geometry, whereas Z%\; b‘()d length of the dissociating hydrogen

both a dynamical and en

OH cleavage is more easily accéssible than for CH cleavage. Also, in the barrier geometries

r;%)oi of view this would mean that the minimum barrier for
for OH cleavage th&, CQ’ b;l is perpendicular to the surface, whereas in the geometries
for CH cleavag thﬂ nd is parallel to the surface. Finally, no barrier is obtained for
CO cleavage @t is expected to be considerably higher than the barriers obtained in this

work?.
y.

. V.
B _\&wnhm energy path

&g&x? 3 shows the elbow plots for the OH-fccl and CH-topl barriers, where methanol
}eﬁt fixed in its transition state geometry while varying Z and the bond length of the

dissociating hydrogen. Z is defined as the distance between the surface and oxygen for the

8
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t

nhge CH-topl barrier, as also evident from the aforementioned barrier geometries in Table II.

Furchermore, the minimum energy path (MEP) of the OH-fccl barrier is less curved than

the MEP of the CH-topl barrier. This could imply that the OH-fccl barrier is not only

more accessible than the CH-top1 barrier from a barrier height point of view, but also from

a dynamical point of view in connection with the ” bobsled eﬁect”?“ . Finally, elbow plots
a

have not been obtained for other barrier geometries, however, sim'lwl‘cs are expected.

C. Sticking probability .)\

~
A prediction for the reactivity of methanol on Cu( 1fj\usi IMD is presented in Figure
deSul

4. The vibrational efficacy of exciting the OH streteh = 1) is very high compared

to the laser off predictions (about 2). Furthermoré; chtylg the OH stretch mode suppresses
CH cleavage, while for laser off experiment rhssfr‘action of CH cleavage is predicted at
higher incidence energies. Also, at (E;) :‘Q‘FC\k 0l about 0.5% of the reacted trajectories
were due to CO cleavage, which can be x\peC‘bed due to the very high kinetic energy of
methanol at these incidence energie })mh xceeds even the high barrier height for CO
cleavage’. Finally, trapping is o edi\as well, however, due to the timescales involved
with trapping it is not possiblg\iain statistical data for a reaction probability including

a trapping mechanism, i.es.only an*upper bound for King and Wells experiments® can be

given. \

£

cleav: el{igh symmetry sites is given in Figure 5 and compared to the statistical

/ /4
D. Reactio %%\
The dj trﬂo}%(of the distance of reacting methanol (only the reactions involving OH
B tO

distri tionss In general, no steering is observed for the methanol in the x and y directions.
fq}:; ore, as can be seen in Figure 6, for the vibrationally excited results the distance
0t igh symmetry sites is statistical. However, at lower incidence energy with the laser

" méthanol is more likely to react closer to the hollow and bridge sites instead of the top

site. This could mean that methanol does not react over the minimum OH cleavage barrier

9
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Figure 4. ea(}io robability of methanol on Cu(111) for laser off (blue) and v; =1 (red) AIMD
simulagions arfd the fraction of reactions that occurred through OH bond cleavage (b). In

panel squa&as and triangles indicate dissociation of the CH and OH bond, while the solid circles
ﬁ

indicate \ile total dissociation probability and open circles also include trapping. The error bars

\Le%re 68% confidence intervals.
-
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Figure 5. The distributions of the dlstan%e reacting methanol (through OH cleavage)
to the closest top (blue), fcc (red), hep\(g Q nd bridge (black) sites on Cu(111) for laser off

(a,c,e,g) and v1 = 1 (b,d,fh), tﬁw 163 ( = 189 (c,d), (E;) = 229 (e,f) and

(E;) =270 (g,h) kJ/mol. The b m dashed line indicates the statistical distribution for the

hollow and top sites, Whl@d{ shed line is the statistical distribution for the bridge site.

(OH-feel), for the ter of mass of methanol would be above the top site, but rather

via the OH-btidgel barrier above the hollow or bridge site. This could be possible due to the

fact that ridgel barrier height is only 2.6 kJ/mol higher than the OH-fccl barrier
heigh .Eur ore the OH-bridgel barrier is earlier than the OH-fccl barrier and thus
it wo fnamlcally more accessible. Finally, due to the small amount of trajectories

(;l?lg ‘g or CO cleavage, no conclusions can be drawn regarding the differences between

pecificity for CH and CO cleavage. However, it does seem that at lower energies
\féavage happens more closely to the top site, which again can be expected from the

minimum barrier.
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Cu(111) for laser off (soli

lings with circles) and vy = 1 (dashed lines with squares) compared to

the incidence energy. The green line indicates the statistical average for the bridge site,
whereas the dash?a d’ott% ed line indicates the statistical average for the hollow sites. The
t

dashed blue line

intervals. Q
£
nergy«tr
)

Wi ical average for the top site. The error bars represent 68% confidence

E. a/nsfer to the surface

-—

The asrerage energy transfer of scattered methanol to the surface using AIMD and pre-
.;%: the corrected Baule model?®*" are compared in Figure 7. The formula for the
rected Baule model is Ep = (F;) 2.4/ (1 + 1), where p = m/M (with m as the mass of

the'projectile and M as the mass of a surface atom) and + is the angle between the velocity

12
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Figure 7. Energy transfer from Seattered methanol to the surface for laser off and 1 = 1 AIMD
simulations, and corrected Baule model*94” at various incidence energies. The error bars represent

68% confidence intervals.

vectorgof theynolecule and the line connecting the centers of the hard spheres at impact.
Here we see that the Baule model is in remarkably good agreement with AIMD. Half of the
translatignal energy is transferred to the surface, which is due to the small mass difference
betweena Cu surface atom and the methanol molecule. Due to this large energy transfer of
méthanol to the surface, it is expected that surface atom motion plays a considerable role

in the reactivity of methanol on Cu(111).
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Figure 8. gulax_distributions describing the orientation of methanol during AIMD for scattered
(black) an eécte? trajectories at the initial time step (solid lines) and when a dissociating bond
ﬁ

reaches the transition state value (dashed lines). Results for all incidence energies, and laser off and
oft aré combined. The blue lines indicate OH cleavage, while the red lines indicate CH cleavage.

otted lines represent the transition state values for the OH-fccl (blue) and CH-topl (red)

Th
}m’esries.
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F. Angular distributions
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AI P Angular distributions of methanol extracted from the AIMD simulations are shown in
PUb”ShiB% wre 8. 6 indicates the orientation of the dissociating bond, whereas $ and « indicate the
orientation of the umbrella axis and the CO bond, respectively. Furthermore, ¢ concerns
the angle between the CO bond and the umbrella axis, and +; and 7, are the angles of
the CO bond and umbrella axis w.r.t. the dissociating bond. For the initial values, i.e.
at ¢ = 0 fs, no differences were found between scattered and reaZ trajectories in the ¢
and v angles. However, for the 6, § and « angles difference araoeb\iot only between
scattered and reacted trajectories, but also between OH and @Kﬁvage. These differences

can be explained by the differences between the transitio stgaa geometries, since the reacted

trajectories tend to have orientations similar to the tyamsition state geometries. Exceptions

are found for the 3, ¢ and v angles for CH cleavage ere the initial angles cannot be close

to the transition state geometries since a conside@y ge bend between the umbrella axis
and the CO bond is required. Furthermore, OH.¢cleavage steering in the 0, § and «
angles is observed during the reaction. Nl that effectively the orientation of the
OH bond relative to the rest of the mo%nges, while the geometry of the rest of the
molecule does not change. For C d\gagag considerably more steering is observed than
for OH cleavage, with steering ixi a le.s\but v1 and 7,. In general, the initial angular

distribution for OH cleavage cxa ble to the initial angular distribution of scattered
trajectories, while this is not the cage for the angular distribution for CH cleavage. It seems
that dynamically the rrie\rjr OH cleavage is more accessible than the barrier for CH

cleavage, which is ngt 0913/ ed by the barrier height and bond length of the dissociating

bond, but also dz\é tot la/ge bend between the umbrella and the CO bond that is required
for CH cleav e.?Fin 7, the angle of the CO bond w.r.t. the surface normal is the most

important Angle for determining whether OH or CH cleavage will occur.

£
ﬂ /
G _‘gh@}ion of formaldehyde

z,cted trajectories have been propagated for an additional 200 fs after a bond was
kell. Some of these trajectories show formation of formaldehyde, for which the proba-
b

ility is provided in Figure 9. Here we see that increasing the incidence energy leads to

15
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to form formaldehyde within 200 fs after the first bond is broken for laser

(green) AIMD simulations at various incidence energies. Panel a shows the

condlt 1a] pr}bablhty to form formaldehyde for when either the CH (solid lines) or the OH bond

(

'cg%ﬁ intervals.
.

shed) s broken first, while panel b shows the total probability. The error bars represent 68%
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gher chance of breaking the second bond. Furthermore, if the CH bond is broken first,

wmoie formaldehyde formation is observed than when the OH bond is broken first. Thus, the
increase of CH cleavage with (F;) between 229 and 270 kJ/mol in the laser off prediction
results in a sharp increase of formaldehyde formation, while this is not observed for 1y = 1,
for which CH cleavage is initially suppressed. Interestingly, previougly it was expected that
the dominant pathway would be via breaking the OH bond ﬁrstg,{ cas here we see that

it is dependent on the kinetic energy. At low energies ”OH cléayvage first” is the dominant

pathway, while at high energies "CH cleavage first” becomesw inant pathway. More-
over, increasing the (£;) from 229 to 270 kJ/mol with 1, Qmis not increase formaldehyde
et

formation, instead about 1% recombinative desorptiod of m 10l is observed at (E;) = 270

kJ/mol. Also, the conditional probability for lastﬁ thelighest energy is about 10% as

well, suggesting that the conditional probability Yimit ﬁ) form formaldehyde after breaking

first the OH bond is about 10%. =

Three mechanisms for formaldehyd fmhave been observed. The first mecha-
nism involves a hot hydrogen traveling a \tPFsurface, and abstracting another hydrogen

atom from the dissociated methanol r m%in formaldehyde and molecular hydrogen, after

which both desorb from the surfa

second mechanism also involves a hot hydrogen

traveling along the surface, bu ¢ energy is transferred from the hot hydrogen to the

dissociated methanol ongé-the hydrogen gets close. This results then in formaldehyde and
two atomic hydroge .g\thechanisms suffer from the supercell size, where effectively
the hot hydrogen r% ith a periodic image. However, this may not be a large issue
if we would con{ this“example to represent a methanol coverage of 1/12th of a mono-
layer. The third d:%sm does not suffer from this periodic problem, since it involves two
bonds to re}k iultaneously or subsequently, which again results in formaldehyde and
atomig lyd end Furthermore, only two trajectories resulted in a product where two CH
bonds'were Q’Oken, with no clear relation to the incidence energy or vibrational excitation.

—

oreoves./ one of the two trajectories recombined again to CHyOH. Although these theoret-

ical ctions are for low coverage, experimental evidence exists for formaldehyde forming
dm methanol at high pressure, and thus high coverage, as well*4. Finally, independent of

mechanism, formaldehyde is observed to desorb rapidly after formation due to the relatively

17
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low barrier for desorption, which is also observed experimentally**5.
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Publishifg.  concrLusiONS

Predictions for the reactivity of methanol on Cu(111) are made using AIMD, supported
with an analysis of barriers and elbow plots. It is shown that Cu(111) is highly selective
in breaking the OH bond due to the difference in barrier heights ?/d dynamical features of
the MEPs for OH and CH cleavage. Moreover, the vibration cacywof the OH stretch

mode for dissociative chemisorption of methanol is high and \m\inally exciting this mode
ain

into the reaction mech-

suppresses CH cleavage. Furthermore, additional insight
anism following dissociative chemisorption of methanol_g_ fopagating reacted trajectories
further. Within a short timescale (200 fs) formaldeh% 1ation was observed, for which
experimental evidence exists. Three different mefhanisms<er this formaldehyde production
are identified, where two mechanisms involve S&@ogen that either abstracts another
hydrogen forming molecular hydrogen or knoeks off another hydrogen resulting in two atomic
hydrogens at the surface. In the third e%‘the OH and CH bond are broken simul-
taneously or subsequently. In general, Mability of formaldehyde production is higher
bénduis broken first instead of breaking an OH bond

at higher incidence energy, and ifa C

| predictions will be followed by experiments in

first. Finally, we hope that our theoreti
order to test the transferabﬂityg\@SRP?)Z—vdW functional among similar systems.
SUPPLEMENTARY/MATERIAL

See supple aﬁ%aterial for more detailed procedures and results for the AIMD.
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