Kinetic Monte Carlo simulations of the partial oxidation of methanol on
oxygen-covered Cu(110)
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The partial oxidation of methanol to formaldehyde on oxygen-precovered Cu(110) has been stud-
ied using kinetic Monte Carlo simulations. The rates entering the simulation have been derived
from density functional theory calculations within the generalized gradient approximation using
transition state theory. We demonstrate that kinetic Monte Carlo simulations are a powerful tool to
elucidate the microscopic details of the reaction kinetics on surfaces. Furthermore, the comparison
of calculated and measured temperature programmed desorption rates allows a genuine assessment

of the calculated barrier heights.

I. INTRODUCTION

The interaction of methanol with low-index copper sur-
faces has been a model system for the study of alcohol
adsorption on metal surfaces [1-13]. These studies were
also motivated by the important role of copper in the
synthesis and steam reforming of methanol. Methanol
is of particular interest as a means of hydrogen stor-
age in the context of fuel cell technology. Industrially,
methanol synthesis and decomposition are promoted by
AlyOs-supported Cu/ZnO catalysts [14]. However, the
precise state of the copper and the role of the ZnO in
the Cu/ZnO-catalysts is still unclear. The active phase
has been suggested to be either copper dissolved in the
bulk [15] or metallic copper dispersed on the ZnO sur-
face [16].

Our knowledge about the oxidation steps of methanol
on Cu surfaces is mainly based on temperature pro-
grammed desorption (TPD) and scanning tunneling mi-
croscopy (STM) experiments. Clean copper surfaces are
relatively inactive for methanol oxidation [1-3, 13] while
the presence of oxygen strongly promotes the decomposi-
tion of methanol on copper [1, 3]. The rate-limiting step
in the partial oxidation of oxygen is the methoxy de-
composition which was confirmed in electronic structure
calculations modeling the Cu surface either by a finite
cluster [17-20] or by a periodic slab [21].

We have recently addressed the partial oxidation of
methanol on clean and oxygen-covered Cu(100) and
Cu(110) in detail using periodic density functional theory
(DFT) calculations [22]. The main result of this study
was that the promotion of the methanol oxidation on
oxygen-covered copper surfaces is not caused by any sig-
nificant reduction of the methoxy decomposition barrier;
instead, oxygen enhances the formaldehyde formation by
stabilizing the methoxy intermediate and removing the
hydrogen via water desorption.

The reaction pathways determined by the DFT cal-
culations [22] are qualitatively in agreement with the
experimental findings. However, the static information
obtained from the energetics along the reaction path is
not sufficient for a quantitative comparison with exper-
iments. Only a realistic simulation of the experimen-

tal situation allows such a comparison. Therefore, we
have performed kinetic Monte Carlo simulations of the
temperature programmed desorption of methanol from
oxygen-covered Cu(110). A very preliminary account of
this study will appear somewhere else [23].

Kinetic Monte Carlo (kMC) simulations are a well-
accepted theoretical method, for example for the study
of growth processes in thin film epitaxy [24-26]. As far as
the simulation of chemical reaction kinetics on surfaces
is concerned, they have not found a wide-spread recogni-
tion yet. In this paper, using the methanol oxidation on
oxygen-covered Cu(110) as an example, we will demon-
strate that kMC simulations can yield a detailed micro-
scopic insight into rather complex reaction scenarios with
competing reaction pathways. Furthermore, they allow
a genuine assessment of calculated barrier heights which
will be demonstrated by comparing the calculated and
measured temperature programmed desorption rates.

This paper is structured as follows. We will first give
a brief introduction into the computational details of the
kinetic Monte Carlo simulations. We will then discuss
the results of the simulations with respect to the partial
oxidation and the temperature programmed desorption
of methanol on oxygen-covered Cu(110) without and with
the presence of a constant hydrogen flux. The paper will
end with some conclusions.

II. COMPUTATIONAL DETAILS

Kinetic Monte Carlo simulations can be regarded as
a coarse-grained, lattice-based atomistic simulation tech-
nique [27]. The first step in any kMC simulation is to set
up a list of all possible processes. Every process of the
system is described by a rate which can be derived by,
e.g., transition state theory [28],

E,
k; = ko exp (— kBT) . (1)

The rate K; the probability for the single event i per
unit time. FE, is the static energy barrier which has to
be crossed, and kg is the constant prefactor.




After the event table is set up, one process is chosen
with a probability according to its rate. This is done by
drawing a random number p and selecting the process j
that fulfills

7j—1 N
S ki<pK <Y ki (0<p<1) (2)
i=1 i=j

K denotes the overall rate (K = Zi\; ki), while N is the
number of all possible processes in this system. After
this step, the time has to be propagated (t — t + At).
Assuming that all of these processes are statistically in-
dependent from each other, the value of the time step At
follows Poisson statistics. Therefore it can be chosen by
a second random number py (0 < ps < 1) according to

At=—1In(1-p2)/K . (3)

Finally a new configuration of the systems results and a
new event table is to be determined, and then the whole
procedure starts again.

For the CH30H/(2 x 2)0/Cu(110) system, a rectan-
gular grid with 60 x 60 sites in Z- and g-direction with
periodic boundary conditions was chosen. The rates have
been derived from periodic DFT calculations [29] using
the Perdew-Wang (PW91) functional [30] to treat the
exchange-correlation effects within the generalized gra-
dient approximation (GGA). It is well-known that the
oxygen-covered Cu(110) surface exhibits a (2x1) “added
row” reconstruction consisting of Cu-O-Cu chains [31, 32]
which are in a striped phase [33, 34]. Exposure of
methanol to oxygen-covered Cu(110) leads to the forma-
tion of methoxy-covered regions that are seperated from
the oxygen-covered 2 x 1 striped structures [11]. The for-
mation of the methoxy-covered regions is accompanied
by a shrinking of the (2x1)O islands along the stripes
in [001] direction [4], i.e. the ends of the (2x1)O cor-
respond to the active area with respect to methoxy for-
mation. These active oxygen areas have been modeled in
the DFT calculations by an open p(2 x 2) oxygen-covered
structure (see insets of Fig. 1). For further details of the
DFT calculations, we refer to Ref. [22]. To describe the
partial oxidation of methanol, we considered the follow-
ing reactions:

CH;OH® — CH30H® (4)
CH;0H® — CH;0® +H® (5)
CH;0® + H® — CH3;0H® (6)
CH;0® — CH,0® 4+ H® (7)
CH;OH® + OH® — CH30® +H,0®  (8)
H,0® — H,0® (9)

H® g Hgg) (10)
CH30H® + 0® — CH;0® + OH®  (11)

In order to locate the transition state configurations
and calculate the barrier heights, the climbing image
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FIG. 1: Reaction pathways of the methanol decomposition
on clean (a) and oxygen-covered (b) Cu(110). The (2x2)
surface geometry employed in the calculations is illustrated in
the insets for the adsorbed methanol molecules on the clean
surface in (a) and the dissociated methanol in (b).

nudged elastic band (NEB) method [35] and the dimer
method [36] have been employed. The calculated en-
ergetics along the reaction paths on clean and oxygen
covered Cu(110) are illustrated in Fig. 1. The barrier
heights enter the rates according to Eq. 1. Their values
are listed in Table. I. For the prefactor, a generic value
of vy = 102571 was assumed for all reactions.

In detail, the reactions were modeled in the kMC
simulations in the following way. From the gas phase,
methanol molecules are adsorbing on the Cu surface
with a certain rate. Reaction (4) corresponds to the
time-reverse process, the desorption of methanol from
clean Cu(110). For reaction (5), the dissociation of
methanol into methoxy and hydrogen on clean Cu(110),
the methoxy stays at the place of the methanol molecule,
while the hydrogen atom occupies one of the four near-
est neighbor sites. Only species that are next neighbors
are capable to react with each other. If a hydrogen atom
is located next to a methoxy molecule, they can build

Reaction|Energy (eV)
@) 0.35
(5) 0.73
(6) 0.59
(7) 1.44
(8) 0.41
(9) 0.05
(10) 0.75

TABLE I: Energy barriers of the different reactions for
methanol on Cu(110), computed by DFT [22].
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FIG. 2: Temperature programmed desorption spectrum of methanol adsorbed on oxygen-covered Cu(110). a) Experiment
(after [1]), b) kinetic Monte Carlo simulation for methanol on (2 x 2)-oxygen covered Cu(110) based on the DFT barriers listed

in table I.

methanol (reaction (6)). The methoxy decomposition
(7) into hydrogen and formaldehyde is the rate-limiting
step. A diffusing methanol molecule encountering an ad-
sorbed hydroxyl can react to methoxy and water (reac-
tion (8)). Reaction (9) is the water desorption from a
¢(2 x 2) methoxy-covered Cu(110) surface, therefore its
barrier is rather low. Two hydrogen atoms that meet
on the surface can associatively desorb from the surface
(reaction (10)). If methanol is impinging on a site which
is occupied by oxygen, it reacts spontaneously, i.e. with
probability one, to methoxy and OH while the hydroxyl
occupies the oxygen site and the methoxy is set on one
of the four nearest neighbor sites (reaction (11). This
reaction occurs spontaneously (see Fig. 2b).

Besides reacting, the adsorbed species can also diffuse.
Since methanol is only weakly bound to the surface, it is
able to diffuse with a diffusion barrier of 0.25 eV. Also the
hydrogen atoms can diffuse on the surface. The energy
barrier used for this process is assumed to be 0.08 eV [37].
This value was computed for H on Cu(100). Probably
the diffusion barrier is slightly higher on the more corru-
gated Cu(110) surface, however, since this barrier is by
far the lowest barrier in the simulations, hydrogen diffu-
sion will always be the most probable process so that the
hydrogen distribution will correspond to an equilibrium
distribution irrespective of the exact barrier height (see
discusson below). Furthermore, the DFT calculations
yielded a repulsive interaction between methoxy and hy-
drogen which lies in the range of 0.3 eV [22]. In order
to account for this repulsion, the barrier for a hydrogen
atom to diffuse to a site adjacent to a methoxy molecule
was raised to 0.30 eV.

The diffusion of the hydrogen atoms exhibits by far the
lowest energy barrier. This means, that the diffusion rate
is very high at temperatures where hydrogen is present
on the surface. The rate of the process with the next
higher barrier is smaller by a factor which can be up to
108 depending on the temperature. Therefore, one has to
perform of the order of 105 KMC steps until another pro-

cess than the diffusion occurs. This is computationally
very unfavorable. Therefore the diffusion rate was set
to zero after 602 sequential hydrogen-diffusion events, so
that a different process can occur. This corresponds to
assuming that hydrogen has reached an equilibrium con-
figuration. By using a higher number of hydrogen dif-
fusion steps, it was checked that this procedure did not
influence the configuration of the species on the surface.
For each of the spectra presented in the following we av-
eraged over several iterations in order to obtain better
statistics.

IIT. RESULTS

A. Methanol oxidation on the oxygen covered
Cu(110) surface

The oxidation of methanol on oxygen-covered Cu(110)
was studied experimentally by Wachs and Madix more
than 25 years ago [1] by temperature programmed des-
orption. The results are shown in Fig. 2a. In the exper-
iment, deuterated methanol was used in order to iden-
tify the nature of the dissociation processes. Theoreti-
cally, we have obtained the TPD spectrum by performing
KMC simulations using the DFT energies in table I for
a Cu(110) surface precovered with 0.25 ML oxygen in a
(2 x 2) structure. A methanol flux of 0.1 ML/s for 100 s
at 100 K was applied to cover the surface with methanol.
Then, the surface was heated with a rate of 5 K/s.

The results of this simulation are shown in Fig. 2b. The
comparison between theory and experiment reveals large
quantitative and also qualitative differences. In the simu-
lations, upon the exposure at 100 K methanol molecules
that impinge at oxygen atoms adsorb dissociatively as
methoxy and OH. The methoxy concentration on the sur-
face becomes 20%. Methanol also adsorbs molecularly,
i.e. intact, on the oxygen-free sites with a concentration
of 55%. At 120 K, methanol starts to desorb in the simu-



lations with the peak at 145 K whereas in the experiment
it only desorbs considerably above 200 K.

Furthermore, while in the experiment water desorbs
in the same temperature range as methanol, there is no
water desorption in the simulations. Since the barrier
for the water formation from methanol and OH (reac-
tion (5)) is 0.06 eV higher than the barrier for methanol
desorption, almost no water is formed. Therefore it can-
not desorb, even with the low barrier for water desorption
from the methoxy ¢(2 x 2) structure. At 160 K, the whole
methanol is desorbed from the surface. Only if the energy
barrier for the reaction of methanol and hydroxyl to wa-
ter and methoxy is lower than the desorption barrier for
methanol, water is produced by reaction (8). We tested
this by lowering the barrier for reaction (8) from 0.41 eV
to 0.30 eV. Then H5O is produced at 130 K and desorbs
directly from the surface. In addition, more methoxy is
built by reaction (8) raising the concentration of methoxy
from 20 % at 100 K to 40 % at 150 K.

For temperatures above 500 K methoxy starts to de-
compose into formaldehyde and hydrogen in the calcu-
lations (reaction (7)). Formaldehyde becomes the main
desorption product, but since hydrogen becomes avail-
able again, these atoms can react with the adsorbed
methoxy to methanol or, if two hydrogen atoms are next
neighbors, they can associatively desorb. However, in the
experiment the formaldehyde formation already starts at
350 K which indicates that the calculated energy bar-
rier of 1.44 eV for the methoxy decomposition is cer-
tainly too high. Still the relative heights of the desorp-
tion peaks of methanol, formaldehyde and hydrogen are
well-reproduced by the calculations.

In fact, it is really surprising that a Hs-peak is visi-
ble in the simulated TPD-spectra (Fig. 2b). Note that
the energy barrier for the recombinative hydrogen des-
orption is 0.75 eV which is 0.16 eV higher than the bar-
rier for methanol formation from hydrogen and methoxy.
This means that the rate for Ho desorption is signifi-
cantly lower than for methanol desorption. Furthermore,
the concentration of methoxy on the surface is much
higher than the concentration of the hydrogen atoms
which is always less than 2.5 %. The reason for the sig-
nificant fraction of desorbing hydrogen molecules is the
repulsive interaction between methoxy and hydrogen [22]
which makes a configuration with a hydrogen atom and
a methoxy radical very improbable. This suppresses the
associative desorption of methanol so that the flux of Hy
and methanol desorption become comparable. Without
this repulsive interaction, the Hy desorption flux is much
smaller, as we checked by performing corresponding ki-
netic Monte Carlo simulations.

As already mentioned, the comparison between theory
and experiment (Fig. 2) is certainly not satisfactorily.
However, as should have become obvious from the dis-
cussion so far, the TPD spectrum of methanol adsorbed
on oxygen-covered Cu(100) is the result of a complex re-
action scenario with many interconnected processes. In
order to identify the reasons for the discrepancies be-

tween theory and experiment, we have tried to readjust
the calculated barrier heights in order to get a better
agreement. As it turns out, the most crucial discrep-
ancies are due to the underestimation of the methanol
adsorption energy and the overestimation of the barrier
for methoxy decomposition. In addition, some fine tun-
ing had to be made in order to reproduce further details
of the experimental TPD spectrum.

We will now discuss in detail the adjustments that have
been made in order to improve the agreement between ex-
periment and theory. According to experiments [6, 38],
water desorbs at temperatures of 160 - 170 K from a
clean Cu(110) which corresponds to an energy barrier of
about 0.4 eV. For the partial oxidation of methanol on
the oxygen-covered Cu surface, this peak only appears
at temperatures higher than 200 K (Fig. 2a). This is
an indication that water is created by reaction (8) at
that temperature and then desorbs. In order to repro-
duce the water and the first methanol desorption peaks,
the energy barrier for the water production (8) has been
increased to 0.58 eV and the barrier for methanol des-
orption to 0.65 eV. For the barrier for water desorption
(9) the value for the clean surface has now been taken
although the exact value of this barrier hardly influences
the results as long as it is below the barrier for the wa-
ter production. The activation energies for the diffusion
and the associative desorption of hydrogen have been left
unchanged.

Because of the increased adsorption energy of
methanol, the barrier for the dehydrogenation of
methanol is also increased by 0.22 eV (reaction 5), and
the same is true for the corresponding back reaction, the
recombination of hydrogen and methoxy (6). As a fur-
ther consequence, the methanol diffusion barrier was set
to 0.50 eV. As far as the barrier for the methoxy de-
composition is concerned (reaction (7)), we lowered it
significantly to 0.90 eV.

The adjusted barrier heights are listed in Table II,
and the resulting calculated TPD spectrum is shown in
Fig. 3a. Now the main features of the experimental spec-
trum are reproduced on a semi-quantitative level. Wa-
ter desorbs at 245 K, and the first methanol desorption
peak appears at 270 K. The reduced methoxy decom-
position barrier leads to lower desorption temperatures
of formaldehyde, methanol and hydrogen with peaks be-
tween 350 and 370 K, in accord with the experiment.

Reaction|Energy (eV)
@ 0.65
(5) 0.95
(6) 0.81
(7) 0.90
(8) 0.58
(9) 0.40
(10) 0.75

TABLE II: Suitable energy barriers to reproduce the experi-
mental results.
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FIG. 3: Temperature programmed desorption of methanol adsorbed on oxygen-covered Cu(110) using the energy barriers of
table II. a) Simulated TPD-spectrum. A flux of 0.1 ML/s methanol was applied for 100 s at 180 K to the surface, which was
covered with 0.25 ML oxygen. Afterwards, the heating rate was 5 K/s. b) Concentration of various species during the TPD

simulation.

The Hs desorption flux is larger and at a slightly higher
temperature than the methanol desorption, also in agree-
ment with the experiment,

In addition to the simulated TPD spectrum, in Fig. 3b
the concentration of the different species on the sur-
face during the TPD run is shown. After deposition of
the methanol, again a methanol concentration of 55 %
and a methoxy concentration of 20 % result. When the
methanol starts to desorb at 220K, the methanol con-
centration begins to decrease. The methanol concentra-
tion also starts to decrease because of the formation of
methoxy and water according to reaction (8). This leads
to an increase in the methoxy concentration. The con-
centration of the formed water molecules does not show
up because the water molecules immediately desorb after
their formation.

At about 320 K, the methoxy decomposition into hy-
drogen and formaldehyde starts; therefore the methoxy
concentration begins to decrease. There is no significant
concentration of formaldehyde on the surface because it
immediately desorbs after its formation. The hydrogen
atoms, on the other hand, have to find either another
hydrogen atom or a methoxy radical before they desorb
recombinatively as molecular hydrogen or methanol, re-
spectively. Since the hydrogen atoms do not immediately
find a reaction partner, a small concentration of diffusing
hydrogen atoms builds up.

There are still quantitative differences between theory
and experiment. In particular, the widths of the water
and the first methanol desorption peaks are too small;
furthermore, their heights are too large compared to the
formaldehyde desorption peak. This is simply due to
the fact that we did not take into account any lateral
interaction between the adsorbed water and methanol
molecules which would lead to a broadening and lowering
of the desorption peaks [39]. In fact, TPD spectra of
methanol desorbing from Cu(110) show a dependence of
their shape on the coverage [40] indicating the role of
the mutual interaction between the adsorbed methanol

molecules.

B. Desorption of methanol under a constant
hydrogen flux

When the oxygen-covered Cu(110) surface is exposed
to methanol at 180 K, the adsorbed species are methanol,
methoxy and hydroxyl. According to the reaction path-
ways in Fig. 1, upon heating of the system the adsorbed
methoxy radical should recombine with hydrogen and
desorb as methanol rather than decompose to formalde-
hyde since the barrier for the methoxy decomposition is
higher than for the methanol recombination and desorp-
tion. However, the pathway for methanol recombination
is not available since all adsorbed hydrogen atoms des-
orb as water. Only if additional hydrogen is offered, the
methanol recombination can occur before the methoxy
decomposition.

This pathway was in fact already tested in the experi-
ments by Wachs and Madix [1] in which after the adsorp-
tion of 2 Langmuir oxygen and 100 seconds of methanol
flux at 180 K a pressure of 10~ Torr of deuterium was ap-
plied. The measured TPD spectrum of methanol showed
two broad peaks. The first one was centered at 270 K
like the first methanol peak in Fig. 2a which means that
it corresponds to the desorption of molecularly adsorbed
methanol. The second peak was centered around 360 K
and attributed to the desorption of methanol originating
from the recombination of methoxy and hydrogen.

We also addressed this experimental setup in our sim-
ulations. After the dosage of methanol on the oxygen
covered surface, a constant flux of hydrogen atoms of
0.04 ML/s was applied while heating the surface which
corresponds roughly to the experimental pressure. The
hydrogen flux leads to a considerable concentration of
up to a quarter monolayer of hydrogen atoms on the sur-
face so that the recombination of methoxy and hydrogen
(reaction (6)) becomes possible.
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FIG. 4: Calculated temperature programmed desorption
spectrum of methanol under a constant hydrogen flux with
the energy barriers of table II. After the methanol adsorption
during 100 s on the oxygen covered surface, the surface was
heated with 5 K/s while a flux of 0.04 ML/s hydrogen was
applied.

Using the DFT barriers of table I, two well-separated
methanol desorption peaks appear, the first one being
almost the same as in Fig. 2a, and the second one is
peaked at about at 240 K, caused by the recombination
of methoxy and hydrogen to methanol. Thus our sim-
ulations confirmed the assignment of the experimental
peaks [1], however, the desorption temperatures of the
simulations are too low. With the adjusted barriers listed
in table II, the agreement between experiment and sim-
ulations becomes much better. The resulting calculated
TPD spectrum of methanol is shown in Fig. 4.

The general features of the experiment are reproduced.
Still there are again quantitative differences. As far as the
second peak is concerned, its position is too low by about
30 K and its intensity is too small. Furthermore, in the
experiment the second peak extends up to temperatures
of more than 420 K. In our simulations, at these high
temperatures the methoxy concentration on the surface
is dramatically reduced due to the decomposition reac-
tion (7). In addition, hydrogen also disappears from the
surface because of associative desorption. With almost
no methoxy and hydrogen present on the surface, the re-
combinative desorption according to reaction (6) can not
occur any more.

IV. DISCUSSION AND CONCLUSIONS

Our kinetic Monte Carlo simulations of the temper-
ature programmed desorption of methanol dosed on
oxygen-covered Cu(110) have shown that using the ac-
tivation barriers from DFT calculations leads to quanti-
tative and qualitative discrepancies with the experiment.
Still certain features of the experimental TPD spectrum
are well-reproduced, for example the branching ratio be-
tween methanol, formaldehyde and hydrogen desorption
at high temperatures after the methoxy decomposition.

The simulations indicate that the relative small flux of
recombinative methanol desorption at high temperatures
is due to the repulsion between hydrogen and methoxy
on the surface which was derived from the DFT calcula-
tions.

In order to analyse the error on the used barrier heights
quantitatively, we have adjusted the barriers so that bet-
ter agreement with the experiment was achieved. We
performed two main adjustments. First the methanol
adsorption energy was increased by 0.3 eV so that the
molecular methanol desorption occurs at higher temper-
atures. Secondly, the barrier for methoxy decomposition
was singnificantly reduced by more than 0.5 eV. With
these adjustments and further fine tuning, the experi-
ments could be satisfactorily reproduced.

There are two possible main reasons for the severe
adjustments: either the reaction bariers calculated by
DFT are inaccurate, and/or the reactions in the exper-
iment were dominated by active defect sites that were
not included in the simulations. We first discuss pos-
sible errors in the DFT barrier heights. As far as the
barrier for C-H bond scission is concerned, it is a well-
known fact that DFT calculations using the GGA for the
exchange-correlation effects overestimate the barrier for
C-H bond scission in many systems, for example, for the
C-H bond breaking of ethylene (CoHy) to vinyl (CoHs)
on Pd(111) [41] and for the methane (CH4) decompo-
sition on Ni(111) [42]. Hence the used DFT exchange-
correlation functional [30] might indeed not be appropri-
ate for the description of the C-H bond scission.

However, it might also well be that some crucial pro-
cesses in the partial oxidation of methanol on oxygen-
covered Cu(110) were not considered in our kMC study.
The quality of kMC simulations is essentially dependent
on the list of processes considered. We had modeled the
active oxygen species at the end of the (2x1)O stripes [4]
by an open p(2 x 2) oxygen structure, but this might
be an inappropriate model. Furthermore, the reactions
in the experiment might be dominated by active defect
sites that were not included in the simulations. For ex-
ample, it is well-known that adsorption energies can be
considerably higher at step sites than at flat terraces [43—
45]. In addition, dissociation barriers can be significantly
lower at steps so that they dominate the dissociation ki-
netics [46, 47]. We are planning to address these issues
in the partial oxidation of methanol on oxygen-covered
Cu(110) by determining the reaction pathways on a re-
alistic (2 x 1)O phase on Cu(110) and on stepped Cu
surfaces.

Apart from DFT errors and additional reaction sites
also the inclusion of lateral interaction between the adsor-
bates can considerably influence the simulated desorption
spectra by changing both the width as well the position of
the TPD peaks. Except for the interaction between ad-
sorbed hydrogen and methoxy we have not calculated any
lateral interactions which explains the reduced widths of
our calculated desorption peaks compared to the experi-
ment. Furthermore, lateral interactions could also be the



source of the discrepancy between theory and experiment
in the position of the low-temperature methanol desorp-
tion peak. In fact, on clean Cu(110) the methanol desorp-
tion is peaked around 180 K [40] from which a methanol
adsorption energy of 0.45 eV was derived, in good agree-
ment with the DFT value of 0.35 eV [22]. Obviously, the
oxygen coverage of the Cu surface does not only lead to
the spontaneous dissociation of methanol impinging close
to the adsorbed oxygen atoms (see Fig. 1) but also to a
stabilization of molecularly adsorbed methanol.

In spite of these uncertainties, we are convinced that
the kinetic Monte Carlo simulations have given valuable

insights into the complex details of the reaction dynam-
ics and kinetics of the partial oxidation of methanol on
oxygen-covered Cu(110) which can not be obtained from
the static information of total energy calculations alone.
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