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Total Oxidation of Methanol on Cu(110): A Density Functional Theory Study
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The partial and total oxidation of methanol on clean and oxygen-precovered Cu(110) has been studied by
periodic density functional theory calculations within the generalized gradient approximation. Reaction paths
including the geometry and the energetics of several reaction intermediates and the activation barriers between
them have been determined, thus creating a complete scheme for methanol oxidation on copper. The calculations
demonstrate that the specific structure of oxygen on copper plays an important role in both the partial and the
total oxidation of methanol. For lower oxygen concentrations on the surface, the partial oxidation of methanol
to formaldehyde is promoted by the presence of oxygen on the surface through the removal of hydrogen in
the form of water, which prevents the recombinative desorption of methanol. At larger oxygen concentrations,
the presence of isolated oxygen atoms reduces th&l ®ond breaking barrier of adsorbed methoxy
considerably, thus accelerating the formation of formaldehyde. Furthermore, oxygen also promotes the formation
of dioxymethylene from formaldehyde, which then easily decays to formate. Formate is the most stable reaction
intermediate in the total oxidation. Thus the formate decomposition represents the rate-limiting step in the

total oxidation of methanol on copper.

|. Introduction

Methanol is the smallest alcohol molecule and a technologi-
cally important molecule whose synthesis and oxidation is
catalyzed by, e.g., copper. In spite of the simplicity of methanol,
its oxidation process on catalytic surfaces still exhibits a
surprisingly large complexity with several different possible

reaction routes. According to temperature programmed desorp-

tion (TPD) experiments? using isotope labeling, on copper the
methanol oxidation starts with its decomposition into methoxy

(CH30) and hydrogen, in contrast to Pt-based catalysts on which

the O—H and the C-H bond scission pathways have comparable
activation barriers.

The next methanol oxidation step on copper, namely, the
decomposition of methoxy into formaldehyde (&) and
hydrogen, is known to be efficiently promoted by the presence
of oxygen on the surface! However, for low oxygen concen-
trations, this effect is rather indirect by removing the hydrogen
atoms on the surface in the form of watér.Thus the
recombinative desorption path of methoxy and hydrogen as
methanol is no longer available, so that only the following
reactions are possible:

2CH,0® — 2CH,09 + H,9 1)

2CH,0® — CH,09 + CH,0H? 2)

These reactions occur on clean Cu(110) at temperatures abov

370 K487 At these temperatures, the produced formaldehyde
is immediately removed from the surface because of its small
binding energy.

Thus, this reaction route does not lead to the total oxidation
of methanol. Instead, either a formaldehyde formation channel
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is needed that is active at lower temperatures so that formal-
dehyde does not desorb directly after its formation, or active
sites are required that promote the further oxidation of form-
aldehyde. In fact, the total oxidation of methanol to carbon
dioxide is only possible under specific reaction conditions
associated with a high oxygen coverdgéwhich open up the
following reaction channel:

CH,0® + 0® — CH,0® + OH® ©)

In many studies, formate (HCOO) has been presumed to be
a reaction intermediate in total oxidatidéA® 1! One possible
route for formate formation is that first formaldehyde and surface
oxygen interact to create dioxymethylene,(0O), which
converts to formate at low temperatuf@43 This results in the
following tentative reaction scheig34for CO, formation:

CH,0® + 0® — H,cO0? 4
2H,CO0? — 2HCOG? + H,9 (5)
2HCOG? —2C09 + H,9 (6)

Since formate is a very stable reaction intermediate, the last
reaction (6) represents the rate-limiting step in the methanol
oxidation which occurs at 470 K on Cu(119).

These facts show that the precise state and concentration of

%xygen on the copper surface play an important role in the

oxidation of methanol. At room temperature, oxygen exposure
induces a surface rearrangement intoaalded-row (2 x 1)
reconstruction on Cu(110¥%:16 This structure consists of CuO
chains that form a stripe phase with a periodicity of 60 A,
leading to a nominal oxygen coverage of 0.25 M8 Thus,

the surface can be divided into clean areas, oxygen islands, and
their edges. According to scanning tunneling microscopy (STM)
studies, the oxygen atoms in the islands are catalytically inactive.
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Active oxygen atoms are rather those at the [001] edge of 2nd layer Cu
oxygen islands or at isolated oxygen sit&¢3? Unfortunately,

the realistic theoretical description of such terminal sites requires
a significant computational effort.

We have recently addressed the partial oxidation of methanol
on clean and oxygen-covered Cu surfaces by periodic density
functional theory (DFT) calculations and kinetic Monte Carlo
(kMC) simulations>~7 For the sake of computational efficiency,
we chose isolated oxygen atoms at the Cu pseudo hexagonal
close-packed (hcp) hollow sites in a ¢ 2) structure as an
active site model for the oxygen-covered Cu(110) surface. Since
there are strong geometric and electronic similarities between
the terminal oxygen sites at the CuO chains, this model gives
a satisfactory semiquantitative description of the partial oxidation
of methanol on oxygen-covered Cu(1£0).

We now use this active site model to extend the study to the
total oxidation of methanol on Cu(110). In addition, we have [001]
recalculated the methanol pathways toward partial oxidation !
using a better description of the electronic core states. Further- [110]-+ CuO chain
more, on the baSiS_Of the res_ults of the kMC simulatidhese Figure 1. Schematic presentation of the oxygen-covered Cu(110)
identified some discrepancies between the calculated andsurface. Oxygen inducesé2 x 1) added-row reconstruction consisting
experimentally derived barrier heights in the methanol oxidation. of CuO chains that form a stripe phase. The terminal oxygen species
In order to elucidate the reasons for these discrepancies, weactive for methanol oxidation are located at the [001] edge of the chains.
considered selected processes using realistic reconstructed

surface geometries for oxygen-covered Cu(110). Thus we arePSeudopotentials (USPP)to treat the effect of the core
able to provide a consistent picture of the total oxidation of electrons. They are better described in the PAW method, which

methanol on Cu(110), demonstrating the importance of the corresponds to an all-electron metif8dhis is particularly true

specific oxygen structure on copper for the single reaction steps.for the treatment of oxygen for which, for example, the PAW
result of the @ binding energy is much closer to all-electron

Il. Theoretical Methods results than the USPP reséfitThe geometries of the reaction
intermediates and the transition states, however, are hardly

Periodic DFT calculations were performed using the Vienna affected by this choice.

ab initio simulation package (VASP)The exchange-correlation

effects have been described within the generalized gradientlll. Results

approximation (GGA) through the Perdeurke—Emzerhof A. Structure of the Oxygen-Covered Cu(110) SurfaceThe

(PBE) functionaP? The ionic cores are represented by projector oxyéen-induceqb(z « 1) added-row reconstruction of Cu(110)

augmented \ivave (PAW) potenu%ﬁsas constructed by Kresse is illustrated in Figure 1. It consists of CuO chains in the [001]

and Joubert" The plane wave basis has been expanded up to direction that form a stripe phase with long and short edges in

a cutoff energy of 400 eV. ) the [110] and [001] directions, respectively. The short edges
The Cu substrates were modeled by slabs of five layers that ¢ terminated by oxygen atoms that are active for methanol

are separated by a 12 A vacuum. In all calculations, the two oxidation®2°According to the DFT calculations, oxygen atoms

uppermost Cu layers are fully relaxed. Most results reported o4 e terminal positions of the chains are 0.5 eV more strongly
here h_ave been obtained for22 and 3><_3 surface unit cells bound than isolated oxygen atoms on Cu(110), although both
for which we u;ed MonkhorstPac;k k-point sets of % 7 and oxygen atoms are effectively 3-fold coordinated (see Figure 1).
5 x5, respectively. In order to simulate the [001] edge of the tig'is mainly caused by the lower coordination of the Cu atoms
P(2 x 1) oxygen islands in the added-row reconstruction (see in the CuO chains of the added-row reconstruction. In fact, the

Figure 1), a .ZX 6 unit cell was (_:hos_en, re_sulting in 11 A of large energy gain makes the O-terminated CuO chains more
the CuO chain along the [001] direction being separated by 10 giahe than the Cu-terminated ones. Using the definition
A of clean Cu(110). To study adsorption at the (1 &dge of

the CuO chain, an infinite CuO chain within a32 geometry E.,— (E + . ERuk 4y poas )
was chosen. The transition states were determined with the Ep = ot Cu@10) = "cu=Cu 0 (1/2)0,
nudged elastic band (NEB) method that has been developed by orm
Jmnsson et a#>2% with the two uppermost Cu layers being
allowed to relax during the transition state search. All energies to determine the formation energy of the CuO chains per chain
reported in this study are given without any zero-point correc- atom, wherenc, andnp are the number of Cu and oxygen atoms
tion. in the CuO chain, respectively, we find that the oxygen-
The adsorption energies are defined with respect to the terminated CuO chain is 0.51 eV more favorable than the
isolated substrate and the molecules in the gas phase. Negativeopper-terminated chain, which is in a good agreement with
signs represent an attractive interaction. Note that some of thethe observations in STM experimenfs.
binding and activation energies reported in this work differ by =~ Before methanol exposure, the oxygen islands are elongated
up to 0.2 eV with respect to our previous stidijhere are two along the [001] direction, and thus the number of available active
reasons for the discrepancies. A significant part of the changesoxygen atoms is low. However, in an autocatalytic manner, the
comes from the fact that, in our previous study, we kept the methanol oxidation leads to the formation of defects in the CuO
substrate fixed during the transition-state search. Additionally, chains of the oxygen islands, which increases the number of
we have now used the PAW method instead of ultrasoft active oxygen atom¥
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TABLE 1: Adsorption Properties of Reaction Intermediates 0.0 —_—
on Clean Cu(110% L o)
reaction  adsorption ~ -0.1F m A .
intermediate configuration Eags(€V) hcu-o(A) dew—o (R) orientation > - i@ 0O A
CH;OH Q—Hi 034 209 216 ftilted 2 -0.2f o0® .
O—Hip —-0.26 2.09 2.16 & - 0O
Osp—Hni —0.26 1.88 2.36 = -0.3F -
CH,0 e -046 120 2.03 2 L o .
physisorption —0.06 2.88 H 04F m rel -
CH;0 Osp —2.94 1.44 1.96 tilted g | - i
Op —2.54 1.17 2.04 R A
O -256 118 205 tilted 2 -0.5F O Cu(110)6=025
H,COO Qy—Ch—0Os, —0.61 1.30 1.97 along [001] =) I @® Cu(l10)8=0.50
0—Cp—0;  +051 1.75 1.84  along [001] 2z -0.6F W 0(2x2)/Cu(110) -
Op—Chi—Omp —0.09 1.20 2.05 along [T < 3 ] (] OI—!(2><2]xCu(] 10y
O—Cer— O +0.60 1.85 1.85 along [10] -0.7F m} A Inside of AR(2x1)O
HCOO Q—Csp— O —-3.37 1.98 1.96 along [T | A Edge of AR(2Zx1)O
0—Cp—0,  —3.31 1.87 1.97  along [001] 0 L, A
CO, physisorption —0.06 3.09 - -%5 2.0 2.5 3.0 3.5 4.0
H,O Osp —0.20 1.97 2.49 A
aThe adsorption configurations are denoted by the (110) high- dCu—O( )

symmetry positions that are closest to the atoms of the methanol Figure 2. Adsorption energy of methanol as a function of the distance
molecule that are directly bound to the Cu substrate. For the weakly petween the methanol oxygen atom and the nearest Cu atom. The
bound species denoted by physisorption, the adsorption energy isenergies are defined with respect to the isolated substrate and methanol
practically independent of the lateral position. Dioxymethylene is not in the gas phase. The methanol coverage for the clean Cu(110) substrate
stable in the gas phase, therefore the adsorption energy is given withijg Ochon = 0.25 and 0.5, whereas it is 0.25 for the oxygen- and
respect to the energy of the free €@nd H molecules, i.e.Fer = hydroxyl-covered Cu(110) surface within@2 x 2) geometry. For
E[Cu(110)] + E[CO,9] + E[H.9]. the added-row reconstruction (AR), there is one methanol molecule in
) ) the corresponding unit cells that are described in section II.
These active terminal oxygen atoms are located at pseudo

hcp hollow sites. As already mentioned, there are large adsorption configurations on clean and oxygen-precovered Cu
geometric and thus electronic similarities between the terminal surfaces. In Figure 2, methanol adsorption energies are plotted
oxygen atoms and the isolated oxygen atoms at their most stabldor various configurations in terms of the distance between
site, which also corresponds to a pseudo threefold hollow site methanol and the nearest Cu atom. There is a broad range of
(see Figure 1). Therefore, we will use the isolated oxygen atomsadsorption energies from0.05 to—0.77 eV. Methanol adsorbs

as an effective model for the terminal oxygen atoms in order to only weakly on clean Cu and above the oxygen islands formed
assess the role of oxygen in the methanol oxidation on Cu- by the p(2 x 1) added-row reconstruction. Furthermore, the
(120). decomposition of methanol via hydroxyl bond breaking is

Still there are significant differences between these two sites endothermic by 1.29 eV in the added-row reconstruction. This
caused by second-nearest-neighbor effects. We probed thdndicates that the(2 x 1) oxygen areas themselves are inactive
activity at the [001] edge by hydroxyl formation. We have as far as the methanol oxidation is concerned which has also
assumed that atomic hydrogen approaches the oxygen and formbeen observed in experimed#s®
a hydroxyl (OH). The hydroxyl formation is associated with The interaction of methanol with isolated oxygen atoms, on
an energy gain of-0.56 eV at the terminal oxygen sites, the other hand, leads to spontaneous hydroxyl bond (OH)
whereas this gain is-1.03 eV at the isolated oxygen atoms breaking® resulting in methoxy and hydroxyl on the surface.
(note that more negative energies correspond to more favorablelsolated surface hydroxyl is less active than surface oxygen in
sites). Clearly, the activity of the isolated atomic oxygen is the OH bond breaking, but it still interacts rather attractively
stronger than those of the terminal atoms, which can be easilywith methanol, as Figure 2 shows.
understood by the fact that the terminal oxygen atoms are more Hence, isolated oxygen atoms cannot be the source for the
strongly bound, which makes them more inert. In fact, address- more strongly bound methanol species since they are too
ing the properties of these isolated oxygen atoms is worthwhile reactive. In fact, the active oxygen atoms at the [001] edges of
in its own right since such an active species has beenthe CuO chains are bound with an intermediate strength so that
postulated in order to explain the higher activity toward they can attract methanol considerably, but do not induce a
formate production in oxygen and methanol co-dosing experi- spontaneous methanol decomposition. At site A indicated in
mentd! or under steady-state conditiGhsas compared to  Figure 1, the methanol adsorption energy is enlarged@a’7
oxygen pre-dosing experiments. Our calculations show that theseeV. These sites seem to be good candidates for the adsorbed
isolated oxygen atoms are indeed crucial in order to understandmethanol species in the presence of oxygen on Cu(110) with
the total oxidation of methanol on Cu(110). an experimentally derived binding energy of 0.65%V.

B. Properties of the Reaction Intermediates in the Metha- Along the [110] edge of the CuO chains, the oxygen atoms
nol Oxidation on Cu(110). The adsorption properties of the are more tightly bound than at the [001] edge. These less active
reaction intermediates in the methanol oxidation at various sitesoxygen atoms still interact attractively with methanol in the
have been calculated on clean and oxygen-precovered Cuneighboring clean surface cell (site B in Figure 1), increasing
surfaces. The data for clean Cu(110) are listed in Table 1. Thethe adsorption energy te-0.48 eV. The methaneloxygen
calculations show that methanol is only weakly bound to clean interaction is in fact so strong that it induces a change in the
Cu(110). Such a state has also been identified in TPD experi- Cu—0 distance from its equilibrium value of 1.83 A to 1.88 A.
ments3° However, our recent KMC simulatiohsand other TPD Thus, various more strongly bound methanol species exist at
experimentsindicated the existence of a more strongly bound the edge sites of thg(2 x 1) oxygen islands. These varieties
methanol species on oxygen-covered Cu(110). We have therecould be an explanation for the discrepancy between the broad
fore performed an extensive search for further methanol methanol desorption peak found in the TPD experineasl
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2nd layer Cu Ciraddeatom TABLE 2: Diffusion Barriers ( Ep) for Various Reaction
Intermediates on Cu(110)
Cu(110) diffusion path direction  En(eV)
CH3OH Osb—Hm - Osb_Hm [110] 0.00
Osp—Hhi — Osp—Hni [001] 0.27
CH30 Osp— Op CHjs rotation 0.48
Osb_’ O|b _ 0.46
Osp— Osp [110] 0.08
H,COO  Qp—Ch—Osp— Oss—Cri—Osp,  [110] 1.12
Ost—Chi—Osp— Ost—Cni—Osp  [001] 1.62
Osb—Ch—0Osp— Op—Cr—Op rotation 1.31
Op—Cn—Op —~ Op—Cn—Oyp  [001] 0.69
Op—Ch—Op — Op—Cn—0Op  [110] 0.91
Oip—Ch—Op — Osp—C—Osp rogation 0.79
HCOO  Q—Cy0i— O—Cy0O [110] 0.50
O—Csp— Ot — O—Csp— O [001] 0.56
Q—C|h—0t - Ot—C|b—Ot [110] 0.14
T O—Cip—0; —~ O—Cip— O [001] 0.67
[001] H Hice — Hip — Hice [110] 0.17
I—[li(]]—b- Ist layer Cu Hice = Hsp = Hice [001] 0.04
Figure 3. Calculatedp(5 x 2) methoxy structure on Cu(110) based (110) surface, the diffusion barriers for propagation along
on structural models proposed by Leibsle et'dt. the troughs in the [10] direction differ from the barriers for

diffusion perpendicular to the rows, which enhances the

the narrow methanol desorption peak in the kMC simulatfohs.  corrugation of the surface compared to the close-packed
It furthermore confirms the need to consider realistic surface Cu surfaces? In general, the diffusion along the direction of
oxygen structures for a quantitative comparison between theorythe close-packed rows is much more facile than the dif-
and experiment. fusion across the troughs of the (110) surface. For hydrogen,

Using STM, Leibsle et a*2have shown that the conversion the situation is a little bit more complex. The diffusion
of methanol to methoxy is associated with the removal of the barrier for the jump from the pseudo face-centered cubic (fcc)
terminal oxygen atoms, resulting in the shrinking of {2 x site across the short bridge to the adjacent pseudo fcc site along
1) oxygen islands. At the same time,pé6 x 2) methoxy- the [001] direction is only 0.04 eV. However, a further
induced reconstruction is formed. On the basis of STM and low- movement to the next pseudo fcc site at the other side of the
energy electron diffraction (LEED) data, structural models of trough requires a motion via the long-bridge site which is
thep(5 x 2) reconstruction have been proposed that incorporate hindered by a barrier of 0.17 eV (see Table 2). So effectively,
added Cu atoms from the CuO chalt81On the basis of these  the diffusion barrier for diffusion in both the [001] and [J1
suggestions, we have looked for the energy-minimum structure, directions is hindered by the same barrier of 0.17 eV. In
which is illustrated in Figure 3. After the oxygen removal, the comparison, on Cu(100), the hydrogen diffusion barrier is only
Cu adatoms create an energetically stgiffe x 2) structure 0.08 eV ~
with the methoxy intermediates located at low-symmetry  Methanol can diffuse practically freely in the [aidirection,
positions, namely, at a pseudo hcp site (site A in Figure 3), at whereas its diffusion in the [001] direction is hindered by a
an edge site (B), and at long bridge positions (C and D). The barrier of 0.27 eV. The methoxy diffusion along the Cu rows
mean adsorption energy is2.90 eV per methoxy molecule, is also rather facile (diffusion barrier 0.08 eV), whereas,
which is comparable to the most stable methoxy configuration perpendicular to the rows, the barrier is 0.48 eV. It should be
at the short bridge site on clean Cu(110). noted that methoxy forms &2 x 2) structure, which is 50

Among all the reaction intermediates in the methanol oxida- meV more stable per molecule than th€ x 2) structure
tion on Cu, formate (HCOO) is the most stable one. It is bound according to our calculations. On the other hand, diffusion in
through two oxygen atoms that are located above two neighbor-the densely packed methoxy islands is hardly possible. The
ing Cu atoms with the carbon atom at the bridge itBoth diffusion and rotation of dioxymethylene on Cu(110) are
orientations involving the short-bridge position along theQ[L1  hindered by barriers in the range of 0:6D.62 eV, with
direction along the close-packed copper rows and the long- diffusion being less probable in the more stablg-€Ty—Osp
bridge position along the [001] direction show similar adsorption configuration of dioxymethylene. Interestingly, in both con-
energies; however, when the-@—0 bond is oriented along  figurations, the diffusion barriers are larger than the formation
the Cu rows of the (110) surface in the {f1direction, it is energy of dioxymethylene on Cu(110) with respect to the free
slightly more stable than that for the perpendicular orientation CO, and H, molecules.
along the [001] direction across the Cu rows. Dioxymethylene In spite of the strong binding of formate to Cu(110), the
(H>COO) also adsorbs through its two oxygen atoms, but thesediffusion of formate is hindered by relatively low activation
oxygen atoms are rather located above the Cu short-bridge sitesbarriers in the range of 0.3D.67 eV. For both formate
Furthermore, in contrast to formate, dioxymethylene prefers to adsorption orientations (parallel and perpendicular to the close-
be oriented perpendicular to the Cu rows along the [001] packed rows), the diffusion in the [@]Ldirection is hindered
direction. It should be noted that dioxymethylene is not stable by smaller barriers, but, in particular, for the-@Cy,—0C;
in the gas-phase but rather decomposes intp @ad H. configuration perpendicular to the rows of the (110) surface,
Therefore, the adsorption energy of dioxymethylene is given the diffusion barrier (0.14 eV) is so low that it is comparable
with respect to these stable molecules, and thus it also containgo those of hydrogen diffusion. This means that formate can
the energy cost of the dioxymethylene formation. move rather freely along the [0] direction, and this also

The diffusion barriers of selected intermediates on clean Cu- explains why formate is difficult to image in STM experiméefts
(110) are listed in Table 2. Because of the anisotropy of the because of its high mobility.
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TABLE 3: Activation Barrier ( Ep) for Various Reaction Steps in the Methanol Oxidation on Cu(110) Calculated Using the
NEB Method?

Ep (eV) Ep (eV) active

reaction configuration forward backward AE bond

eq3 Osp + Orec — physisorptiort OHec 0.56 0.30 +0.26 C-H
eq4 physisorptioA Orc — Ost—Chi—Osp 0.00 1.76 —1.76 c-O0
eq8 Qp—Hni + Ofcc — Osp + OHiee 0.00 1.32 -1.32 O-H
eq 9 Qp—Hn — Osp + Hiee 0.68 0.53 +0.15 O-H
eq 10 Qp— physisorptiont Hiec 1.22 0.00 +1.22 C-H
eq 11 Qy—Ch—0Osp— O—Cip—O¢ + Hpp 0.71 0.95 —-0.24 C-H
Olb—Chi—Olp — O—Cesp—Ox Hice 0.55 1.37 —0.84 G-H

eq 12 Q—Cip—O, — physisorptiort Hy, 1.56 0.88 +0.67 C-H
O—Csy—O; — physisorptiont Hicc 1.48 0.76 +0.72 C-H

eq 13 OHp + Hiec — physisorption 0.79 0.74 +0.05 O-H
eq 14 Hgba Hrce + Htee 0.60 0.65 —0.05 H-H
HY — Hgp + Hsp 0.58 0.73 -0.15 H-H

Hzl — Hgp+ Hsp 0.64 0.76 —0.12 H-H

aThe differenceAE is defined as the energy difference between the final and initial states, i.AEy Eina — Einit. AE does not include the
energy cost or gain for the separation of the reaction intermediates to infinity.

C. Reaction Steps in the Methanol Oxidation. After produced hydrogen atoms are removed from the surface as water
identifying the stable reaction intermediates in the methanol according to the following scheme:
oxidation on Cu(110), we have searched for the reaction paths
connecting these reaction intermediates using the NEB métfdd. 2CH30H(9) + 0@ — 2CH30°(2X2) + HZO(Q) (15)
In addition to the reaction steps already discussed in the
introduction, we considered the following microscopic reactions: the calculated barrier for the water formation from adsorbed

atomic hydrogen and hydroxyl (reaction 13) is 0.79 eV. The

CH3OH(Q) +0®— CHSO(a) + OH® (®) reverse reaction (dissociation of water) is hindered by a barrier
of 0.74 eV (see Table 3). Considering the low adsorption energy
CH,OH® — CH0® + H® 9) of water on Cu(110)40.20 eV, see Table 1), it is clear that
water rather desorbs from the Cu(110) surface instead of
CH,0® — CH,09 + H® (10) decomposing into hydrogen and hydroxyl.
In this context, we note that the experimentally found
HZCOda) — HCOO® + H®@ (11) activation energy for water d(_asorption from Cu(_110) of about
0.5 e\#7 refers to the desorption from a water bilayer. Such a
2 2 bilayer is strongly stabilized by the hydrogen bonding within
HCOO? — CO,? + H® (12) the water network, as recent DFT calculations have shi$wh.
For example, on Cu(111), the monomer binding energy is 240
OH® + H® — H,0® (13) meV, whereas the binding energy in the water bilayer per water
molecule is 450 meW® The water network apparently also
H® — H®@ + H® (14) lowers the dissociation barrier of water. While our calculated

barrier of 0.74 eV is in good agreement with cluster calcula-

The calculated activation barriers on Cu(110) and oxygen- tions?? the experimentally found water dissociation barrier in
covered Cu(110) are listed in Table 3. In the presence of atomicthe water bilayer is only 0.53 e¥.
oxygen, both the methanol decomposition (reaction 8) as well The water desorption removes the hydrogen from the surface
as the dioxymethylene formation from formaldehyde (reaction and thus prevents the associative methanol desorption (backward
4) occur spontaneously, associated with a large energy gain.reaction of reaction 9). Thus, methoxy stays on the surface and
The initial configurations correspond to oxygen positioned at can decompose into hydrogen and formaldehyde in spite of the
the pseudo fcc hollow site and methanol or formaldehyde, fact that the barrier for the recombinative desorption of methoxy
respectively, in their precursor state on the clean surface. Afterwith hydrogen is much smaller than that for the methoxy
the oxygen-supported methanol decomposition, the produceddecomposition, which has been calculated to be 1.22 eV. It
methoxy and hydroxyl are located at the short bridge and the should be noted here that experiments suggest that the barrier
pseudo fcc hollow site in the same cell. In this configuration, should be only 0.92 e¥ Reasons for the discrepancy between
the methoxy and hydroxyl! still interact attractively, which is theory and experiment will be discussed below.
reflected by the energy gain of 0.23 eV compared to the situation This methoxy decomposition is essential for the partial
in which methoxy and hydroxyl are infinitely separated. oxidation of methanol in the intermediate temperature range

As already mentioned, the isolated oxygen atoms are more300—-420 K36 Once formaldehyde is formed through the
reactive than the terminal oxygen atoms at the edge of oxygendecomposition of methoxy, it immediately desorbs. The hydro-
islands within the added-row reconstruction. In fact, we find gen atoms created by the decomposition of methoxy also desorb
that both the methanol decomposition to methoxy as well as recombinatively either with methoxy as methanol or as molec-
the formaldehyde conversion to dioxymethylene do not occur ular hydrogen. The branching ratio between the different
spontaneously at the terminal oxygen atoms. These atomsdesorption fluxes found in TPD experimehiswell-reproduced
interact attractively with the molecules, but the interaction is in kMC simulations if the experimentally derived barrier for
not strong enough for nonactivated bond-breaking. the methoxy decomposition is uséét approximately 400 K,

According to TPD experimentsin the temperature range of  all methoxy species are removed from the surface, and the partial
200-300 K, methanol is converted to methoxy, and the oxidation process of methanol is terminated.
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For the further reaction steps toward total oxidation of that oxygen and methoxy do not approach each other close
methanol, the dioxymethylene formation from formaldehyde is enough under low oxygen concentrations. STM experiments
a key reaction step; after its formation, it then converts to have shown that the methoxy-covered regions of Cu(110) are
formate. Zhou et al. recently observed in temperature pro- well separated from oxygen islan#sand our previous DFT
grammed reaction (TPR) experimehit® that CQ is only calculations confirmed that there is an energy cost of about 0.5
formed during the heating but not during the cooling part of eV to insert an atomic oxygen in{2 x 2) methoxy islands
the temperature cycle. Moreover, Carley et al. demonstrated thatfrom the clean Cu aréaOn the other hand, if a methoxy
the formate creation is sensitive to the heating rate: slower molecule is placed into thp(2 x 1) O/Cu(110) added-row
heating enhances the formate concentratfoihese results reconstruction, the adsorption energy is onl$.81 eV, which
indicate that formate and successively Cde created under  means that it is about 1 eV less stable than that on clean Cu-
the condition that formaldehyde is present on the surface for a(110) (see Table 1).

sufficiently long time. The separation between oxygen and methoxy is also con-

According to our periodic DFT calculations, in the presence firmed in TPD experiment$which demonstrated that, under
of isolated oxygen atoms, formaldehyde converts spontaneouslylow oxygen coverage, formaldehyde formation at 370 K is not
to dioxymethylene, associated with a large energy gain of 1.76 influenced by the remaining oxygen on the surface. Another
eV. Previous DFT calculations using a hybrid functional to reaction route would be the methoxy decomposition promoted
describe the formaldehyde conversion to dioxymethylene on Cu- by the presence of surface hydroxyl, but previous calculations
(111) within a cluster model have found a barrier of 0.37*8V. have already shown that surface hydroxyl leads only to a
Recall that the terminal oxygen atoms are also not active with moderate reduction of the-H bond breaking barrier on Cu
respect to the dioxymethylene formation, as mentioned above.by 0.1 eV43

This shows that, on Cu(110), the spontaneous dioxymethylene Thus the scenario of the dioxymethylene formation induced
formation requires the presence of isolated oxygen atoms.by the presence of isolated oxygen atoms seems to be the most
However, it is important to realize that the water desorption realistic one. The decomposition of dioxymethylene to formate
described above not only removes the hydrogen from the is sensitive to the orientation of the<@—O bond with barriers
surface, but also any isolated oxygen atoms. Therefore, all of 0.71 eV for the most stables®-C,—Ospadsorption geometry
formaldehyde created from the decomposition of methoxy is and 0.55 eV for the less stablg,©C,—Op geometry (see Table
immediately removed from the surface because of its small 3). The oxygen positions are shifted from the bridge to the top
adsorption energies if no isolated oxygen atom is in its vicinity. positions upon the €H bond scission. Interestingly, the
This explains why, on oxygen-precovered Cu(110), only small decomposition barriers are lower than the diffusion and rotation
amounts of formate are creatédn contrast, when oxygen is  barriers of dioxymethylene; thus the molecule is not mobile but
co-dosedf! or under steady-state conditioffsthere is a con-  rather decays. Our results are in good agreement with X-ray
siderable amount of formate present on the surface. photoelectron spectroscopy (XPS) experiments showing that

These observations suggest that, under such conditions, therglioxymethylene is a reaction intermediate of medium stability
is always a sufficient amount of transient isolated oxygen atoms that decomposes to formate at a temperature of 239 K.
present on the surface before incorporation into the well-ordered At temperatures above 420 K, the only remaining intermediate
p(2 x 1) structure, and these isolated oxygen atoms are thenon Cu(110) is formaté® The formate decomposition to GO
available for reacting with formaldehyde before it desorbs. Even (reaction 12), which immediately desorbs, is hindered by large
if no oxygen is co-dosed, there is still a small amount 0of,CO  parriers of 1.48 and 1.56 eV, which depend, as in the case of
production at oxygen-precovered surfaé@$is CQ, formation dioxymethylene, on the ©C—O orientation. The hydrogen that
can also be explained by the presence of isolated oxygen atomsis also produced in this reaction desorbs recombinatively, too,
! at higher temperatures, oxygen atoms are thermally evaporatechccording to the reverse reaction of reaction 14. The calculated
from the edges of thp(2 x 1) oxygen islands, leading to the  barriers for formate are in good agreement with the measured
existence of the highly reactive isolated oxygen atoms. barriers on Cu(110) of 1.38 é¥and 1.50 e\*5 The formate

Nevertheless, we looked for another channel for the methoxy decomposition is also sensitive to the direction of the surface
decomposition in the presence of isolated oxygen atoms. In ourtermination, with the measured barriers being 1.12 and 1.17 eV
previous studyrelevant for the case of low oxygen coverage, on Cu(1113>46and 1.61 eV on Cu(100Y. Interestingly, the
we had only considered the indirect promotion of thekChond lowest barrier has been found on the close-packed (111) surface,
scission by an adsorbed oxygen atom in a neighboring unit cell. which, in other cases, often shows lower catalytic activities than
The indirect interaction leads to a lowering of the decomposition the more open surfaces.
barrier by 0.14 eV. Now we have additionally considered the  On the basis of the DFT calculations, we are able to construct
influence of oxygen on the €H bond scission when methoxy  a reaction scheme for the methanol oxidation on oxygen-covered
and oxygen are located in the same unit cell of the Cu(110) Cu(110) that considers all species observed in TPD experiments.
surface. There is a strong attraction between the methyl groupThis scheme illustrating several possible reaction routes is shown
of the methoxy and the adsorbed oxygen atom, causing ain Figure 4. For each reaction intermediate, we have indicated

bending of the methoxy. In this bend geometry, thetCbond  possible processes and the associated barriers. In general, our
scission barrier is significantly reduced by 0.66 eV to a value results are able to rationalize the experimental findings that,
of 0.56 eV. under low oxygen pressure, the partial oxidation of methanol

This barrier is even lower than theldesorption barrier of is preferred, whereas, under high oxygen pressure, the total
0.65 eV. If this pathway was always active, then formaldehyde oxidation is promoted. On the basis of the energetics alone,
desorption would have been observed at much lower temper-however, we cannot quantify the partial pressures that are
atures in TPD experiments. This reaction mechanism does notassociated with the two regimes, but our scheme is now
therefore seem to be operative under low oxygen concentrationscomplete enough to address the kinetics of the methanol
unless there is a continuous supply of oxygen during the oxidation on Cu(110). From the DFT barriers, microscopic
reaction. The reason for the absence of this reaction channel isreaction constants can be derived within transition-state tH8ory,
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For the last reaction steps shown in Figure 5d, we assume,
as for the final partial oxidation steps depicted in Figure 5b,

CH30® + OH(® —, OH(® 4 g

E, = —1.32 ¢V Ep =079V
dissociative alssociat_i\'ee that no oxygen atoms are left on the surface. In the total
adsorption desorption oxidation, the rate-limiting step is the formate decomposition
Ey =036 oV into CO, and hydrogen. Since the barrier for this process is
adsorption

larger than the barrier for the methoxy decomposition on clean
Cu(110), the final steps in the total oxidation of methanol occur

CH30H®) i X ; .
! at higher temperatures (above 420 K) than those in the partial

Ep = 0.00 eV

._,@mf“} — CH;0'® _.-.mei“J

Ey, = 0.68 eV Ep=008eV E,=122eV A i X ) i
Fh it ¥ dissociation Ep =048V dissociative oxidation. Comparing panels b and d of Figures 5 (i.e., the last
iffusion diffusion

steps in the partial and the total oxidation of methanol), it
becomes apparent that the final state in the total oxidation is
energetically more favorable. Still, in typical TPD experiments
on oxygen-precovered surfaces, formaldehyde desorption is
more abundant than GQlesorption, which is caused by the

desorption
supported

‘_ (@) 4 el
dissociation
CH,0'9) ‘_@gof“% OH® — OH® +H®

Ea =006 eV Ey =0.79 eV

+0 | By =056 eV

desorption Z?;‘;‘:;‘l'{‘,’: fact that formaldehyde is too volatile on Cu(110) to be further
O | B =116 eV decomposed unless there is a continuous supply of oxygen
adsorption creating active sites for the formaldehyde conversion.
Ey =001 eV

En =112 Y. As far as the general conclusions of our study with respect

HyCOO™ — @000 +H® — HCOO™ to methanol oxidation are concerned, we note that our results
B0y Bu=psbey Boduey show that it is the specific geometric and electronic structure
diffusion  dissociation diffusion of the adsorbed oxygen atoms that is crucial for their catalytic
By Ui v activity. They should be bound strongly enough to be present

dissociative

on the surface under the reaction conditions, but weakly enough

desorption to be still reactive. The suboxide species that was proposed to

ne be active in the methanol oxidation over copper surfaces under

._ Hl 4 @) —

B ey reaction conditior® might in fact be such a weakly oxygen-
desorption bound species that carries the catalytic activity.

Figure 4. Schematic diagram of methanol oxidation on oxygen-covered  Finally, we would like to discuss the accuracy and reliability
Cu(110). The shaded area represents the precursor reactions below 30gf the DFT calculations presented in this study. Three different
K for partial and total oxidations. C—H bond-breaking barriers have been calculated on clean Cu-
(110): the dioxymethylene, methoxy, and formate decomposi-
tion hindered by barriers of 0.65, 1.22, and 1.48 eV, respectively.
The sequence of the barrier heights is in good agreement with
the results of TPD experimentd? However, our DFT calcula-

d tions seem to overestimate the methoxy decomposition barrier
(reaction 10) by 0.3 eV compared to the experinfenflso,

the barrier for the decomposition of formate (reaction 12) might
be slightly too high since a barrier with height 1.5 eV will only
be crossed with a considerable rate for temperatures above 500
IK.7 There is no experimental information on the dioxymethylene
decomposition barrier, but since it is relatively small, its exact
height is rather uncritical in the context of the methanol

which can then be used in kinetic simulations. Such a study is
planned for the future.

The different pathways leading either to partial or total
oxidation of methanol on oxygen-covered Cu(110) are illustrate
in Figure 5. The diffusion barriers are not included. Initially,
two methanol molecules are interacting with the surface within
a p(2 x 2) O/Cu(110) geometry (Figure 5a). Assuming a
stoichiometry between methanol and oxygen of 2:1, all the
surface oxygen atoms are consumed during the methano
decomposition to methoxy in the water formation, which occurs
in the temperature range of 26800 K. With all the oxygen S
atoms removed from the surface, only the partial oxidation of oxidation. o . ) .
methanol to formaldehyde is possible, which, after its formation, ~An overestimation of €H bond-breaking barriers has in fact
immediately desorbs from the surface (see Figure 5b). The rate-b€en found in various DFT calculations on several metal
determining step in this scenario is the methoxy decomposition Surfaces’®0-53 As a possible source for this discrepancy, we
of eq 10, which occurs above 300 K. The associative desorptionhave tried to estimate the strain effects, which have been
of methanol requires the decomposition of only one methoxy Suggested to be important in the methanol chemistry on copper
molecule (dash_dotted line in Figure 5b), WhereaS, for the substrate42°4 Strain effects can in fact Signiﬁcantly affect
recombinative desorption of molecular hydrogen, two methoxy barrier heights and binding energi$>-° However, the barrier
molecules have to be dehydrogenated (solid line in Figure 5b). height for the methoxy decomposition only decreased by 10

The reaction scenario under higher oxygen coverages or undefMeV upon an expansion of the lateral lattice constant by 4%.
continuous Supp|y of oxygen is illustrated in Figure 5C,d. This small value is caused by the fact that the slab expansion
Assuming a methaneloxygen stoichiometry of 2:5, the meth-  increases the adsorption energies almost equally for all reaction
oxy is readily converted to formaldehyde in the presence of intermediate$.On Cu(111), a larger decrease of 60 meV upon
isolated oxygen atoms. Because of the low barrier hindering 4% lattice expansion has been calculated for the corresponding
the methoxy decomposition under these conditions, we assignProcess, but even this larger value would not account for the
this reaction path shown in Figure 5c to the temperature range@pparent discrepancy in the barrier heights between theory and
below 300 K. The isolated oxygen atoms also induce the €xperiment.
spontaneous formation of dioxymethylene, which then converts It is interesting to note that both barriers are associated with
to formate. Similar to the processes depicted in Figure 5a, waterreactions resulting in weakly bound products. It is a well-known
is produced in these reactions. The existence of these differentfact that weak long-range interactions such as van der Waals
water formation channels might explain the observation of a or dispersion forces are incorrectly described in DEThus,
broad water desorption peak in the TPD spettra. the attractive interaction between close-shell molecules and
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200~ 300 K 420 ~ 500 K

Figure 5. The scenarios for the partial and the total oxidation of methanol on oxygen-covered Cu(110) with respect to the referenEgasenergy

= nEO/Cu(110)]+ 2E[CH;OH9]. We assume that the oxygen atoms are initially located at the pseudo fcc hollow site witBixx 2) periodicity.

The methoxy and formate formation schemes are illustrated in panels a and c, respectively. Panel b describes the final steps in the partial oxidation
of methanol from methoxy to formaldehyde, while panel d shows the corresponding final steps in the total oxidation from formateper&ive

at higher temperatures.
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