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Abstract

The partial oxidation of methanol to formaldehyde on clean and oxygen-precovered Cu(100) and Cu(110) has been studied by de
tional theory calculations within the generalized gradient approximation. We have determined the geometric and electronic struc
reaction intermediates. Methanol and formaldehyde are only relatively weakly bound to copper, whereas methoxy is strongly che
Still, we have identified a highly deformed formaldehyde species strongly interacting with Cu(100) and Cu(110). The reaction pa
been determined by the nudged elastic band method. It turns out that the rate-limiting step is the dehydrogenation of methoxy to
hyde, which is hindered by a significant activation barrier. Although dosing with oxygen does not reduce this barrier, it still facilita
reaction by stabilizing the methoxy intermediate on the Cu surface and causing the removal of surface hydrogen via water desor
strain of the copper substrate leads to enhanced total binding energies of all reaction intermediates, but there is no clear trend, a
height of reaction barriers as a function of the strain is concerned.
 2005 Elsevier Inc. All rights reserved.
Keywords: Density functional calculations; Nudged elastic band method; Copper; Methanol oxidation
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1. Introduction

Both methanol decomposition and synthesis are ind
trially important processes. The methanol steam reform
process has been suggested as an efficient way to gen
hydrogen in the context of fuel-cell technology[1,2]. On the
other hand, methanol is one of the most important synth
chemicals. Industrially, methanol synthesis and decomp
tion are catalyzed by Al2O3-supported Cu/ZnO[3]. Despite
extensive studies, the precise state of the copper and the
of ZnO in Cu/ZnO catalysts is still unclear. The active ph
has been suggested to be either copper dissolved in the
[4] or metallic copper dispersed on the ZnO surface[5,6].

Recently it was shown that the activity of methanol s
thesis can be directly correlated with the microstrain of c
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per metal particles[7]. It was further suggested that the stra
might be induced by a metastable suboxide species pen
ing the copper matrix[8]. The strong influence of strain o
the adsorption properties of metal surfaces has already
shown in a number of experimental and theoretical stu
[9–17]. In general, metal surfaces under tensile strain
spond with an upshift of the locald-band, which leads to
a stronger interaction with adsorbates, according to the
calledd-band model[18].

Because of the important role of copper in the synt
sis and steam reforming of methanol, the interaction
methanol with low-index copper surfaces has been the
ject of many studies following the classical temperatu
programmed desorption (TPD) experiments by Madix
co-workers on Cu(110)[19,20] more than 20 years ago
The reaction pathways proposed in these studies have
sically remained valid despite numerous successive ex

ments[21–31].

Clean copper surfaces exhibit a relatively low activity for
methanol oxidation. At low surface temperatures of about
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100 K only adsorbed methanol is present at Cu surfa
[21,31]. For higher temperatures first methoxy and th
formaldehyde are formed, although there is some con
versy about the exact temperatures at which this hap
[21,31]. Further heating above 300 K leads to the desorp
of formaldehyde and the associative desorption of hydro
and methoxy as methanol.

The presence of oxygen on copper strongly promotes
decomposition of methanol[19,21]. Methanol is converted
to methoxy on copper predosed with oxygen via the form
tion of surface hydroxyl. Secondary ion mass spectrom
(SIMS) experiments show explicitly a combined increase
the methoxy and hydroxyl signal as a function of metha
exposure[30] at 130 K. Further methanol interacts with t
adsorbed hydroxyl species to produce water, which then
sorbs, as can be deduced from high-resolution X-ray p
toelectron spectra (HRXPS) recorded at 220 K[31]. Under
low remaining oxygen coverage, the methoxy adsorbate
decomposed to form formaldehyde and atomic hydroge
330–400 K[19,24]. For higher oxygen coverages, the fo
mation of formate is also observed[26,27,32], which is fol-
lowed by CO2 production.

A more detailed picture of the methanol decompo
tion process on oxygen-covered copper surfaces has
provided by STM studies. Methoxy forms stable(5 × 2)

and c(2 × 2) superstructures on oxygen-covered Cu(1
[22,29]. The methoxy-covered regions are well-sepera
from oxygen-covered 2× 1 islands. The development of th
ordered methoxy structures is accompanied by the rem
of oxygen from the(2 × 1)O islands[29]. The subsequen
disappearance of the methoxy islands, driven by further o
gen exposure, has been associated with the first step i
decomposition of methoxy to formaldehyde.

Methanol dehydrogenation on copper has also been s
ied theoretically by electronic structure calculations, mai
on clean Cu(111), where the methanol decomposition is
dered by large reaction barriers. With the use of a clu
approach, the methoxy intermediate on Cu(111) has b
addressed on the Hartree–Fock and configuration inte
tion level[33]. Hartree–Fock-based methods were also u
in a cluster study of methanol synthesis on Cu(100)[34].
Gomes et al. have studied the methoxy radical reactio
formaldehyde and the adsorption properties of the inter
diates of the methanol oxidation on Cu(111), with the
of density functional theory (DFT)[35,36], but again with a
cluster to model the Cu substrate. The thermochemistr
the stable intermediates on Cu(111) plus the abstractio
hydrogen from methoxy was the subject of a recent perio
DFT study[37].

To obtain a microscopic picture of the methanol oxid
tion process on Cu(100) and Cu(110), we have perform
periodic DFT calculations within the generalized gradi
approximation[38]. The geometric and electronic structur

of the reaction intermediates have been carefully analyzed.
We have identified a chemisorbed formaldehyde species tha
has not been found on Cu surfaces before, to the best of ou
talysis 231 (2005) 420–429 421
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knowledge. We have determined the reaction paths for
partial oxidation of methanol to formaldehyde, on both cle
and oxygen-precovered Cu surfaces. In addition, we dis
strain effects of the copper substrate in the methanol dec
position process.

2. Theoritical Methods

The DFT calculations were performed with the Vien
ab initio simulation package (VASP)[39]. The exchange
correlation effects have been described within the ge
alized gradient approximation (GGA), with the use of t
Perdew–Wang (PW91) functional[38]. The ionic cores are
represented by ultrasoft pseudopotentials[40] as constructed
by Kresse and Hafner[41]. Whereas for copper a cutoff en
ergy for the plane-wave expansion of 350 eV is sufficie
methanol requires a cutoff energy of 600 eV to obtain fu
converged results. However, already at 320 eV the erro
the free methanol molecule is below 10 meV. Hence we h
chosen a cutoff energy of 350 eV for all results reported
this study, which yields sufficient accuracy.

The electronic structure of the studied molecules has b
analyzed by determination of the orbital projected densit
states. In the assignment of the molecular orbitals we h
followed the general quantum chemistry naming rules.a and
b correspond to nondegenerate ande to doubly degenerat
molecular orbitals, and the subscripts 1 and 2 denote
symmetry properties of the orbitals with respect to the c
responding bond. The density of states of the free molec
and the adsorbed molecules are compared by alignme
the vacuum energy of the electrons.

The Cu substrates are modeled by a slab of five layers
are separated by a 12 Å vacuum. In all calculations, the
uppermost Cu layers are fully relaxed. Most results repo
here have been obtained for 2× 2 surface unit cells. We
have used a relatively fine Monkhorst–Packk-point mesh of
16× 16× 1, which is needed to obtain converged energ
since the Fermi energy lies in a region of a low Cu den
of states[13].

The adsorption energy of each species is defined as

(1)Emol
ads = Eslab+adsorbates

total − (
Eslab+ Emol

gas

)
,

whereEslab+adsorbates
total is the total energy of the interactin

system of slab and adsorbates.Emol
gas is the gas-phase en

ergy of each molecular species andEslab the energy of the
isolated slab. According to this definition, exothermic a
sorption corresponds to negative adsorption energies. In
following, we refer to the absolute value of the adsorpt
energy as the binding energy. If more than one metha
molecule is involved in a particular reaction scheme, we
fine the reference energyEref as

(2)Eref = Eslab+ nECH3OH
gas ,
t
r
wheren is the number of involved methanol molecules and
E

CH3OH
gas is the gas-phase methanol energy.
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The minimum energy paths are determined with
nudged elastic band (NEB) method developed by Jón
et al. [42–45]. In particular, we have used the climbing im
age NEB method[45] and the dimer method[46] to deter-
mine the geometries of the transition states. Close to
transition-state regions, we repeated the NEB scheme
a finer resolution to better localize the transition state.

3. Results

3.1. Geometric and electronic structure of reaction
intermediates

Detailed DFT calculations have been performed to de
mine the minimum energy structures of the reaction inter
diates in the partial oxidation of methanol on Cu(100) a
Cu(110). The adsorption geometries of methanol, meth
and formaldehyde in various configurations and their
sorption energies are listed inTable 1. For methoxy, we
have also determined its adsorption energy on Cu(111).
of all, it is obvious that the closed-shell species metha
(CH3OH) and formaldehyde (CH2O) are only relatively
weakly bound to the copper surface, whereas the open-
methoxy radical (CH3O) strongly interacts with Cu.

The adsorption energies of methanol and forma
hyde have been derived experimentally from temperat
programmed desorption (TPD) data, under the assump
of first-order desorption and a prefactor ofν = 1013 s−1. For

Table 1
Molecular adsorption energiesEads, adsorption height of the oxygen ato
hCu–Owith respect to the uppermost Cu plane and minimum O–Cu dist
dCu–O for variousp(2 × 2) adsorption configurations over pure Cu(10
Cu(110) and Cu(111). The adsorption sites are characterized with resp
the oxygen, hydroxyl hydrogen and carbon position within the surface
cell. t, b and h denote the top, bridge and hollow sites while sb and lb s
for the short-bridge and long-bridge sites of the (110) surface, respect

Adsorbate Substrate Site Eads
(eV)

hCu–O
(Å)

dCu–O
(Å)

CH3OH Cu(100) Ot–Hb −0.18 2.24 2.27
Ot–Hh −0.21 2.20 2.23
Ob–Hh −0.19 2.46 2.84

Cu(110) Osb–Hh −0.35 1.84 2.34
Ot–Hlb −0.41 2.02 2.18

CH3O Cu(100) Oh −2.96 1.12 2.18

Cu(110) Osb −2.98 1.44 1.95
Olb −2.61 1.14 2.04

Cu(111) Ofcc −2.68 1.45 2.08

dC–O
(Å)

CH2O Cu(100) Cb–Ob −0.70 1.42 1.41
– −0.14 3.00 1.24

Cu(110) C –O −0.63 1.17 1.41
sb sb
Osb −0.21 1.72 1.27
– −0.10 2.75 1.25
talysis 231 (2005) 420–429

l

methanol this yields adsorption energies of−0.56 eV on
Cu(111) [47], −0.43 eV on Cu(100)[48], and −0.70 eV
on Cu(110)[19], whereas for formaldehyde one obta
−0.33 eV on Cu(111)[49] and−0.56 eV on Cu(110)[19].
Typically, the measured binding energies for the wea
bound species are somewhat larger than the DFT result
termined by us and others[35–37], with the exception of
formaldehyde on Cu(110).

In detail, we find that methanol is only weakly bound
Cu(100) and Cu(110). The analysis of the electronic st
ture of adsorbed methanol yields that the molecular orb
remain narrow and that they are shifted only slightly with
spect to their position in the gas phase. Hence methano
be regarded as being only physisorbed at clean copper
faces. Consequently, methanol is adsorbed rather far
the surface, and there is only a small variation in the bind
energy with the adsorption site. The hydroxyl bond (O–H
methanol is oriented parallel to the surface, the C–O bon
almost upright, and the oxygen atom prefers sites with a
electron density. On the more open Cu(110) surface, t
are small regions of high electron density at the trough-
structure that make the surface more reactive than Cu(1
leading to a higher binding energy of methanol.

The open-shell methoxy radical (CH3O), on the other
hand, strongly interacts with clean copper surfaces. InFig. 1,
the projected local density of states of the oxygen a
of methoxy adsorbed on Cu(100) (a) and Cu(110) (b
shown. On Cu(100), methoxy prefers the high-symme
site, namely, the four-fold hollow site[50]. On Cu(111),
methoxy is also adsorbed at the high-symmetry hollow s
however, with binding that is weaker by 0.3 eV[37]. In the
gas phase, the 2e orbital, which corresponds to a nonbon
ing π orbital on oxygen, is only partially filled[51]. As
Fig. 1 shows, this 2e orbital is significantly broadened b
direct coupling to the Cud-states, which causes the high a
sorption energy. Furthermore, thepz (5a1) orbital is shifted
down by about 2 eV, even below the degeneratepx and
py (1e) states. This leads to an 1e/5a1 orbital inversion,
which has already been observed in experiments[52] and
has been confirmed by semi-empirical cluster calcula
[53] for Cu(111).

On Cu(110), the bonding situation of methoxy is differe
from the Cu(111) and Cu(100) cases. The adsorption ge
etry is shown inFig. 2. Our results confirm the experiment
findings[54,55]. At its most favorable adsorption positio
methoxy is located at the short bridge site with the CO b
tilted by 33◦ along [001] from the (110) surface norma
This can be described as a pseudo-(111) surface edge
tion with the CO bond tilted by 2◦ from the pseudo-Cu(111
surface normal. The adsorption height with respect to
pseudo-(111) surface is smaller than on pure Cu(111),
the adsorption is stronger. Similar adsorption configurat
are also found on (110) surfaces for other systems suc

CH3O/Ni(110) [56] and NO/Pd(110)[57]. The adsorption
site at the pseudo-(111) surface edge position does not cor-
respond to a high-symmetry situation. This is also reflected
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Fig. 1. Projected local density of states (LDOS) of the oxygen atom of
Cu(110). Remarkable features are the 5a1/1e orbital inversion on Cu(100)

Fig. 2. Calculated adsorption geometry of methoxy on Cu(110).

by the local density of states. The oxygenpx andpy (1e)
states are no longer degenerate. The 1e peak is split in two,
with the downshifted 5a1 orbital located between the tw
1e-derived peaks.

When Cu(110) is exposed to mixtures of oxygen a

methanol, oxygen-covered areas coexisting with methoxy

Fig. 3. Projected local density of states (LDOS) of the oxygen atom of form
formaldehyde.
oxy on (a) the four-fold hollow site of Cu(100) and (b) the pseudo (111
nd the splitting of the 1e orbital on Cu(110) (b).

tive interaction between the adsorbed methoxy radicals
Cu(110): the binding energy of methoxy in thec(2 × 2)

structure is 0.1 eV larger per molecule than in thep(2 × 2)

structure, which is listed inTable 1. However, the adsorptio
geometry is almost the same for the two coverages.

Finally, we discuss the adsorption of formaldehy
(CH2O) on Cu(100) and Cu(110). AsTable 1reveals, sev-
eral adsorption geometries with relatively small adsorp
energies exist. However, there are significant differen
in the bonding characteristics between the various ads
tion positions. On both Cu(100) and Cu(110), very wea
physisorbed formaldehyde species exist about 3 Å from
surface. This state is almost independent of the lateral p
tion. AsFig. 3a shows, the molecular orbitals remain alm
unchanged upon physisorption. Then there is theη1 state of
formaldehyde on Cu(110) above the short-bridge site, wh
is slightly more strongly bound than the physisorbed spec

Furthermore, we have identified even more stron
bound η2-formaldehyde species on both Cu(100) and

(110), which in fact significantly interact with the substrate.

yde

zigzag chains andc(2 × 2) structures have been found by
STM experiments[29]. In fact, we also find an attrac-

This strong interaction is demonstrated inFig. 3b, where
the projected LDOS at the oxygen atom of formaldeh
aldehyde adsorbed on Cu(110): (a) physisorbed formaldehyde, (b) chemisorbed
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Fig. 4. Charge density difference plots of the chemisorbed formaldehyde on Cu(110). (a) Side view, (b) top view. The location of the corre

two-dimensional cuts is shown by the dashed lines. The positions of the atoms are included in order to illustrate the geometry of the chemisorbed formalde-
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on Cu(100) is shown. In this adsorption geometry, the
bond is oriented parallel to the surface and is elongated f
1.22 Å in the gas phase to 1.41 Å, that is, by 0.19 Å. T
elongation of theπC–O bond is reflected by the strong d
crease in the intensity of the corresponding 1b1 peak. The
σ C–O (3a1) andσCH2 (4a1) orbitals (see the inset ofFig. 3b)
are shifted to positions adequate for methoxy. In particu
the 1b2 orbital is strongly hybridized with the Cud-band,
reflecting the strong interaction between the formaldeh
and the substrate.

The geometry of the chemisorbed formaldehyde
Cu(110) is illustrated in the charge density difference p
shown in Fig. 4. Formaldehyde is adsorbed above
troughs running along the[11̄0] direction with the C–O axis
oriented perpendicular to the troughs. The charge distr
tion clearly shows the charge depletion between the C
the O atom of the adsorbed formaldehyde. This indicates
bond weakening of the C–O bond in real space.

In fact, the configuration of the chemisorbedη2-formal-
dehyde can be interpreted as a formaldehyde mole
within the geometry of a free methoxy radical, except
the missing methyl hydrogen atom. The C–O bond len
and the CH2 configuration are methoxy-like. We calc
lated that in the gas phase it requires 1.65 eV to bring
free formaldehyde molecule into the configuration of
adsorbed molecule. Hence one can regard this strongl
teracting formaldehyde molecule as a chemisorbed spe
whose binding energy is relatively low because of the h
energetic cost of its deformation. This species would als
a good candidate for an intermediate product in the fur
oxidation of methanol on Cu surfaces.

3.2. Methanol partial oxidation on clean Cu(100) and
Cu(110)
We have used the climbing image nudged elastic band
(NEB) method[42–45] to determine the minimum energy
gen atoms and in (b) none of the shown atoms is located within the p

s

pathways of the partial oxidation on clean Cu(100) a
Cu(110). In the NEB scheme, the initial and final states
reaction have to be specified. Experimentally it is well es
lished that the methanol oxidation on Cu is initiated by
O–H bond scission of methanol, since methoxy is the m
abundant species found in the first step of methanol dec
position[19,31]. Therefore we have assumed the followi
reaction path:

CH3OH(g) → CH3O(a) + H(a) → CH2O(g) + 2H(a). (3)

The hydrogen atoms are supposed to remain on the sur
The calculated reaction paths on Cu(100) and Cu(1

are illustrated inFig. 5. The dissociation of methanol is hin
dered by a barrier of about 0.3 eV on Cu(100) and of ab
0.7 eV on Cu(110). Interestingly, methanol is more stron
bound to Cu(110) than to Cu(100), but still the barrier
the methanol decomposition is much larger on Cu(110). T
indicates the strong structure sensitivity of the reaction
termediates and transition states on Cu. We note tha
hydrogen atoms interact repulsively with adsorbed meth
and formaldehyde within a(2×2) unit cell. For the energie
of the intermediate states shown inFig. 5, we have there
fore assumed that the coadsorbates are in fact separated
each other, so that there is no interaction. Thus the en
difference between reactant and product states is given

(4)�E = Eproduct+H − Ereactant,

whereEproduct+ H is the sum of the adsorption energies
the isolated atomic hydrogen and the isolated product m
cule.

At the transition state for the O–H bond scission
Cu(100), the methanol molecule is located at the bridge
After dehydrogenation, methoxy moves to the energetic
favorable fourfold hollow position. If we keep the molecu

fixed to the fourfold hollow site, then the barrier for dehydro-
genation increases from 0.34 to 0.88 eV. This demonstrates
that it is in fact important to relax all relevant molecular
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Fig. 5. Reaction pathway of methanol decomposition on clean Cu(100
Cu(110). Whereas the O–H bond scission is hindered only by a small
vation barrier, the C–H bond scission is strongly activated.

degrees of freedom in the search for the minimum ene
barriers.

The barrier heights of the second oxidation step
1.38 eV on Cu(100) and 1.44 eV on Cu(110), accord
to the NEB calculations. This compares well with the c
responding barrier height of 1.42 eV on Cu(111) cal
lated previously[37]. We note that DFT cluster calculation
for Cu(111) had predicted a barrier height of 1.80 eV
Cu(111)[35]. These results demonstrate that the C–H b
breaking of methanol is hindered by much larger barr
than the O–H bond breaking on Cu substrates. This is
ferent from Pt(111), where the C–H and O–H bond sciss
have comparable barrier heights[58].

Details of the reaction path of the hydrogen abstrac
from methoxy on Cu(110) are shown inFig. 6. At the bar-
rier position, the CO bond length is already strongly redu
to the value for adsorbed formaldehyde. Furthermore, the
H bond is elongated to 2.28 Å, which is considerably lar
than the corresponding value of 1.64 Å on Cu(111)[37].
However, already at the smaller distance of 1.64 Å th
should no longer be any direct covalent interaction betw
the hydrogen and the carbon atom. Hence, at the calcu
transition-state configuration, formaldehyde and hydro
are already well separated. This suggests that even in

absence of a more detailed analysis the remaining repulsive
interaction must be of a long-range electrostatic nature that
contributes to the high dissociation barrier.
talysis 231 (2005) 420–429 425

Fig. 6. Reaction barrier of the second step in the oxidation of methano
decomposition of methoxy into formaldehyde and hydrogen, on clean
(2×1) oxygen-covered Cu(110). The reference energyEref is given by Eq.
(2), i.e. the energies are given with respect to the corresponding numb
methanol molecules in the gas phase. This also means that the energy
initial state corresponds to the adsorption energy of isolated methoxy
hydrogen on clean and(2× 1) oxygen-covered Cu(110), respectively.

One can also put it differently for the reverse proce
the recombination of hydrogen and formaldehyde: once
repulsive electrostatic interaction has been overcome, th
combination of formaldehyde and hydrogen on Cu occ
with a large energy gain. The energy gain is obviously
very dependent on the particular surface structure. Th
apparently why the C–H bond scission barriers on Cu(1
Cu(110), and Cu(111) are similar, whereas, for example
C–O bond scission barriers are structure sensitive.

According to the calculated reaction barriers, adsor
methoxy should associatively desorb as methanol rather
dissociate to formaldehyde. This is in fact observed in
periments with isotope exchange[19], but only under a
high concentration of hydrogen atoms on the surface. T
high concentration is needed to overcome the repulsion
tween the adsorbed hydrogen atoms and methoxy, as
liminary kinetic simulations with the DFT results as inp
indicate[59]. Otherwise almost all of the hydrogen atom
on the surface are removed via the associative desor
of H2 [19], which has a comparable but lower desorpt
barrier on Cu[60,61]. If an insufficient amount of hydro
gen is available on the surface, then formaldehyde is for
despite the much higher barrier. For the same reason
lack of available hydrogen, formaldehyde desorbs ra
than recombines with hydrogen to methoxy, even if the b
rier for recombination is lower than that for desorption (s
Fig. 5); therefore formaldehyde can be detected in TPD
periments[19].

However, all of the calculated barrier heights for the C
bond scission are still significantly larger than the exp
mentally derived results of 0.92 eV for Cu(110)[23] and

1.06 eV for Cu(111)[47]. It should be noted that these exper-
iments have been performed on oxygen-predosed surfaces,
which might have influenced the barrier heights. As we show
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in the next section, we find a minor influence of adsor
oxygen on the hydrogen abstraction barrier from metho
We note that the barrier heights determined with the N
method did not include any relaxations of the substrate.
calculations show that the lowering of the total energy
duced by the surface relaxations on Cu(110) is 70 m
for methoxy and 100 meV for chemisorbed formaldehy
Hence we estimate that the influence of the surface re
ations on the barrier heights is below 100 meV.

Thus there is still a remaining discrepancy between
ory and experiment, as far as the barrier for C–H b
scission is concerned. It is a well-known fact that D
calculations using the GGA for the exchange-correla
effects overestimate the barrier for C–H bond scission
many systems. For example, the barrier for the C–H b
breaking of ethylene (C2H4) to vinyl (C2H3) on Pd(111)
was calculated to be 1.5 eV by DFT-GGA(PW91) calcu
tions [62], whereas experimental values are 0.65–0.75
on Pd(100)[63]. For the methane (CH4) decomposition on
Ni(111), the DFT-GGA dissociation barrier is about 1.0
[64], whereas in molecular beam experiments activation
ergies of 0.65 eV on Ni(100) and 0.75 eV on Ni(111) we
found (see[65] and references therein). For the CH4/Ni sys-
tem, ab initio quantum chemistry results for the dissocia
barrier are much closer to experiment, that is, 0.67 eV
Ni(100) [66] and 0.7 eV for Ni(111)[67]. We conclude tha
although the exact barrier height for the C–H bond sciss
of methoxy on Cu might be overestimated by our DFT c
culations, the qualitative trends are in good agreement
the experiment.

3.3. Methanol partial oxidation on oxygen-covered copper
surfaces

Experimentally it is well established that oxygen on co
per acts as a promoter for the oxidation of methanol.
conversion of methanol to formaldehyde is at maximum
various Cu surfaces for an oxygen coverage ofθO ∼= 1/4
[19,47,68]. For lower coverages, methoxy formation and w
ter desorption are dominant, whereas higher oxygen co
ages lead to relatively inert surfaces.

As far as the influence of oxygen on the methanol
hydrogenation is concerned, we have mainly focused
the Cu(110) surface. The methanol adsorption on oxyg
covered Cu(100) is addressed in the next section.
oxygen-covered Cu(110) surface exhibits a(2 × 1) added
row reconstruction consisting of Cu–O–Cu chains[69,70].
Still we first considered isolated oxygen adatoms in
p(2 × 2) structure on the open Cu(110) surface. Thus
results might also be relevant to an understanding of the
posed suboxide species on Cu/ZnO catalysts[8].

The initial steps of the methanol adsorption are depic
in Fig. 7. The oxygen atoms are located in the pseudo-th

fold hollow sites on Cu(110). As we showed above, methoxy
forms a stablec(2 × 2) structure on Cu(110), in agreement
with STM studies[22,28,29]. Therefore we have consid-
talysis 231 (2005) 420–429

Fig. 7. Initial steps of the methanol dehydrogenation on oxygen-cov
Cu(110). Sequentially approaching methanol molecules are deh
genated and the hydrogen is removed via water desorption.

ered the sequential adsorption of two methanol molec
per p(2 × 2)O/Cu(110) surface unit cell. AsFig. 7 shows,
the presence of the oxygen adatom leads to the spontan
breaking of the methanol O–H bond,

CH3OH(g) + O(a) → CH3O(a) + OH(a). (5)

In other words, the oxygen adatom acts as a strong Brøn
base that abstracts the hydroxyl hydrogen of methanol[71].
This results in a large energy gain of 1.53 eV upon the
sociative adsorption of methanol. According to our calcu
tions there is still an attractive interaction between meth
and OH perp(2× 2) unit cell of 0.31 eV compared with th
isolated adsorbates. The second dissociative adsorption
methanol molecule in the(2 × 2) unit cell is endothermic
by 0.41 eV, forming ac(2 × 2) methoxy structure plus on
adsorbed water molecule as the energetically most favor
state. However, this structure is almost degenerate with
c(2 × 2)CH3O/Cu(110) structure on Cu(110) and the wa
molecule desorbed into the gas phase. This means tha
overall reaction

2CH3OH(g) + O(a) → 2CH3Oc(2× 2) + H2O(g) (6)

is exothermic by 1.08 eV.
We note that we also investigated an alternative path

for the reaction(6), which might be relevant for smalle
methanol exposures. The methanol adsorption energie
crease to 0.83 eV on ap(2× 2)OH/Cu(110) surface, that is
after methoxy and OH have been separated after the firs
action step(5). This means that OH attracts methanol, wi
out, however, inducing a spontaneous methanol decom
tion. Furthermore, methanol decomposition and subseq
water desorption from this structure require a desorption
ergy of 1.06 eV, that is, methanol desorption is energetic
more favorable than the methanol decomposition and w
desorption.

Hence the scenario described inFig. 7 seems to be th
more realistic one. The water desorption leads to the
moval of both surface hydrogen and surface oxygen. In f
this scenario agrees more closely with experimental obse
tions that water desorbs at lower temperatures than tho
which the methoxy–hydrogen recombination occurs[19]. It
also gives a rationalization for the STM experiments that

well-segregated methoxy and surface oxygen islands[22,28,
29] with the development of the ordered methoxy structures
accompanied by the removal of oxygen[29].
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The TPD experiments[19] show that methanol an
formaldehyde are produced simultaneously according to
reaction scheme

2CH3Oc(2× 2) → CH3OH(g) + CH2O(g). (7)

In addition, H2 is formed. All products desorb between 3
and 375 K. According to our DFT results, the total re
tion (7) requires an energy�E = 1.9 eV. On the other
hand, STM experiments have found that prolonged expo
of oxygen leads to the displacement of methoxy adsorb
from the surface by oxygen[29]. We have tried to mode
this by determining the reaction barrier for methoxy deco
position on the(2 × 1) oxygen-covered Cu(110) surfac
The methoxy coverage was selected to beθ = 0.25 to re-
flect the findings of the STM experiments that the meth
molecules are replaced along the〈001〉 direction by oxygen
exposure.

The energetics along the methoxy decomposition p
way are also included inFig. 6. The whole energy curve i
shifted up with respect to the clean surface results, wh
reflects the repulsive interaction of reactants and prod
with the adsorbed oxygen at this high coverage. The
ergy difference�E between product and reactant state
reduced from 1.20 eV on the clean surface to 1.13 eV
the oxygen-covered surface. Furthermore, the reaction
rier is lowered from 1.44 to 1.30 eV.Fig. 6 demonstrates
that at the oxygen-covered Cu(110) surface the CO b
length decreases much more rapidly than on clean Cu(1
This is an indication of the reduced methoxy–surface in
action[72] caused by the presence of oxygen on the surf
The lowering of the methoxy decomposition barrier on
oxygen-covered surface could qualitatively explain the
placement of adsorbed methoxy by the continuing oxy
supply found in STM experiments[29].

As already mentioned in the last section, DFT-GGA c
culations tend to overestimate the barrier for C–H bond s
sion. Prelimary results of our kinetic simulations[59] indi-
cate that the calculated barrier for the methoxy C–H b
scission should be lowered by about 0.4 eV to quantitativ
reproduce the measured TPD spectra[19] for reaction(7).
The qualitative features of the reaction scheme, howeve
not depend on these quantitative discrepancies. It is im
tant to note that, similar to the case of the clean Cu surf
the reverse route of direct associative methanol desorpti
no longer available, since the surface hydrogen has bee
moved together with the oxygen via water desorption. In
sense the oxygen dosage effectively promotes the forma
hyde formation.

3.4. Substrate strain effects on the methanol oxidation

Using a X-ray diffraction line profile analysis, Günter
al. demonstrated that the microstrain and the lattice spa

of the Cu particles of a Cu/ZnO catalyst rises with increasing
Zn concentration[7]. For a Zn concentration of 80 mol-%,
the lattice expansion was 0.35%. This lattice expansion was
talysis 231 (2005) 420–429 427

.

-

-

Table 2
Adsorption energiesEads, adsorption heighthCu–O and distance to the
nearest Cu atomdCu–Oof various surface adsorbates on Cu(110) as a fu
tion of the lateral lattice constanta

a (Å) 1
2O2 CH3OH CH3O CH2O OH

3.64 Eads(eV) −2.46 −0.35 −2.98 −0.22 −3.49
hCu–O(Å) 0.63 1.84 1.44 1.71 1.43
dCu–O(Å) 1.89 2.34 1.95 2.16 1.95

3.80 Eads(eV) −2.64 −0.37 −3.01 −0.25 −3.56
hCu–O(Å) 0.59 1.84 1.31 1.66 1.35
dCu–O(Å) 1.88 2.36 1.94 2.15 1.95

shown to correlate with the methanol synthesis activity
the catalyst. Previous experiments[9,10,16] and DFT cal-
culations[11–15]have confirmed the influence of substra
strain on the adsorption of atoms and molecules. A lat
expansion ofd-band metals leads to an upshift of the ce
ter of thed-band[11], which results in a higher reactivit
of the surface according to thed-band model[18]. For ex-
panded Cu surfaces, DFT calculations have indeed fo
higher binding energies in high-coordinated adsorption s
and lower dissociation barriers for oxygen[12] and hydro-
gen[13].

For Cu(110), we have determined the adsorption ener
for the reaction intermediates of the partial oxidation fo
Cu lattice expanded by 4%. The results are compared
the corresponding values on Cu(110) at its calculated e
librium spacing of 3.64 Å inTable 2. It is obvious that the ad
sorption energies of methanol, methoxy, and formaldeh
are hardly influenced by the lattice strain. Their binding
ergies increase only by 20–30 meV for such a significant
tice expansion of 4%. The OH adsorption energy and in
ticular the oxygen adsorption energies, however, are con
erably modified. Oxygen atoms are more strongly bound
expanded Cu(110) by almost 0.2 eV, which compares
with the corresponding results on expanded Cu(111)[12].

The enhanced binding energy of atomic oxygen has in
esting consequences for the energy gain in the dissoci
adsorption of methanol on the expanded(2 × 2)O/Cu(110)
surfaces, which are illustrated inFig. 8. The binding ener-
gies of methoxy and hydroxyl are increased by 0.1 eV
the adsorbates, both within a(2×2) unit cell and for infinite
separation, in agreement with the predictions of thed-band
model. However, since the increase in the adsorption en
of oxygen alone is even larger, the energy gain�E upon
the dissociative adsorption of methanol is reduced from 1
to 1.45 eV on the expanded oxygen-covered surface.
implies that the reactivity of the oxygen-covered Cu s
face toward the methanol O–H bond breaking is gover
by the bonding strength of the adsorbed atomic oxygen. L
tightly bound oxygen is more active for methanol decom
sition.
This also partially explains the much lower reactiv-
ity of the oxygen-covered Cu(100) surface compared with
Cu(110) for the methanol decomposition. On Cu(100), oxy-
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Fig. 8. Energetics of the oxygen adsorption and the dissociative adsor
of methanol on Cu(110) as a function of the lattice constanta. In addi-
tion, the corresponding energies for Cu(100) with its equilibrium lat
constants are included. The last state corresponds to the independe
sorption of methoxy and hydroxyl, i.e. for infinite separation of both spe
on the surface. The inset lists the energy gain�E in eV upon the dissocia
tive adsorption of methanol on the oxygen-covered Cu surfaces.

gen atoms are more strongly bound by about 0.3 eV tha
Cu(110) (seeFig. 8). Consequently, there is a much smal
energy gain upon the dissociative adsorption of methano
only 0.72 eV, which is, however, also due to the geometr
the Cu(100) surface, which is unfavorable for the combi
adsorption of methoxy and hydroxyl within a(2 × 2) unit
cell.

The reduced binding energy of the methoxy–hydro
complex on the expanded oxygen-covered Cu surface w
in fact enhance the rate of methanol synthesis, in agree
with the experiment[7], once methoxy and OH have a
proached each other on the substrate. However, it shou
noted that the Cu lattice expansion found in the Cu/ZnO
alysts is much smaller than the one that we assumed fo
calculations. Still the qualitative conclusions should be v
in general: on an expanded substrate, thetotal binding ener-
gies ofall involving atoms and molecules is enhanced,
the increase depends on the specific reaction intermed
Hence there is no clear trend for a particular reaction ba
or energy difference as a function of lattice strain.

4. Conclusions

Methanol decomposition pathways over various Cu s
faces have been addressed by DFT calculations. The
limiting step in the partial oxidation of methanol is the d
composition of methoxy into formaldehyde and hydrog
Although this barrier is not reduced by the presence of o
gen on the surface, oxygen still enhances the formalde
formation by stabilizing the methoxy intermediate and
moving the hydrogen via water desorption. Tensile st
leads to enhanced binding energies of the reaction interm

ates; however, the more strongly bound oxygen atoms on the
expanded surface are less active with respect to the methano
O–H bond scission.
talysis 231 (2005) 420–429

-

t

r

.

-

-

The information on the calculated reaction interme
ates and the transition barriers of the partial oxidation
methanol on Cu is now detailed enough for a kinetic mod
ing. Such a study is under way at the moment[59], as already
evident from some preliminary remarks in the discussion
the results.
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