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CH3 0D decomposition has been studied over the stoichiometric, nonpolar (111) and polar, 
copper-terminated (100) surfaces ofCu2 O. Thermal desorption studies for monolayer coverages 
of methanol at 90 K show similar conversions, but the product distributions vary significantly, 
indicating a structure sensitive reaction. The (111) surface shows a maximum selectivity for 
complete oxidative dehydrogenation to CO, while the ( 100) surface shows a maximum selectivity 
for partial dehydrogenation to CH2 O. Thermal desorption spectroscopy (TDS) and x-ray 
photoelectron spectroscopy (XPS) data are consistent with a decomposition pathway which 
proceeds through a methoxy intermediate for both surfaces. Possible origins for the structure 
sensitivity are discussed. 

I. INTRODUCTION 

The decomposition of methanol has been used often as a 
probe reaction for investigating the oxidation chemistry of 
catalytic materials in ultrahigh vacuum (UHV). While a 
significant number of studies have been carried out on clean 
and modified single crystal transition metal surfaces, t very 
few studies are available over well characterized metal oxide 
surfaces. The most thoroughly studied metal oxide single 
crystal surfaces are the polar (0001) and the nonpolar 
(1010) ZnO surfaces. 25 ZnO is notable for the structure 
sensitivity it displays in methanol dissociation depending on 
the accessibility of acid-base site pairs at the surface.4 

Most studies show that methanol decomposition proceeds 
through a stable surface methoxy (CH3 0- ) intermediate. 1-4 

Typical reactions of surface methoxy include oxidative de
hydrogenation to formaldehyde (H2 CO) and CO, recombi
nation with hydrogen to give methanol. and oxidation to 
surface formate (HCOO-). In addition to providing infor
mation on the catalytic oxidation of methanol, such studies 
can provide insight into the types of surface intermediates 
important in the methanol synthesis reaction. Methoxy and 
formate intermediates have been observed in URV studies 
over CU6

•
7 and Zn025 single crystal surfaces, and have also 

been detected via chemical trapping techniques over the in
dustrial Cu/ZnO catalyst at high pressure during the syn
thesis reaction. RIO 

In the Cu/ZnO system, an apparent synergism results 
from the combination of the two materials to yield a catalyst 
with superior operating characteristics (lower Tand P) than 
those of the individual components. A number of possibili
ties have been proposed for the active site on Cu/ZnO cata
lysts. These possibilities include: (1) metallic copper clus
ters which exhibit no new properties as a result of mixing 
with ZoO, 11-13 (2) highly defective (oxygen-deficient) ZnO 
overlayers on eu crystallites,I4 and (3) Cu + 1 cations stabi
lized by substitutional dissolution in the surface of the ZnO 
lattice.8.I5-I7 Several URV studies have modeled the 
Cu/ZnO system by depositing eu on ZnO thin films 18 or 
single crystal surfaces. 1') These studies demonstrate that it is 
difficult to spectroscopically characterize the oxidation state 
of low coverages of eu on ZnO,19 and that it may not be 

possible to isolate Cu ! 1 cations in the ZnO matrix without 
the simultaneous presence of metallic Cu crystallites. IS 

Since Cu + I cations have been proposed as one of the pos
sible active sites in methanol synthesis, 8,15-17 we have under
taken a study of the interaction of methanol with model 
Cu2 0 surfaces which provide a high density of Cu + t ca
tions. While the chemistry of Cu + I ions imbedded in a ZnO 
matrix may differ somewhat from those in the CU2 0 matrix, 
the use of the single component cuprous oxide allows one to 
investigate the chemistry of un promoted Cu + I in the ab
sence of detectable amounts of Cu metaL Note that it is not 
possible to test Cu2 0 as a catalyst under industrial reaction 
conditions because the syngas environment (H2 and CO) is 
highly reducing, and pure copper oxide is converted to me
tallic copper. UHV surface science studies of the methanol 
decomposition reaction therefore provide the best means of 
testing the chemistry of a pure eu + 1 oxide phase. These 
studies provide information on the types of surface interme
diates formed by Cu t 1 centers not promoted by ZnO. 

II. EXPERIMENTAL 

The Cu2 0 samples used in this study were grown by a 
float zone technique using an arc-image furnace. 2o The crys
tals were oriented by Laue backreflection and mechanically 
polished to within 1 0 of the (100) and (111) surfaces. Sam
ple dimensions were approximately 7 X 5 X 1 mm 3 • The crys
tals were p-type semiconductors, and had a bulk resistivity of 
about 103 n em at room temperature. Ion bombardment and 
annealing was used to clean and order the surfaces, and their 
condition was monitored by x-ray photoelectron spectrosco
py (XPS). Thermal desorption spectroscopy (TDS) and 
XPS experiments for CU2 0 ( 111) were performed on a stoi
chiometric surface exhibiting a hexagonal ( 1 Xl) low-ener
gy electron diffraction (LEED) pattern. The polar 
CU2 O( 100) surface was a reconstructed, copper-terminated 
surface, and exhibited a (3V2xv2)R 45° LEED pattern. 

All experiments were conducted in a turbopumped, dual
chamber, stainless steel URV system. Sample transport be
tween the two chambers was accomplished via a sample rod 
which passed through a differentially pumped sliding seal 
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separating the two chambers. XPS studies were run in the 
analysis chamber equipped with a Leybold EA-ll hemi
spherical analyzer and a dual anode MgI Al x-ray source. 
For the XPS measurements, Mg Ka radiation was used ex
clusively, and the analyzer was run at a resolution corre
sponding to a full width at half-maximum (FWHM) of 0.95 
eV on the Ag 3d5lz peak. TDS and LEED studies were per
formed in the preparation chamber using an Inficon Qua
drex 200 mass spectrometer and VG 3-grid reverse-view 
LEED optics, respectively. The base pressure of the system 
was 4 X 10 - 11 Torr in the analysis chamber and 7 X 10 - 11 

Torr in the preparation chamber. 
For sample handling in UHV, the samples were clamped 

with titanium shims to a stainless steel stage which provided 
mechanical stability and acted as an indirect heating and 
cooling source. Since the samples were fragile and thin (1 
mm or less), a type K thermocouple was attached to the 
heating stage for temperature measurements. This arrange
ment did not provide a direct measure of the sample tem
perature. 

Gas exposures for the TDS experiments were performed 
by backfilling the chamber through a variable leak valve. 
The CH3 OD used in this study (Aldrich 99.5 + atom % D) 
was degassed by repeated freeze-pump-thaw cycles prior to 
use. The background pressure between TDS runs was 
2 X 10 - 10 Torr or better. All exposures were at sample tem
peratures of 90 K. For TDS experiments, a 2 K/s linear 
temperature ramp was applied to the sample stage, and up to 
six masses were monitored simultaneously. All desorption 
traces were corrected for the mass spectrometer sensitivity. 
Although the sample temperature was monitored indirectly 
during the TDS runs, independent measurements of the 
crystal temperature were used to more closely relate the re
corded temperature for a TDS ramp to the crystal tempera
ture during the ramp. Our value of 155 K for the desorption 
temperature of methanol multilayers compares reasonably 
with the value of 150 Kover Cu(100).21 A comparison 
between values for our two Cu2 0 crystals showed a vari
ation of less than 5 K. 

The mass spectrometer was equipped with a quartz skim
mer to minimize the sampling of desorption products from 
the crystal support hardware. Additionally, desorption 
traces were collected from the titanium shims and the back 
of the sample stage to ensure that their contribution to the 
traces collected over the crystals was negligible. 

III. RESULTS 
A. Thermal desorption spectroscopy 

1. Cu2 0(111) 

The products of the reaction of CH3 0D with the 
CU2 O( 111) surface are shown in Fig. 1. A near saturation 
coverage was achieved by exposing the 90 K surface to 2 L 
(corrected for ion gauge sensitivity) of CH3 0D (1 L == 
1 X 10 6 Torr s). Methanol was oxidized to CO, CO2 , 

CHz 0, and water. Other products checked for but not de
tected included CH4 for evidence of CO bond breaking, and 
CR3 0CR3 and HCOOCH3 as products of bimolecular sur
face reactions. 
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FIG. 1. Thennal desorption spectra for CHJ OD decomposition Oil the stoi

chiometric eu, 0(111) surface. 

While no traces are shown for dihydrogen speCies 
(Hz, HD, D 2 ) in Fig. 1, trace amounts of these products 
could be detected above the high background in the system 
over nearly the entire temperature range. However, very low 
SIN (signal-to-noise) prevented a reasonable determination 
of structure in the traces. Similar problems were encoun
tered for isotopically different forms of water. Only the most 
well-defined trace for HDO is reported in Fig. 1 to illustrate 
the temperature range over which deuterium is present on 
the surface. As with the dihydrogen species, low SIN for the 
D 2 0 signal prevented a reasonable determination of struc
ture in the trace. 

Methanol desorbed both as CH3 0D and CH3 OR, indi
cating dissociation at the O-D bond and recombination with 
surface hydrogen. CH] OD desorbed primarily in two over
lapping peaks centered at 255, and 320 K. CH10H desorp
tion was observed in this low temperature range, primarily in 
coincidence with the 320 K peak, however a broad desorp
tion feature was also observed extending to higher tempera
tures of about 550 K. Formaldehyde (CHzO) desorption 
occurred in two broad features centered at 320 and 525 K. 
Similar features are also observed for CO, CO2 , and Hz O. 

For the near saturation coverage associated with Fig. 1, 
62% of the adsorbed methanol decomposed to oxidation 
products. Of the carbon containing oxidation products, CO 
was formed most selectively (52%), and CHzO and CO2 

were formed in equal amounts (24% each). The adsorbates 
leaving as molecular methanol were composed of 59% 
CH]OH. 

The peak temperature of 525 K for the formaldehyde de
sorption signal was found to be independent of coverage, 
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FIG. 2. TDS spectra for CH,OD decomposition on the Cu-terminated 
Cu2 0(lOO) surface. 

indicating a first-order decomposition reaction. Applying 
the Redhead equation for a first-order reaction22 and assum
ing a preexponential of 1013 s - 1 gives an activation energy of 
33.2 kca1!mol. Because of an apparent overlap of several 
contributions to the low temperature formaldehyde desorp
tion feature it is difficult to pick a maximum temperature, 
however there appeared to be no shifts as a function of cover
age. Using an average peak temperature of 320 K gives a 
first-order activation energy of 20 kcallmol. The broadness 
of the desorption features for CO, CO2 , and CH3 OR elimin
ated the possibility of making a reasonable determination of 
the order of the rate-controlling step from the TDS data. 

2. Cu2 0(100) 

The products of the reaction of CH3 0D with the 
CU2 O( 100) surface are shown in Fig. 2 for near saturation 
coverage. Similar products to those seen from the ( 111 ) sur
face were observed: CO, CO2 , CH2 0, and water. As with the 
( Ill) surface, no CH4 , or bimolecular reaction products 
were observed. 

For the (100) surface, trace amounts ofRD and D2 were 
observed above the high background in the chamber, but not 
with sufficient SIN to determine the true shape of the de
sorption traces. The only deuterated form of water reported 
in Fig. 2 is D2 O. High background and low SIN prevented a 
reasonable determination of the shape of the HDO trace. 

Methanol desorbed both as CH3 0D and CH,OH. 
CH3 OD desorbed in a low-temperature feature with contri
butions at 215 and 320 K, and a higher temperature feature 
with contributions at 560 and 630 K. In contrast to the 
( 111) surface, CH,OH desorption occurred only in one 
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high temperature peak at 630 K. Formaldehyde desorption 
again occurred in two features centered at about 250 and 630 
K. CO, CO2 , and water also desorbed in two broad peaks at 
temperatures similar to those for formaldehyde . 

For the saturation coverage in Fig. 2, the extent of decom
position of methanol was 58%, indicating a similar activity 
to that observed on the (111) surface. In contrast to the 
( 111) surface, CH2 0 rather than CO was the primary oxi
dation product, representing 58% of the carbon containing 
products. The selectivity to CO was 34%, while CO2 pro
duction accounted for only 8% of the carbonaceous oxida
tion products. Of the adsorbates leaving as molecular metha
nol, CH3 0H accounted for only 9% of the total. In 
comparison to the ( 111) surface, CO2 and CH3 OH produc
tion are inhibited. 

The high temperature peaks (630K) for CH2 0, CH3 0H, 
and CO were found to be independent of coverage, indicat
ing a first-order decomposition reaction. Assuming a preex
ponential of 1013 s ! gives a first-order activation energy of 
40.1 kcal/mol. The low temperature formaldehyde and CO 
features appeared to be first order, although they contain 
several overlapping contributions. Using an average peak 
temperature of 250 K gives a first-order activation energy 
(IOu s 1 preexponential) of 15.5 kcal/mol. 

B. )(aray photoelectron spectroscopy 

XPS was used to characterize the surface intermediates 
associated with the methanol decomposition process. All 
spectra were collected with the sample at 90 K. While the 
samples were quite conductive at room temperature, they 
were insulating at 90 K, resulting in sample charging during 
the XPS measurements. To account for the charging, all 
spectra have been referenced to the Cu 2p3/2 with an as
signed value of 932.4 eVY The Cu peak shapes and 
FWHM's were the same as those obtained at room tempera
ture when the samples were conductive, demonstrating that 
there were no problems with differential charging. 

Since surface formate is often associated with CO2 de
sorption during methanol decomposition, an XPS investiga
tion of the ( 111) surface which gives the highest CO2 yield 
was undertaken. Figure 3 shows the C Is XPS spectra col
lected foHowing a 30 L dose at 90 K and subsequent heating 
to the listed temperatures with the same indirectly moni
tored temperature ramp used for TDS measurements. Be
cause the crystal temperature lags behind the stage tempera
ture during the ramp (especially at higher temperatures), 
the crystal temperature actually exceeds the value listed in 
Fig. 3 because of the time required to cool the stage after 
termination of the temperature ramp. 

The spectrum for a 30 L dose gave a single symmetric peak 
(1.6 eV FWHM) at a binding energy of286.8 eV, character
istic of molecular methanol in the multilayer. Heating to 155 
K removed most ofthe molecular multilayer, leaving a peak 
still centered at 286.8 eV but broadened to both lower and 
higher binding energies. Subsequent heating to 250 K re
moved any evidence of the molecular methanol peak at 286.8 
e V and any higher binding energy contribution; a single sym
metric peak with a binding energy of285.9 eV was left. Heat
ing to higher temperatures caused a reduction of the peak at 
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FIG. 3. C Is XPS spectra for methanol adsorbed on the Cu, O( 111) surface. 

The signal corresponding to a methanol multilayer (30 L exposure at 90 K) 
is shown as a dashed line and scaled to 1/3 its original intensity to illustrate 
the broadening ofthc C Is feature following removal of the multilayer. The 
temperatures correspond to those of a series of consecutive heating treat
ments following adsorption of the multilayer. All spectra were recorded at 
90K. 

285.9 eV until no carbon was left on the surface. Attempts to 
peak fit the broadened spectrum obtained after heating to 
155 K suggest a feature in the binding energy range of 
288.0 ± 0.3 eV when using the clearly observed peaks at 
286.8 eV for the main contribution and 285.9 eV to model 
the low binding energy broadening. 

XPS was also used as a check for changes in the surface 
composition and Cu valence states as a result of methanol 
exposures. The observation of CO2 desorption in TDS im
plies that some surface reduction must take place. However, 
XPS gave no indication of surface reduction resulting from 
the methanol exposures on the two surfaces in the TDS and 
XPS studies. Surface characterizations studies have shown 
that near-surface oxygen can act as a limited reservoir to 
reoxidize submonolayer deficiencies of surface lattice oxy
gen at temperatures near those at the end of the TDS ramp.24 

IV. DISCUSSION 
A. Surface intermediates 

On both the (111) and (100) surfaces methanol, formal
dehyde, CO, and CO2 production are observed in a low- and 
high-temperature region of the TDS traces. The simulta
neous evolution of methanol, formaldehyde, and CO indi
cates that they originate from the same surface intermediate. 
The desorption of CH3 OH clearly indicates dissociation of 
CH 3 OD at the O-D bond followed by recombination with H 
released from the methyl group. This behavior is character
istic of surface methoxy (CH] 0-) dehydrogenation to for
maldehyde (CHz 0) and CO, and recombination with sur
face hydrogen to give molecular methanol. TDS studies of 
CO on CU2 0 ( 111 ) indicate that the observed CO desorption 
from methanol dissociation is reaction limited. 25 No evi
dence is seen for C-O bond breaking on either surface in the 
form of methane desorption or surface oxidation. 
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The invariance of the high-temperature desorption peaks 
with surface coverage indicate a first-order methoxy decom
position is rate determining. The first-order activation ener
gies determined for the high-temperature methoxy decom
position on the two surfaces range from 33 to 40 kcal/mol, 
and compare reasonably to the 32.4 kcallmol reported for 
the ZnO (000 1 )-Zn surface.4 While the low-temperature 
channels are not as clearly first order, the average activation 
energies found for the broad peaks associated with these de
sorption channels on the two surfaces (15-20 kcal/mol) are 
comparable to the value of 22.4 kcallmol observed on 
Cu(llO) for coadsorbed methanol and atomic oxygen.6 

Thus decomposition products desorb in two temperature 
ranges with activation energies similar to those observed for 
methoxy decomposition on both Cu and ZnO surfaces. The 
similarity of the activation energies suggest one possible dif
ficulty in identifying the decomposition channels associated 
with Cu + 1 centers in the Cu/ZnO system. 

The XPS data for the ( Ill) surface is also consistent with 
the formation of surface methoxy. The 0.9 e V shift to lower 
binding energy (from 286.8 to 285.9 eV) observed for the C 
Is peak is in a direction consistent with the change observed 
for molecular methanol oxidation to methoxy on 
ZnO(OOOl )_Zn,4 although the magnitude of the shift is sig
nificantly larger (0.9 eV compared with 0.5 eV). However, 
the methoxy binding energy we report is 1.1 e V larger than 
the 284.8 eV binding energy associated with hydrocarbon 
fragments on these Cu2 0 surfaces,25 again indicating no C
O bond breaking of the adsorbate. 

Tobin et al.26 have reported XPS observations for metha
nol on polycrystalline Cu2 0 pellets, however, they observed 
a decrease in the C Is binding energy of 1.4 e V on the transi
tion from multilayer to adsorbed species. Their investigation 
also included methanol adsorption on ZnO and CuO, but 
only CU2 0 caused a large decrease in the C Is binding ener
gy. They attributed the large C Is shift to an interaction 
between both the carbon and oxygen atoms with the surface 
(i.e., a molecule or intermediate oriented parallel to the sur
face). The shift in the C Is feature was attributed to en
hanced coulombic screening of the core hole because of the 
proximity of the carbon atom to the surface [Le., an extra
molecular relaxation polarization (ERPS) shift]. 

The possibility of a large ERPS shift for methoxy carbon 
on CUz 0 ( 111) is also reasonable because of the open struc
ture of the cuprite lattice, although it does not necessarily 
indicate a parallel surface intermediate. On the (111) sur
face we note that there is sufficient room for vertically ori
ented methoxy to bond to a second layer, singly coordinated 
eu cation with the carbon atom of the methyl group close to 
the top layer of oxygen anions. ERPS effects associated with 
the open structure of the surface may account for our low C 
Is binding energy for surface methoxy compared to ZnO. A 
brief discussion of the Cu2 0 surface structures is given in 
Sec. IV B. 

On the basis of their XPS data and the observation of 
CUz (OCH3 ) and CU3 (CH2 ) by SIMS of adsorbed metha
nol, Tobin et al.26 conclude that methoxy is formed with 
some c-o bond breaking on polycrystalline CU2 O. While 
we see no evidence for C-O bond breaking in TDS or in our 
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XPS measurements for CuzO(lll), we note that the CIs 
binding energy of 284.8 eV reported by Tobin et al. 26 for 
adsorbed methanol at 300 K is identical to the value seen on 
our single crystals for hydrocarbon fragments. 25 Because of 
the structure sensitivity of the product distribution from 
TDS on CU2 0 ( 100) and ( 111 ), it may be possible that dif
ferent crystallographic surfaces on their polycrystalline ma
terials were responsible for C-O bond breaking. 

CO2 desorption is often associated with surface carboxy
late decomposition.2,4,6, 18,27 A C Is feature at a higher bind
ing energy than that exhibited by molecular methanol 
should be observed in the event of a detectable concentration 
of surface formate. Our XPS results in Fig. 3 show only mar
ginal evidence (broadening to higher binding energies) for a 
stable surface intermediate leading to CO2 production on 
the CU2 0 ( 111) surface. The high binding energy con tribu
tion is observed following desorption of the multilayer, and 
is completely removed in a temperature range near that ob
served for the maximum desorption rate of CO2 , This XPS 
contribution near 288 eV is consistent with surface formate. 
Methoxy oxidation to formate has been observed via XPS on 
ZnO (000 1 )-Zn with an increase in binding energy of2.5 eV 
above that of methoxy,4 in comparison to our observed in
crease of 2.1 ± 0.3 eV. Surface methoxy and formate have 
been observed on oxidized copper in the presence of metha
nol vapor by double-modulation Fourier-transform infrared 
spectroscopy (FTIR). 28 

Extensive investigations of the chemistry of the 
ZnO(OOOl )-Zn face show a general trend of this surface for 
nucleophilic attack of lattice oxygen on hydrocarbons to 
form surface carboxylates. 29 The low selectivity to CO2 on 
Cu2 0 compared to that observed on ZnO(OOOI)-Zn sug
gests formate species are either unstable on our Cu2 0 sur
faces, or have higher activation energies for formation from 
surface methoxy than do the desorption pathways of the de
hydrogenation products. Formic acid TDS studies are 
planned to investigate the stability and decomposition path
ways of surface formate. 

So Structure sensitivity 

The structure sensitivity of the reaction of methanol on 
CU2 O( 111) and (100) surfaces is demonstrated clearly by 
the differences in product yield in the TDS experiments for a 
saturated surface. CO is the most abundant product from the 
(111) surface (52% selectivity) while CH2 0 is the most 
abundant product from the (100) surface (58% selectivity). 
Since the conversions on the two surfaces were both about 
60%, the changes in selectivity represent true changes in the 
yield of the two products. Thus, the (111) surface tends 
towards complete dehydrogenation of surface methoxy, 
while the ( 100) surface is more selective to partial dehydro
genation. The lower activity for complete dehydrogenation 
on the (100) surface is also accompanied by a decreased 
activity for oxidation to CO2 • 

A comparison of the activation energy for methoxy de
composition on the two surfaces can be related to the change 
in dehydrogenation activity. Using the high temperature for
maldehyde peaks where the desorption in clearly first order, 
we find an increase in activation energy for methoxy decom-
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(bl 

FIG. 4. Ball model illustrations of the (al stoichiometric, nonpolar 
CU2 0 ( 111) surface, and the (b) unreconstructed, polar, Cu-terminated 

Cu, O( 100) surface. Thc small dark circles represent eu + I cations and the 

larger open circles represent 0 2 anions. Increased shading of the oxygen 
anions represents increasing distance away from the surface. For clarity, 
only the top four atomic layers are shown of each surface. 

position of about 7 kcallmol for the (100) surface. A similar 
difference in activation energies has also been observed for 
allyloxy decomposition on these surfaces.25 

Cu2 0 crystallizes in the cuprite structure (Pn3) which is 
unusual because the cations are only twofold-coordinate, 
and form linear O-Cu-O linkages. 3o The unusual structure 
gives rise to open surfaces in which second and third layer 
atoms are accessible at the surfaces. Ball model illustrations 
of the Cu2 0(11l) and unreconstructed Cu2 0(1oo) sur
faces are shown in Fig. 4. Figure 4(a) represents a stoichio
metric (111) surface which exposes singly and doubly co
ordinated Cu cations in the second atomic layer. Previous 
work has shown that this stoichiometric surface may be pre
pared by ion bombardment and annealing in vacuum, pre
sumably because there is no preferential removal of oxygen 
by ion bombardment. 24

,3! Figure 4(b) illustrates the unre
constructed, Cu terminated (100) surface which has a 
square periodicity. This figure is a highly idealized illustra
tion of the actual (100) surface which reconstructs to give a 
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(3v'1xv1)R 45° LEED pattern with many missing spots. 
The observed periodicity can be described best as an oblique 
lattice. The reconstruction can be lifted in the presence of 
weakly adsorbed atomic oxygen to give a square (1 Xl) 
LEED pattern, suggesting that the reconstruction is due to a 
relaxation between neighboring copper cations, rather than 
a gross restructuring of the surface.24 XPS, UPS, LEED and 
adsorption studies demonstrate that the (100) surface pre
pared by ion bombardment and annealing is copper termin
ated and exposes a high concentration of singly coordinated 
cations, like the idealization in Fig. 4(b).24 

A comparison of the composition and structure of the two 
surfaces suggests that the higher dehydrogenation activity of 
the (111) surface is related to the outer atomic layer of oxy
gen anions at the surface. All the exposed Cu cations at the 
( 111) surface are in the second atomic layer. A surface 
methoxy bound at either singly or doubly coordinated Cu 
cation sites has coordinately unsaturated oxygen anions in 
close proximity. These oxygen anions may act as hydrogen 
abstraction sites for the dehydrogenation of methoxy and as 
an oxygen source for the formation of CO2 , possibly through 
a surface formate intermediate. 

In contrast to the (111) surface, the (100) surface pre
sents a terminating layer of Cu cations with oxygen anions in 
the second atomic layer. The idealized picture in Fig. 4(b) 
shows that second layer anions should be accessible for 
methanol decomposition, but would be a considerable dis
tance from the methyl group of a surface methoxy oriented 
perpendicular to the surface on a top-layer cation site. The 
spatial separation could account for the increased activation 
energy for methoxy decomposition at high temperature on 
this surface. 

We note that these observations about the structure and 
chemistry of the two Cu2 0 surfaces do not explain all the 
observed details ofthe surface chemistry. For example, the 
ZnO(OOOl )-Zn surface predominantly oxidizes methoxy to 
formate via nucleophilic attack of lattice oxygen atoms de
spite their second layer location.2.4 Also, our explanation of 
the increased activation energy for methoxy decomposition 
with the decrease in surface oxygen does not account for the 
low-temperature decomposition pathway observed over 
CU2 0 (l 00). Vibrational spectroscopy would be useful for 
investigating the variety of possible methoxy adsorption 
sites and the interaction of the reaction intermediates with 
neighboring surface anions and cations. 
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