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Abstract

Periodic, self-consistent density functional theory calculations are used to explain the observed decrease in the vibrational frequency of
CO on methanol synthesis catalysts under severe reducing conditions (N.-Y. Topsge, H. Topsge, J. Mol. Catal. A Chem. 141 (1999) 95-105).
Vibrational frequencies for CO on eight different models of the methanol synthesis catalyst surface have been determined. The calculated
vibrational frequency of CO on Cu(111)/@ ML CO coverage) with 19 ML of Zn adatoms shows a decrease of between 15 and 38 cm
from the corresponding calculated CO frequency on clean Cu(111) (2073)cifhe calculated vibrational frequency of CO on Cu(111)
with 1/9 ML of ZnO species shows a decrease of up to 72 iftom the CO stretch frequency on clean Cu(111). These calculated CO
vibrational frequency decreases agree with the experimentally measured decrease (¢&)56Lmgesting that Zn and/or ZnO species may
be present in the vicinity of active Cu sites of methanol synthesis catalysts under highly reducing conditions. In addition, CO vibrational
frequencies on partially oxidized Cu(111) surfaces are shown to increase from the corresponding frequencies on clean Cu(111), in agreemen
with experimental results.
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1. Introduction Many results, includingn-situ EXAFS measurements, have
indicated that Cu is present as metallic copper [3,12,13,19].
Copper-based catalysts are used extensively for the syndMoreover, it has been shown recently that the/ZnO sys-
thesis of methanol [1-3]. Typically, copper is dispersed on tem may undergo dynamic changes under various reaction
a support, and the catalyst is promoted with various addi- conditions. In this respect, it was found that the interaction
tives. Accordingly, extensive research has focused on study-of metallic Cu particles with ZnO and the resulting Cu par-
ing the influence that the support and the additives haveticle morphology may depend on the reduction potential of
on the structure of the catalyst and the reaction mechanismthe synthesis gas [13,20]. Such interactions may also give
[2-10]. Itis clear from these studies that the role of the addi- rise to Cu crystals with different amounts of strain [21,22].
tive depends on the nature of the particular additive, and itis Furthermore, the changes in the structure and morphology of

necessary to deal in detail with each specific system. Indus-the copper particles can result in significant changes in the
trial methanol synthesis catalysts contain ZnO, and specialcatalytic activity [20,23].

attention has thus been directed toward the understanding of  previous results [24-26] have suggested that the effects
Cu/ZnO-based catalysts [3,5,8,9,11-16]. of varying reduction conditions may not be restricted to mor-
Over the years there have been conflicting views regard- phological and structural changes of copper. In fact, recent
ing the structure of CZnO based catalysts. For example, |R studies [25] have shown large (ca. 50 cHhdownward
it has been proposed that copper may be present as coppeto frequency shifts when CO was adsorbed ofiZiiD cat-
metal, as Cli species dissolved in ZnO [2,17], as CuZn al- gjysts reduced under successively more severe conditions.
loys [18], or as Cu at the so-called Schottky junction [8].  Thjs observation was taken as an indication of the migration
of zinc species onto the Cu surfaces under reducing condi-
* Corresponding author. tions and the formation of possible new surface structures.
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shown that Zn may segregate toward the surfaces of Cu.tial are described by the generalized gradient approximation
Nevertheless, the nature of the Cu—Zn surface structures tha{GGA-PW91) [34,35]. The self-consistent PW91 density is
may be formed under reducing conditions and whether Zn determined by iterative diagonalization of the Kohn—-Sham
is present in a metallic or an oxidized state have remaindedHamiltonian, Fermi population of the Kohn-Sham states
unclear. For example, such structures may be ascribed to gkgT = 0.1 eV), and Pulay mixing of the resulting electronic
surface Cu—Zn alloy, as proposed earlier from surface sci- density [36]. All total energies have been extrapolated to
ence studies [28]. It is, however, not certain that such struc- kg7 = 0 eV. The calculated heat released upon adsorption
tures may be present under actual synthesis conditions. Alsogf CO on the surfaces examined is termed the CO binding
the state of the catalyst appears to be dynamic, and differ—energy (BE) in the remainder of this paper.

ent types of structures may only be dominant features under The calculated gas-phase bond energy for CO(g) is
limited sets of reaction or reduction conditions. There has 10,96 eV, in agreement with the experimental value of
been a previous attempt to incorporate these features into &1 16 ev at 298 K [37]. The lattice constant for bulk Cu
dynamic microkinetic description of the methanol synthesis 5 found to be 3.66 A, in agreement with the experimental
catalysis [23]. o _ . value of 3.615 A [37]. Similarly, the lattice constant for bulk
Results from recent HRTEN-situ studies [29] provide  ¢\,7p is calculated to be 3.47 A, in agreement with the
strong evidence that Cu(111) facets are present in methanol, o imental value of 3.66 A [38]. Vibrational frequencies

synthesis (_:ailtalys.ts. .The. present study was undertaken G yhe adsorbed CO states are estimated by fixing the C-O
9btam additional insight into the types of clean and.mod— geometric center and displacing the C and O atoms along
ified copper surfaces that may be present under dlfrerentthe C-0 bond axis. A harmonic potential energy surface is

rea:](c:uro”r]] grgiF;edL:cn:)r;i C:ng':'grg' Jo :E'Sde?ﬁ/’ \r/;Ie hg:?e fit to the resulting total energy values. In the calculations for
pertorme cajcuiationsto adsorbedon various stretched surfaces, the lattice is stretched in both directions

ferent model surfaces. The CO vibrational frequencies cal- s .
) f the surface plane, but the direction perpendicular to the
culated for these cases are compared with those observe ) . L .
Surface plane is kept at its bulk, equilibrium separation.

experimentally on CZnO catalysts subjected to different This aoproach has been shown to give a qood estimate for

reduction conditions [25]. Based on the results of these com—th ﬁppt f strai the th hg st g d Kineti ¢

parisons, we suggest that under mildly reducing conditions € efiect of strain on the thermochemistry and KInetics o
ec,urface reactions on transition metal surfaces [22,39].

Cu(111) surfaces may dominate, whereas under more sever C DET hods find f he b ite for CO
reduction conditions the surfaces may contain zinc adspecies urrgnt metho s find fcc as the best site or
(as Zn or ZnO moieties). These structures are different from 2dSOrption on many transition metals, whereas experiments

those in bulk and surface alloys. Strain effects, which may Sudgest the top site to be the preferred site [40-42]. For this
also be present, do not appear to be the origin of the ob-"€ason, and for the purposes of this study, we have focused

served IR frequency shifts. Finally, partial oxidation of the OUr attention on top sites only.
Cu(111) surfaces leads to an increase in the CO vibrational
frequency, in agreement with experimental results.

3. Results

2. Methods . -
Results are reported in Table 1 for the binding energy and

Self-consistent periodic slab calculations [30] based on Vibrational stretching frequency of CO adsorbed on va.rio.us
gradient-corrected density functional theory (DFT) were model catalyst surfaces based on Cu(111). A description
carried out using DACAPO, the total energy calculation of the results of these calculations is presented below for
code [31]. A three-layer slab of Cu is used, periodically re- different scenarios representing the adsorption sites for
peated in a supercell geometry with five equivalent layers of catalysts involving copper supported on zinc oxide.
vacuum between any two successive metal slabs. Calcula-
tions are performed on R 2 (surface coverage of/4 ML) 3.1. CO on Cu(111)
and 3x 3 (surface coverage of/@ ML) unit cells with the
top metal layer relaxed in each case. Adsorption is allowed
on only one of the two surfaces exposed, and the electro- The binding energy for CO on a top site on this surface
static potential is adjusted accordingly [32]. lonic cores are is calculated to be-0.70 eV at¢ = 1/4 ML, and the
described by ultrasoft pseudopotentials [33], and the Kohn— Vibrational frequency is 2093 cm. At 6 = 1/9 ML, the BE
Sham one-electron valence states are expanded in a basis ¢¢ —0.69 eV, and the vibrational frequency is 2073t
plane waves with kinetic energy below 25 Ry. The surface We note that the calculated binding energies and vibrational
Brillouin zone is sampled at 18 speclapoints. In all cases,  frequencies for CO adsorbed on Cu(111) serve as reference
convergence of the total energy with respect tokhaoint points for the comparison in Table 1 with results calculated
set, energy cutoff, and the number of metal layers included for CO adsorbed on surfaces that have been altered from
is confirmed. The exchange—correlation energy and poten-Cu(111).
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Table 1
Summary of calculated binding energies (BE) and vibrational frequencies for CO on different model methanol synthesis catalysts

65

Model Description 0 (ML) BE Vibrational Shift in vibrational frequency
frequencies w.r.t. reference state
Reference State Cu(111) unstrained 1/4 —0.70 eV 2093 cm~1 -
1/9 —0.69 eV 2073cm~1 -
1 O adatom on Cu(111) /4 —0.84 eV 2158 et 65 cmi L
2 Subsurface oxygen /a —1.13eV 2127 et 34cnrl
3 Cu(111) under strain /8 —0.66t0—0.85 eV 2070 to 2128 cmt —23t035cn!
4a Cu adatoms on Cu(111) (hcp) /41 —1.16 eV 2132 et 39cnrl
4b Cu adatoms on Cu(111) (fcc) /A —1.16eV 2128 et 35cnt
5 CwZn(111) bulk alloy 14 —0.39eV 2101 crt 8cm 1
6 CusZn surface alloy on top of Cu(111) 1/4 —0.62 eV 2089 cn't —4cmt
7a Zn adatoms on Cu(111) (hcp) /4 —0.34eV 1924 cnrt —169 cn'1
1/9 —0.64 eV 2035 cnrt —38cnl
7b Zn adatoms on Cu(111) (fcc) /4 —0.40 eV 1952 cnrt —141cml
1/9 —0.64 eV 2058 cnrt —15cnl
8 ZnO/Cu(111) Y4 —0.35eV 1470 cml —623cnrl
1/9 —0.63t0—0.66 eV 2001 to 2083 cmt —72t0 10 cmt

Reference states are bold-faced. For comparison, experimental results [25] suggest a decrease of CO vibrational frequheyriby under various
catalyst reducing conditions.

3.2. CO on Cu(111) with O adatoms

the vibrational frequency of CO on Cu(111)/4ML of

1/4 ML of surface oxygen on Cu(111). This configuration

3.3. CO on Cu(111) containing subsurface oxygen

A modified surface for CO adsorption was formed by

In an effort to study the effect of surface oxygen on placing /4 ML of subsurface oxygen between the first and

second copper layers of a Cu(111) surface and allowing the
carbon monoxide was adsorbed onto a surface consisting ofsurface to relax, thus capturing a limited set of local surface
reconstruction effects. The most favorable CO adsorption
could serve as an approximate model of partially oxidized configurationin this situation is on top of a Cu atom adjacent

copper sites on methanol synthesis catalysts. CO adsorbed d0 the subsurface oxygen (Fig. 2). In this situation, the

the top site with the O adatom at the farthest fcc site (Fig. 1) surface Cu atom bonded to CO is pulled out of the surface

was found to be the most stable configuration, with a CO
binding energy 0f-0.84 eV. The CO vibrational frequency
in this case was found to be 2158 th

O adatom

C / - at fcc site

Cu atoms

v =2158 em’!

v=2127 em!

Fig. 1. CO adsorbed onto Cu(11Bcp = 1/4 ML) with oxygen adatoms

at fcc sites §o = 1/4 ML). Top and bottom panels provide a cross-section
and a on-top view, respectively. The CO molecule is perpendicular to the A cross-section and an on-top view are provided. The CO molecule is

surface plane.

perpendicular to the surface plane.

Fig. 2. CO adsorbed onto Cu(111) witly4l ML subsurface oxygen.
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by 0.68 A by the adsorbed CO. The binding energy of top of the adatoms, with a BE 6f1.16 eV. The calculated
CO is —1.13 eV, and the associated vibrational frequency vibrational frequency for these adsorbed CO states is ca.
is 2127 cntl. The binding energy decreases-d.01 eV 2130cntl.

when all Cu atoms are frozen in their relaxed positions

and the subsurface oxygen is removed, and the vibrational3.6. CO on CuzZn(111) and on a CuzZn(111) overlayer
frequency remains constant. over Cu(111)

3.4. COon strained Cu(111) The low symmetry of CgZn(111) leads to a higher
number of possible adsorption sites. Calculations were

A variety of effects could lead to strains fields in performed on the 13 sites shown in Fig. 4. No stable

supported copper particles. Accordingly, lateral strains of adsorbed CO was found on top on Zn atoms. Adsorption

between-7.5 and+9.0% were introduced into the Cu(111) of CO on top of copper atoms of the §in(111) alloy

slabs by increasing the lattice parameter with a 2 unit surface is exothermic, with a binding energy-60.39 eV.

cell (and allowing the surfaces to relax). These strain values The vibrational frequency of CO adsorbed on top of Cu sites

are physically reasonable, since they are comparable tois 2101 cnvl.

the strains induced in Cu layers by4LML of subsurface Zinc atoms were placed substitutionally gt41ML in

oxygen (see above). The binding energies for CO on top sitesthe surface layer of a Cu(111) slab, since results from DFT

and the associated vibrational frequencies were calculatedcalculations indicate that Zn is more stable in the surface

for five different strain values (including the equilibrium, layer than in the subsurface layer by about 0.3 2vatom.

unstrained surface) between these two limits. For extremeThe adsorption of CO on this Gdn surface deposited

compression-{7.5%), adsorbed CO pulls a copper atom up on Cu(111) shows a strong preference for binding to Cu

from the Cu(111) plane by 0.67 A, and the binding energy is atoms, with a binding energy 6£0.62 eV. The vibrational

—0.75 eV. The magnitude of the binding energy decreasesfrequency of CO in this configuration is 2089 th(Fig. 5).

at lower compression and the Cu atom bonded to CO is

pulled to a lesser extent from the surface. As the surface3.7. CO on Cu(111) with Zn adatoms

then becomes stretched, the magnitude of the binding energy

increases (Fig. 3). The vibrational frequency on the highly  Carbon monoxide was adsorbed onto surfaces consisting

compressed surface is 2128 thn The frequency remains  of 1/4 ML and 1/9 ML of Zn-adatoms placed on a Cu(111)

nearly constant between 2085 and 2095 ¢ms the surface  surface at fcc and hep sites. Adsorption of CO on top of Zn

is stretched and Cu is no longer pulled from the surface to a adatoms is energetically unfavorable, whereas adsorption of

significant extent by adsorbed CO (Fig. 3). CO on top of Cu atomg to Zn (Fig. 6) is exothermic. At
1/4 ML coverage, the binding energies for CO adsorption
3.5. CO on Cu(111) with Cu adatoms are —0.34 and—0.40 eV for Zn adatoms located at hcp

and fcc sites, respectively. The CO vibrational frequencies in
Carbon monoxide was adsorbed onto a surface consistingthese cases are 1924 and 1952 énAt 1/9 ML coverage,
of 1/4 ML of Cu-adatoms placed on a Cu(111) surface. The the binding energy for CO adsorption s0.64 eV for Zn
most favorable positions for depositing the Cu adatoms are adatoms located at either fcc or hcp sites. The calculated
the fcc and hcp sites. Carbon monoxide prefers to adsorb onyibrational frequencies are 2058 and 2035 ¢énfor the

06000 2135 cases where Zn adatoms are located at fcc and hcp sites,

1 p130 respectively.
-0.6500 - + 2125
Loo S 3.8. CO on Cu(111) with ZnO adspecies
% -0.7000 4 ® Lous §
% Lo B Carbon monoxide was adsorbed on surfaces consisting
g 075001 1 ey of 1/4 and ¥9 ML of ZnO adspecies placed on a Cu(111
I 2105 o©
o 1 2100 g surface. The ZnO has several stable configurations on this
T 080001 L 2005 € surface (Fig. 7). Calculations were performed for the most
= 08500 | 12000 & stable configuration of ZnO on Cu(111), corresponding to
Looes = the situation where Zn adatoms are located at hcp sites and
10,9000 : : : 2080 oxygen adatoms are located at fcc sites—ZnhcpOfcc (see
8 3 2 7 Fig. 7). While two stable sites for CO adsorption were found
Lateral Strain (%) for this case, corresponding to hcp and top sites of Cu, we

Fig. 3. Binding energy and vibrational frequency of C= 1/4 ML) have.focuse'd attention on the top adsorbed configuration.
as a function of the percent lateral strain of Cu(111). Surface relaxation 1he interaction of CO with Cu atoms located near the
was allowed only in the direction perpendicular to the surface plane. More ZNO adspecies gives rise to an adsorbed CO molecule that
negative binding energies mean stronger binding. is tilted by 5 with respect to the surface normal. The
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Zinc

Copper

Hep(Cu,Zn)Cu ~.

Brid(Cu,)Zn—
TopCul ———
TODCU24//
(v =2101 cm?)

_~— Brid(CuZn)Zn
S

/— Brid(CuZn)Cu

) Fce(Cu,Zn)Cu
- Fee(Cuy)Zn
Brid(Cu,)Cu

Hep(Cu,)Cu
~———— Hcp(CuyZn)Zn

Fig. 4. The distinct sites on the surface of agZn(111) bulk alloy studied for CO adsorption. A cross-section and an on-top view are provided. The symbols
in parenthesis indicate the atomic composition of the surface site and the symbols following the parentheses indicate the nature of the atositdélow the
the second or the third layer, as appropriate. CO adsorbed at the TopCul and TopCuz2 sites is perpendicular to the surface plane.

binding energy and vibrational frequency ar€.35 eV
and 1470 cm?, respectively, at a coverage of/4 ML.
When the coverage decreases t8 ML, the most favorable

while for the third case CO is perpendicular to the surface.
The corresponding vibrational frequencies are 2053, 2001,
and 2083 cm?, respectively.

top configurations for adsorbed CO have stronger binding
energies of—0.63, —0.65, and—-0.66 eV (Fig. 8). The
adsorbed CO species are tilted with respect to the normal

in the case of the first two sites byldnd &, respectively, ~ 4 Discussion

Results from TPD studies [43—46] have generally found
CO desorption peaks at 160-170 K on Cu(111), correspond-
ing to CO desorption energies from about 0.44 to 0.52 eV
(using a standard Redhead analysis). Vibrational studies of
CO on Cu(111) [43,47-49] give C-O stretching frequen-
cies in the range of 2070-2078 ¢t and these results are
taken to indicate that top site adsorption is the dominant ad-
sorption mode for CO on Cu(111). Additionally, vibrational
frequencies of 2085 and 2096 cmhave been measured
for CO adsorbed onto QZnO samples reduced at the rel-
atively low temperature of 490 K [25]. Our calculated BE
atd =1/9 ML (—0.69 eV) is about 0.2 eV higher than the
reported experimental estimates (it is, however, in reason-
able agreement with a BE 6£0.79 eV found for CO at
an fcc site using periodic DFT calculations [41]—top site
adsorption was not considered in that study). This differ-
ence between the calculated and the experimentally deter-
mined CO BE is reasonable, since the PW91 functional may
overpredict binding energies [30,31]. Importantly, the calcu-

00— @ v=2089cm"
C
Cu
lated vibrational frequency from our study (2073 chhis

Fig. 5. CO adsorption on a Gdn monolayer on top of a Cu(111) surface. in good agreement with the experimental vqlues, indicating
A cross-section and an on-top view are provided. The CO molecule is that the vibrational results from DFT calculations are of suf-
perpendicular to the surface plane. ficient accuracy to make meaningful comparisons between
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Y '6'
Yo Xleé

0,,= 1/4 ML at fcc site 92,= 1/4 ML at hep site

Fig. 6. Adsorption sites of CO faico = 1/4 ML on a Cu(111) slab witl#z, = 1/4 ML with Zn adatoms at fcc and hcp positions. A cross-section and an
on-top view are provided. CO adsorbed at the Topcu sites is perpendicular to the surface plane.

different model surfaces. We note that previous authors have4.1. CO on Cu(111) with O adatoms

found no correlation between binding energy and CO stretch

frequency on the (111) surfaces of platinum and platinum—  The calculated binding energy and frequency for CO in
ruthenium alloys [50,51]. These studies, in agreement with this model are—0.84 eV and 2158 cmt. This frequency

the results presented above, demonstrate that frequency andxactly matches the weak and reversible spectra detected
binding energy results are essentially independent of oneby Scarano et al. [52]. Topsge and Topsge [25] have also
another and that good vibrational frequency results can befound frequencies of 2155 and 2139 th which they
found even when binding energy estimates contain modestattribute to CO adsorbed on &€u (Cu/SiO;) and Cu
errors. (Cu/Al203). Our data agree well with these experimental

Topcu site
v=1470 cm!

Tilt = 51°
Bridzn ZnfccOhep Topzn . ZnhcpOfcc

Fig. 7. The different stable configurations 1,0 = 1/4 ML adsorption on Cu(111). Configuration ZnhcpOfcc is the most stable. Cross-section and on-top
views are provided. The tilt of CO with respect to the surface normal is givet).if{ corresponds to a CO molecule perpendicular to the surface.
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Topcu -1
v= 2053 cm’!
Tilt = 14°

Oxygen

Topcu -2
v=2001 cm!
Tilt = 6°

Zinc

Copper
Topcu -3
v =2083 cm’!
Tilt = 0°

Fig. 8. Stable top sites for CO adsorption on Zi@D(111) fco = 1/9 ML and 6z,0 = 1/9 ML). The Topcu?2 site gives the most pronounced downward
shift, 72 cnm 2, with respect to the reference state frequency of 2073%ihe Topcul site gives a downward shift of 20ch The tilt of CO with respect
to the surface normal is given ifi); 0° corresponds to a CO perpendicular to the surface. A cross-section and an on-top view are provided.

values, supporting the idea that CO vibrational frequencies extent, electrostatically screened by the deformed Cu(111)
increase on oxidized copper surfaces. The calculated valuedayer above it, leaving primarily the strain in the deformed
of the binding energy and the CO stretching frequency are Cu(111) layer to influence the CO binding properties. Thus,
higher than those determined on Cu(111) with an equivalentthe change in CO frequency induced by subsurface oxygen
coverage of CO+0.70 eV and 2093 cmt). The increased  appears to be largely a geometric, rather than an electronic,
CO BE points to an additional stabilization of CO due to the effect.
presence of coadsorbed surface oxygen.
4.3. COon strained Cu(111)
4.2. CO on Cu(111) containing subsurface oxygen
Giorgio et al. found a maximum strain of 12% in

The calculated binding energy and frequency for CO in the case of Au particles on anatase (7J{b4]. Therefore,
this model are-1.13 eV and 2127 cmt. The frequency  we have chosen to investigate Cu(111) surfaces with lateral
agrees well with a frequency of 2127 ctf measured  strains betweer-7.5% (compression) ang9.0% (stretch-
on CwO(111) [52] and with the results of Topsge and ing), well within this experimentally reported value. Figure 3
Topsge [25] (2132 cmt, tentatively assigned to Cuon shows that strain has a considerable, yet nonmonotonic, ef-
Cu/SiQy). As in the previous case, the calculated values fect on the CO binding energy. The increase in the CO bind-
of the binding energy and the CO stretching frequency ing energy magnitude with positive strain is analogous to the
are higher than the values of these quantities on Cu(111)increase observed in the presence of subsurface oxygen, sug-
(—0.70 eV and 2093 cmt). The increase in CO stretching gesting that strain effects are important in the modification
frequency caused by subsurface oxygen species suggestsf Cu(111) surfaces by subsurface oxygen. Also, increases
that these species are not responsible for the shift to lowerin binding energy for highly stretched surfaces have been
frequencies seen by Topsge and Topsge [25] under severealculated previously for CO and NO on Ru(0001) [39,55]
reducing conditions. and for O on Cu(111) [22], providing indirect support for

Adsorption of CO on Cu(111) with/4 ML subsurface  our conclusion that the binding energy increases with high
oxygen lifts the Cu atom substantially above the surface (by strain levels on Cu(111). At the highest compressions exam-
0.67 A), reminiscent of the effect observed in the case of H ined, the Cu atom beneath CO is lifted out of the surface,
on Pt [53]. It is interesting to note that the CO stretching resulting in a quasi-adatom configuration which is responsi-
frequency calculated in the presence of subsurface oxygerble for an increase in the CO BE calculated for that range of
is the same as the frequency calculated with the subsurfacecompression.
oxygen removed and the surface frozen in its respective Figure 3 also shows the variation of the CO vibrational
corrugated position; the binding energy shows a modestfrequency with strain. At the highest compression value,
change (from—1.13 to —1.01 eV) between these two alargeincrease in frequency, likely resulting from the quasi-
situations. This suggests that subsurface oxygen s, to a largeadatom effect mentioned above, is observed. Excluding this
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value from the analysis, the data in Fig. 3 might indicate, between-0.65and-0.78 eV atlow coverages. Importantly,
within a certain range of strain values, a modest increasewe find in the present study that the CO stretching frequency
in frequency with strain, consistent with the results of shifts to lower values, compared to Cu(111), by between
Kampshoff et al. [56]. In any case, it appears that strain —140 cnT! and—169 cnt! at a coverage of /4 ML and by
effects are an unlikely explanation for the experimentally between-15 cnt ! and—38 cnt! ata coverage of/B ML.

observed IR frequency decrease [25]. These frequency shifts indicate that Zn adatoms may, indeed,
be present on the surface of methanol synthesis catalysts
4.4, CO on Cu(111) with Cu adatoms under highly reducing conditions, as probed by Topsge and

Topsge in their experiments [25].

The stretching frequency calculated for CO adsorbed on
Cu adatoms located on Cu(111) is about 40-¢rhigher 4.7. CO on Cu(111) with ZnO adspecies
than that for CO on Cu(111). Therefore, it is unlikely
that Cu adatoms are responsible for the experimentally Adsorption of CO on top of Cu atoms adjacent to ZnO
observed frequency decrease. The binding energy of COadspecies at a coverage of41ML shows a significant
is —1.16 eV, which is considerably higher than that for tilt (51°) of the CO axis with respect to the surface
Cu(111). Interestingly, the frequency and binding energy normal accompanied by a large downward frequency shift
for CO adsorbed on Cu adatoms are nearly identical to (~ 600 cnT!) compared to CO on Cu(111). At a lower
the corresponding values for the Cu(111) surface with coverage of 19 ML, the stretching frequencies for CO
subsurface oxygen. The values are also similar to thoseadsorbed on three atop Cu sites (Fig. 8) are equal to 2001,
on the highly compressed Cu(111) surface. The agreemen053, and 2083 cmt. The lowest of these frequencies
between the results for CO adsorption on Cu adatoms,involves a CO molecule tilted slightly away from the
CO adsorption on compressed Cu(111) surfaces, and COsurface normal (§, and it corresponds to a downward
adsorption on surfaces containing subsurface oxygen can beshift of 72 cnt! compared to CO adsorbed on Cu(111).
explained by the observation that CO pulls a copper atom These results suggest that ZnO may also be present on
up from the surface in these latter two cases. Thus, all threemethanol synthesis catalyst surfaces under severely reducing
cases correspond to the situation where CO is adsorbed on @onditions. Similar sites could be envisioned at the interface
copper atom that is above the surface. of copper particles with ZnO supports.

4.5, CO on CuzZn(111) and on a CuzZn(111) overlayer on 4.8. Relevance of modelsto methanol synthesis catalysts
Cu(111)
Of the various models considered in this study, the re-
The binding energy of CO on top of Cu atoms adjacentto sults for Zn and ZnO adspecies on Cu(111) most clearly re-
Zn on the (111) surface of a g&n bulk alloy is—0.39 eV, produce the experimentally observed decrease in CO vibra-
and the calculated vibrational frequency is 21017 ¢ém tional frequency with increasing reduction temperature [25].
This frequency is slightly higher than the corresponding Hence, our results suggest that Zn and/or ZnO species may
frequency for CO on Cu(111), indicating that this model be present on copper particles in &ZmO methanol synthe-
is an unlikely explanation for the experimental frequency sis catalysts under highly reducing conditions. This conclu-
decrease at high reduction temperatures. sion is supported by recent LEIS studies of Viitanen et al.
The most favorable top site for CO adsorption on a [27] where it was found that Zn enrichment in the surface
CusZn(111) overlayer on Cu(111) is on copper atoms. The region of CyZnO/SiO, catalysts was more pronounced at
binding energy for CO adsorption and the CO stretching high reducing temperatures. Indirect support for the conclu-
frequency for this case are similar to the values for CO on sion comes from several studies that have shown a link be-
Cu(111). Therefore, it is unlikely that the formation of a tween Zn or ZnO species on copper surfaces and methanol
Zn/Cu surface alloy can explain a significant decrease in the synthesis activity. The activity measurements in these stud-

CO vibrational frequency. ies were performed under reducing conditions (hydrogen-
rich atmospheres at 220-30Q, very similar to the highly
4.6. CO on Cu(111) with Zn adatoms reducing conditions employed by Topsge and Topsge [25]),

and the Zn or ZnO species were likely present on the catalyst

Adsorption of CO at positiong to Zn adatoms on fcc  surfaces under such conditions. For example, Curry-Hyde et
sites of a Cu(111) surface for a coverage ¢# IML is al. [15] found a correlation between methanol synthesis ac-
exothermic by 0.4 eV, and adsorption at positiprt® Zn on tivity and the loading of ZnO on the surface of leached cat-
Cu(111) for a coverage of/® ML is exothermic by 0.64 eV  alyst pellets. Fujitani et al. have shown that Zn deposited

(Fig. 6). These values agree with binding energies of CO on Cu(111) leads to dramatic increases in methanol synthe-
estimated by Giamello et al. [57] with microcalorimetry on sis rates [28,58]. Fujitani et al. also determined, using XPS,
reduced CyiZnO. These authors estimated a binding energy that formate species (thoughtto be involved in methanol syn-

of between—0.43 and—-0.52 eV at high coverages and thesis) are stabilized by surface Zn and hence may be more
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