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1. Introduction

Metal ion active sites play key roles in biological,
homogeneous, and heterogeneous catalysis. Often these
sites exhibit unique spectral features compared to small
molecule inorganic complexes of the same metal ion.
These derive from the fact that unusual geometric
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structures can be imposed on a metal ion through its
interaction with the support and thus lead to novel
electronic structures. These electronic structures can
make significant contributions to the reactivity of active
sites in catalysis. While this concept is general over
the different areas of catalysis mentioned above, the
spectroscopic methodology required tostudy active sites
is dependent on the type of material involved in the
support. In metalloenzymes one emphasizes methods
such as electron paramagnetic resonance and magnetic
circular dichroism spectroscopies which can probe a
very dilute paramagnetic metal ion in a diamagnetic
biopolymer host.! Inthefield of heterogeneous catalysis
one is interested in studying the small concentration
(105 atoms/cm?) of metal ion sites on the surface of a
material and thus the emphasis is on surface-sensitive
spectroscopic methods in particular photoelectron
spectroscopy.2® While photons can penetrate thou-
sands of angstroms into asolid, the average escape depth
of electrons from a material is highly dependent on
their kinetic energy as shown by the curve in Figure 1;
for energies in the range of 50 to 110 eV this will involve
the top few angstroms of a material providing high
surface sensitivity.® The focus of this review is on the
use of photoelectron spectroscopy (PES) to study the
interaction of small molecules (particularly carbon
monoxide) with metal ion sites on metal oxide surfaces.
There have been numerous photoemission studies of
chemisorption on metal surfaces. However, it is im-
portant to note that while metal oxides are involved in
many heterogeneous catalytic processes (Table I), only
a limited number of electron spectroscopic studies of
chemically relevant molecules on metal oxide surfaces
have appeared (Table II).

Understanding the interaction of CO with ZnO
surfaces is a particularly interesting and important
problem from a variety of perspectives.” First it is a
unique inorganic complex. Studies on metal surfaces
involve CO binding to zerovalent metal sites to form
organometallic surface species, a classic example being
the CO/[Nilgurtace complex.8-1° Alternatively, for the
CO/ZnO system, the metal ion is in the divalent
oxidation state and surrounded by oxide ligands.” Thus
one has an organometallic ligand binding to a classic
coordination compound (or Werner) surface. Associ-
ated with this unusual inorganic complex are unique
spectral features, including the CO stretching frequency
obtained by IR studies of powders.!}!2 Binding CO to
metal surfaces resultsin a decrease in the CO stretching
frequency.? This behavior is generally observed in
organometallic chemistry and associated with the
participation of metal d electrons in backbonding into
the 27* orbital of the CO molecule (vide infra). Forthe
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CO/[Nilsurface complex the stretching frequency is 2069
cm™!; the gas-phase value of vco is 2143 cm~!. However,
for CO binding to ZnO powders the CO stretching
frequency is found to be at 2212 cm™!, far above its
gas-phase value.!® This increase in the CO stretching
frequency led to a variety of unusual proposals for the
CO/ZnO surface complex including CO binding carbon
end to the surface oxide forming a pseudo-CO; surface
species and CO binding oxygen end down to the
coordinatively unsaturated zinc ion.!41®

This unique inorganic complex also has an unusual
reactivity in catalysis. Hydrogenation of CO on many
metal surfaces (for example nickel in eq 1) results in
the generation of methane while hydrogenation of CO
on ZnO produces methanol where the C-O bond is
retained in the product.!> There are two promoters

Ni
CO + 3H, — CH, + H,0 (1)
ZnO
CO + 2H, —— CH,0H @)
MgngCu

involved in this catalysis. M20O3 (where M = Cr or Al)
is an intercrystalline promoter which when added in
substoichiometric amounts forms the zinc chromite
spinel structure which inhibits ZnO crystallites from
sintering and losing surface area.'®!7 In these systems
ZnO is the active phase in catalysis.!® In the commer-
cially used methanol synthesis catalyst, copper is added
as an intracrystalline promoter which greatly reduces
the activation barrier for catalysis (from 30 to 18 kcal/
mol), allowing lower temperature and pressure reaction
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Figure 1. Escape depth curve. Average escape depth of an

electron as a function of its kinetic energy. (Adapted from
ref 6.)

conditions.’® In the first half of this review we will
consider the CO/ZnO system in some detail to define
the geometric and electronic structure of the surface
species involved in catalysis. In the second half of this
review we focus on the nature of the copper-promotion
effect in the commercial catalyst by studying the surface
copper site on ZnO and its interaction with CO in order
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Table I. Metal Oxide Catalysts
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reaction metal oxide ref(s)

Hydrogenation

methanol synthesis Cu/ZnO 136-140

Oxidations

oxidative coupling of methane Bi/Mn-O 141
BﬂzL&BiO¢ 142
Lﬂan, CeOz, Sm203, El.lea, szOa 143
Li/MgO, Na/MgO, Li/Ca0, Na/Ca0, K/CaO, Li/La;0; 144
Nb,O; or ZrO; in Li/MgO and Li/Na/MgO 145
Lﬂan/ BaO 146

oxidative coupling of methylbenzenes MoOs, V205, Re20r 147

oxidation of propene to acrolein MoOs/Shy04, BioMo30,2 147-151

(ammoxidation of propylene to acrylonitrile)

oxidation of olefins BizMoOs 152

oxidation of butene to maleic anhydride MnMoO, 153
Mo0Qy/TiO; 154

oxidation of toluene VO/TiO; 155,156

oxidation of hydrocarbons Cr;0; 157
NiO 158

oxidation of CO La,_.Sr,MnO; 159

Reductions

reduction of NO with NHs VzOs 160

reduction of NO to NH; La;.K.MnO; 161
Polymerizations

ethylene oxide polymerization Al;03, MgO, TiO, 162

oligomerization of propylene Al;04/Si04/Mo03, W03, UO3, Cr,05, NiO, FeO, ZnO 163,164

Cracking
cracking of n-heptane Ca0, MgO 165

Table II. Metal Oxide Surfaces and Their Interaction with Small Molecules, Studied with Electron Spectroscopy

metal oxide small molecules spectroscopy observation ref
Mg0(100) CHO:H and CH;CO;H  HREELS surface formate 166
MgO/Mo(100) H,0, CH;0H HREELS, LEED hydroxide and methoxide 167
Ti0,(110) H.S UPS dissociative adsorption (low coverages), 168
molecular adsorption (high coverages)
0O, UPS dissociative adsorption 169
H.0 UPS surface hydoxyl 170
_ H, UPS does not interact 171
Ti,03(1012) S0, CO UPS, XPS, LEED SO, oxidizes the surface, CO is 172
dissociatively adsorbed
Ti;03(047) 0. UPS, EELS - 173
_ H.0 UPS dissociative adsorption of H,0 174
V20,(1012) 04, H:0 XPS, UPS 0%, dissociative adsorption of H,O 175
0O, XPS, UPS molecular and dissociative adsorption 176
Cr;04(111) CO0, CO, EELS, LEED, ARUPS, CO adsorbed parallel to the surface, 177
NEXAFS, XPS CO; produces a surface carbonate
MnO(100) 04, CO, H;0 UPS dissociative adsorption of O, 178
molecular adsorption of CO,
deprotonation of H,O
Fe,03(0001) 0., H:0, H;, SO, UPS 0%, H,0 is dissociatively adsorbed, 179
SO yields a sulfate surface species
Co0(100) 0O, resonant photoemission, UPS 2- 180
CO, 0., H;0 UPS, AES, LEED CO adsorption reduces the surface, 181
H,0 is dissociatively adsorbed
NiO(100) 04, H:0 UPS, XPS, LEED, Auger O adsorption at defect sites, 182
H,0 is deprotonated
NO XPS, ARUPS, NEXAFS, NO does not adsorb on defect sites 183
HREELS
Zn0O(0001) CHO:H HREELS surface formate 184
SrTiOs(111) 0., Hy, H;0 UPS, XPS O?- from O, surface hydroxyl from Ho, 185
hydroxide from H;0
SrTi0s(100) 0. UPS oz 169
H.0 UPS molecularly chemisorbed 170

todefine electronic structure differences relative to CO
binding to pure ZnO which relate to differences in the
efficiency of catalysis.

Finally, due to the wurzite structure of ZnO, the
interaction of CO can be studied on four chemically
different low index surfaces (Figure 2)."% The polar
surfaces (0001) and (0001) contain only coordinatively

unsaturated zinc or oxide ions, respectively, with the
coordinatively unsaturated direction normal to the
surface. The nonpolar (1010) and (1120) surfaces con-
tain both coordinatively unsaturated zinc and oxide
ions. For the (1010) surface these form dimer surface
sites with the coordinatively unsaturated direction at
19° off the surface normal, while the (1120) surface has
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Figure 2. Zinc oxide crystal structures: (A) Single crystal
of ZnQ; (B-E) space-filling representations of the ideal low
index ZnO surfaces as viewed from above with the darkened
spheres representing surface ions, small spheres representing
Zn?*, and large spheres representing O%.

B (0001)
O O

(0] (0]
A2, _
| —>(1010)

L]
o 0 0 ,0 .0
AYbee

AL AN AN AR
1 \ \ L]
IS,
T
Figure 3. Structure of polar ZnO surfaces. Part A shows
LEED pattern of ZnO(0001). Thestreaksindicate twodouble
layer surface steps in the (1010) direction as shown in B. Note

that the coordinatively unsaturated direction on Zn?* step
sites is 70° off the surface normal.

zigzag chains with the unsaturated direction at 35° off
the surface normal. These surfaces have been studied
by low-energy electron diffraction (LEED).?! No sym-
metry changing reconstruction is observed for any
surface but dynamical analysis of the LEED spot
intensities indicates that there is some relaxation of
the zinc ions by a few tenths of an angstrom into the
surface on both the (0001) and (1010) surfaces.?:22
Streaking of the LEED patterns of the polar surfaces
indicate that further refinement of the surface struc-
tures is required (Figure 3A). These streaks indicate
that the polar surfaces (which are electrostatically
unstable) form steps. Analysis?®?4 of the streaking for
the oxide surface shows that this result is caused by a
terrace of surface oxides with a two double layer, one
unit cell step in the (1010) direction (Figure 3B). On
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Figure 4. The photoelectron spectroscopy experiment. The
density of states as a function of binding energy is correlated
to the number of electron counts at a given kinetic energy.
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these (0001)-oxide surface steps, zinc ion sites are
exposed which have coordinatively unsaturated direc-
tions at 70° off the surface normal. In the next section
we define the electronic structure of these clean surfaces
using variable-energy photoelectron spectroscopy.

II. The Electronic Structure of Clean ZnO
Surfaces: Variable-Energy Photoelectron
Spectroscopy

In photoelectron spectroscopy, photons with fixed
energy impinge on a sample thereby ejecting electrons
whose kinetic energies are analyzed using either a
cylindrical mirror analyzer (CMA) or a hemispherical
detector. The photon source can be a helium discharge
(emitting He(I) photons at 21.2 eV or He(II) at 40.8
eV), an X-ray anode (Mg K, at 1253.6 eV, Al K, at
1486.7 eV), or a storage ring (emitting synchrotron
radiation which is continuous over a wide range of
photon energies). The kinetic energy (KE) of the
ejected electron is equal to the input photon energy
(hv) minus the binding energy (BE) of the electron to
the sample. Thus as shown in Figure 4, scanning the
spectrum to lower kinetic energy probes electrons in
deeper binding energy orbitals. He(II) (40.8 eV)
photons are often used to obtain a spectrum of the
density of states of the valence band region of a sample.
In this section we focus on the spectrum of “clean” ZnO
surfaces which are prepared by orienting a crystal for
the low index surface of interest (Figure 2) and then
cutting, polishing, and acid etching the sample which
is then placed on a manipulator in ultrahigh vacuum
(<10 torr). The surface is then sputtered with argon
ions and annealed in cycles until it is clean by Auger
electron spectroscopy and well formed by LEED.

The He(II) photoelectron spectra of the four surfaces
of ZnO are shown in Figure 5. There are three broad
peaks in the spectrum at 4, 7, and 11 eV binding energy
referenced to the Fermilevel (Er) of ZnO. Initial insight
into the assignment of these peaks is available from the
results of a transition state, self-consistent field-Xa-
scattered wave (SCF-Xa-SW) calculation on a tetra-
hedral ZnO4® cluster which are included in Figure 5.25%
The lowest binding energy peak contains transitions
from the 2e, 7t;, and 1t, levels which involve the oxygen
2p orbitals that are only weakly 7 or nonbonding with
the zinc ion. The peak in the 7-eV region has contri-
butions from the 6a; and 6t; levels which involve oxygen
2p orbitals ¢ bonding to the unoccupied 4s and 4p
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Figure 5. He(II) PES spectra of the valence band region of
the four low index surfaces of ZnO. Fermi level (Er) obtained
from gold is defined as zero. Results from SCF-Xa-SW
calculations are included.

orbitals of the zinc ion. Finally, the deepest binding
energy peak is the zinc 3d band, and the t;—e energy
separation is the ligand field splitting of the d orbitals
normally defined as 10Dq in crystal field theory. It is
interesting to note that this splitting is in fact inverted
(tz morestable than e) relative to the normal tetrahedral
splitting in crystal field theory which derives from the
fact that in the calculation the d band is at deeper
binding energy relative to the oxide valence region and
henceis involved in bonding interactions with the oxide
orbitals. Normally in transition metal compounds the
d band is at lower binding energy than the ligand valence
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orbitals and is antibonding. This assignment of the
ZnO spectrum can be confirmed experimentally using
variable-energy photoelectron spectroscopy.®

Inthisexperiment the photon energy is scanned using
synchrotron radiation, and the intensity of the pho-
toelectron spectrum is measured as a function of input
photon energy. From Figure 6A increasing the photon
energy increases the kinetic energy (KE) of an electron
ionized from a level at fixed binding energy. Since the
deBroglie wavelength (in angstroms) of an electron is
12.3/[KE(eV)]V?, increasing the photon energy de-
creases the wavelength of the ejected electron and hence
the overlap of the initial and final states. Quantita-
tively, the radial continuum wave function for the final
state, Y, is obtained by solving the radial Schrédinger
equation; this produces a continuum wave function
significantly modified relative to a free electron in the
vicinity of the nucleus. The electric dipole intensity of
a photoelectron peak is proportional to (Yijrjy«(KE) )2
which depends on both the final state kinetic energy
of the ejected electron and the initial orbital from which
the electron is ejected.?’?® This will be different for an
electron ionized from an oxygen 2p orbital as compared
to one ionized from a zinc 3d orbital.?® This intensity
dependence on the initial-state orbital and final-state
kinetic energy is known as the atomic photoionization
cross section. From the theoretical cross sections in
Figure 6C, the intensity of a peak corresponding to a
2p ionization is very large at photon energies near the
ionization threshold and decreases with increasing
photon energy. For an electron ionized from a 3d
orbital, there is low intensity at low photon energy with
a broad delayed maximum in photoelectron intensity
peaking at an ~50 eV photon energy. This is caused
by the repulsive centrifugal potential in the radial
Schrédinger equation which is proportional to (£ + 1)
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Figure 6. Photon energy dependence of the photoionization cross section: (A) The kinetic energy of the outgoing photoelectron
increases with photon energy, hv, > hy,, giving KE; > KE,. (B) The different deBroglie wavelengths of the photoelectrons
are compared to the radial wave functions of Zn 3d and O 2p orbitals. (C) Energy dependence of atomic photoionization cross
section of Zn 3d and O 2p orbitals. Dashed lines indicate He(I), He(II), and Mg Ka sources. Insert gives high photon energy
at higher sensitivity. 1 mb = 10-18 cm2, (Adapted from ref 29.)
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Figure 7. Variable-photon energy valence band PES data
of ZnO, normalized to d band. SCF-Xa-SW assignments
indicated at bottom.
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where £ is the orbital angular momentum of the initial
state.3-3 This tends to keep the radial part of the
continuum wave function small in the vicinity of the
initial orbital wave function, resulting in limited overlap
and thus low photoelectron intensity. As the kinetic
energy of the photoelectron increases, the continuum
wave function penetrates this centrifugal barrier re-
sulting in better overlap with the initial state wave
function and thus greater intensity.

The variable-energy photoelectron spectra of clean
ZnO are given in Figure 7 (photon energy increasing
from bottom to top).2> The two low binding energy
peaks are intense at low photon energy and decrease
in intensity with increasing photon energy relative to
the peak at 11 eV binding energy. From the theoretical
cross sections in Figure 6C, the low binding energy peaks
can be assigned as oxide photoemission and the peak
at deeper binding energy (11 eV) as Zn 3d emission
consistent with the SCF-Xa-SW calculations.?® The
Zn 3d band is at deep binding energy due to the high
effective nuclear charge on the zincion. Thisdifference
in electronic structure relative to most transition metal
complexes can have significant chemical consequences
(vide infra). Finally it should be noted in Figure 7 that
there are some quantitative differences in the intensity
dependence on photon energy of the 4 and 7 eV peaks.
This derives from the presence of Zn 4s character mixed
intothe O 2p peak at 7 eV and can be used to quantitate
this covalent bonding as described in ref 26.

I11. CO Chemisorption on ZnO Surfaces

A. He(11) Photoelectron Spectrum of CO on
Zn0O(1010)

Exposing the clean Zn0(1010)-dimer surface to a 10~
torr ambient of CO at 90 K results in the appearance
of new features in the photoelectron spectrum asso-
ciated with chemisorbed CO (Figure 8, top).” The
spectrum of the chemisorbed surface species can be
estimated by subtracting off the clean ZnO substrate
photoemission spectrum which must be attenuated due
to surface CO coverage and shifted in energy to
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Figure 8. Interaction of CO with Zn0O(1010) at 90 K: (Top)
He(II) PES spectrum of the (1010) surface at 90 K before and
after (solid line) exposure to a 10-¢ torr ambient of CO (the
clean spectrum has been attenuated and shifted to maximize
overlap in the oxide region). (Middle) Difference between
exposed and clean spectra. (Bottom) Photoelectron (35 eV)
spectrum of gas-phase CO aligned to 40 peak.

compensate for changes in band bending upon chemi-
sorption. The difference spectrum of chemisorbed CO
in Figure 8, middle, exhibits three peaks. These can
be assigned by correlation to the gas-phase photoelec-
tron spectrum of CO taken at a similar photon energy
(Figure 8, bottom) which has been aligned to the peak
at deepest binding energy. This alignment corresponds
to a 0.7 eV shift to lower binding energy relative to the
vacuum level which is at 4.4 eV above the Fermi level
of ZnO (vide infra). This extramolecular relaxation
polarization shift (ERPS) of the spectrum derives from
the fact that electrons of the ZnO substrate screen the
chemisorbed CO photoemission process.?% The deep-
est binding energy peak corresponds to electrons ionized
from the 40 molecular orbital which corresponds to the
lone pair on the oxygen of CO. The 1x results from
ionization from the CO 7 bond, and the 5¢ peak at
lowest binding energy corresponds to ionization from
amolecular orbital which is largely a lone pair centered
on the carbon.

The difference spectrum procedure described above
is not completely rigorous in that it does not allow for
changes in substrate photoemission due to changes in
ZnO surface states.?®37 Chemisorption depletes these
surface states at the top edge of the oxide valence band
(leading to a small dip in the difference spectrum) and
sharpens the Zn 3d band. This affects the energy and
shape of the lowest binding energy peak in the difference
spectrum in Figure 8, middle. However, the data in
Figure 8 clearly indicate that the 5¢ peak has been
stabilized to deeper binding energy relative to gas phase.
Variable-energy photoelectron spectroscopy utilizing
the cross-sectional differences of the CO 5¢ relative to
the Zn 3d photoemission process allows a reasonable
estimate of the energy position of the 5¢ level which
corresponds to a 1.4 eV stabilization of this molecular
orbital upon chemisorption to ZnO (1010).® A final
feature to note from Figure 8 is that the 4¢ peak is in
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Figure 9. Competition of NH; with CO on ZnO(1010):
Difference spectra for (1010) surface in 10-¢ torr of CO at 90
K are shown upon increasing time exposures to 10-° torr of
NH;. Key spectral features for dominant adspecies are
indicated in top and bottom figures.
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a spectral region which does not overlap the ZnO
substrate photoemission and thus can be accurately
used to probe chemisorbed CO on ZnO surfaces as
described in the following sections.

B. Ammonia Competition in Ultrahigh Vacuum

Since the CO/ZnO surface complex is an unusual
inorganic species, it is useful at this point to consider
ammonia binding to ZnO, which is a more intuitive
chemical system.”®® Ammonia is a Lewis base which
should bind to coordinatively unsaturated zinc ion
Lewis acid sites to form dative bonds. This is com-
plicated by the presence of the surface oxide which can
lead to deprotonation forming an inorganic amide.
There has been some conflicting data from IR studies
on powders as to whether this occurs on ZnQ.4:4!
However, studies of NH; on single-crystal surfaces of
ZnO at low temperature show that only nonreactive
chemisorption occurs with a quite high heat of ab-
sorption (AH, = 28 kcal/mol) indicating a strong Zn(II)-
NH; bond.?® _

One can then start with the CO/Zn0(1010) system
described in section IIL.a (10-% torr, 90 K) and add a
small ambient of NH; (10-° torr) and allow for a 3.5
langmuir exposure (1 langmuir = 10~ torr s). From
Figure 9 the 40 peak of chemisorbed CO is eliminated,
and the CO spectrum is replaced by the ammonia
difference spectrum at the bottom of the figure. The
le and 3a, peaks correspond to chemisorbed NH;, with
the 3a, stabilized by 2 eV relative to the gas-phase
value.”#? Thismolecular orbital corresponds to the lone
pair on the nitrogen, and the stabilization is associated
with the strong ammonia s-bonding interaction with
the unoccupied 4s and 4p orbitals on the zinc ion.

The important point in Figure 9 is that NH; effec-
tively competes with CO for binding to the ZnO surface.
Since ammonia binds to zinc sites this indicates that
the dominant bonding interaction of CO is also with
the zinc ions which is confirmed in the next section.
From the last section, the 40—5¢ splitting is found to
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Figure 10. Possible CO binding geometries on ZnO(1010).
Also included are the molecular orbital splitting patterns
associated with each structure. Darkened part of figure
indicates electronic and geometric structure consistent with
experiment.
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Figure 11. Crude angle-resolved PES of CO on Zn0O(1010):
(A) experimental configuration and (B) angle-resolved spectra
and difference. For part B, crystal surface normal at § = 5°,
¢ =0°andcatd=95°¢=0° Clean (dashed line) and CO
covered (solid line) spectra are shown for (top) § = 42.3°, ¢
= 0° and (bottom) 8 = 42.3°, ¢ = 180°. The spectra were
taken at 90 K in a 10~ torr ambient of CO.

decrease for CO binding to ZnO indicating that the 5¢
orbital is stabilized due to bonding to the zinc ion, and
thus CO binds carbon end down to the coordinatively
unsaturated zinc site on the (1010) surface asillustrated
in Figure 10, left.

C. Angie-Dependent Photoelectron Spectroscopy

It is possible to set up an experiment in a standard
photoelectron spectrometer which confirms the general
model for CO binding to ZnO(1010) presented on the
left of Figure 10. Two points of background are required
in order to understand the results of this experiment.
First the coordinatively unsaturated direction of the
zincion on the (1010) surfaceis tilted 19° off the surface
normal toward the —c crystallographic direction. Sec-
ond, as will be described in more detail in section IV
the angular distribution of photoemitted electrons is
highly anisotropic with the 4¢ photoemission being
primarily directed along the C-O molecular axis.* Thus
one can start with the photoelectron chamber shown
in Figure 11A, where the CMA detects electrons in a
6° cone 42.3° off the surface normal and mask off the
CMA so that one detects either electrons emitted along
the coordinatively unsaturated oxide direction (¢ = 0°)
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or along the coordinatively unsaturated zinc direction
(¢ = 180°). From the spectra in Figure 11B, all CO 4¢
intensity is observed for detection along the coordi-
natively unsaturated zinc direction as anticipated from
the structure in Figure 10, left.” Note that in the
experiment in Figure 11B the light source was not
polarized.

D. Thermodynamics of Chemisorption on Four
ZnO Surfaces

One can now extend the above study of CO chemi-
sorption on the (1010) surface to the four chemically
different surfaces in Figure 2 to probe the effects of the
surface oxide and the different surface geometries on
chemisorption. Figure 12 compares datafor CO binding
to the (0001)-zinc surface to those for the (1010)-dimer
surface.” Clearly the CO 40 intensity is lower on the
zinc surface. However, it should be noted from Figure
12 that for a fixed ambient of CO the 4¢ intensity is a
function of temperature. This chemisorption process
is in fact reversible, and in order to compare 4¢
intensities it is necessary to develop the thermody-
namics of CO binding to the four chemically different
surfaces of Zn0.” Figure 13 presents the intensity of
the 40 peak as a function of temperature for two
different ambient pressures of CO on the four low index
surfaces of ZnO. The isosteric heat of adsorption AH 4,
can then be determined from the Clausius—-Clapeyron
equation (eq 3):

[oin P/6(1/ D], = ~(AH 4 /R) 3

The heat of adsorption thus found on all of the
chemically different surfaces indicates that AHgq4
decreases with increasing coverage. For a well-formed
single-crystal surface possessing homogeneous adsorp-
tion sites this decrease should be due to a repulsive
dipole-dipole interaction and can be adequately de-
scribed by the Temkin isobar expression* (eq 4):

AH,,, = AH(1 - af) )
where «a is a constant and AHj is the heat of adsorption

at zero coverage. Thus
0/(1-0) = kP explAH\(1 - ab)/RT] )

where k is a proportionality constant of approximately
4,0 X 10°. Equation 5 can be solved iteratively to
determine relative values of 8 as a function of T at
constant P. The fit to the data based on continuous
variation in the heat of adsorption is quite good but
does not preclude the possibility of surface heteroge-
neity. In either case, the heat of absorption at zero
coverage is found to be 12 kcal/mol for all four surfaces
indicating a similar bonding interaction with each
surface. The key difference observed is in the 4¢
intensity extrapolated to saturation coverage. It is
highest on the two nonpolar surfaces, intermediate on
the (0001)-zinc surface, and lowest but nonzero on the
(0001)-oxide surface. There are two factors which can
contribute to these differences in 4¢ intensity: the
number of surface sites and the orientation of the CO
molecule on the surface relative to the CMA collection
geometryin Figure 11A. Thethermodynamicsindicate
a similar bonding interaction with all four surface sites
which should involve coordinatively unsaturated zinc
ions on the basis of the (1010) results described above.
Thus CO could be binding to terrace zinc sites on the
(1010), (1120), and (0001) surfaces with the different
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Figure 12. Chemisorption of CO on ZnO as a function of
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Figure 13. CO 40 intensity as a function of temperature and
pressure on (A) ZnO(0001), (B) (0001), (C) (1010), and (D)
(1120). Data has been fit to a Temkin isobar; extrapolated
values are indicated with a dashed line. Data have beenscaled
to the relative intensities of the clean spectra and the size of
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and D.

40 intensities in Figure 13 reflecting the different
coordination unsaturation directions. Alternatively, for
the (0001) surface only terrace oxides are available. Thus
the nonzero 4¢ intensity for this surface could reflect
CO binding to coordinatively unsaturated zinc sites on
steps as described in Figure 3B. These possible CO/
Zn0O geometric structures were evaluated through
detailed angle-resolved photoelectron spectral studies
using polarized light as described in the next section.

1V. Geometric Structures for CO Binding to the
Four Chemically Different Surfaces of ZnO:
Angle-Resolved Photoelectron Spectroscopy

The angle-resolved photoelectron experiment is de-
scribed in Figure 14A.%° Polarized He(II) photons are
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Figure 14. The polarized angle-resolved PES experiment:
(A) Zn0O(1010) experimental crystal orientation and (B)
calculated angular distribution of electrons emitted from the
4¢ orbital of CO with polarized 40 eV light. (Taken from ref
43.)

propagated into the surface with an angle of incidence
§ relative to the surface normal. The polarization A
vector of the light can either be oriented in the plane
of incidence (P polarization) or perpendicular to the
plane of incidence (S polarization). The electrons are
then detected with a hemispherical detector which is
scanned either in the plane of incidence (¢ as in Figure
14A) or perpendicular to the plane of incidence (¥).
The angular behavior of the photoemitted electrons
being probed in this experiment has been calculated by
Davenport*® and is given in Figure 14B which shows
the angular distribution of electrons emitted from the
40 molecular orbital of CO for 40-eV photons. There
are two important features to note from these calcu-
lations. First,the maximum intensityis observed when
both the A vector and the detector are along the
molecular axis. Second, when the A vector of light is
perpendicular to the molecular axis and the detector
isin a plane perpendicular to the A vector but containing
the molecule, there is a node in the 4¢ photoemission
intensity. _

Focusing initially on the ZnO(1010) surface, the light
is propragated at an angle 8 of 70° off the surface normal
along the ¢ direction and the electrons were detected
in the plane of incidence ¢ sweeping toward —¢.* From
the S-polarized data, Figure 15A, there is clearly a node
in the 40 intensity requiring that the CO molecule be
perpendicular to the A vector and in the plane of
incidence. The P-polarized data for the plane of
incidence detection in Figure 15A show a peak in the
4o-intensity distribution at an angle of about 30° toward
the —¢ direction which from Figure 14B is the approx-
imate orientation of the CO molecular axis. A quan-
titative analysis was performed using the Davenport
space-fixed, free-molecule calculations with corrections
for the surface reflection of the electromagnetic wave
and which also gave an angle for the orientation of the
CO molecule of —30°.46 The out-of-plane sweeps ¢ in
Figure 15B confirm that the molecule is in the plane
of incidence and are quantitatively fit with the Dav-
enport calculations using the same orientation as
obtained from the in-plane sweeps in Figure 15A.

Chemical Reviews, 1993, Vol, 93, No. 8 2631

A Piane of incidence B
detection

1 p polarized
{ s polarized

Out of plane
detection
f p polarized
{ s polarized
r

i

(1610) (1670)

N

\

Y

H
> L $ 1 zlo 1 ‘IO 1 elo 1
¢ (degree) y (degree)

Figure 15. Angle dependence of CO 4¢ intensity on ZnO-
(1010): Photon angle of incidence is +70°: (A) plane of
incidence detection with S and P polarized light and (B) out-
of-plane detection with S and P polarized light. Solid and
dashed lines in both are theoretical fit with Davenport
expressions for CO tilted 30° off normal in the —c direction.

CO 40 intensity (arbitrary units)
CO 40 intensity (arbitrary units)

i

- o

i

!

i

8
8"‘»—0—«

A
-
hv (ooof)g
£
1010 (1510) TS S T N N R N |
(110 0 20 40 60 80
¢ degrees
B
(0001)
h (1270) %
\Y 5_
£
(1070)
(0001) N T N T | 1
0 20 40
¢ degrees
C (0007)
(1210)%
hv c
8 F
. £ 1t
0001 _ it
1070 ( ) 1 £ % [ I B |
11070y 0 20 40 60 80
¢ degrees

Figure 16. Angle-resolved PES studies of three chemically
different surfaces of ZnO: Photoelectron angular distributions
for the CO 4¢ intensity in the plane of incidence for (A) (1010),
(B) (0001), and (C) (0001) surfaces. In each case the light is
incident at 60° away from the surface normal and has P
polarization. For all cases ¢ = 0° is the surface normal, and
¢ increases toward (A) (0001), (B) (1210), and (C) (1210).

Figure 16 extends these angle-resolved photoelectron
spectral studies over three chemically different surfaces
of Zn0.#” All three sets of data were taken with an
angle of incidence of 60°, P polarization, and plane of
incidence detection. The ZnO(1010) data in Figure 16A
corresponds to the solid data points in Figure 15A. The
small difference between the angle of incidence used in
each of these experiments produces a slight change in
the intensity distribution. However, the best fit to the
data points in Figure 16A also gives a CO orientation
of 30° off the surface normal toward the —c direction
on the (1010)-dimer surface. Figure 16B presents
analogous data for the (0001)-zinc surface. Importantly,
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Figure 17. Geometricstructures for CO binding on the four
low index surfaces of ZnO. The angle given indicates the
experimental CO orientation relative to the surface normal.

the peak in the intensity distribution is now shifted
toward the surface normal, and the data is quantita-
tively fit to give a CO molecule binding normal to the
surface.*”*® Finally, the data in Figure 16C is for the
(0001)-oxide surface which is symmetrically equivalent
to the (0001)-zinc surface yet the intensity detected at
thesurface normal is minimal and increases as one scans
away from the normal.#’ A quantitative fit to this data
gives a CO angle of ~70° off the (0001) surface normal.

The data in Figures 15 and 16 provide a detailed
picture of the geometric structures of the CO/ZnO
surface complexes for the four low index surfaces of
ZnO asshownin Figure 17. Forthe (0001)-oxidesurface
the 70° angle confirms the possibility that CO binds to
the coordinatively unsaturated zinc ions on step-sites.+®
For the (0001)-zinc surface CO binds along the surface
normal, while for the (1010)-dimer surface CO binds at
an angle of 30° off the surface normal. Since the open
coordination position on the idealized surface is 19° off
the normal, this could indicate some interaction with
the surface oxide. However, the heat of absorption on
this surface is, within error, the same as for the (0001)
surface, thus any interaction with the oxide must be
quite weak. The tilt could alternatively derive from
the relaxation of the position of the zinc ion on this
surface (vide supra).

Having obtained an accurate description of the
geometric structure of CO binding to the zinc oxide
surfaces, one can now probe the electronic structure of
the CO/ZnO surface complex as described in the next
section.

V. Electronic Structure of the CO/Zn0O Surface
Complex

A. He(I) Energy Distribution Curves (EDC)

Asillustrated in Figure 18A, in addition to the primary
photoelectrons of the ZnO substrate, the He(I) pho-
toelectron spectrum contains a tail to deeper binding
energy due to inelastically scattered secondary elec-
trons. The composite EDC for clean ZnO is given by
the dashed spectrum in Figure 18B. The onset of the
inelastic tail corresponds to electrons escaping from
the substrate with zero kinetic energy.* Therefore 21.2
eV (the He(I) photon energy) above this onset is the
vacuum level. The Fermi level is obtained by taking
aspectrum of agold sample which is in electrical contact
with the ZnO crystal. The difference between the Fermi
level and the He(I) defined vacuum level then gives the
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Figure 18. He(I) energy distribution curves: (A) (solid)
secondary electron tail, (dashed) primary photoelectron
spectrum; (B) experimental composite EDC for clean ZnO
(dashed line) and ZnO in 10-6 torr CO ambient at 90 K (solid
line). Top edge of the valence band (Eyaience), Fermi level
(EFermi), and vacuum level (Eyacuum) are indicated.
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Figure19. Dipole contribution to work function. Thedipole
contribution to the work function for ZnO(1010) varies as a
function of temperature and pressure. Solid lines are fit using
same Temkin expression as in Figure 13; extrapolated values
of fit are indicated with dashed line.

work function which can be studied as a function of CO
chemisorption. For an n-type semiconductor, such as
ZnO, changes in the total work function, A®;.a, are
related to the build up of a dipolar layer (A®gipee) and
to the presence of surface electronic states induced by
chemisorption which cause a rigid shift in the energy
of the electronic band structure relative to the Fermi
level (Adyy) by eq 6.237

Ady ) = Adyipg, + Ady, ()]

From Figure 18B, dashed to solid spectrum, the inelastic
tail shifts to deeper binding energy with increasing CO
coverage relative to a fixed Fermi level. Therefore the
work function has decreased indicating that net negative
charge is donated to the ZnO surface upon CO binding.
The shift in the top edge of the valence band (Evajence)
with CO coverage gives the change in band bending
which can be subtracted from the total work function
change to obtain the surface dipole contribution to the
work function. Figure 19 gives the temperature and
CO pressure dependence of the dipole contribution to
the work function for the ZnO(1010) surface which is
fit with the same thermodynamic expression used for
the 4¢ intensity in Figure 13. This gives the dipole
contribution to the work function for a known surface
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Figure 20. HREELS of CO on Zn0(1010): Part A shows the
spectrum of the clean Zn0(1010) surface at 7' = 100 K taken
with KE = ~4.5eV. The features at ~70 meV intervals are
due to multiple excitations of the Fuchs-Kliewer surface
phonons (ref 52). Parts B-D show spectra of 10-¢ torr CO,
100K. Note that Cisgiven as a difference spectrum (exposed
minus clean) to eliminate contributions due to the surface
phonon.

coverage. Further, knowing the coordination geometry
of the surface complex and assuming no lateral inter-
actions at these coverages, one can use the Hemholtz
equation®! (eq 7) to obtain an estimate of the Zn(II)-
CO surface dipole moment, u:

1= A%/ (47N cos ) M

In eq 7 N; is the number of surface sites per squared
centimeter, 0 is the fractional surface coverage and is
available from the thermodynamic studies in section
II1.D, and B is the angle between the surface complex
and surface normal which was found to be 30° in section
IV. By using eq 7, the dipole moment of the CO/ZnO
surface complex is found to be 0.61 D negative side
toward the surface.

B. High-Resolution Electron Energy Loss
Spectroscopy (HREELS)

The next feature of the electronic structure of the
CO/ZnO surface complex relates to the IR vibrational
studies on powders mentioned earlier. At this point it
is important to confirm that this surface species exhibits
the high CO stretching frequency found on ZnO powders
and to use the vibrational data to further probe the CO
bonding of the CO/ZnO surface complex. This was
accomplished on the ZnO single-crystal surface using
HREELS. In this experiment a low-energy (~4.5 eV)
beam of monochromatic electrons is scattered off the
surface and exhibits inelastic losses due to excitation
of surface vibrations. The HREELS spectrum of clean
ZnO (Figure 20, top) shows an intense 70 meV loss
progression corresponding to multiple excitations of a
surface optical phonon.’>5% Egxposure of this surface
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to an ambient of CO at low temperature results in the
appearance of additional vibrational features associated
with chemisorbed CO (Figure 20, bottom).® The first
C-0 overtone is observed at 539 meV (4348 cm™!), the
COfundamental at 273 meV (2202 cm™!), and the metal-
ligand stretch at 31 meV (250 cm™!). Therefore, this
CO/ZnO surface complex does exhibit the high-energy
CO vibration observed on powders. Further deter-
mining the metal-ligand stretching frequency enables
one to perform a normal coordinate analysis of the
surface complex to quantify the CO bonding. This is
important since CO binding to a metal site leads to
mechanical coupling between the metal-carbon and
C-0 stretch which will increase the CO stretching
frequency. Therefore when the CO stretching fre-
quency decreases upon binding to metals, this requires
adecreasein thestrength of the CObond. Inthenormal
coordinate analysis this manifests itself as a decrease
in the CO stretching force constant (kco) relative to the
gas phase value® (see Table III for Ni, etc.). Alter-
natively, if one uses the CO/Zn0O vibrational data in
Figure 20, the CO force constant is found to increase
from 18.6 to 19.2 mdyn/A upon chemisorption. The
normal coordinate analysis shows that only 12 cm-! of
the 60 cm! increase in CO stretching frequency derives
from vibrational coupling to the surface. Thus in
contrast to the behavior on most metals?58-6° the CO
bond has become stronger upon chemisorption to
surface zinc ion sites.

C. Near-Edge X-ray Absorption Fine Structure
(NEXAFS)

Evidence of increased CO bond strength upon
chemisorption to ZnO is also found in the carbon K
edge NEXAFS spectrum (Figure 21). This spectrum
is obtained with reasonable surface sensitivity by
detecting the intensity of the carbon KVV Auger
electrons emitted as a function of photon energy when
scanned through the carbon K edge.3® The peak at 280
eV corresponds to the C 1s — CO 27* transition while
the feature at 310 eV is a c-shape resonance. Thelatter
is associated with lower energy states of the continuum
which have wave functions localized within the CO
molecule due to the interaction of the photoelectron
with the potential of the atoms.’! This produces
significant overlap with the C 1s orbital leading to a
relatively intense sharp transition in the low-energy
region of the carbon edge continuum. The energy of
this shape resonance is thus affected by the intramo-
lecular C-O bond length.6283 Stshr et al.t4%5 have
developed a semiempirical equation based on multiple
scattering theory to relate the resonance energy and
the bond length, (6 — Vo)r?2 = Cy, where 4 is the energy
difference between the shape resonance and the C 1s
core level, r is the intramolecular bond length, and C,
and V, are constants, equal to 35.7 + 2.3 eV A2and -9.2

Table IIl. Stretching Frequencies and Calculated Force Constants for Adsorbed and Gas-Phase CO

YM-C vco calculated
surface structure meV cm™! meV cm™! kumc (mD/A) kco (mD/A)
Pt(111) C(4x2) 60 484 261 2105 4.19 16.41
Cu(100) C(2x2) 43 347 260 2097 2.02 17.05
Ni(100)_ C(2x2) 59.5 480 256.5 2069 3.98 15.87
Zn0(1010) 31+1 250 273+ 2 2202 1.01 19.21
gas phase 265.7 2143 18.56
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Figure 21. C1s-NEXAFS spectrum of CO/Zn0(1010) taken
at 80 K with 9000 langmuir CO exposure. Note that the
feature between 300 and 305 eV is due to the O 2s which is
located ~27 eV below the Fermi level.

+ 1.6 eV, respectively.®® On the basis of the energy
positions of the shape resonance in Figure 21 and of the
C 1s XPS peak energy (vide infra), 6 = 19.9 £ 0.5 eV
and the C-O bond length for carbon monoxide chemi-
sorbed on the ZnO (1010) surface is calculated to be
1.10 + 0.05 A. On the basis of the above equation, as
the bond length of the chemisorbed species decreases,
& will increase though determination of the resulting
bond length will be subject to some error. If the bond
length of the chemisorbed CO were at its gas-phase
value of 1.13 A, the above formalism would predict a
value of & of 18.9 eV. For CO/Cu(110) where the CO
bond length should be very close to the gas-phase value,
the experimental 6 is 18.8 = 0.5 eV.®® The larger
experimental value of 8 of 19.9 eV requires that the CO
bond length has measurably decreased from its gas-
phase value upon CO chemisorption to Zn0(1010). In
contrast, for metal surfaces were the chemisorbed CO
bond has weakened based on HREELS data 6 is found
to significantly decrease from 18.8 e¢V (e.g., for CO/
Pt(111) 6is 17.3 £ 0.5 eV and for CO/Ni(100) 6 is 17.2
+ 0.5 eV%?),

D. Geometric and Electronic Structure of the
C0/Zn0O Active-Site Complex

From the studies summarized above, CO binds carbon
end down to the coordinatively unsaturated zinc ion.
It acts as a ¢ donor stabilizing the 5¢ molecular orbital
to 1.4eV deeper binding energy in Figure 8 and donating
electron density to the surface. This leads to the net
dipole moment of 0.61 D with positive charge on the
carbon, and takes electron density out of the 5¢
molecular orbital which is weakly antibonding with
respect to the CO bond. Thus the CO bond in the CO/
ZnO surface complex is shorter (from NEXAFS) and
stronger (from HREELS) relative to the gas phase.
Unlike CO bonding to most metals, there is no evidence
for = backbonding for the CO/Zn0O complex which is
due to the high effective nuclear charge on the Zn(II)
ion which contracts the orbitals and stabilizes the d
band to deeper binding energy (Figure 5). This
description of the CO/Zn0O surface complex is sum-
marized in Figure 22,
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Figure 22. CO/Zn0O active-site complex.

VI. Nature of Copper Sites on ZnO Surfaces

The copper component of the binary catalyst has
received a great deal of attention due to its role as the
promoter of the low-temperature, low-pressure meth-
anol synthesis reaction.!8¢-"! Various workers have
studied the catalyst derived from different precursors.
Calcination (heat treatment) of the binary catalyst has
been shown, by XPS and other probes, to oxidize the
copper component to Cu(II).”>74 A variety of physical
methods have been used to probe the phase, dispersion,
and oxidation state(s) of the copper in the active
(reduced) catalyst. In an early study, Klier and co-
workers probed the active binary catalyst with diffuse
optical reflectance spectroscopy'®® and found a feature
at 2.17 eV which was assigned as arising from a Cu(l)
(3d) — ZnO (4s) conduction band transition with the
cuprous ion substituted for Zn(IT) in the lattice. A later
XPSstudy” of coprecipitated reduced catalysts showed
the presence of three copper species, depending on the
copper concentration in the catalyst: a Cu(l) species
at lower copper concentrations, copper clusters, and at
higher copper concentrations a two-dimensional epi-
taxial monolayer over ZnO. More recently, frontal
chromatography’-8 using the decomposition reaction
of NoO with metallic copper has established a correlation
between copper surface area and catalyst activity, thus
leading to the proposal that copper in the form of small
crystallites is the sole catalytic material in the binary
catalyst,’® with the support playing little or no role.
Alternatively, other researchers believe that copper in
intimate contact with the support is necessary for
enhanced catalytic activity.’®® Finally, a recent the-
oretical study using the semiempirical quantum-—
mechanical formalism, INDO, on large Cu-doped ZnO
clusters has assigned the copper oxidation state in the
lattice as Cu(II).8! Thus metallic copper, Cu(I), and
Cu(Il) sites on ZnO have all been proposed to be the
active phase in the methanol synthesis catalyst.

A. Coordination Chemistry of Cu on ZnO
Single-Crystal Surfaces

Inorder toinvestigate the nature of copper promotion
of ZnO in the low-temperature, low-pressure methanol
synthesis catalyst, the coordination chemistry of copper
overlayers on the four chemically different single-crystal
surfaces of ZnO has been investigated.’2 At room
temperature and low copper evaporation conditions the
first monolayer (ML) appears to grow in a two-
dimensional fashion with low coverage copper existing
as isolated centers and small islands on all surfaces.
Large differences are observed in the coordination
chemistry of the submonolayer copper sites on the
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Figure 23. Cu 2p;/; XPS studies of the effects of pertur-
bations on 0.3 ML Cu on ZnQ(0001) (left) and (0001) (right)
surfaces: (A) annealingto298,523,and 673 K; and (B) reaction
with O, under conditions indicated.

chemically different surfaces which is illustrated using
Cu 2ps/2 XPS data comparing 0.3 ML Cu on the (0001)-
zinc and (0001)-oxide surfaces in Figure 23. From
Figure 23A, heating to reaction conditions (523 K)
results in no observed change for 0.3 ML Cu on the
(0001)-oxide surface, while for copper on the (0001)-
zinc surface the XPS peak is found to decrease in
intensity and shift to lower binding energy. This
decrease in intensity is not due to loss of copper from
the surface butreflects its aggregation into larger islands
with the shift to lower binding energy corresponding to
increased extra-atomic final state relaxationin the larger
clusters.’® Further the submonolayer copper sites are
found to be relatively unreactive on the oxide as
compared to the zinc surfaces. Exposure to a 10~ torr
ambient of O; even at elevated temperatures produces
little change in the Cu 2ps/» XPS peak on the oxide
surface (Figure 23B). Alternatively, for submonolayer
copper on the zinc surface of zinc oxide a shake-up
satellite peak appears on oxidation at 12 ¢V deeper
binding energy from the Cu 2ps/2 primary peak. This
is characteristic of the Cu(II) oxidation state indicating
that the copper has been extensively oxidized on this
surface.®* This oxidation process can be quantified from
the intensity ratio of the satellite to the main peak by
referencing to analogous data on cupric oxide.’> The
data in Figure 23B, right, indicate that the submono-
layer copper has been oxidized to 55% Cu(Il) on the
(0001)-zinc surface. Therefore, submonolayer copper
on the oxide surface of zinc oxide appears to be more
stable to the above perturbations perhaps reflecting a
stronger Cu-ZnO bond with the oxide donor surface.
Alternatively, the copper site could be physically
blocked on this surface. For copper on the (0001)-zinc
surface, the coordination chemistry described above
allows one to prepare a variety of copper surface sites
on ZnO including isolated centers, small and large
clusters, Cu(I) and Cu(Il) sites. The CO chemisorption
properties of these sites have been studied in some detail
as summarized in the next section.
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Figure 24. Chemisorption of CO on 0.3 ML Cu/Zn0O(0001)
surface: (A) Cu 2p;/; XPS and (B) the He(II) valence band
spectra at 130K in 10-8 torr of CO for surfaces obtained at the
indicated conditions; (C) plot of the CO 40 intensity on the
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B. Chemisorption of CO on Cu/ZnO Surface
Sites

Figure 24A presents the Cu 2p XPS data for
submonolayer copper deposited on the (0001)-zinc
surface of ZnO which has been oxidized to the 55%
Cu(II) level as described in the last section and then
systematically reduced by limited heating in ultra high
vacuum. This leads first to mostly Cu(I) surface sites
(spectrum e) and eventually to aggregated copper metal
(spectrum h). When these surfaces are cooled to 130
K and exposed to a 108 torr ambient of CO, the He(II)
photoelectron spectra presented in Figure 24B, are
obtained. Some CO 4¢ intensityis observedinspectrum
a associated with CO binding to the submonolayer
copper as deposited. Oxidation to the 55% Cu(Il)
surface in spectrum b increases the CO 40 intensity by
60%. This 4¢ intensity increases further upon reduc-
tion, to twice the original oxidized surface intensity in
spectrum b indicating that all 4¢ intensity on the
oxidized surfaces is due to CO binding to Cu(l) sites.
Further reduction to Cu(0) and aggregation (spectra
f-h) reduces the chemisorbed CO 4¢ intensity. For the
same number of copper sites these differences in CO
40 intensity at fixed temperature and pressure should
reflect differences in heat of adsorption, thus the 4¢
intensity was studied as a function of temperature and
pressure to obtain the thermodynamics for CO binding
tothe different copper sites on the ZnO surfaces. Figure
24C shows the data for the 40 intensity for CO binding
to the Cu(l) sites on the (0001)-zinc surface of ZnO.
These data give a AH, for Cu(I)/Zn0(0001) of 21 kcal/
mol. This isthe highest value observed for CO binding
to any site on all ZnO surfaces. For submonolayer Cu-
(0) on the Zn0O(0001)-zinc surface, AH, is found to be
15 kcal/mol, equivalent to that for copper metal.®
Alternatively, for submonolayer copper on the ZnO-
(0001)-oxide surface, no measurable 4¢ intensity was
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Figure 25. Variable-energy PES spectra of (A) 0.3 ML Cu/
Zn0(0001) heated in 10-8 torr O; at 523 K minus clean ZnO
at same photon energy (B) clean Cu;0(111), and (C) CuCl-
(111). Ligand field splittings of the CuyO and CuCl d bands
are included in bottom spectra of B and C.

observed,?” indicating a AH, significantly less than that
for binding to Zn(II) sites on clean ZnO surfaces (12
kcal/mol).

It isimportant at this point torelate the above results
to those of Klier et al.!® for CO binding to powders of
the Cu/ZnO binary catalyst. These authors found that
the presence of a high affinity CO binding site correlates
with the catalytic activity. Therefore, on the basis of
the heats of adsorption obtained above for well-defined
copper sites on the chemically different surfaces of ZnO,
one can correlate this high affinity CO binding site
with Cu(l) centers on the Zn0O(0001)-zinc (and (1010)-
dimer, see ref 82) surface.

C. Nature of the Cu(I) Site on ZnO(0001) and
Its Presence in Binary Cu/ZnO Catalysts

Variable-energy photoelectron spectroscopy has been
used to probe the nature of the Cu(l) site on the ZnO-
(0001) surface.®2 The spectra in Figure 25A were
obtained by subtraction of the clean ZnO (0001)
spectrum from that of the 0.3 ML oxidized Cu(I)/ZnO-
(0001) spectrum at the same photon energy. Two sets
of bands are observed; from their cross-sectional
behavior? (the deeper binding energy band decaying
in intensity with increasing photon energy) they are
assigned as the oxide band (8 eV) and the ligand field
splitd band (4eV). Therelative intensities of the bands
give a stoichiometry of approximately two copper atoms
per one oxide which is correct for oxidation to Cu(l),
but the d band splitting is not consistent with a Cu;O
(linear) structure. Shown in Figure 25B are the variable
energy PES spectra of Cu;O which exhibit a weak low
binding energy peak in the d band (at 1.5 eV) that
corresponds to the photoionization of a d.z electron.®
The d.2 orbital is at a high energy due to the linear two
coordinate O-Cu(I)-O geometry of cuprous oxide.
However, the d band splitting of Cu(I)/Zn0(0001) as
seen in Figure 25A, with two peaks of comparable
intensity at low photon energy does parallel that of
CuCl in Figure 25C,26% where the Cu(l) sites have
tetrahedral geometries producing a tz~e splitting of the
d band of the d!° ion. The t; levels at lower binding
energy are more dispersed and have more ligand cross
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Figure26. CuK edge XAS ofaCu/ZnO catalyst. Normalized
difference Cu K edge spectrum of the reduced 1 % Cu catalyst,
where the contributions of metallic Cu and Cu microclusters
have been subtracted out. The normalized edges of Cu0
(dashed line) and a 4-coordinate Cu(I) model, Cu[N(CH-
9H2-2-pyridyl)3]BPh4 (dot—dash) are included for compar-
ison.

section character due to their strong ¢ antibonding
interaction with the ligands. For the CuCl(111) surface
the copper sites have open coordination positions
normal to the surface leading to a further Cj, splitting
of the t; band. Thus the ligand field splitting of the d
band for the Cu(I)/Zn0O(0001) system in Figure 25A
strongly supports the presence of Cs, coordinatively
unsaturated tetrahedral Cu(l) sites on this surface as
pictured in Figure 26. It should be noted that Cox et
al.% have recently studied the heat of adsorption of CO
on Cuz0(100). They observed a AH, of approximately
17 kcal/mol which is higher than that found for copper
metal, but lower than the 21 kcal/mol we find for Cu(I)
in a C;, coordinatively unsaturated site on the ZnO
surface. This result parallels the trend observed by
Sorrell and co-workers?92 for the reactivity of two versus
three-coordinate Cu(I) model complexes with CO.
The possibility of tetrahedral Cu(l) sites being present
in the Cu/ZnO binary catalysts has been probed using
acombination of X-ray absorption spectroscopy (XAS)
and extended X-ray absorption fine structure (EX-
AFS)."3% Analysis of the EXAFS spectra of thereduced
(active) catalysts with different copper percentages has
shown that there are four copper phases present: bulk
metal, Cu;0, small Cu microclusters, and Cu doped
into the ZnO lattice. From the analysis of the ratio of
the outer-shell EXAFS amplitude of the catalyst to
that of copper foil, an estimate of the metallic copper
present of ~15% was made for the 1% and 5% copper/
ZnO catalysts. Subtracting off the metallic copper
EXAFS results in a residual Cu-Cu feature at ~2.51-
2.52 A™ which is indicative of Cu microclusters and
corresponds to an effective cluster diameter of ~8 A %8
The percentage of total Cu present as 8-A microclusters
in the active catalyst was calculated to be ~20%. The
remaining ~65% of the copper involves a Cu(l) oxide
phase. The X-ray edges associated with this oxide phase
for the reduced catalyst are given in Figure 26, which
also presents the edge spectrum of Cu0 and that of a
tetrahedral Cu(I) model complex. The peak at 8984
eV observed in the reduced catalyst and Cu.0 is due
to the Cu 1s — 4p transition. From our earlier
studies,?®1% the energy of this transition was found to
depend on the geometry of the ligand field. CuzO has
a linear ligand field at the copper which raises the 4p,
orbital energy due to the repulsive interaction along
the ligand-metal bonds. Thus the 18— 4p. , transitions
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Figure 27. Cj, coordinatively unsaturated tetrahedral site
for Cu() on ZnO(0001).

are at low energy and can be assigned to the 8984 eV
peak on the basis of the polarized edge data on a linear
Cu(I) model complex. Alternatively, in a tetrahedral
ligand field all 4p orbitals experience a repulsive
interaction and are raised in energy; therefore there is
no low-energy 8984 eV peak in the spectrum of
tetrahedral Cu(I) models complexes.’®%%1% Ag gshown
in Figure 26, the normalized Cu(I) edge of the 1% Cu/
ZnO catalyst in the 8984 eV region is clearly much
weaker than that of the CusO. On the basis of the
intensity of this peak in the catalyst it is estimated that
the oxide phase contains ~45% Cu(I) doped into
tetrahedral sites in the ZnO lattice and ~20% Cu0.

Thus Cu(]) sites on the ZnO(0001)(and (1010), see ref
82) surface have been shown to bind CO with high
affinity as has been observed for active catalysts and
involve a coordinatively unsaturated tetrahedral Cu(I)
site which is also present in the reduced binary catalyst
(Figure 27). We now consider the electronic structure
differences between CO binding to Cu(I) and Zn(II)
sites which could contribute to the differences in
reactivity associated with intracrystalline promotion.

VII. Electronic Structures of CO Bonding to d"°
Metal Ion Sites

A. Molecular Orbitali Considerations

There are two main contributions to CO bonding to
a metal center. The first involves the HOMO of the
COmolecule, Figure 28 left, which is the 5o orbital that
is primarly the lone pair on the carbon but is weakly
antibonding with respect to the CO molecule. This
becomes stabilized due to bonding interactions with
the metal center and thus is involved in a o-donor
interaction which shifts electron density into unoccu-
pied orbitals on the metal center. These bonding
interactions involve the metal 3d and 4s orbitals!®! and
are described by the secular determinant given in eq
8. Here E4;and E;4 are the energies of the metal 4s and

E« -E HAs.ad HAI,Sc
Hys 20 Ey-E Higse | =0 (8)
His 56 Hagso Ego- E

3d orbitals, Es, is the energy of the CO 5¢ HOMO, and
Hy 5., etc., are the interaction matrix elements which
in the Wolfberg-Helmholtz approximation are pro-
portional to the overlap of the corresponding orbitals.
For a d'° metal or metal ion (Ni(0), Cu(I), Zn(II)) the
d band is fully occupied, so it can make no net
contribution to bonding. Thus the dominant bonding
interaction involves the CO 5¢ with the unoccupied
metal 4s orbital which is raised in energy due to this
o donor interaction (Figure 28 left, bottom).
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Figure 28. Molecular orbital description of CO bonding to
a metal center. The 56 (HOMO) orbital of the CO molecule
(left) becomes stabilized due to its ¢ donor interaction with

the metal 4s. The 27* orbital (LUMO) of CO (right) is
destabilized and accepts metal 3d electron density stabilizing
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Figure 29. Comparison of d!° metal ion oxide and chloride
valence band spectra. The valence band spectra of ZnO-
(1010) (top), Cu(I)/ZnO(0001) (middle), and CuCl(111) (bot-
tom) are taken at hy = 40 eV, aligned to their respective
Fermi levels. The approximate energy of the CO 27* (2.6
and ~3 eV above the Fermi level for CO/CuCl and CO/ZnO,
respectively) is indicated at bottom.

The second bonding interaction to a metal ion site
involves the 27*(LUMO) of CO which is at high energy
relative to the d band of the substrate. Upon inter-
action, the d band becomes stabilized in energy and
thus the CO acts as a m-acceptor ligand shifting 3d
electron density into the antibonding LUMO of the
CO molecule (7 backbonding).!°? The »-bonding in-
teraction energies are given by the secular determinant
(eq 9) where the matrix elements are as defined above.

Ey-~-E Hs g on*

Hag2x* Epr-E |7 Y 9)

The energy stabilization of the 3d level (or destabili-
zation of the CO 2x* level) is given by AE ~ —(Hzsqg 2,+)%/
(E2xs — E3q); therefore the w-acceptor interaction (and
the o-donor interaction described above) increases as
the interacting orbitals become closer in energy and
have greater overlap. The photoelectron spectra of
clean ZnO (Figure 7), Cu(I)/Zn0(0001) (Figure 25A),
and CuCl (Figure 25C) taken at 40 eV photon energy
are collected in Figure 29. From variable-energy
photoelectron spectral data the d band of ZnO is at
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deep binding energy (10-12 eV) while the d band for
Cu(I)/Zn0O(0001) is below the oxide valence band (at
2-6 eV). This difference in d orbital energy is due to
the higher effective nuclear charge for Zn(II) which
also leads to greater orbital contraction and less
overlap.?® Thus as indicated earlier, the d band for
ZnO is ineffective in = backbonding into the CO 27*
orbital which would be at ~ -3 eV in Figure 29.
Alternatively for Cu(I) the d band is at low binding
energy, and there should be less orbital contraction
and better overlap, which increases the possibility of
= backbonding. In addition, s-donor energy denom-
inators and orbital overlap should be different which
could lead to a change in the CO 5¢ donor interaction
with Cu(I) relative to Zn(II) sites. Finally, from the
bottom of Figure 29, CuCl(111) has the same general
valence band energy distribution as Cu(I)/Zn0O(0001)
with d band at low binding energy CuCl(111) also has
Cs, coordinatively unsaturated tetrahedralsurface sites,
and its chloride ligation has similar ¢- and w-donor
interactions with Cu(I) as does oxide ligation.2®6 One
can thus study CO binding to CuCl(111) as a model
system for CO binding to Cu(I)/ZnO to probe these
bonding interactions experimentally on a pure, well-
defined surface.l®® Angle-resolved photoelectron spec-
tral studies 38 show that CO binds along the coordi-
natively unsaturated direction of the Cu(l) site for
CuCl(111) (as with the Zn(II) site of ZnO in Figure 22),
and the temperature and pressure dependence of the
40 intensity of CO bound to CuCl(111) (vide infra) give
a AH, value of 23 kcal/mol, an analogous high affinity
CO binding as found for the Cu(lI) site on ZnO.

B. Experimental Probes of * Backbonding:
Shake-Up Satellites

Chemisorption of CO on CuCl(111) results in the
photoelectron spectrum given in Figure 30 (solid) which
is superimposed on the clean (dashed) spectrum of the
CuCl substrate. In addition to the presence of the 4o,
17, and 50 peaks of the bound CO molecule (the energy
position of the 17 and 5¢ having been estimated from
angle resolved photoelectron data), some d band
intensity is found to shift from the low binding energy
region to produce a shoulder on the deeper binding
energy side of the d band. From the LUMO energy
diagram in Figure 28, bottom, this reflects the presence
of = backbonding for CO binding to Cu(I) sites on CuCl-
(111). A direct method to observe and quantify this
backbonding is XPS studies of the carbon 1s peak of
bound CO at ~292 eV. From Figure 31 in addition to
the main peak associated with photoionization of the
C 1s electron, there is a shake-up satellite in the
spectrum of CO bound to CuCl.3® This corresponds to
an electron on the Cu(I) undergoing a metal to ligand
27* charge-transfer transition upon C 1s core ionization
to partially charge compensate the hole produced on
the CO molecule.!0411° The intensity of the satellite
reflects the efficiency of this process and is directly
dependent on the w-backbonding interaction between
the metal d and CO 2x* orbitals. The fact that CO
bound to Cu(l) exhibits a satellite with significant
intensity (50% that of the main peak) demonstrates
the presence of = backbonding for this surface complex,
and the lack of measurable satellite intensity for CO
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Figure30. Chemisorption of CO on CuCl(111): 40.8e VPES
spectra of CuCl(111) clean (dashed) and in a 7.5 X 10-® torr
ambient of CO at 140K (solid). Position of the CO 4¢, 17,
and 50 are indicated along with a comparison to gas phase
CO and CO chemisorbed to ZnO (see Figure 8). 17 and 5¢
orbitals have been resolved by variable energy and angle
resolved studies in ref 38.
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Figure 31. Cls XPS of CO on CuCl and ZnO: (A) CO/
CuCl(111) at 140 K and 7.5 X 102 torr ambient CO; and (B)
C0/Zn0(1010) at 80 K and 5 X 106 torr ambient CO. Part
A was taken with Mg Ka X-ray source, and part B was taken
with 360-eV light from a synchrotron source.

bound to Zn(II) clearly confirms that there is no
backbonding for CO chemisorbed to ZnO.%8

On a more quantitative level, the r-backbonding
matrix in eq 8 gives a bonding wave function y* = (cos
)Ysq + (8in ) Y2, where tan 8 = 2H3y or+/Aand A = Eo,s
— E34. Upon ionization of a C 1s electron, final state
relaxation occurs, shifting the CO 2x* level to deeper
energy by the amount U which corresponds to the
electron—hole attraction (see Figure 32). The bonding
interaction between the metal 3d and CO 2x* (which
denotes the 2x* level in the presence of a C 1s hole)
leads to two different final states

and

Y = (8in &)Yy + (co8 &) Yp,

with tan 26’ = 2H3q9.+/(A — U). These final states
correspond to the main (¥,,) and satellite () peaks in
the C 1s XPS spectra in Figure 31 with a main peak to
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Figure 32. Effects of C 18 core ionization on the metal 3d-
CO 2x* energy level diagram: CQ/CuCl ground state (left)
and two Cls ionized final states (right). CO 2=* is located
above the Fermi level in the ground state but is relaxed to
below the d levels by an energy U when a Cls hole is created
by photoionization (indicated as 27*). Two finalstatesresult
from theinteraction of the M 3d and CO 2*. Forthe screened
final state, charge is transferred from the Cu 3d into the CO
2x* level. The photoelectrons produced from the screened
final state have higher kinetic energy (thus, lower binding
energy) and correspond to the main peak (¥.). The
photoelectrons from the unscreened state are at lower kinetic
energy and correspond to the satellite peak (¥,) at higher
binding energy, AE;.

satellite peak energy separation, AEg,;, and intensity
ratio, I./In,1%11! give by eq 10, parts a and b.

AE, = [(A- U)’ + 4(Hyy,,01?  (100)

I/I = [(sin ¢ cos 6 — cos ¢ sin 6)/
(cos®’ cos 6 + sin & sin 6)]° = tan® (¢’ — §) (10b)

Finally, it is important to note that the C 1s XPS
data in Figure 31 can be used to estimate the effective
atomic charge on the carbon of the chemisorbed
CO.112113 According to the sudden approximation, the
binding energy of the C 1s peak in the initial state is
the photoelectron intensity weighted average energy
including both the main and satellite peaks.!'4!15 For
CO/CuCl(111) this is 293.4 eV. For CO/ZnO there is
no satellite intensity, but referencing to the vacuum
level yields an ionization energy of 294.5 eV. The C 1s
ionization energy for gas-phase CO is 295.9eV.!12 Thus
CO bound to both surfaces has a C 1s binding energy
below that of the gas-phase value which seems to
indicate a shift of negative charge to the carbon upon
chemisorption. However, the binding energy shifts
observed for bonding to the surface include a relaxation
shift to lower binding energy which must be subtracted
to determine the chemical shift associated with chemi-
sorption. X-ray-induced Auger and valence band
photoelectron data give core relaxation shifts of -2.9
eV for CO/CuCland -2.0 eV for CO/Zn0.3® Therefore,
corrected for relaxation, the C 1s binding energy for
CO, in fact, increases upon chemisorption by +0.4 eV
for CO/CuCland +0.6 eV for CO/Zn0O. These chemical
shiftsrelative to gas-phase CO can be used in the charge
potential model developed by Siegbahn and Jol-
Iy112113,116117 t4 estimate the net increase in positive
charge on the carbon of chemisorbed CO. These are
found to be +0.10 for CO/CuCl and +0.14 for CO/ZnO
and will be discussed in section VIII.
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Figure 33. 50 intensity vs photon energy for CO/CuCl(111),
9000 L CO, 80 K.

C. Experimental Probes of o-Donor Bonding:
Resonance Photoelectron Spectroscopy

As seen in Figure 28, left, the o-donor interaction of
CO with the metal center should stabilize its 5¢ orbital
to deeper binding energy. Thisstabilization is observed
for CO binding to CuCl (Figure 30) where the 2.2 eV
shift in the 50 peak energy is significantly larger than
the 1.4 eV shift estimated for CO bonding to ZnO (vide
supra). However, for CuCl this stabilization is com-
plicated by the fact that the 5¢ orbital can interact
with the metal 3d band which will stabilize the 5¢ orbital
energy but not contribute to bonding as both the 5¢
and 3d levels are fully occupied. The variable-energy
photoelectron data for the 5¢ peak intensity in Figure
33 show that some interaction of the 5¢ with the 3d
band does, in fact, occur.® In addition to the shape
resonance associated with the free CO molecule,!18119
there is a delayed maximum in the 50 cross section
peaking at ~41 eV which is associated with metal d
character covalently mixed into the 5¢ CO molecular
orbital. Alternatively, from Figure 28, left, the energy
destabilization of the unoccupied metal 4s orbital should
directly probe the ¢ donor interaction of the CO, and
this can be studied by resonance photoelectron spec-
troscopy.

Figure 34 presents the valence photoelectron spec-
trum of clean CuCl extended to deeper binding energy.
At 17-eV binding energy there is a satellite peak which
has significant intensity only when the photon energy
is scanned through the 75-80-eV region and thus is
resonance enhanced.!2%121 Aggiven byeq 11, parts a—c,
this satellite peak corresponds to a Cu 3d — 4s shake-
up transition on the 3d ionization.

main peak
hy
Cu(l) 3p°3d*® — 3p°3d°® (11a)
satellite
hy
Cu(l) 3p°3d'® — 3p°3d%4s’ (11b)
resonance

6 hy Auger 6
Cu() 3p®3d'® — 3p°3d'°4s' — 3p®3d’4s' (11c)

The satellite has little intensity at nonresonance photon
energies since it corresponds to a two-electron transition
and there is little change in 3d/4s mixing on 3d
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Figure 34. Resonance enhancement of the Cu shake-up
satellite in the valence band PES spectrum of CuCl(111).
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Figure 35. Shake-up satellite intensity as a function of
photon energy for clean and CO covered (A) CuCl(111) and
(B) Zn0O(1010) surfaces. Intensity is resonance enhanced at
the M 3p — 4s absorption edge. Note the energy scales are
different for A and B.

ionization. However, the satellite becomes resonance
enhanced at the copper M edge (3p — 4s8) at ~77.5eV.
As given in eq 1llc the resonance process involves
photoexcitation of a 3p electron into the unoccupied 4s
orbital. This excited state then undergoes an efficient
super Coster—-Kronig Auger!? decay process involving
two d electrons which have alarge repulsive interaction
resulting in the 3p® 3d8 4s! final state associated with
the shake-up satellite. Thus the resonance enhance-
ment of the shake-up satellite profiles the Cu 3p — 4s
transition with high surface sensitivity (~50 eV kinetic
energy for the ejected electron).

Figure 35A plots theintensity of the shake-up satellite
as a function of photon energy through the 3p — 4s
absorption edge. Forclean CuClthe absorption M edge
is at 77 eV. CO chemisorption results in a 2 eV shift
of the 3p — 4s transition to higher transition energy.
Since the energy of the Cu 3p orbital is not changed
upon chemisorption, thisindicates that the Cu 4s orbital
has been destabilized by 2 eV due to its ¢ bonding
interaction with the CO 5¢ level as indicated in Figure
28, left. The equivalent data for CO binding to ZnO
is given in Figure 35B. For clean ZnO the 3p — 4s
absorption edge is at 89 eV. CO chemisorption results
in a 0.8 eV shift of the 4s orbital to higher energy.
Therefore, in addition to the presence of r backbonding,
CO binding to Cu(]) sites undergoes a stronger ¢-donor
interaction relative to CO binding to Zn(II) sites. These
differences in bonding have significant consequences
with respect to the physical properties of the chemi-
sorbed CO molecule and are of relevance to catalysis
as discussed in the next section.
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Table IV. Comparison of Electronic and Physical
Properties of CO Binding to Zn(II), Cu(I), and Ni(0) d!°
Metal Ion Sites

physical property  ZnO(1010)  CuCl(111)  Ni(100)
AH, (kcal/mol) 12 23 28

Ag (eV) ~-1.2 -0.8 +1.0
ALco (A) -0.03 -0.02 +0.03
AQ (unit charge) +0,14 +0.10 -0.05

VIII. Relevance to Catalysis

The stronger o-donor interaction and the additional
presence of = backbonding together increase the
strength of the CO surface bond for Cu(I) relative to
Zn(IT) sites. This would increase the concentration of
surface bound CO on Cu(I)-promoted catalysts and
increase the reaction rate. From Table IV the heat of
absorption of CO binding to Cu(l) sites is double that
for Zn(Il) binding and approaches the value for CO
binding to Ni(0) surface sites. However, the CO-surface
bond for Zn(II) and Cu(l) sites is fundamentally
different from that for CO binding the metal surface
sites in that it is dominated by the o-donor interaction.
From Table IV the strong CO—= backbonding on the
Ni(0) surface leads to net charge transfer from the
surface to the CO molecule; hence, the work function
(®) increases, and the effective atomic charge on the
carbon (AQ) becomes more negative relative to gas
phase. Thestrong v backbonding weakens the CO bond
leading to an increase in CO bond length (ALc.o) from
NEXAFS studies. Alternatively, for CO bonding to
both Cu(l) and Zn(II) sites, charge is donated to the
surface leading to a decrease in work function, a net
positive charge on the carbon, and a shorter and stronger
CO bond. Thus both Cu(I) and Zn(II) sites are
particularly well suited for selectively reducing CO to
methanol. The increased strength of the CO bond upon
chemisorption is consistent with CO bond retention in
product formation. Inaddition, chemisorption on both
Zn(II) and Cu(l) sites leads to positive charge on the
carbon which activates the CO for nucleophilic attack
by hydride which is present on ZnO surfaces as a result
of the heterolytic dissociation of dihydrogen.1?®

The relaxation corrected carbon 1s XPS data in
section VILD allow an estimate of the relative positive
charge on the carbon for CO bound to Zn(II) and Cu(I)
sites. From Table IV the carbon is more positive for
CO binding to Zn(II) sites indicating that the role of
Cu(]) in promoting methanol synthesis by lowering the
activation barrier for catalysis is not simply electrostatic
activation of the hydride attack in Scheme I (which is
a modified version of the Costa and Muetterites
mechanisms).!?+1% The role of Cu(I) would appear to
relate to the stabilization of a subsequent transition
state in the reaction. The rate-determining step in
Scheme I is considered to be the generation of the
formaldehyde complex 4 which is thermodynamically
uphill 126127128 The key difference in the bonding of
COto Cu(l) relative to Zn(II) sites is stronger ¢ donation
and the additional presence of some 7 backbonding.
For a d' ion neither is expected to play a significant
role in the formation of formyl (species 3) via species
2.3,128 Alternatively, the presence of d~m backbonding
into unoccupied 7* orbitals of the ligand will signifi-
cantly stabilize this formyl level intermediate 3 and
the n%-bidentate formaldehyde species 4 bound to the
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Scheme I
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Cu(l) activesite. Inparticular,d-rbackbondingshould
increase the carbene character present in intermediate
3 which would assist in proton attack to produce
formaldehyde. While species 5 and 6 do not appear to
be involved in the rate-determining step in methanol
synthesis, Baetzold!%? has calculated that the methoxy
species 5 is also stabilized by bonding to Cu(I). Thus
in contrast to the behavior on metals, ¢ donation
dominates the CO/Cu(I) bond while the presence of
some 7 backbonding can stabilize key intermediates
involved in formaldehyde formation. Cu(I) appears to
be electronically well suited for CO activation in
methanol synthesis.

Before concluding this section, it should be pointed
out that studies!®! have been reported which suggest
that methanol is synthesized from CO, (CO; + 3H; —
CH;OH + H;0) on Cu/Zn0O/Al;0;3 catalysts under
industrial conditions. Thisreaction is thought tooccur
via the following steps:

CO; ) + H, — HCO, (12a)
HCO, , +2H,, —~CH 0", + O,  (12b)

CH,0", + H, — CH,0H, (12c)

where breaking the carbon—oxygen bond in the formate
species is likely the rate-determining step.”®!32 The
relevance of this reaction to CO hydrogenation chem-
istryis complicated by the fact that the Cu/ZnO system
is also a water—gas shift catalyst:133

CO + H,0 — CO, + H, (13)

The ICI group have used radiolabeled CO or CO; under
reaction conditions where methanol synthesis proceed-
ed faster than the reverse water—gas shift reaction and
found the carbon in the methanol to be derived from
CO,.1% In contrast Ren et al.!® utilizing a similar
experimental arrangement, found that CO; formed
methanol more slowly than CO. Further, through the
use of chemical trapping and isotopically labeled CO
and HO, Klier et al.!3 have reported that under their
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experimental conditions CO and not CO; is the primary
source of carbon for methanol. Thus the roles of CO
and CO; over Cu/Zn0/Al;0; catalysts in the methanol
synthesis reaction remain somewhat controversial. The
studies described in this review only address the
interaction of CO with Cu(I) and Zn(II) sites. Further
surface studies are required to define the nature of the
species involved in the water—gas shift chemistry and
their relevance to the intermediates involved in CO
methanol catalysis.

IX. Summary and Future Directions

Cu(I) and Zn(II) d'° metal ion surface sites appear to
be particularly well suited for methanol synthesis from
CO in that both have a dominant o-donor interaction
which strengthens the CO bond and activates the carbon
for nucleophilic attack by hydride. Cu(I) has the
additional advantage of some = backbonding which can
stabilize intermediatesrelated to the activation barrier
for catalysis. A number of important problems remain
including understanding the electronic structures of
the species in Scheme I bound to d!° metal ions and,
in general, spectroscopically defining the surface in-
termediates involved in methanol synthesis and water—
gas shift chemistry on cuprous oxide and zinc oxide
surfaces. Inaddition, there is the interesting question
astotherelative effectiveness of the chemically different
surface structures in Figure 2 in the heterolytic cleavage
of dihydrogen. Finally, on a more general level, the
above studies have focused on the binding of organo-
metallicligands to coordination compound metal oxide
surfaces. Nochange insurface metalion oxidationstate
has been implicated in this chemistry. From Table I
metal oxides are extensively utilized as oxidation
catalysts. It will be extremely interesting to define the
surface oxygen and organic substrate intermediates
involved in this nucleophilic oxidation chemistry and
the redox processes associated with the surface metal
ion in contrast to metals (such as Ag) which catalyze
the electrophilic oxidation of substrates, and to un-
derstand how these relate to parallel homogeneous and
biological oxidation catalysis.

X. Abbrevlations

PES photoelectron spectroscopy
IR infrared spectroscopy
LEED low-energy electron diffraction

SCF-Xa-SW self-consistent field X a-scattered wave

ERPS extramolecular relaxation polarization
shift

CMA cylindrical mirror analyzer

EDC energy distribution curve

HREELS high-resolution electron energy-loss spec-
troscopy

NEXAFS near-edge X-ray absorption fine struc-
ture

XPS X-ray photoelectron spectroscopy

ML monolayer

EXAFS extended X-ray absorbtion fine structure

XAS X-ray absorption spectroscopy
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HOMO highest occupied molecular orbital
LUMO lowest unoccupied molecular orbital
eV electron volt
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