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Coverage and charge-state dependent adsorption of carbon monoxide
on the zinc oxide (0001) surface
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The adsorption of carbon monoxide (CO) on zinc oxide is important to a number of industrial processes. We
report here density-functional calculations of CO binding geometries, adsorption energies, and vibrational
frequencies on the polar Zn-terminated ZnO(0001) surface. Our results illuminate a surprising complexity in
the adsorbate-surface and adsorbate-adsorbate interactions of this model surface science system, revealing that
the nature of the bonding is highly dependent on CO coverage and surface oxidation state.
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I. INTRODUCTION

Metal oxides are a key component in some of the most
widely used heterogeneous catalysts in industry. Zinc oxide
(ZnO) plays an important role in the synthesis of methanol,’
a major technical process with annual production at over 40
million tonnes, representing some U.S. $2 billion per year.”
Zinc oxide is similarly important as a catalyst in other reac-
tions, such as the hydrogenation of ethylene® and the water-
gas shift reaction.* As a result, the chemical and physical
processes that occur on ZnO surfaces, and, in particular, the
adsorption of carbon monoxide (CO), have received consid-
erable attention.>%

The adsorption of CO on ZnO has been studied using a
wide variety of experimental and theoretical techniques, in-
cluding temperature programmed desorption,” '3 near-edge
x-ray absorption fine structure measurements,'#~1® x-ray pho-
toelectron spectroscopy,' '8 helium atom scattering,'*?!
high-resolution electron-energy-loss spectroscopy,?> and
density-functional theory (DFT).!"2*-2" Calculated adsorp-
tion energies for CO molecules on the polar Zn-ZnO(0001)
surface are reported in the range of —0.19 and —0.54 eV 2426
which is in reasonable agreement with recent experimental
measurements (—0.28 eV; Ref. 26). The consensus is that
CO binds to a single zinc atom in a “top-site” configuration.
A recent theoretical study,?® however, reports that CO at low
coverage is more stable in a “bridge-site” configuration be-
tween two zinc atoms. This suggests that CO adsorption on
this oxide surface is more complicated than previously
thought, with an interplay between competing adsorption ge-
ometries, not dissimilar to the reported behavior of CO on
metal surfaces (see, e.g., Refs. 29 and 30).

In this paper we investigate in detail the coverage and
charge-state dependence of CO adsorption on the Zn-
ZnO(0001) surface. We survey, for coverages between 1/16
and 1 monolayer (ML), the high symmetry adsorption sites
(top, bridge, fcc, and hep) and examine how the adsorption
energies, molecular geometries, and vibrational stretch
modes are affected by coverage. The observation of signifi-
cant charge transfer between surface and molecule leads us
to further examine the effects of surface oxidation on these
properties. Also observed is that CO molecules, under certain
conditions, pair into characteristic dimers and trimers; a phe-
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nomenon that we correlate with surface charge transfer. As
we will show, the evidently complex behavior of CO on
Zn-ZnO(0001) is a direct consequence of surface polarity.

II. COMPUTATIONAL METHODOLOGY

Density-functional theory calculations are performed us-
ing the DMOL3 software?!*? to determine the adsorption en-
ergies and structures of CO molecules on the Zn-ZnO(0001)
surface. We utilize an atomic orbital basis set of double-
numerical quality and additional polarization functions. The
basic set is smoothly truncated at 9.25 Bohr for zinc atoms
and 9.00 bohr for carbon and oxygen atoms. Exchange cor-
relation is treated in the generalized-gradient approximation
using the Perdew, Burke, and Ernzerhof (PBE) functional333*
and scalar-relativistic corrections® are explicitly incorpo-
rated. A thermal broadening of 0.1 eV is applied to the band
occupations and our energies are correspondingly reported as
Mermin free energies. All calculations are carried out using
the spin-restricted formalism of DFT. We have confirmed in
trial calculations that spin polarization is not relevant to CO
adsorption on Zn-ZnO(0001). These trials were conducted on
representative structures for all types of CO bonding con-
figurations (top, bridge, fcc, dimer, trimer; see text below)
considered in this work.

The hexagonal bulk unit cell of ZnO is geometry opti-
mized using a 16X 16 X 10 Monkhorst-Pack k-point grid.
The calculated lattice constants are @=3.303 A and
¢=5.315 A. The internal lattice parameter is u=0.3795.
These values are in good agreement with earlier calculations
(e.g., Ref. 37; a=3.282 A, ¢=5.291 A, and u=0.3792) and
compare well with experimental measurements;*® between
3.2475 and 3.2501 A for the a lattice constant and between
5.2042 and 5.2075 A for c. Experimental values for the in-
ternal parameter u are between 0.3817 and 0.3819. Trial cal-
culations using higher mesh densities confirm that total en-
ergies and lattice constants of bulk ZnO are converged to
well within 0.1 meV/atom and 0.001 A with respect to
k-point density.

The ZnO(0001) surface is represented using a three-
dimensionally repeated slab model. The slab consists of four
double atomic layers of ZnO and is separated from its peri-
odic images by a vacuum slab of approximately 25 A. Since
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FIG. 1. (Color online) (a) Top view illustration of the four high symmetry adsorption sites—top, bridge, fcc, and hcp—on the Zn-
Zn0(0001) surface. Panels (b)—(d) show side views of a CO molecule adsorbed at top, bridge, and fcc sites, respectively. CO does not bind
to the surface at the hep site. Oxygen atoms are represented by dark gray (red) spheres. Zinc and carbon atoms are represented by light gray

and black spheres, respectively.

we are considering the Zn-terminated surface in this work,
we saturate the O-terminated surface at the bottom of the
slab using quasiatoms of nuclear charge Z=e/2. As dis-
cussed by Meyer et al.,’’¥ this ensures that the surface
bands of the O-terminated surface are fully occupied so as to
quench the residual internal electric field of the polar slab.
Full atomic relaxation of the slab is allowed, with the excep-
tion of the bottom double atomic layer, and the terminating
quasiatoms. The lattice parameters of the slab are held fixed
at bulk values. The Brillouin zone of the (1 X 1) surface slab
is sampled using a (16X 16X 1) k-point grid with corre-
spondingly smaller grids used for larger supercells.
The CO adsorption energies are calculated as

Eads = Es]ab+CO - Eslab - ECO’ (1)

where Eg.,.co 1s the total energy of the adsorbate/substrate
system, Eg,;, is the total energy of the clean surface slab, and
Ecq is the total energy of the gas-phase CO molecule. As
defined here, a more negative adsorption energy corresponds
to a more stable bonding configuration. We find that a thicker
slab model of six ZnO double layers changes the CO adsorp-
tion energies by only 0.01 eV. For our purposes, a slab model
of four double layers represents a good compromise between
energy convergence and computational economy, allowing
us to survey adsorption energies and vibrational frequencies
for a large number of configurations/unit cell sizes. A dipole
correction is applied in our calculations.

Vibrational stretch mode frequencies for CO are calcu-
lated via a mass-weighted Hessian matrix that is limited to
the atoms of the adsorbates and the topmost ZnO double
layer. Trial calculations incorporating further double layers
demonstrate that the C-O stretch modes are converged to
well below one wave number. The Hessian matrix elements
are computed using a three-point finite-difference expression
over analytical forces. All optimized geometries are charac-
terized using frequency calculations to distinguish local
minima (i.e., stable configurations) from saddle points. We
note that saddle point structures are found in our optimiza-
tions using high-symmetry structure guesses.

III. RESULTS AND DISCUSSION

A. Adsorption sites in competition

We consider CO adsorption on the Zn-ZnO(0001) surface
at the four high-symmetry sites as illustrated in Fig. 1. In the
top configuration [see Figs. 1(a) and 1(b)], CO is bonded to
a single zinc surface atom. In the bridge configuration [Figs.
1(a) and 1(c)], the CO molecule bonds to two surface zinc
atoms. In the fcc and hep configurations [Fig. 1(a)], the CO
molecule is bonded to three zinc atoms. These latter two sites
are distinguished by reference to the oxygen atoms in the
second surface layer. The hep site [Fig. 1(a)] is located above
the second layer oxygen atom while the fcc site [Figs. 1(a)
and 1(d)] is not. In all configurations, CO is bonded to the
surface through the carbon atom. We did not find any stable
configurations in which CO is adsorbed through the oxygen
atom.

Table I reports our calculated adsorption energies, vibra-
tional modes, and bond lengths for CO adsorption on the
ZnO surface. We consider adsorption coverages between 1
ML (i.e., full coverage) and 1/16 ML using (n X n) unit cells
between (1 X 1) and (4 X4), respectively. At full coverage
the top configuration is found to be the most stable with an
adsorption energy of —0.43 eV, followed by the bridge con-
figuration (—0.23 eV) and the fcc configuration (-0.19 eV).
The hcp site is found to be unstable. These findings are con-
sistent with several earlier theoretical investigations.>*> For
example, Meyer and Marx?* report an adsorption energy of
—0.37 eV for the top configuration at 1 ML, which is in
excellent agreement with our result. We have additionally
carried out vibrational frequency calculations (at the I" point)
to confirm that the top configuration is a local minimum in a
(1X 1) unit cell. Similar calculations for the bridge and fcc
configurations reveal one and two unstable (imaginary)
modes, respectively. This rules out the bridge and fcc con-
figurations as stable minima at full coverage.

Considering CO adsorption at a lower coverage of 1/4
ML, a switch in the preferred adsorption site becomes appar-
ent. At this coverage we find the bridge configuration is the
most stable at —0.54 eV. The top and fcc sites are less stable
with adsorption energies of —0.48 eV and —0.18 eV, respec-
tively. This switch in preference is due to the considerable
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TABLE I. Calculated CO adsorption energies on Zn-ZnO(0001).
Vibrational C-O stretch mode frequencies, vcp, and relevant bond
distances (dco and dz,c) are also included. Configurations marked
with an asterisk have one or more unstable vibrational modes within
the unit cell, implying these configurations are saddle points on the
potential energy surface. Note that CO in the hcp site does not bind
to the surface.

Coverage E 4 Vco dco dznc
(ML) Site (eV) (cm™) (A) (A)

1 Top -0.43 1994 1.161 2.067

Bridge” -0.23 2019 1.162 2.482

fec” -0.19 1957 1.163 2.620

1/4 Top -0.48 1969 1.162 2.057

Bridge -0.54 1778 1.190 2.174

fec* -0.18 1775 1.184 2.484

1/9 Top -0.51 1917 1.167 2.044

Bridge -0.79 1722 1.198 2.114

1/16 Top -0.57 1908 1.166 2.043

Bridge -0.82 1711 1.200 2.141

CO (gas phase) 2124 1.145

change in the adsorption energy of the bridge configuration;
a difference of 0.31 eV between 1/4 and 1 ML. In contrast,
the top and fcc energies remain nearly the same (within
0.05 eV). The switch in site preference is also reflected in the
vibrational calculations; both bridge and top configurations
are now identified as true minima. The fcc configuration has
two unstable modes as before.

The trends at 1/4 ML are also found at 1/9 and 1/16 ML.
At these two coverages, the bridge configuration is preferred
with adsorption energies of —0.79 eV and —0.82 eV, respec-
tively. The top configurations are 0.28 eV and 0.25 eV less
stable, respectively.

B. Coverage dependence of CO adsorption

The dependence of the adsorption energies on CO cover-
age is shown in Fig. 2. In this figure we compare top and
bridge sites at ten different coverages between 1/16 and 1
ML, using a variety of unit cells. We note that several of
these structures have more than one CO molecule in the unit
cell. For example, a 2/3 ML coverage is described using two
CO molecules in a (v‘EX \"§)R30° unit cell. There is also a
significant effect on the relative arrangement of CO mol-
ecules and we explore this using multiple arrangements for a
given coverage. Only the most stable structure for a given
configuration (top or bridge) is shown in Fig. 2.

The two lines in Fig. 2 connect the lowest energy struc-
tures for the top and bridge configurations. Adsorption ener-
gies for the top configuration remain relatively constant with
respect to coverage with a spread of approximately 0.15 eV
over the range. In contrast, the dependence of the bridge
configuration on coverage is quite large, changing by ap-
proximately 0.6 eV between 1/16 and 1 ML. This leads to a
crossover (arrowhead in Fig. 2) in site preference between
1/2 and 2/3 ML: the bridge site is energetically preferred at
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FIG. 2. (Color online) Calculated adsorption energies as a func-
tion of CO coverage for the top and bridge sites (blue and red lines,
respectively). At approximately 0.55 ML (arrowhead) a switch in
preference between top and bridge adsorption sites becomes appar-
ent. At 1/4 ML (arrow), the bridge configuration switches between
an isolated and one-dimensionally chained bridge arrangement.

low coverage while the top site is more stable at high cov-
erage.

In order to understand these coverage effects, it is instruc-
tive to consider the electronic and geometric contributions to
the adsorption energy. Table II reports these energy contribu-
tions for a CO molecule in a large (4 X 4) unit cell; our best
representation of an isolated adsorbate. The electronic con-
tribution, £, is estimated by limiting the geometry optimi-
zation to the CO molecule only while keeping all surface
atoms fixed at clean surface positions. By subsequently al-
lowing the surface atoms to relax first in the out-of-plane
direction (z) and then in the in-plane directions (x,y), we can
estimate the respective contributions, E, and E, , to the
adsorption energy. This type of analysis shows the bridge
configuration to be characterized by much larger relaxation
energies than the top configuration. The relaxation energies
for the bridge configuration are —0.25 eV and —0.39 eV for
in-plane and out-of-plane directions, respectively. This is in
contrast to the top configuration where the corresponding
energies are much smaller, namely, —0.08 and —0.07 eV. In
fact, the adsorption energy in the bridge configuration is
largely governed by relaxation effects (both in and out of
plane), whereas adsorption in the top configuration is pre-
dominantly electronic; without substrate relaxations the top
site would be preferred at low coverage.

The effect of coverage on the adsorption energy—Ilarge
for bridge and small for top—can be understood by inspect-

TABLE II. Adsorption energies for a CO molecule in top and
bridge configurations for the (4 X4) surface unit cell. The total
adsorption energies are decomposed into electronic as well as out-
of-plane (z) and in-plane (x,y) relaxation contributions.

Eads Eelec Erel,z Erel,xy
Site (eV) (eV) (eV) (eV)
Top -0.57 -0.42 -0.07 -0.08
Bridge -0.82 -0.18 -0.39 -0.25
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FIG. 3. (Color online) Illustration of in-plane lateral relaxations
local to CO molecules adsorbed in the bridge site. (a) An isolated
CO induces an inward displacement (arrows) of the two zinc atoms
it is bonded to. (b) At higher coverage, these relaxations “cancel”
and the zinc atoms remain centered directly above the oxygen at-
oms. This renders in-plane relaxations less effective as a contribu-
tion to the adsorption energy.

ing the atomic relaxations local to the adsorption site. When
the density of CO molecules increases, local lateral relax-
ations begin to “collide” (see Fig. 3) and become less effec-
tive in stabilizing the adsorbates. The much larger relaxation
energies of the bridge configuration are thus responsible for
the more pronounced coverage dependence of the adsorption
energy.

At a coverage of 1/4 ML, the bridge configuration under-
goes a sharp transition in the energetics (arrow in Fig. 2).
Below 1/4 ML, CO molecules prefer to be separated from
one another so as to make full use of surface relaxation ef-
fects. Above 1/4 ML, there is a preference to form one-
dimensional -Zn-CO-Zn-CO-Zn- chains such that surface
zinc atoms are bonded to either zero or two CO molecules
[see Fig. 3(b)]. In this regime, the dependence of the bridge
site adsorption energy on coverage is distinctly reduced. To
highlight the transition, we add data points to Fig. 2 for a
chained bridge at 1/16 ML and an isolated bridge at 1/3 ML.
These points illustrate how the two regimes extend beyond
the transition point (indicated by dashed lines).

C. Charge-state dependence of CO adsorption

Looking at the calculated C-O bond lengths in Table I, we
observe a consistent shift to larger values for adsorbed CO
molecules relative to the gas phase. For example, in the top
configuration, the C-O bond distances are between 1.161 and
1.167 A to be compared with 1.145 A for the gas-phase
molecule. Correspondingly, we find the CO stretch mode fre-
quencies are consistently shifted to lower wave numbers: be-
tween 1908 and 1994 cm™! for the top configuration versus
2124 cm!in the gas phase. Analogous bond length and fre-
quency shifts are found for CO in bridge and fcc sites.

Considering top-site CO at 1/4 ML (see Table III), we find
a negative frequency shift, Aveg, of =155 cm™' (ie., to
smaller wave numbers) and a bond length increase of
0.017 A, relative to a gas-phase CO molecule. These shifts
are consistent with CO acting as an electron acceptor, which
is confirmed by Mulliken population analysis (partial charge
on the molecule Qro=-0.10¢). A density difference plot of
this structure [Fig. 4(a)], displays the classical charge trans-
fer pattern in metal-coordinated CO (see, e.g., Refs. 40 and
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TABLE III. Top site CO adsorption on ZnO(0001) surfaces at
1/4 ML using a (2 X2) unit cell. We report the adsorption energy,
E,4s the C-O stretch mode frequency shift, Avcg, the C-O bond
length shift, Adcg (both relative to gas-phase CO), and the Mul-
liken partial charge of the CO molecule, Qco. In addition to the
clean surface, we consider adsorption for two representations of an
oxidized surface. One surface is explicitly oxidized by coadsorption
of 1/4 ML oxygen atoms (+Og.). A second surface is electronically
oxidized by the removal of two electrons from the (2 X 2) unit cell.

Eqqs Aveo Adco Oco
Surface (eV) (cm™) (A) (e)
Clean -0.48 —155 +0.017 -0.10
Oxidized (+Og.) -0.29 +32 -0.005 +0.08
Oxidized (-2e) -0.44 +55 -0.009 +0.11

41): o-dative bonding is evident midcenter between carbon
and zinc as a density accumulation (red) while a significant
depletion (blue) around zinc and an enhanced 7r-shaped den-
sity on CO are consistent with zinc backdonation.*?

The above findings, however, appear to be in conflict with
spectroscopic data,>** reporting a general shift to larger
wave numbers (Aveo=+50 cm™!). On the basis of these
results, Solomon et al.’ describe the CO/ZnO active site as
one where the molecule acts as an electron donor. It should
be noted that the experiments were conducted using ZnO
powder samples; thus the probed crystal face and its oxida-
tion state remain unclear. Recent experimental and theoreti-
cal work®% provides compelling evidence that the Zn-
ZnO(0001) crystal face is in fact oxidized under typical
experimental conditions. This raises the possibility that the
experimentally reported> positive wave number shifts are as-
sociated with an oxidized ZnO surface.

In order to test this hypothesis, we calculate CO stretch
mode frequencies in the presence of 1/4 ML oxygen ada-
toms; an ad hoc representation of an oxidized surface. On
this surface (see Table III) the CO stretch mode is shifted to
larger wave numbers (Avco=+32 cm™'), in line with the
experimental observations,’ and in contrast with the negative
shift calculated for the clean surface. Concomitantly, the C-O
bond lengths on the oxidized and clean surface are shortened
and lengthened, respectively. Mulliken charges confirm that
on the oxidized surface the CO molecule is a weak electron
donor (Qcp=+0.08¢). In place of CO, the oxygen
adatom acquires a significant negative partial charge
Qo(tcc)=—0.79¢. The density difference plot for this surface
[Fig. 4(b)], reveals a o-dative bonding pattern similar to that
of the clean (nonoxidized) surface, however, the region of
significant density depletion is now centered over the CO
molecule and zinc backdonation is no longer evident.

The principal effect of the oxygen adatom is to
accept electrons according to the nominal equation
%Oz(g)+2€_—’0(2;ds), lowering the Fermi level of the system.
We can imitate this effect for the clean surface in a calcula-
tion with two electrons removed from a (2X2) unit cell,
taking inspiration from an earlier study?® which reported
positive wave number shifts using a positively charged clus-
ter model. As our data in Table III shows, the calculated
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FIG. 4. (Color online) Electron density difference plots (pgaprco—Psab—Pco) for 1/4 ML CO adsorbed on clean and oxidized Zn-
ZnO(0001) surfaces. Shown are the cases of CO adsorption (a) on a clean surface, (b) in the presence of Oy, adatom, and (c) on a surface
depleted by two electrons per (2 X 2) unit cell. Charge depletion and accumulation are indicated by blue and red, respectively. Contour lines
are ranged between *+0.0001 e bohr™® with successive contours scaled by a factor of 10'/3. In the case of the electronically oxidized surface,
the density difference is calculated using pgap.co and pg,, both oxidized, while pcp remains neutral.

wave number and bond length shifts for the charged surface
are positive and negative, respectively, and very close to
those of the adatom oxidized surface. Furthermore, the par-
tial charge on the CO molecule (Qcp=+0.11¢) almost
matches the charge found for the explicitly oxidized surface
(Qco=+0.08¢), and the density difference patterns [Figs.
4(b) and 4(c)] around Zn-CO are nearly identical. This con-
firms that the CO wave number shifts are associated with the
availability of electrons (i.e., the Fermi level) and are not due
to strain or steric interactions between the CO molecule and
the coadsorbed oxygen.

We note in passing that our geometry optimizations for
CO adsorption on the oxygen adatom and electronically oxi-
dized (2X?2) surface unit cells did not produce a stable
bridge configuration. Thus, the formation of a CO bridge
appears to be closely correlated with the surface oxidation
state. Moving to a lower oxygen adatom coverage of 1/9
ML, both bridge and top configurations are stable minima,
however, the top configuration remains favored (by 0.11 eV).
Interestingly, the wave number shift for CO at the top site is
negative (Avco=-118 cm™), as on the clean surface, and
the molecule is an electron acceptor (Qco=-0.06¢). These
findings suggest that the surface is no longer sufficiently oxi-
dized for CO to become a donor. At an even lower oxygen
coverage of 1/16 ML, the CO adsorption characteristics are
effectively those of the clean surface. The bridge site is pre-
ferred over top and the wave number shifts are even more
negative. Collectively, these results demonstrate that the CO
stretch mode frequency is a sensitive probe for the oxidation
state of the ZnO surface.

D. Coadsorption effects on surface charge state

The spectroscopic shifts found for top-site CO on an oxi-
dized surface can also be reproduced using coadsorbates
other than oxygen. Using the 1/4 ML CO model of the pre-
vious section, we consider here the effects of coadsorption
with carbon dioxide (CO,) and hydrogen. One zinc atom in
the (2 X 2) unit cell is occupied by the top CO molecule. The

remaining three zinc sites are bonded to either a CO, mol-
ecule (placed at the hep site; cf. Ref. 28) or three hydrogen
atoms (at top sites).

As shown in Table IV, both carbon dioxide and hydrogen
produce positive wave number and negative bond length
shifts in the CO molecule, very similar to the shifts found for
oxygen adatoms (Oy,.). Charge analysis confirms that in all
three cases, the coadsorbate acts as an electron acceptor (i.e.,
Ocoads <0). Thus, these coadsorbates all act to oxidize the
surface, allowing the CO molecule to become an electron
donor.

While the three coadsorbates are similar in regards to
charge transfer, there is a pronounced difference in their ef-
fect on the CO adsorption energy. In comparison to the clean
surface (E,4,=-0.48 eV), the oxygen coadsorbate weakens
the CO adsorption energy by 0.19 eV, while CO, coadsorp-
tion leads to a strengthening by 0.11 eV. Hydrogen coadsor-
bates have almost no effect on the CO adsorption energy.

A strengthening of the CO adsorption energy by CO,
coadsorption has been reported by Wang et al!' on the

Zn0O(1010) surface. They hypothesize that CO, increases the

TABLE IV. Effects of coadsorbates on the binding of CO mol-
ecules to the Zn-ZnO(0001) surface. Of the four available zinc sites
in a (2X2) unit cell, a top-site CO molecule occupies one zinc
atom and the coadsorbate (oxygen, carbon dioxide, or hydrogen)
binds to the remaining zinc sites. We report the adsorption energy,
E,q, the C-O stretch mode frequency shift, Avcg, the C-O bond
length shift, Adcq, as well as the Mulliken partial charge of the CO
molecule, Oco, and coadsorbate species, Qcyads-

Eqgs Avco Adco Oco  Qeouds
Coadsorbate (eV) (cm™) (A) (e) (e)
Clean -0.48 —155 +0.017 -0.10
Opee ~029  +32  -0005 +0.08 -0.79
CO, -0.59 +65 -0.007 +0.12 -0.77
3Hygp ~051  +67  -0007 4011 —-04l
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FIG. 5. (Color online) Atomic structures of paired CO structures
on the clean and oxidized Zn-ZnO(0001) surfaces. (a) A (CO),
dimer on the clean surface, calculated at 1/2 ML coverage. (b) A
(CO); trimer on the clean surface at 3/4 ML. The trimer is centered
over an hcp site. [(¢) and (d)] On the oxidized surface, CO mol-
ecules no longer form dimers and trimers. Selected bond distances
(in A) are indicated.

Lewis acidity of any vacant zinc sites and propose that coad-
sorption can be used to tune the reactivity of the surface. Our
results for CO, coadsorption suggest that a similar mecha-
nism is in effect on the Zn-ZnO(0001) surface. However, the
weakening of the CO adsorption energy for oxygen coad-
sorption, and the absence of any effect for hydrogen coad-
sorption, indicates that the CO adsorption energy is not
solely determined by the charge-accepting properties of the
coadsorbate.

E. Pairing of CO adsorbates at high coverage

Related to surface oxidation, we find an interesting pair-
ing phenomenon in our top-site CO structures. Intuitively,
CO molecules in a top configuration are expected to adopt a
linear Zn-C-O geometry, consistent with a o-dative bond. In
our calculations, however, we find when two or three CO
molecules are positioned at nearest zinc sites, they tend to
relax toward each other, forming prototype (CO),, dimer and
trimer configurations. This differs sharply from the behavior
reported for metal surfaces (e.g., Refs. 30, 47, and 48), where
the interaction between CO adsorbates is observed to be re-
pulsive.

On the clean Zn-ZnO(0001) surface, the interaction is at-
tractive, as illustrated in Fig. 5(a), for example, of a dimer
formed by two CO molecules in a (2X2) unit cell. In this
structure the Zn-C-O geometry is now angled (134°) such
that the C-C distance between the two molecules is reduced
to 1.840 A. This distance is considerably shorter than one
lattice constant (a=3.303 A) which would apply for CO
molecules in a linear top configuration, though still larger
than a typical covalent bond (~1.4 A). Similarly [see Fig.
5(b)], three CO molecules in a (2X?2) unit cell relax into a
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FIG. 6. (Color online) Calculated adsorption energies as a func-
tion of coverage for CO molecules in top and bridge configurations.
Also included are the adsorption energies of (CO),, dimer and trimer
structures. For the (CO), structures, coverage refers to the number
of individual CO molecules per unit cell.

(CO); equilateral trimer with a Zn-C-O bond angle of 139°
and a C-C distance of 2.318 A. A dense packing of (CO),
trimers with a C-C distance of 2.498 _A occurs for a full
monolayer of CO molecules in a (V3 X y3)R30° unit cell. We
note in passing that (CO); trimers occur in two variants,
centered over an fcc or hcp site; the hep-centered trimer is
slightly (<0.03 eV per CO molecule) more stable.

Figure 6 shows the coverage-dependent adsorption ener-
gies for the (CO), dimer and trimer configurations in com-
parison to the idealized top and bridge structures discussed
above. Across the coverage range, we find the paired struc-
tures to be more stable than the pure (i.e., unpaired) top
configurations. This stabilization is largest at low coverage
(>0.2 eV) and decreases almost linearly to become very
small (0.04 eV) at a full monolayer. Broadly speaking, we
find that the adsorption energies of dimers and trimers are
similar (AE,4<0.15 eV) at comparable coverages. In de-
tail, (CO); trimers are slightly preferred at high coverage
while (CO), dimers are favored at intermediate coverages. At
low coverage (1/9 ML and below), the adsorption energies of
the dimers are practically identical to those of the bridge
configuration.

Calculated pairing energies, E,,;, are reported in Table V
for two trimers and one dimer. These pairing energies are
defined here as an adsorption energy difference relative to a
reference structure in which the CO molecules are con-
strained to an ideal linear top configuration. Following the
overall trends seen in Fig. 6, we find for the 1/2 ML dimer
structure a significant pairing energy of —0.14 eV per CO
molecule, which is reduced to —0.11 and —0.04 eV for the
3/4 and 1 ML trimer structures, respectively.

The pairing of CO molecules is again intimately linked to
the surface oxidation state. As shown in Fig. 5, the removal
of two electrons per (2X2) unit cell causes a dimer [Fig.
5(a)] and a trimer structure [Fig. 5(b)] to become distinctly
unpaired in Figs. 5(c) and 5(d), respectively. This finding is
quantified in Table V, showing that E; in the oxidized
structures becomes very small (<0.02 eV) independent of
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TABLE V. Carbon monoxide dimer and trimer structures on
clean and oxidized Zn-ZnO(0001) surfaces. The pairing energies,
Eqir» are calculated relative to the CO molecules adopting an ideal
linear top configuration. Also reported are the Zn-C-O bond angles,

az,co» and Mulliken partial charges per CO molecule, Qcq.

Coverage Eas  Epir  dcc azaco Qco
(ML) Surface  (eV)  (eV) (A) (deg) (e)
1/2 (dimer) Clean -0.58 -0.14 1.840 134 -0.18
Oxid. -0.37 -0.01 3.134 170 +0.06
3/4 (trimer) Clean -0.54 -0.11 2.318 139 -0.15
Oxid. -0.33 -0.02 3.120 163 +0.02
1 (trimer) Clean -047 -0.04 2498 146 -0.13
Oxid. -0.27 0.00 3.294 178 +0.01

coverage. Likewise, the Zn-C-O bond angles approach that
of an ideal linear top configuration (i.e., 180°) and the sepa-
ration between CO molecules increases to greater than 3 A.
Clearly, the CO molecules are no longer bonded together.
Negative Mulliken partial charges, Qcq, in Table V con-
firm that CO remains an electron acceptor when in a dimer or
trimer configuration on the clean surface. On the oxidized
surface, the now unpaired CO molecules are electron donors,
as before for isolated CO. We observe in Table V that the
pairing energy increases, complemented by a shortening of
the C-C separation, as electrons are transferred to (CO),,.
The correlation between charge transfer (Q¢p) and (CO),
geometry is further examined in Fig. 7 for the cases of a
symmetric (Cs,) trimer and a dimer in a (2 X 2) surface unit
cell. To this unit cell up to four electrons are added and up to
three electrons are removed to produce a charge transfer,
QOco, in the range —0.37 to +0.15 e per CO molecule. As
shown in Fig. 7, an increasingly negative partial charge re-
sults in an almost linear deviation in the C-C separation from
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FIG. 7. (Color online) Calculated structural parameters of an
adsorbed (CO); trimer (solid, cyan line) and (CO), dimer (dotted,
purple line) as a function of the charge transfer between surface and
molecule. Reported are the atomic separations between carbon at-
oms, dcc, and between carbon and zinc atoms, dy,c, for (CO), in a
(2% 2) surface unit cell. The charge transfer is quantified by the
Mulliken partial charge, Qcq, given in units of e per CO fragment.
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FIG. 8. (Color online) Schematic illustration of the effects of
bond polarization in ZnO. (a) Charge transfer for a tetrahedrally
coordinated zinc site, leading to a zero net dipole moment (nomi-
nally 1/2 electron per Zn-O bond). (b) Charge transfer for a trigonal
pyramidal surface zinc atom leads to a finite dipole in the [0001]
direction and 1/2 residual electrons on zinc.

an ideal top configuration (horizontal dashed line); saturating
in the case of the dimer to approximately 1.6 A. This con-
firms that the formation of (CO), dimers and trimers is di-
rectly related to CO acting as an electron acceptor.

IV. DISCUSSION AND CONCLUSIONS

The preceding sections have highlighted that CO adsorp-
tion on Zn-ZnO(0001) is a highly variable process in terms
of geometry, energetics, and surface coverage. We have
closely examined (see Fig. 6) the close competition between
bridge and top configurations over the coverage range with
top CO molecules further distinguished into paired (dimer
and trimer) and unpaired structures. By considering coad-
sorption of CO with oxygen atoms (Table III) and surfaces
artificially depleted of electrons (Tables III and V), we were
able to correlate the favored adsorption geometry with the
amount of charge transfer between surface and CO. As we
will now discuss, these geometric trends are directly attrib-
utable to the polar nature of the Zn-ZnO(0001) surface.

The polarity of Zn-ZnO(0001) can be conceptualized in a
variety of ways.3”404939 For this discussion, it is most con-
venient to consider surface polarity to be a direct conse-
quence of Zn-O bond polarity. Zinc and oxygen atoms in
bulk ZnO are tetrahedrally (i.e., fourfold) coordinated by at-
oms of the opposite type, as illustrated schematically for zinc
in Fig. 8(a). Bond polarization nominally transfers the charge
equivalent of 1/2 an electron from the zinc atom to each of
its four oxygen neighbors, producing a net charge of +2 on
zinc and —1/2 on oxygen (adding to —2 when the contribu-
tions from four zinc neighbors are combined). Concomitant
with bond polarization, the conduction and valence bands
become zinclike and oxygenlike, respectively. Importantly,
the bond dipoles in this symmetric tetrahedral arrangement
cancel; that is, the local dipole moment, p, is zero. Such a
cancellation does not occur for zinc atoms in the (0001) sur-
face plane, which are bonded to three oxygen atoms in a
trigonal pyramidal arrangement [Fig. 8(b)]. The absence of a
fourth ligand due to crystal truncation means that only 3/2
electrons are transferred to oxygen, leaving 1/2 residual elec-
trons on the zinc atom. This is unsatisfactory for two rea-
sons. First, the three bond dipoles no longer cancel, combin-
ing to a finite surface dipole moment along the [0001]
direction (p #0). Second, the residual 1/2 electrons on the
zinc atom occupy the conduction band which exacts an en-
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FIG. 9. (Color online) Schematic valence structure diagrams
illustrating the mechanism for CO adsorption on the Zn-ZnO(0001)
surface. Panels (a) and (b) describe top-site adsorption on the oxi-
dized and clean surface, respectively. For the clean surface, a small
open circle is used to represent the residual surface electrons.
Panels (c) and (e) describe secondary reactions leading to bridge
formation and CO pairing at low and high coverages,
respectively. Panels (d) and (f) show the electron density difference
(Pstabsnco— Psiab—1Pco) for a CO bridge and (CO), dimer. Charge
depletion and accumulation are indicated by blue and red, respec-
tively. Contour lines are ranged between *=0.0001 e bohr™ with
successive contours scaled by a factor of 103,

ergy penalty of approximately one band gap per electron. In
consequence, there exist strong forces in the Zn-ZnO(0001)
surface to shift these electrons into any atoms above the sur-
face, and any vacant orbitals created below the conduction
band. In the absence of molecular adsorbates, these forces
drive the surface to reconstruct into various nonstochiometric
forms, including the well-known triangular pits.*>*® When
adsorbate molecules are present, they instead are used to
stabilize the surface; the bonding characteristics are deter-
mined by the molecule’s ability to act as an electron accep-
tor.

In the case of CO, this leads to a surprising complexity in
the substrate-adsorbate interaction. Figure 9 provides a sche-
matic rationalization of the varied geometries CO adopts in
response to its local adsorption environment.

It is instructive to first consider the case of top-site ad-
sorption for an oxidized surface [Fig. 9(a)], where the re-
sidual surface zinc electrons are absent. The CO molecule
binds to the zinc site, providing the two electrons to form a
o-dative bond. In this reaction, the carbon atom remains sp
hybridized and the Zn-C-O geometry is linear. This is con-
sistent with our calculations (see Sec. III C): a linear, top-site
CO is found to be a global minimum on a (2X2) surface
with two electrons per unit cell (or 1/2 e per surface zinc
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atom) removed. The same geometry is also found for sur-
faces that are explicitly oxidized (e.g., by coadsorption with
oxygen, carbon dioxide, or hydrogen).

On the clean (nonoxidized) surface, the residual electrons
on zinc come into play. As illustrated in Fig. 9(b), CO ad-
sorption again involves o-dative bond formation between the
molecule and zinc. The residual zinc electrons are backdo-
nated into CO, reducing the surface dipole and fractionally
populating the 7 orbitals of the molecule. In turn, the mol-
ecule responds by tilting (i.e., forming a Zn-C-O angle),
which breaks the 7" degeneracy and shifts the residual elec-
trons onto a sp’-hybridized carbon atom. The formation of
bridge-site CO, and paired (CO),, clusters, is a direct mani-
festation of the molecule’s attempt to stabilize this excess
charge.

At low coverage, stabilization is achieved through CO
bridge formation, as illustrated in Figs. 9(c) and 9(d). In this
case, the residual electron on the CO molecule pairs with the
residual electron on a nearby zinc atom to form a second
Zn-CO bond. The pairing of fractionally occupied molecular
orbitals leads to a net gain in energy that, in turn, drives the
bridge formation process. This is consistent with the results
in Fig. 2: the bridge site is favored over the top site when the
adsorbate coverage is below 1/2 ML (i.e., one CO molecule
for every two surface zinc atoms). At higher coverages, an
alternative mechanism exists, namely, CO pairing [Figs. 9(e)
and 9(f)], in which two or three molecules will share their
excess charge to effect a bonding interaction between them;
note the distinct density enhancement (red) between the two
carbon atoms in Fig. 9(f). Again, fractionally occupied orbit-
als are combined and energy is gained.

The role of the residual electrons in these secondary bond
formation processes is confirmed by our calculations on oxi-
dized Zn-ZnO(0001). Oxidation, as discussed above, re-
moves these electrons from the surface and secondary bond
formation is no longer required as a stabilization mechanism.
This is evidenced by the absence of stable bridge structures
(see Sec. III C) or CO pairing (see Fig. 5). Top-site CO is the
preferred configuration on the oxidized surface.

From the perspective of catalysis, it is instructive to con-
sider Zn-ZnO(0001) surface oxidation as a coadsorption phe-
nomenon; oxygen adatoms, and other oxidizing species (e.g.,
zinc vacancies), are simply regarded as another type of ad-
sorbate species in competition with the reactants (e.g., CO).
This viewpoint is motivated by the fact that all four adsor-
bate species considered here (CO, oxygen, CO,, and hydro-
gen) are found to be electron acceptors when placed on the
clean surface. The transfer of electrons into any adsorbate is
driven by the polarity of the Zn-ZnO(0001) surface which, as
discussed above, exerts strong forces to promote its residual
electrons into the above-surface plane. In the case of coad-
sorption, i.e., more than one type of adsorbate on the surface,
there will be competition over which adsorbate will accept
these electrons. This is presumably determined by the rela-
tive electron affinity of the coadsorbates. In keeping with
this, we find that CO, as a highly reluctant electron acceptor,
is a donor in the case of coadsorption. The bonding charac-
teristics of CO are thus highly dependent on what other spe-
cies are bound to the surface.

In summary, calculations of CO adsorption on the
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Zn-ZnO(0001) surface demonstrate that numerous bonding
configurations can arise as a function of adsorbate coverage
and surface oxidation state in the presence of coadsorbing
species. The polarity of the Zn-ZnO(0001) surface,
specifically the role of residual electrons, is critical to
understanding the CO adsorption properties.
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