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ABSTRACT: The reduced surface of a natural Hematite single crystal α-Fe2O3(0001)
sample has multiple surface domains with different terminations, Fe2O3(0001), FeO(111),
and Fe3O4(111). The adsorption of water on this surface was investigated via Scanning
Tunneling Microscopy (STM) and first-principle theoretical simulations. Water species are
observed only on the Fe-terminated Fe3O4(111) surface at temperatures up to 235 K.
Between 235 and 245 K we observed a change in the surface species from intact water
molecules and hydroxyl groups bound to the surface to only hydroxyl groups atop the
surface terminating FeIII cations. This indicates a low energy barrier for water dissociation
on the surface of Fe3O4 that is supported by our theoretical computations. Our first
principles simulations confirm the identity of the surface species proposed from the STM
images, finding that the most stable state of a water molecule is the dissociated one (OH +
H), with OH atop surface terminating FeIII sites and H atop under-coordinated oxygen
sites. Attempts to simulate reaction of the surface OH with coadsorbed CO fail because the
only binding sites for CO are the surface FeIII atoms, which are blocked by the much more
strongly bound OH. In order to promote this reaction we simulated a surface decorated with gold atoms. The Au adatoms are
found to cap the under-coordinated oxygen sites and dosed CO is found to bind to the Au adatom. This newly created binding
site for CO not only allows for coexistence of CO and OH on the surface of Fe3O4 but also provides colocation between the two
species. These two factors are likely promoters of catalytic activity on Au/Fe3O4(111) surfaces.

■ INTRODUCTION
Gold supported on metal oxide materials has recently been
reported to catalyze the water gas shift reaction, an important
process for the industrial production of H2.

1−4

+ → +CO H O H CO2 2 2

This observation is quite surprising since gold is normally
thought of as a largely inert metal. Perhaps even more
surprising is the fact that this catalytic activity remains robust
even when all of the particulate gold of >1.5 nm size is removed
from the oxide support, thereby indicating that the catalytically
active gold represents only a small fraction of the total number
of gold atoms present on the surface.1,3 These observations
naturally lead to questions about the mechanism for catalysis,
particularly the importance of site-specific adsorption of Au,
CO and H2O on the metal oxide support surface.
Scanning Tunneling Microscopy (STM) studies of a gold

decorated iron oxide surface, investigated in an ultrahigh
vacuum (UHV) chamber, reveal the presence of single Au ad-

atoms adsorbed at under-coordinated oxygen atom surface sites
(marked by × in Figure 1a).5 When exposed to CO, STM scans
of this surface give strong indication of CO adsorption on top
of the gold ad-atoms (see Figure 9 of ref 5), thereby placing
adsorbed CO over oxygen atoms in the underlying iron oxide
support surface.
The nature of water reactivity and adsorption on the

complicated surface of natural iron oxide surfaces, which is far
from completely understood, is addressed in this study both
experimentally using STM and theoretically using density
functional theory (DFT) calculations. Earlier computational
studies of the thermochemistry of H2O on the surface of
magnetite (Fe3O4) provide evidence that the molecule reacts
and dissociates into OH+H6−11 but no kinetic rate information
is available for this process. STM topographic images reveal the
site-specific nature of adsorbed species positions on the surface,
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while Scanning Tunneling Spectroscopy (STS) conductance
curves taken over individual atoms provide unambiguous
differentiation of Fe and O atom sites on these surfaces.
Over Fe atoms tunneling both into and out of the surface can
be observed, while over O atoms only tunneling into the
surface is detected in the voltage range ±2.0 V.12,13

Natural Iron oxide is a particularly convenient material on
which to study these adsorption processes because of the
previous, extensive, site-specific characterization of the material
and the possibility of investigating multiple, coexisting surface
terminations and phases such as those shown in Figure 1a and

b, which can exist simultaneously in a single sample.12−16

Figure 1a shows a model diagram of the top view of an Fe-
terminated 2 × 2 Fe3O4(111) surface where the under-
coordinated (uncapped) oxygen sites are marked by ×, thereby
exposing both iron cations and oxygen anions to surface

adsorbates5,14 Figure 1b exhibits the top view of a purely
oxygen terminated FeO(111) surface.
In the present study we investigate the surface-termination

dependent adsorption behavior of water molecules on the
atomic and molecular scale at 235 and 245 K, experimentally
and theoretically. STM is employed to probe the iron oxide
surface with majority phase Fe-terminated 2 × 2 Fe3O4(111)
(Figure 1a) and minority phase O-terminated FeO(111)
(Figure 1b), with adsorbed water species. DFT computations
are performed to determine the relative thermodynamic
stability of the adsorbed water species (e.g., H2O, OH + H)
and their coexistence with Au and CO on these surfaces. These
site-specific adsorption studies of water molecules on the
various iron oxide surface domains are meant to pave the way
for investigations into the more complex catalytic reactions
involving gold decorated iron oxide surfaces.

■ EXPERIMENTAL AND THEORETICAL METHODS
A natural α-Fe2O3(0001) single crystal was cleaned in the UHV
chamber by repeated cycles of Ar+ sputtering and annealing to prepare
the reduced surface film with Fe3O4(111) iron terminated and FeO
(111) oxygen terminated domains (see Figure 1a and b), as described
in detail elsewhere.5,12−15 STM images were obtained using an
ultrahigh vacuum, variable temperature scanning tunneling micro-
scope.

The theoretical simulation results in this paper are based on plane
wave expansions using the computational program VASP (Vienna Ab-
initio Simulation Package).17 The energy cutoff for the plane-wave
basis was set to 500 eV. Scalar relativistic effects are included with the
PAW-PBE potentials18,19 available in the distributed code. The
Brillouin zone was sampled by Monkhorst-Pack meshes of 9 × 9 ×
1 for GGA+U (Ueff = 4.0 eV) calculations.20 Convergence of the
electronic degrees of freedom was met when the total (free) energy
change and the band structure energy change between two steps were
both smaller than 1 × 10−5. We relax all structural parameters (atomic
position, lattice constants) using a conjugate-gradient algorithm until
the Hellmann−Feynman forces are less than 0.01 eV/Å. To investigate
reaction mechanisms on a gold decorated iron oxide surface with
adsorbed CO and water, the climbing image nudged elastic band
(CINEB) method was performed to search transition states. The

Figure 1. Top view of two possible iron oxide surface terminations. (a)
Iron-terminated Fe3O4(111) model surface; 1/4 monolayer of
tetrahedrally coordinated Fe atoms forms a 2 × 2 structure over a
close packed oxygen layer, giving rise to a 5.94 Å unit cell constant.
Each unit cell has an uncapped oxygen labeled by ×. (b) Oxygen-
terminated FeO(111) model surface. Only oxygen atoms are exposed
to surface adsorbates on this close-packed FeO(111) surface with a
unit cell dimension of 3.04 Å.

Figure 2. Topographic STM image of an iron oxide surface after dosing with water at 1.0 × 10−8 torr for 15 s at 235 K; (a) 22 nm × 22 nm, acquired
at +1.3 V (sample positive) and 1.0 nA. The Fe-terminated Fe3O4(111) surface domain marked by the yellow oval has chemisorbed water species
(small bright features marked by the black rectangle) and physisorbed water species (large circularly diffusive features marked by green ovals) on it
while the O-terminated FeO(111) (blue ovals) domains do not have any adsorbed water species; (b) 5.35 nm × 4.03 nm, obtained at +1.2 V
(sample positive), 1.0 nA and 235 K. The bright features atop the surface terminating Fe atoms are water-derived species. (c) Line profile along the
red arrow in (b) shows that the distance (6.3 ± 0.5 Å) between these water derived adsorbates is approximately the same as that of the unit cell
dimension of an iron terminated 2 × 2 Fe3O4(111) surface (see model for this phase in Figure 1a).
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reaction path was discretized with eight intermediate images between
the two minima connected by elastic springs, in order to prevent the
images from sliding to the minima during the course of optimization.
The corresponding activation energies were calculated according to
the energies between the initial and transition states.

■ RESULTS

Adsorption and Reaction of H2O on the Reduced
Surface of Natural Single Crystal α-Fe2O3. Figure 2a shows
a topographic image obtained at 235 K after dosing H2O onto
the reduced surface of a natural single crystal α-Fe2O3(0001)
sample (held at 235 K) where the majority phase is a Fe-
terminated 2 × 2 Fe3O4(111) surface. The area marked by the
yellow oval reveals features on this well-ordered surface with a
periodicity of approximately 6 Å, which is the unit cell
dimension of an Fe-terminated 2 × 2 Fe3O4(111) surface that
has exposed iron cations and oxygen anions (see Figure 1a).
The ordered structure of this majority magnetite domain is
readily observed in the area marked by the white oval, the
boundary between the Fe3O4(111) marked by the yellow oval,
and the minority domain marked by the upper blue oval. Based
on STS conductance curves, which show tunneling into but not
out of these regions, the area marked by blue ovals is assigned
to O-terminated FeO(111) domains that expose only closely
packed surface oxygen atoms (see model in Figure 1b).
Some small bright (marked by the black rectangle) and large

circularly diffusive features (marked by green ovals) are evident
in the Fe3O4 domain marked by the yellow oval, but these only
became visible after the sample was exposed to 0.15 L of water
at 235 K. The diffuse features are assigned to mobile H2O
molecules physisorbed on the surface while the small bright
features arise from chemisorbed, dissociated water species (e.g.,
hydroxyl groups). Additional features similar to these were not
observed in the FeO areas (blue ovals). Figure 2b is a smaller
scale topographic image (5.35 nm × 4.03 nm), revealing only
small bright features without the large blurry ones (physisorbed
water molecules) and substrate atoms in the Fe3O4(111)
region. We identify these features as hydroxyl groups arising
from dissociative adsorption of water atop the surface
terminating Fe cations. Figure 2c is a line profile along the
red arrow in Figure 2b, confirming that the distance between
dissociatively adsorbed hydroxyl groups (bright features) is the
same as that between surface terminating Fe cations in the
Fe3O4(111) domain. The absence of water in the FeO region is
consistent with temperature programmed desorption (TPD)

investigations of the same system. Weiss and co-workers21−24

reported that water species with a peak desorption temperature
of 170 K are only physisorbed on the purely oxygen-terminated,
ordered, epitaxial FeO(111) film grown on Pt(111).
The surface characteristics and reaction properties of O-

terminated FeO(111) areas (similar to the ones marked by blue
ovals in Figure 2a) and of Fe-terminated Fe3O4(111) areas are
further investigated using constant-height STM images (Figure
3), as well as being confirmed by temperature-programmed
desorption (TPD) experiments,21−24 and first principles
theoretical simulations (see below).
Figure 3a shows a constant height STM image (40 nm × 40

nm) obtained at 235 K after exposing the surface to 0.15 L of
water. This image reveals both the majority Fe-terminated
Fe3O4(111) area marked by the yellow oval and the minority
area indicated by the blue ovals, which is predominately
FeO(111). Figure 3b is an expanded image of area 1 in Figure
3a, revealing different surface phases: a triangular O-terminated
FeO(111) region with no adsorbates and a Fe-terminated
Fe3O4(111) area with some additional water features marked
by the yellow ovals.
Figure 3c and d are line profiles along the red and white

arrows in Figure 3b revealing the distances between protruding
atomic features to be 3.2 ± 0.3 and 3.4 ± 0.3 Å, respectively.
These distances are close to the characteristic unit cell
dimension (3.04 Å) of an unreconstructed wustite, FeO(111)
surface. The area in Figure 3b marked by the yellow ovals is a
Fe-terminated Fe3O4(111) domain with some water species on
it, similar to that shown in Figure 2. The areas indicated as A
(white oval) and B (red oval) have the same unit cell
dimension (∼3.3 Å) and I(V) curves, but have slightly different
corrugations. The average heights of type A and type B areas
are 0.42 and 0.36 nm, respectively, and thus they are both
closely packed oxygen terminated FeO(111) domains with
some reconstruction occurring in the course of the formation of
Fe3O4(111) and FeO(111) domains from the original α-
Fe2O3(0001) single crystal. As such, they are likely to exhibit
desorption of physisorbed water at temperatures above 170
K.24

TPD studies of water adsorption performed on single
domain, iron terminated Fe3O4(111) thin films grown on
Pt(111) showed that thermal desorption peaks appear at 282 K
for the dissociatively adsorbed water species (γ species), at 210
K for physisorbed water monomers (β species), and at 170 K
for ice multilayers (α species).24 This provides strong

Figure 3. Constant height STM image of an iron oxide surface dosed with 0.15 L of water vapor. (a) Image (40 nm × 40 nm) recorded at 235 K
(sample positive) shows an Fe-terminated Fe3O4(111) domain marked by the yellow oval and O-terminated FeO(111) domains marked by the blue
ovals. (b) Expanded image (8.12 nm × 8.12 nm) of area 1 in (a) reveals chemisorbed water species adsorbed on an Fe-terminated area marked by
yellow ovals and pristine O-terminated areas (marked by A and B). (c−d) Line profiles along red (c) and white (d) arrows in (b) show distances of
approximately 0.32 and 0.34 nm between atomic features, close to the unit cell distance in the oxygen layer of an unreconstructed FeO(111) surface.
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supporting evidence that the species observed in the present
STM experiments at 235 K on the Fe terminated Fe3O4(111)
domains is mostly chemisorbed water with some mobile weakly
bound physisorbed water species.
TPD experiments using D2O to dose the reduced 2 × 2

Fe3O4(111) surface from a natural α-Fe2O3(0001) crystal
sample,14 prepared in a manner similar to that used in the
current experiment, reported several desorption peaks for
chemisorbed water species at 260, 300, 340, and 595 K,
respectively.14 The fact that several recombinative desorption
peaks are observed in the 260−770 K temperature range is
indicative of the presence of several different surface phases
with different terminations and some defects. (see Figures 2a
and 3a). The desorption temperature assigned to physisorbed
H2O in this TPD study (231 K) is very close to the 235 K value
used in the present STM investigation. Thus, the TPD data are
consistent with the possibility that mobile water molecules
(assigned to the large, circular, diffuse blurry features marked by
the yellow oval in Figure 2a) on the Fe3O4(111) surface, or
water molecules loosely bound to hydroxyls on the surface via
hydrogen bonding, can coexist with chemisorbed hydroxyls at
235 K.
Our theoretical calculations of H2O on the surface of Fe3O4

indicate that the minimum energy state is that of a dissociated
(OH+H) molecule in agreement with previous studies by
Grillo et al.25 The dissociated state was found to be 0.49 eV
lower in energy with respect to the intact H2O molecule (see
Figure 4). The adsorbed water molecule (β species) is found to

be weakly bound to the terminal FeIII with a very long Fe−O
distance of 2.2A, indicating a physisorbed species. From that
state we found very small activation energy for dissociation of a
water molecule (0.10 eV). The resulting OH species
coordinates to the terminal FeIII, as seen in the STM images
(see Figure 2b), and on a clean surface the remaining hydrogen
forms an OH with the under-coordinated surface oxygen atom.
The OH chemisorbs on the FeIII with adsorption energy of 1.31
eV, while the proton is on top of a neighboring oxygen anion
resulting in single water molecule adsorption per unit cell.

Finally, if the temperature of the sample surface is raised
from 235 to 245K, the topographic image changes (compare
Figures 2a and 5a) indicating that the mobile water molecules,
which were physisorbed on the surface at 235 K, desorbed at
the higher temperature. Figure 5b, which is an enlargement of
the white rectangle in Figure 5a, clearly reveals that the bright
yellow features are atop the surface terminating Fe atoms, much
as the hydroxyl groups identified in our DFT calculations (see
Figure 4). The line profile in Figure 5c along the white arrow in
Figure 5b shows the characteristic distance (∼ 6 Å) between Fe
atoms of a 2 × 2 Fe3O4(111) surface. The line profile in Figure
5d along the red arrow in Figure 5b shows the same
characteristic distance between bright features (hydroxyl
groups). The absence of any diffuse structure in Figure 5a
(comparing Figures 2a with 5a) is also consistent with
desorption of mobile water molecules from the surface between
235 and 245 K.

Comparison between CO and H2O Chemisorption.
The adsorption behavior of water on different surface
terminations described above and the temperature dependent
behavior of these species on the complex Fe3O4(111) surface
for a given exposure is consistent with the behavior of CO
adsorbed on transition metal oxides. The infrared spectroscopy
of CO molecules on transition metal oxides indicates that CO
is adsorbed on metal cations; thus, CO is a probe molecule for
surface cations, which act as strong Lewis acid sites on these
oxides, thereby attracting lone pair electrons on the water
molecule.25 The uncapped oxygen anions, on the other hand,
act as Brønsted bases attracting protons from the water
molecule consistent with our calculations described above.
CO molecules can be expected to adsorb atop surface

terminating FeIII sites of the Fe3O4(111) surface as reported by
Lemire et al on epitaxial Fe3O4(111) films grown on a
Pt(111).26 Three adsorption states for CO were reported with
desorption temperature and CO stretching frequency: the α
state (∼110 K, 2140−2115 cm−1); the β state (∼180 K, 2080
cm−1); and the γ state (∼230 K, 2207 cm−1). This study
suggests that the most strongly bound CO (230 K) is attached
to FeIII cations on the step edges and that the surface is
terminated by 1/2 ML of iron (1/4 ML octahedral FeII and 1/4
ML tetrahedral FeIII ions). The authors assigned the β and γ
states to chemisorbed CO molecules attached to regular FeII

sites and FeIII cations along step edges, respectively.
Our DFT calculations show that CO can be physisorbed at

the surface oxygen sites, while CO chemisorbs on FeIII with
energy of 0.46 eV, indicating that CO prefers FeIII sites. Thus,
there would be a competition for these FeIII Lewis acid sites on
a surface exposed to both CO and H2O; however, the
adsorption of dissociated water (OH) on FeIII is much stronger
than the adsorption of CO on these same sites.
Even though the oxidation states of surface terminating Fe

cations may be mixed, depending on the preparation of the
sample, it seems clear that the adsorption sites for hydroxyls
after the dissociative adsorption of water are the same as those
for CO molecules. TPD experiments performed as part of this
CO adsorption study26 showed that exposing the oxide surface
to water blocked CO chemisorption. This is consistent with our
observation that water and CO molecules compete for surface
iron cation sites. Because the binding energy (1.31 eV) of
hydroxyl to FeIII is much stronger than that (0.46 eV) of CO, in
the presence of water one would expect CO to desorb from the
Fe3O4 surface.

Figure 4. Optimized H2O molecule adsorption and dissociative
adsorption (OH+H), as well as the calculated minimum-energy path
barrier for the dissociation process. (Red, O atoms; Green, Fe atoms;
Orange, H atoms).
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On an iron oxide surface decorated with gold adatoms, the
situation shifts quite significantly. In this case CO molecules are
strongly bound to positively charged Au adatoms (which are
themselves atop oxygen atoms, see Figure 9 of ref 5) rather
than to surface FeIII as is the case for a “pristine” Fe3O4(111)
surface.5 Thus, CO can be expected to coexist with water on
the surface of Au nanoparticle decorated iron oxide. Figure 6

shows the two most favorable adsorption sites of single Au
adatoms on Fe3O4(111). Our DFT results indicate that the
most stable adsorption configuration (Eads = −1.09 eV) is the
cap-site type with Au sitting on the top of three O sites (two
Au−O bonds at 2.922 Å and one at 2.139 Å), followed by the
top-site type (−1.03 eV) Au adsorbing on one of the O atoms
(Au−O, 2.033 Å). The currently computed results are in
agreement with the recent study by Yu et al.27 This small
difference in energy between the two competitive adsorption
structures suggests the possible mobility of Au. The simulated
STM data indicate that differences between the two images
would be difficult to distinguish experimentally. Note that the
Au binding site is adjacent to the FeIII surface atom; this
colocation guarantees that any adsorbate atop gold atoms is
close to any adsorbate atop FeIII.
Figure 7 is a model calculated structure showing the most

favorable locations for simultaneous adsorption of Au ad-atoms,
CO molecules and water molecules on an iron terminated
Fe3O4(111) surface. The results of our DFT studies indicate

that these are the most energetically favorable positions for the
three adsorbates on the iron oxide surface. (See the Supporting
Information for a table containing 15 more possible Au, CO,
H2O adsorption geometries and their computed adsorption
energies.) The results of the calculations place the relative
binding energy for adsorbates on the iron terminated
Fe3O4(111) surface in the order: Au > H2O > CO. The Au
atoms are found to coordinate to the O atom sites (marked
with an × in Figure 1a), which agrees with earlier STM
experimental observations.5 For the coadsorption of Au and
CO, the geometry with CO on top of Au is found to be more
favorable than CO on Fe, which also agrees with the earlier
STM experiments. For coadsorption of Au and H2O, the
calculations indicate that both Au and Fe are good surface sites
for adsorbing H2O. However, for the simultaneous coad-
sorption of Au, CO and H2O, Fe is the favorable site for
adsorption of H2O, and Au the favorable site for CO
adsorption. Thus, the adsorption of Au atoms on the iron
terminated Fe3O4(111) surface leads to an increase in the
number of active sites for chemisorption, especially for CO.
We have also studied the coadsorption of H2O and CO on

an Au-doped Fe3O4(111) surface using atomic level theoretical
simulations. Figure 7a shows the optimized H2O dissociative
adsorption on an Au-doped Fe3O4(111) surface, which is more
stable by 0.25 eV than H2O molecular adsorption on the
surface. When one more H2O is added to the surface, the H2O
forms a physisorbed adduct, as shown in Figure 7b, indicating
high water mobility.

Figure 5. Topographic STM image taken at 245 K after dosing 0.1 L of water at 235 K on the iron oxide surface. (a) A 25 nm × 25 nm image at +1.0
V (sample positive) and 2.0 nA clearly shows hydroxyl groups (yellow features) on the Fe-terminated Fe3O4(111) surface. (b) Expanded image
(5.08 nm × 5.08 nm) of the area marked by the white square in (a) shows OH adsorbed atop the surface Fe atoms. (c and d) Line profiles along the
white (c) and red (d) arrows in (b) show that the distance between surface irons is the same as that between OH’s, confirming the location of the
OH atop the surface Fe atoms.

Figure 6. Two single Au adsorption configurations on Fe3O4(111)
with the corresponding STM simulated images.

Figure 7. Coadsorption of H2O and CO on an Au-doped Fe3O4(111)
surface. (a) Optimized H2O dissociative adsorption on a surface with
Au and CO. (b) Optimized two H2O adsorption on a surface with Au
and CO. (Red: O atoms; Green: Fe atoms; Black: C atom; Orange: Au
atom; Pink: H atoms.)
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■ CONCLUSIONS
STM experiments were performed to investigate the adsorption
of water on the reduced surface of a natural single crystal
hematite α-Fe2O3(0001) sample at low temperatures. The
reduced surface is composed of a majority phase domain, Fe-
terminated Fe3O4(111), and a minority phase domain, O-
terminated FeO(111). At both 235 and 245 K water was only
observed on Fe-terminated regions of the Fe3O4(111) domain,
but not on the O-terminated FeO(111) surface when the iron
oxide substrate was exposed to 0.15 L of water. At 235 K,
dissociated hydroxyl groups atop the surface terminating FeIII

sites are likely hydrogen bonded with molecular water. At 245
K, only OH groups were observed on top of FeIII sites without
physisorbed water molecules. Thus, the transition temperature
between the hydroxylated surface and a partially dissociated
water surface for a given water exposure in our ultrahigh
vacuum study is approximately 240 K. These STM observations
agree well with previous TPD, UPS, XPS experimental studies,
as well as theoretical calculations, and provide definitive real
space images of hydroxyl groups atop the iron cations.
Our theoretical studies indicate that on the surface of

Fe3O4(111) CO and H2O compete for the FeIII binding site.
Because the surface FeIII facilitates the dissociation of H2O into
OH−+H+, the OH− has a much stronger binding energy to the
FeIII than does CO. Under these conditions (only water and
CO on the surface) the CO would normally desorb. The
addition of Au to the Fe3O4(111) plays a critical role in
activating the surface for CO adsorption in the presence of
water. The presence of Au on the surface, bound to the under-
coordinated oxygen site, provides the CO with a binding site,
which is also conveniently located next to the binding site of
OH. Although we do not yet have a full description of the
reaction mechanism between OH and CO, this colocation plus
the mobile extra water molecules that coordinate between the
OH and CO, must be considered as key factors in activating
any catalytic properties of the surface. Thus, in addition to any
changes in the electronic structure of the iron oxide surface
brought about by the adsorption of gold adatoms, the
geometric arrangement of preferred surface sites for these
adsorbates is likely a significant feature of any surface enhanced
reactions.
Future studies will focus on water adsorption on a gold

impregnated iron oxide surface and on a Au-CO prepared
surface to see if these adsorbates behave differently on the more
complex surfaces than on “pristine” iron oxide. STS studies of
these Au/CO/H2O decorated surfaces can also reveal how the
electronic structure changes with adsorption.

■ ASSOCIATED CONTENT
*S Supporting Information
The optimized adsorption geometries and corresponding
adsorption energies for each of 15 possible adsorption sites
are presented in table format. For the coadsorption of Au−
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one more molecular H2O coadsorbed with Au+CO, which is
less stable by 0.25 eV than the geometry with the dissociated
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