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The rich surface chemistry of gold at the nanoscale has made it an important catalyst for low-
temperature applications. Recent studies point to the possible role of self-organized structures formed
by chemisorbed O atoms on the surface of gold catalysts for their catalytic activity and/or deactivation.
In this study, we investigate the reactivity of a double O chain running along a step on a Au(221) surface
with oxygen vacancies as a prototypical model of a 1D surface gold oxide. We compare CO and O,
adsorption on such a chain with the oxygen-free Au(221) surface model. A systematic study of the
reactivity of the double chain with O vacancies was done with respect to the regular Au(221) surface
using CO as a probe. The CO oxidation was investigated assuming dissociative and associative
mechanisms. Remarkably, O, adsorbs stronger on the double oxygen vacancy than on the regular
Au(221) surface, and its dissociation barrier reduces significantly from 1.84 eV to 0.87 eV, whereas the
CO adsorption energy is similar on these surfaces. Calculations suggest that CO oxidation should occur
more efficiently on the double O vacancy than on the regular Au(221) surface due to stronger
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Introduction

Gold nanoparticles and nanoporous gold' have attracted signifi-
cant interest in heterogeneous catalysis as excellent catalytic
materials which can be applied for the oxidative esterification of
methacrolein and the hydrohalogenation of acetylene reactions in
the chemical industry.” Nanostructured gold has been reported to
exhibit high activity and selectivity for the oxidative coupling and
electro-oxidation of alcohols,*™ selective hydrogenation of unsatu-
rated hydrocarbons,® water-gas shift reaction,”® and especially in
the low-temperature oxidation of carbon monoxide.”™

In the 1980s, the groups of Haruta and Hutchings indepen-
dently discovered that very small gold nanoparticles could be
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adsorption of O, and a low activation barrier for O, + CO surface reaction.

extraordinarily good catalysts. Haruta et al.'*'® demonstrated
the catalytic activity of the nanoparticles for low-temperature
CO oxidation and Hutchings'* found them active for hydro-
chlorination of acetylene to vinyl chloride. Subsequently, the
reaction activity and mechanism of CO oxidation by nanostruc-
tured gold-based catalysts have been extensively investigated in
different experimental and theoretical studies."> " Hu et al.'®
suggested a two-step mechanism where CO initially reacts with
0, to form a CO, molecule and an adsorbed O atom which
could also quickly bind to CO to form CO,. Fajin et al.’
suggested a two-step mechanism, first forming a four-atom
compound OCOO via the direct binding of CO and O, followed
by a dissociation of the compound into CO, and an adsorbed O
as a possibly preferable reaction pathway for CO oxidation on
the Au(321) surface. Another possible mechanism is that O,
first dissociates on the gold surface to produce adsorbed
atomic O which could directly bind with CO. Although the
dissociation of O, suffers from a relatively high energy barrier
on the gold surfaces,'®'”** the dissociation probability of O,
could be enhanced by modifying the gold catalysts, e.g. by
alloying.>*>*

In the above-mentioned mechanisms for CO oxidation, the
O, molecule plays a prominent role in the reaction activity as
either a reactive adsorbed molecular oxygen or as a source of
the atomic oxygen from the dissociation step. The activation
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and dissociation of O, have also been extensively investigated
on the single-crystalline gold surfaces.** For example, the low-
index gold surface Au(110) was reported to be inert for the
chemisorption and dissociative adsorption of the O,
molecule.?” Similarly, molecular oxygen will not spontaneously
adsorb on a low-index Au(111) surface above 100 K,>>*® while
DFT calculations predict that it should weakly adsorb on a
Au(211) surface or a stretched Au(111) surface.”” Calculations
suggested that the steps and tensile strain on the surface
should strengthen the O, adsorption.”” On the even-sized
subnanometric gold clusters, O, was found to chemisorb in
two forms, as a superoxo (O,”) or peroxo (0,>”) moiety, via an
electron transfer from the gold cluster to 0,.”® Previous com-
putational studies found that O, is more reactive for the
adsorption and dissociation on the stepped and kinked Au
surfaces compared to the flat Au(111) surface, which mainly
results from the undercoordinated and hence more reactive Au
atoms on the steps.*”?°7?

Upon a dissociative adsorption of O, on a stepped gold
surface, the electron-rich O atoms will preferably either occupy
the two-fold coordination sites on the step or three-fold fcc sites
adjacent to the step.>” Earlier computational work indicated
that the diffusion barrier of O atoms from steps to terrace sites
is comparatively high; therefore, most of the dissociated O
atoms will probably reside on or close to steps.** Therefore,
as the number of surface O atoms increases, O atoms may
arrange in one- or two-dimensional chain structures. Such
chains of O atoms may in general run along or across the steps
on a gold surface possibly forming branching structures.?®*4~’
Sun et al* addressed the formation of a linear O-Au-O
structure on various gold surfaces using Hiickel theory and by
DFT calculations, finding a significant stabilization of the
atomic O adsorption in such structures. In our previous study,
we have shown by ab initio molecular dynamics (AIMD) simula-
tions that the surface oxygen atoms tend to form a continuous
-(Au-O)- chain structure on the step of a Au(321) surface.®®
Scanning tunnelling microscopy (STM) combined with DFT
modelling also demonstrated that oxygen atoms could form
quasi-ordered oxygen chains at low coverage on a Au(110)
surface.® Several other computational studies*®>”***' have
confirmed the thermodynamic stability of the oxygen chain
structures on gold surfaces under specific temperature and
pressure conditions.

The pre-adsorbed O atoms on the stepped gold surface have
also been reported to facilitate the dissociation of 0,.37*%%3
Friend et al.*”> were able to demonstrate the enhanced dissocia-
tion probability of O, through the temperature programmed
desorption (TPD) on the Au(111) surface pre-covered by atomic
O using the electron bombardment of condensed NO,. In a
computational study,** AIMD simulations were used to study
the adsorption and reaction of CO on the oxygen-covered
Au(111) surface, and it was found that the residence time of
CO increases, albeit the adsorption probability of CO decreases
with the increase in the oxygen coverage.

The nature of the reactive O species on a stepped gold
surface has been at the heart of intensive research in
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heterogeneous catalysis. We expect that linear (‘“‘one-
dimensional”) O chains may be formed on the stepped gold
surface when there is a sufficient supply of O atoms,*® whereas
two-dimensional O chains are likely to form in an abundant
supply of O atoms (as for example, on Au surfaces with pre-
adsorbed 0****™*% or in molecular beam experiments*®>°). O
atoms in such 1D and 2D oxide structures are expected to be
less reactive compared to individual O atoms, and, therefore,
formation and growth of O chains may also occur during
ambient oxidation catalysis on Au-based catalysts, such as
nanoporous gold. At present, experimental evidence on the
chemical nature of surface Au oxide is scarce, but theoretical
studies based on ab initio thermodynamics predicted ‘‘single”
(consisting of linear -O-Au-O- units) and ‘“double” (consisting
of square shaped -AuO,- units) O chains along the straight
steps of stepped surfaces to be a thermodynamically most
stable form of chemisorbed oxygen on Au.***' Such idealized
fully saturated O chains are unlikely to be highly reactive (as
suggested by their thermodynamic preference over single O
atoms). However, in real catalytic systems we expect incomplete
chains with O vacancies, which may serve to accommodate
adsorbates (such as CO and O,) and promote reactivity. Reac-
tivity of such incomplete O chains has not been computation-
ally addressed before. In this work, we will investigate the
energetics of O atoms chemisorption on the Au(221) surface,
our model surface with straight steps. We have calculated the
formation energy of different oxygen vacancies in the double
chain to determine how the defect prefers to form. We will
perform a systematic study to investigate the reactivity of a
double O chain with oxygen vacancies and compare the result
with the regular Au(221) surface. CO will be used as a probe and
the oxidation will be investigated via the dissociation and
association mechanisms.

Computational models and methods

The Au(221) surface has straight steps and has been chosen as a
model surface to investigate the CO oxidation and O, dissocia-
tion on a double oxygen chain (with O vacancies) which can be
formed along the steps of the gold surface (Fig. 1). It is worth
noting that the stepped Au surface with preadsorbed self-
organized atomic oxygen considered in our work as a model
of a gold catalyst is probably only to some extent applicable to
gold nanoparticles supported on reducible oxides, such as the
ceria-supported gold nanoparticles®™* or inverse gold-
supported reducible oxide nanoparticles.>® In such supported
catalysts, both the gold nanoparticle and the oxide component
are directly involved in the reactivity by helping to activate
dioxygen (O,), and the reaction is believed to occur mainly at
the boundary sites between the gold and the oxide
components.’>**>¢ However, our models do include a nanos-
tructured oxide component, which is a 1D oxide of gold itself.
An enhanced activation of O, at the O vacancy sites of a 1D gold
oxide found in this work can be related to currently proposed
redox mechanisms occurring at the gold-reducible oxide
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Fig. 1 (a) Top view (b) side view of the Au(221) surface model. Au atoms at
the step edge are indicated by an orange color; the remaining Au atoms
are shown in gold.

interface. Therefore, our model is not universal, but it uncovers
a new facet of gold surface chemistry which is a tendency to
form self-organized nanostructured 1D surface oxide chains
that probably contribute to the overall reactivity of the gold-
based catalysts. In particular, our model may be relevant to
nanoporous gold, which is an unsupported Au catalyst, as well
as to Au nanoparticles adsorbed on inert supports.””

We used a p(4 x 1) unit cell of the regular Au(221) surface
with a slab thickness of 7.7 A and 7.2 A vacuum space separat-
ing the slab from its periodic image in the Z direction.
Additionally, a larger p(6 x 2) Au(221) surface model was
constructed to elucidate the effect of various sizes of the surface
unit cell on the calculated reaction energy diagram (Section I,
ESIt). The atoms of the bottom half of the slab were frozen at
their bulk geometry while the remaining atoms were allowed to
relax without constraints. The double —(Au-O)- chains were
constructed along the steps of the surface. A double-chain
model was chosen because it corresponds to complete satura-
tion of Au atoms within a chain with O, and hence represents a
limiting case of the highest O coverage.

All calculations in this study were carried out with the
Vienna ab initio simulation package (VASP)*®*° using the scalar
relativistic projector augmented wave (PAW)®*®" method and
plane-wave basis sets. The PAW potentials supplied in VASP
(treating Au 5d6s, O 2s2p, and C 2s2p as valence states) have
been derived from fully relativistic atomic or ionic reference
calculations. VASP treats the valence states in a scalar relativis-
tic approximation, and spin-orbit coupling is neglected. Per-
dew, Burke, and Ernzerhof (PBE)**** exchange-correlation
functional was applied in the calculations. The performance
of this functional is discussed in ESI{ (Section II) in compar-
ison to a strongly constrained and appropriately normed
(SCAN)** functional. We have chosen not to include the dis-
persion correction to avoid overestimation of the adsorption
energies of CO and O, by the dispersion-corrected PBE func-
tional, but we presented an analysis of how the adsorption
energies may change if dispersion correction is included
(Fig. S3, ESIf). A5 x 5 X 1 k-point mesh (3 x 3 x 1 for test
calculations with the p(6 x 2) model), and the k-point sampling
scheme of Monkhorst-Pack® grids for the integrations within
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the Brillouin zone were used in the calculations. A cut-off
energy of 415 eV for the plane-wave basis set and an augmenta-
tion charge cut-off energy of 645 eV were adopted. In the
calculations, we used Methfessel-Paxton order 1 smearing
scheme®® with a smearing parameter of 0.05 eV. Spin polariza-
tion calculations were carried out for all systems containing
molecular oxygen and related reaction intermediates and tran-
sition states. The relaxation of the surfaces (with the conjugate
gradient method) was performed until the force acting on each
atom was less than 0.02 eV A™", while the energy was converged
with a tolerance of 10™® eV. The minimum energy reaction
paths were determined by an improved method of the conven-
tional nudged elastic band method (NEB),*” the climbing-
image nudged elastic band method (ci-NEB),*® and the transi-
tion state structures were further refined by the dimer®
method. The reaction energy and activation barriers were
calculated as the difference of the electronic energies of the
reactant, product and transition state rather than the Gibbs free
energies, because a calculation of vibrational frequencies for
many elementary reaction steps considered in this work would
be too time-consuming but not necessarily improving the
accuracy given the qualitative nature of DFT relative energies.
For surface reactions, the thermal corrections and change in
entropy are usually small, whereas the entropy term does
become significant for the adsorption of CO and O, due to a
loss of translational entropy (we estimate this entropy loss,
TAS, to be up to 0.2 eV per molecule at 300 K, assuming mobile
adsorbates). We need to keep this in mind when discussing the
adsorption energies of CO and O, on gold.

Results and discussion
1 Oxygen chain structure on a Au(221) surface

1.1 The formation of an oxygen chain structure. In our
previous report,*® we demonstrated that two or more O atoms
adsorbed on the Au(321) surface prefer to form a single-chain
structure. Similarly in this study, to investigate the O, dissocia-
tion and CO oxidation on the Au(221) surface with adsorbed
oxygen atoms, we started by calculating the energetics of
adsorption geometries of O atoms on the Au(221) surface.
The results are shown in Fig. 2. An individual O atom prefers
to adsorb at a 3-fold fcc site near the step edge with the
adsorption energy (per O atom relative to 1/20, molecule) of
—0.27 eV (Fig. 2(a)). Two O atoms form a linear -O-Au-O- chain
with the Au atom at the step edge of the surface, and the
adsorption energy per O atom is —0.29 eV (Fig. 2(b)). As the
number of O atoms increases, the adsorption strength
increases responsively until a threshold value of 4 O atoms,
which corresponds to an adsorption energy per O atom of
—0.31 eV, (Fig. 2(c) and (d)). The 4 O atoms formed an infinite
—(Au-O)- chain structure along the step edge. We previously
found similar stabilization for -(Au-O)- chain structures
formed on Au(321) and Au(310) and explained it by the for-
mation of strongly directional Au-O bonds with stronger bind-
ing within the chain than between the chain and the underlying
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Fig. 2 The adsorption energies (eV) per O atom and the corresponding
geometries for various numbers (1-8) of oxygen atoms separately shown
in (a—h) in a p(4 x 1) unit cell on a Au(221) surface. Au atoms at the step
edge are indicated by an orange color; the remaining Au atoms are shown
in gold. O atoms are shown in red.

Au substrate.??*”

By increasing the number of the adsorbed O
atoms further from 4 to 7, a second chain begins to form in the
opposite direction to the initial oxygen chain, and collectively
the O atoms appear as a double chain with oxygen vacancies.
Consequently, although still exothermic, the adsorption
strength of the new chain (per O atom) is less than the single
chain due to the growing electrostatic repulsion among the O
atoms with the coverage. For instance, the adsorption energy
per O atom for 5, 6, and 7 O atoms is —0.12, —0.16, and
—0.17 eV, respectively (see Fig. 2(e)-(g)), which is weaker than
that of a single oxygen atom adsorbed at the favorable site on
the Au(221) surface. However, a perfect double —(Au-O)- chain
is formed when the number of O atoms reaches 8 with the
adsorption energy of —0.25 eV per O atom (Fig. 2(h)). This value
of the adsorption energy is very close to that of one or two
oxygen atoms adsorbed on the step (Fig. 2(a) and (b)). We could
infer that the strong directional bonding interaction within the
—(Au-0)- chain enhances the stability of the chain despite the
increasing repulsion among the O atoms. We further compared
the projected density of states (PDOS) onto O2s, O2p and Au5d
orbitals for several Au(221) surfaces with different types of O
adsorption (see Fig. S4, ESIT). When one O atom binds on the
Au(221) surface, an orbital overlap between the O2p and Au5d
states results in two rather broad resonances near the top and
near the bottom of the Au5d band (Fig. S4(b), ESIf). The
antibonding states near the top of it are largely occupied
preventing a strong covalent bonding. With the formation of
a —(Au-O)- chain, the Au5d band widens (this is attributed to
the increased coordination of Au atoms) and a new peak
appears at the bottom of the Au5d band (Fig. S4(c), ESIt),
which shows an enhanced hybridization with the bonding
states of the O2p band, contributing to the stronger adsorption
of O atoms in the —-(Au-O)- structures. For the Au(221) surface
with a double O chain, we observed further broadened Au5d
and O2p bands (Fig. S4(d), ESIt), where a distinct bonding O2p
state at the bottom of the Au5d band and the partially unoccu-
pied anti-bonding state at the top of it indicate stronger Au-O
bonding in comparison to the surface adsorbing only one O
atom per unit cell. However, a high coverage and high density
of O atoms on the step edge within a double O chain also
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causes some repulsion and slightly lifts up O atoms, as
reflected in the elongated average bond length between the O
atoms of the chain and Au atoms on the terrace (~0.08 A),
which may be one of the explanations of its lower thermody-
namic stability than that of the surface with a single O chain.
Therefore, the double chain can be considered a thermodyna-
mically stable form of adsorbed oxygen on the Au(221) surface
at high O coverage, i.e. when there is an abundant supply of
atomic oxygen and sufficient time is allowed for the formation
of such oxygen assembly.

1.2 The formation of oxygen vacancies. When there are one
or two closely located oxygen defects on a double chain, which
could arise from an insufficient supply of oxygen atoms on the
Au(221) surface or could form during a reaction with a surface
species that can be oxidized, such as CO, oxygen vacancies
within a chain could act as active sites for subsequent adsorp-
tion of O, and CO. We investigated two different types of O
defects, single and double oxygen vacancies, as shown in Fig. 3.
For a single oxygen vacancy, the formation energy is 0.81 eV,
which is almost equal to half of the formation energy of a
double O atom vacancy (see Fig. 3). As for the double vacancies,
the defects can have different arrangements. Here, we consid-
ered two different arrangements for the vacancies. In one of
them, the two vacant O sites are adjacent, while in the other
they are separated, as shown in Fig. 3(b) and (c). The formation
energy of the two adjacent vacancies is less than that of the
separated vacancies by 0.16 eV (see Fig. 3(b) and (c)). As a result,
it would be easier to form than the separated O vacancies.
Therefore, the adjacent vacancies will be selected as the active
site for the adsorption and activation of CO and O, in our
calculations.

2 The adsorption of CO and O,

2.1 The adsorption of CO. We also investigated the adsorp-
tion of a CO molecule on the regular Au(221) surface and on the
double chain with oxygen vacancies. The results are shown in
Fig. 4. The HOMO of CO is a nonbonding 5c orbital largely
centered on the carbon atom. According to a well-known
Blyholder model,”® CO binds to the metal site through this
non-bonding orbital, while at the same time the metal back-
donates electrons into the 2n* level of CO. The first contribu-
tion is dominant explaining why the CO molecule prefers to

E,=175¢V

E,=159¢V

E,=081eV

Fig. 3 The oxygen vacancy formation energies and the corresponding
geometries of the Au(221) surface having (a) one oxygen vacancy, (b) two
adjacent oxygen vacancies, (c) two separate oxygen vacancies. The oxy-
gen vacancy formation energies on the chain structure with two vacancies
indicate the total energy required to form two vacancies rather than the
average energy per vacancy. Color coding is the same as in Fig. 2.
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Eyg=-0.76 eV

Epy=-0.62 eV

Fig. 4 The adsorption energies and the corresponding geometries of CO
adsorbed on the regular Au(221) surfaces (a) the carbon end, (b) the
oxygen end, and on single and double O vacancies of the double oxygen
chain with (c) the single vacancy, (d) the adjacent vacancies, or (e) the
separate vacancies via the carbon end. The C-O bond lengths and
selected Au—-O/C bond lengths are indicated. Au atoms at the step edge
are indicated by an orange color; the remaining Au atoms are shown in
gold. O atoms of the chain structure are shown in red, while O and C
atoms of the CO molecule are shown in pink and black, respectively.

adsorb via its carbon end. This is consistent with our calculated
values of the adsorption energy of CO, —0.09 eV through the O
end and —0.69 eV via the C end on the regular Au(221) surface
(see Fig. 4(a) and (b)). Similarly, the adsorption energies of CO
through the C end on the double chain with one and two
adjacent oxygen vacancies are —0.64 and —0.62 eV, respectively
(as shown in Fig. 4(c) and (d)). Moreover, we found that the
adsorption strength is increased to —0.76 eV when CO is
adsorbed on the double chain with two separate vacancies
(see Fig. 4(e)). However, in the case of the double chain with
oxygen vacancies, the C-O bond length is elongated by 0.04 A
relative to CO adsorption on the regular Au(221), suggesting a
stronger m back-donation from Au to the n* of CO. This is
consistent with a more covalent (directional) nature of the
bonding within a chain and effective low coordination of Au
atoms within a chain.

When there is an abundant supply of O atoms, we expect the
formation of double oxygen chains along the straight steps on
the Au(221) surface. Due to the oxygen-rich nature of this
surface oxide, it would be interesting to investigate its ability
to oxidize CO and form O vacancies. We consider a process in
which one of the O atoms of the chain reacts with the adsorbed
CO* molecule (where * denotes the adsorbed state) to form a
CO,* molecule. Consequently, we conducted a ci-NEB calcula-
tion with the dimer method to optimize the transition state to
search for the likely reaction path (see Fig. 5). The results show
that the CO* molecule initially adsorbed at a terrace site moves
closer to one of the O atoms of a chain forming a bent CO,*
intermediate through a relatively small barrier of 0.19 eV. The
bond length of CO*, dc;_o1, reduces from 2.70 A to 1.37 A. This
bent CO,* geometry is consistent with the anionic CO,~
species,”" which is metastable and easily gives away its extra
electron becoming a linear CO, with the C-O bond lengths of
1.18 A through almost zero barrier height. CO, has a negligibly
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Fig. 5 (a) The reaction energy diagram and (b) the corresponding geo-
metries of CO* reacting with the oxygen atom of a double chain on a
Au(221) surface. Selected bond lengths are listed in the table embedded in
panel (a). Color coding is the same as in Fig. 4.

low binding energy on Au; hence, in the final state it is
desorbed from the surface. The whole reaction of CO oxidation
by the oxygen atom of the double chain releases 2.14 eV
exothermically. Thus, such a reaction is expected to be facile.
Its rate will be limited by a relatively weak adsorption of CO at
flat terrace sites, with the adsorption energy in the range of
—0.3 to —0.2 eV (compared to —0.6 eV at low-coordinated Au
atoms of a step, which are not available if steps are covered by
oxygen).

2.2 The adsorption of O,. Before we investigate the dis-
sociation of molecular oxygen, it is pertinent to calculate the
adsorption energies of molecular oxygen on the regular Au(221)
surface and on the double oxygen chain with vacancies formed
at a step edge of Au(221). The results are shown in Fig. 6.
Molecular oxygen was adsorbed vertically and horizontally to
determine the preferred adsorption geometry on the surfaces in
question. Our result shows that O, prefers to adsorb horizon-
tally on the Au(221) surface regardless of the presence of the O
chain. The adsorption energies for the horizontal and vertical
binding of O, on the regular Au(221) surface are —0.22 and

(a A A A
KIS L
R

X ol — TA1 AN
] 1 \J

E4=-032¢eV

ads

Eyq=0.10 eV

Ey=-034eV Ep=0.31eV

Fig. 6 The adsorption energies and the corresponding geometries of O,
on various Au(221) surfaces (a) horizontally and (b) vertically adsorbed on a
regular Au(221) surface, (c) horizontally and (d) vertically adsorbed on a
double oxygen chain with the single vacancy, (e) horizontally and (f)
vertically adsorbed on a chain with adjacent vacancies, (g) horizontally
and (h) vertically adsorbed on a chain with separate vacancies. The O-O
bond lengths of O,* molecule are indicated. Au atoms at the step edge are
indicated by an orange color; the remaining Au atoms are shown in gold
color. O atoms of the chain structure are shown in red, while the O atoms
of the O,* molecule are shown in pink.
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0.35 eV, respectively (see Fig. 6(a) and (b)), while —0.01 and
0.48 eV (Fig. 6(c) and (d)) correspond to the horizontal and
vertical adsorption on the surface with a single oxygen vacancy.
Moreover, for the surface with two oxygen vacancies, the pairs
—0.32 and 0.10 eV and —0.34 and 0.31 eV correspond to the
horizontal and vertical O, adsorption energies on the surfaces
with two adjacent and separate oxygen vacancies, respectively
(see Fig. 6(e)-(h)). A much stronger horizontal adsorption of O,
on double oxygen vacancies compared to a single vacancy can
be attributed to additional space available at the adsorption site
and a higher flexibility of a chain with removed two O atoms
compared to a relatively limited space and flexibility of a single
oxygen vacancy site. On the surface with two separate oxygen
vacancies, the horizontal adsorption of O, is accompanied by a
notable distortion of the chain structure. Molecular oxygen is
said to be activated if, upon adsorption on a surface, the bond
length is significantly enlarged relative to the bond length
(1.23 A) in the gas phase. Our calculations show that the bond
length of activated O, is 1.40 A, typical for a peroxo 0,>~ species
with a zero spin magnetic moment on the surfaces with
exothermic adsorption (structures (e) and (g) of Fig. 6), whereas
a partially-activated O, with a shorter bond length (~1.3 A)
shows the spin magnetic moment of approximately 1 which is
either evenly distributed over two O atoms (structures (a) and
(c) of Fig. 6), or remains mainly localized on the O atom far
from the surface (structures (b), (d), (f) and (h) of Fig. 6).

3 The reaction between CO and O,

In the previous sections, we have demonstrated that the adsorption
strength of individually adsorbed O,* and CO* become enhanced
on a double O chain with oxygen vacancies formed on a Au(221)
surface. Hence, it becomes necessary to explore the reactivity of O,*
and CO* adsorbed at O vacancy sites of a chain. The two mechan-
isms that are considered in this study are dissociation and associa-
tion mechanisms. In the dissociation mechanism, O,* is first
activated through its adsorption at an O double vacancy site where
it dissociates to form an adsorbed atomic O*, which could then
react with CO* to form CO,* (see eqn (1)). However, in the
association mechanism, O,* binds directly to CO* to form a
transient OCOO* intermediate which would then decompose to
CO,* and an adsorbed O* atom as outlined in eqn (2). In our
previous study of CO oxidation on Au(321), we have theoretically
predicted that the associative mechanism should be much faster
than the dissociative one at the experimentally relevant conditions,
due to a too high dissociation barrier of O,* (~1 €V).”>

0, — 0 +0" "% co, 6
CO* + 0, — 0COO* — CO, + O @)

3.1 Dissociation mechanism. In the dissociation mecha-
nism, O, is first adsorbed on the surface, then decomposes to
form adsorbed O* atoms. We compare the dissociation of O,*
on the regular Au(221) surface with the dissociation of O,*
adsorbed at a double chain with two adjacent oxygen vacancies.
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Fig. 7 The reaction energy diagram for the dissociation of O,* horizon-
tally adsorbed on (a) the regular Au(221) surface, and (b) the double chain
with two adjacent vacancies on the Au(221) surface. The geometries and
the O-0 bond lengths of O,* are given in the insets. Color coding is same
as in Fig. 6.

The reaction profiles for O,* dissociation are shown in Fig. 7.
On the regular Au(221) surface, the adsorption energy of
horizontally adsorbed O,* is —0.22 eV, while the activation
barrier for O,* dissociation is as high as 1.84 eV. In the
transition state the O-O bond length is elongated to 2.03 A
(from 1.31 A in the initial state). The dissociation process is
slightly exothermic corresponding to a release of 0.36 eV. As for
the double chain with two adjacent oxygen vacancies, the
adsorption energy of the horizontally adsorbed O,* at a vacancy
is —0.32 eV, while the barrier height required to stretch the
bond length from 1.40 A in the initial state to 2.14 A in the TS, is
equal to 0.87 eV, about half of the value on the regular Au(221)
surface (see Fig. 7(b)). We attribute this barrier lowering to an
electron transfer from the vacancy to the antibonding n* orbital
of O,, in the initial state, which helped to activate O,*. The two
separate O* atoms in the final state tend to compensate for the
missing O atoms at the vacant sites and form a distorted double
chain. We termed it a distorted double chain since one of the
complimentary oxygen atoms is distant from the chain and
consequently leaves a vacancy in the chain. If the distorted
double chain relaxes to an ideal undistorted chain, the energy
drops down by a further 1.18 eV. Furthermore, although not the
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most favorable adsorption geometry as demonstrated in section
2.2, we also studied O,* dissociation where one O atom is
located at the vacancy of the double chain while the other O
atom binds to a Au atom on the terrace (see Fig. S5(a), ESIT).
The endothermic adsorption reaches up to 0.41 eV, while the
dissociation barrier is 0.32 eV, which is lower than that for the
dissociation via the horizontal adsorption of O,. The dissocia-
tion process is exothermic and is accompanied by a release of
0.55 eV. The initial geometry of O,* horizontally adsorbed on
the O chain with two separate vacancies shown in Fig. 6(g) was
also used to elucidate another possible path for O,* dissocia-
tion. The dissociation barrier of 0.83 eV is close to that of O,*
horizontally adsorbed on the adjacent vacancies, while the
dissociation process is endothermic with the reaction energy
of 0.76 €V (Fig. S5(b), EST}).

After the dissociation of O,*, O vacancies get replenished. A
fully saturated or incomplete chain can react with a CO adsorbed
at a terrace site, as illustrated in Fig. 5, or, upon formation of one
or more O vacancies, CO could adsorb at a vacancy site (as shown
in Fig. 4(c) and (d)). A CO molecule adsorbed at a vacancy of a
chain is unlikely to react with an O atom of a chain. Such a
reaction is found to have a very high barrier of about 1 eV. But it
could react with an external individual O* atom adsorbed near a
chain, as shown in Fig. 8 below.

Starting with a double chain with a single oxygen vacancy
and an adsorbed O* atom located at an fcc-terrace site, we
adsorbed CO* at the O vacancy site, and then conducted a NEB

@
CO(g)+O* TSI TS2
-0.56 eV.--~ . -0.6 eV oy
=037 eV — 052y
CO0S CO™0* T 4107 ev_ TS3
-1 (feel) (hep) e
— CO*+0* -1.05 eV
> (fec2) ;
; ) Unit in A desor  dezon
[ CO*+O*(fecl)  3.95 118
2 TS1 347 118
w CO*+O*(hep) 324 LIS
31 TS2 2.82 118
CO*+0*(fec2) 244 LIS '
TS3 207 119 -3.96 eV
41 COSE 1.18 118 CO,*

Reaction coordinate

%%%%

CO*+O*(fcc1) CO*+0*(hcp)
CO*+0*(fcc2) CO,*
Fig. 8 (a) The reaction energy diagram and (b) the corresponding geo-

metries of CO* reacting with the adsorbed O* atom on the double chain
on the Au(221) surface. The labelled C-O bond lengths are listed in a table
embedded in the figure (a). Color coding is the same as in Fig. 4.
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calculation to search for the transition states for the pathway.
The reaction profile and the adsorption geometries are shown
in Fig. 8. The initial adsorption energy of CO* at the vacancy
site is —0.56 eV and later the overall relative energy is lowered
to —0.60 eV after the migration of the adsorbed O* atom from
an fcc site (labeled as fcel in Fig. 8(b)) to an hcp site via a
barrier height of 0.19 eV. The migration of the O* atom continues
as it moves to a new fcc site (labeled as fce2 in Fig. 8(b)), closer to
the adsorbed CO* overcoming an activation barrier of 0.08 eV.
Finally, the O* binds with CO* via a very low barrier of only 0.02
eV to form CO, which then desorbs irreversibly from the surface.
Note that the highest barrier along the reaction pathway is for the
diffusion of O*, and not the CO, formation. The reaction is
exothermic and 2.89 eV energy is dispensed in the process.
All through the reaction steps, the C3-02 bond length (d¢z oo,
1.18 A) remains constant, while the distance between C3 and
01 (dcs-01) decreases from 3.95 to 1.18 A.

To summarize, in the dissociation mechanism, the dissociation
of O,* is the rate-limiting step for the CO oxidation reaction. While
the activation barrier for O,* dissociation on the regular Au(221) is
1.84 eV, the barrier is significantly reduced to 0.87 eV on the
double chain with two adjacent oxygen vacancies. CO* adsorbed at
a vacancy site can easily react with an O* atom at a nearby terrace
site with an almost zero barrier.

3.2 Association mechanism

3.2.1 Regular Au(221) surface. In the association mechanism,

* directly binds to the co-adsorbed CO*, forming a meta-
stable OCOO* intermediate. In the next step, OCOO* breaks
down to CO,* and an adsorbed atomic O*. We studied this
mechanism on Au(221) with the O chain and on a regular
Au(221) surface. On the regular Au(221) surface, the bimolecu-
lar co-adsorption of CO and O, releases 0.85 eV, with O,*
adsorbing horizontally on a bridge site and CO* vertically on
a top site (Fig. 9). CO* would then combine with O,* to form
OCOO* transient intermediate via a barrier of 0.14 eV. In the
process, the O,* molecule is activated by elongating its bond
length by 0.13 A while the distance (dcs_0,) between the O,*
and CO* decreases from 3.62 A to 1.37 A. The formation of the
OCOO* intermediate is an exothermic process releasing 0.23 eV
energy. Finally, the intermediate dissociates through a barrier
of 0.33 eV to CO,* and the adsorbed O* atom on the surface.
Comparing the rate-limiting step in the dissociation and the
association mechanisms on the regular Au(221) for CO oxida-
tion, we found the barrier height for the latter to be signifi-
cantly less than the former by 1.51 eV. Thus, this finding shows
that the association mechanism would be more efficient on the
regular Au(221) surface. Although the activation energy of CO
oxidation is computed to be relatively low on the regular
Au(221) surface, the reactivity of extended gold surfaces for
CO oxidation is still limited in reality owing to the low concen-
tration and transient time of the adsorbed species (O,* or CO¥)
arising from the weak binding strength of O, on pure Au, which
however may be increased by introducing Ag in nanoporous
gold.”®’* Also, a collision frequency with the surface for an O,
molecule trapped inside a nanopore presumably increases
compared
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Fig. 9 (a) The reaction energy diagram and (b) the corresponding geo-
metries of the reaction between the co-adsorbed CO* and O,* molecules
on the regular Au(221) surface. The labelled O-O and C-O bond lengths
are listed in a table embedded in the figure (a). Au atoms at the step edge
are indicated by an orange color; the remaining Au atoms are shown in
gold. O and C atoms of the adsorbates are shown in pink and black,
respectively.

to that observed in the bulk phase, resulting in a higher
reaction rate.

3.2.2 Au(221) surface with a double O chain. Next, we con-
sider CO oxidation by O, on a double chain with two-O atom
vacancies on a Au(221) surface. CO* and O,* are initially co-
adsorbed at the O-vacant sites, as shown in Fig. 10(b), with the
co-adsorption energy of —0.92 eV after structural alignment of
the adsorbed molecules which occurred via a barrier height of
0.13 eV. Co-adsorption of CO* and O,* is further stabilized after
a structural rearrangement in which a linear fragment O-Au-
CO (afterwards denoted as OAuCO) is formed and concomi-
tantly the O,* molecule is rotated such that now only one O
atom (labelled O1) binds at a vacancy site of a chain whereas
the other O atom (labelled O2) binds to Au atoms of an under-
lying terrace. The rearrangement occurs via an activation
barrier of 0.2 eV and is accompanied by a structural distortion
of the Au atoms at the step edge. As such, the step Au atoms
appeared twisted. The formed OAuCO unit is stabilized owing
to the strong c-donation from CO* to Au and n-backdonation
from Au to C-O bonding. The strengthened Au-C bonding is
reflected by the shortening of the Au-C bond length from 1.96 A
in the initial co-adsorption minimum to 1.88 A in the twisted
minimum. The O-O bond length (do;-0,) decreases from 1.38 A
in the initial co-adsorbed state to 1.30 A in the twisted
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Fig. 10 (a) The reaction energy diagram and (b) the corresponding
geometries of the reaction between the co-adsorbed CO* and O,*
molecules on the double chain with two adjacent vacancies on the
Au(221) surface. The labelled O-O and C-O bond lengths are listed in a
table embedded in the figure (a). Au atoms at the step edge are indicated
by an orange color; the remaining Au atoms are shown in gold color. O
atoms of the chain structure are shown in red, while O atoms of the
adsorbates are shown in pink. C atoms are shown in black.

minimum. Because of the change in the orientation of O,*,
the oxygen atom labelled O2 is no longer connected to the Au
atoms of a step edge, resulting in less charge transfer to its n*
orbital, and a lower degree of activation. The bond length of
1.30 A is typical of a superoxo (O,”) species. This is also
consistent with the spin magnetic moment of 0.9 ug on the
adsorbed O,* molecule. A quite substantial activation barrier of
0.74 eV is required to form the OCOO* intermediate from the
discussed stable minimum. In the transition structure the
OAuCO fragment realigns its axis until the distance between
CO* and O,* almost vanishes. Finally, the OCOO* intermediate
dissociates to CO,* and an adsorbed O* atom with an activation
barrier of 0.43 eV. The resulting CO,* has a C-O bond length of
1.18 A, and desorbs from the surface. Interestingly, comparing the
two CO oxidation mechanisms (associative and dissociative) for
double chains with two-O atom vacancies on Au(221), we found
that the rate-limiting barrier for the association mechanism is
comparable in height to the direct O,* dissociation. This suggests
that the two mechanisms may be competing depending on the
prevailing temperature and pressure conditions.

Furthermore, we also considered another possible scenario
where O,* adsorbs on a double vacancy of the oxygen chain
while the reacting CO* molecule is located at a terrace site
adjacent to the step edge. In this case, the co-adsorption energy
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Fig. 11 The reaction energy diagram and the corresponding geometries
of the reaction between the co-adsorbed CO* and O,* molecules on the
double O chain with two adjacent O vacancies on the Au(221) surface. O,*
adsorbs at a vacancy site while CO* on a terrace site of the surface. Color
coding same as in Fig. 10.

of CO* and O,* reaches up to —0.51 eV on the Au(221) surface
with a double O chain and a double O vacancy. As shown in
Fig. 11, the co-adsorption complex smoothly changes to a
concerted transition state of the OCOO shape with an elongated
0-0 bond of length 1.65 A and a forming C-O bond of length
1.43 A. The activation barrier of this transformation is only
0.1 eV. The transition structure dissociates to form one CO,*
and one O* atom filling the vacancy site of the oxygen chain
structure. The reaction barrier is far lower than the 0.74 eV
found for an analogous recombination reaction of CO* and O,*
co-adsorbed on the oxygen chain with the adjacent O vacancies.
In the latter case, the high barrier is attributed to the formation
of the stable OAuCO fragment which is not formed when CO*
approaches O,* from a terrace site. We have identified a
number of similar pathways summarized in Fig. S6 (ESIT),
which differ slightly from that shown in Fig. 11 by the initial
orientation of the interacting CO* and O,*. The co-adsorption
energy varies between —0.51 and —0.63 eV and the activation
barrier height from 0.10 to 0.35 eV. Therefore, the results of this
computational study suggest that the oxidation of CO will tend
to follow an association mechanism in which O,* is adsorbed at
a vacancy site of a double O chain and the CO* molecule is
attacking it from a terrace site. Such a mechanism appears to
be more plausible than the two mechanisms considered earlier
where both CO* and O,* are co-adsorbed on the oxygen chain
or when O,* dissociates to two O* atoms.

Conclusions

We have investigated the chemisorption of atomic oxygen and
the formation of O chains (1D surface gold oxide) along the
steps on the Au(221) surface, and compared the reactivity of the
regular Au(221) surface and that of the O chain toward catalyz-
ing CO oxidation. We found that O atoms prefer to form a
single straight chain along the step of Au(221) with the average
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adsorption energy of —0.33 eV per O atom for the infinite single
chain. The adsorption strength drops as more O atoms are
attached to the chain due to increasing electrostatic repulsion
among the O atoms. As the number of O atoms increases
further on the surface, eventually an idealized infinite double
chain would be formed with an adsorption energy of —0.25 eV
per O atom.

Oxygen vacancy formation energies for single and double
oxygen vacancies were calculated. The single vacancy requires
0.81 eV to form by releasing one oxygen atom. Two types of
double vacancies were investigated, namely, separated and
adjacent oxygen vacancies. The latter is easier to form than
the former based on their vacancy formation energies.

Oxygen vacancies within the O chain have been shown to be
able to bind CO and O, stronger than the regular Au(221)
surface. CO prefers to adsorb via its C end on the regular
Au(221), a single oxygen vacancy, and on a double vacancy site
with adjacent vacancies with the adsorption energies of around
—0.65 eV. On the surface with two separated vacancies CO
adsorbs even stronger, with the adsorption energy of —0.76 eV.
The O, molecule prefers to bind horizontally at all considered
types of surface sites with the adsorption energy of —0.22 eV on
the regular Au(221) surface, and —0.01 eV, —0.32 eV and
—0.34 eV on the O chain with one O vacancy, two adjacent
vacancies, and with two separated vacancies, respectively. The
increased ability of binding O, may lead to a higher activity of chains
to CO oxidation than the regular Au(221). To the best of our
knowledge, there are no experimental studies on the activity of
Au(221) toward CO oxidation, but a recent theoretical work using
microkinetic modeling predicted it to have sizable activity at experi-
mentally relevant conditions, even higher than that of Au,, clusters.

We investigated the CO oxidation by O, on the double O
chain with two adjacent O vacancies considering both dissocia-
tion and association mechanisms. In the dissociation mecha-
nism, the rate determining step is the dissociation of O,* for
which the barrier height is 0.87 eV on the double O chain with
two adjacent vacancies. This value is significantly lower than
the 1.84 eV obtained for the regular Au(221) surface, but is still
considerably high. In the association mechanism, the for-
mation of an OCOO* intermediate via a direct binding of CO*
and O,* is much easier on the regular Au(221) surface with a
maximum barrier of 0.33 eV compared to the high reaction
barrier of 0.74 eV on the double O chain with two adjacent
vacancies. This higher barrier correlates with the strong co-
adsorption of CO* and O,* in the second co-adsorption mini-
mum CO* + O,* (twist) (Fig. 10(a)). The results of this computa-
tional study suggest that both association and dissociation
mechanisms may compete on the double chain with two
adjacent vacancies depending on the given thermodynamic
conditions. However, the energy barrier of an association
mechanism drops to only 0.1 eV if the reacting CO* molecule
is adsorbed at a terrace site close to O,* adsorbed at a vacancy
site. Therefore, the double oxygen chain formed along the steps
on the Au(221) surface is found to enhance the adsorption and
activation of O,, but it possibly hinders the dissociation of OAuCO
or OCOO fragments due to the strong interaction of CO* with Au
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on the oxygen chain. All these findings are consistent with the
Sabatier principle which suggests that stronger adsorption of the
reactants correlates with a higher activation barrier, whereas too
weak adsorption results in the lack of reactivity; hence, some
intermediate value is required for optimal performance.
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