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In Short

• Oxygen atoms can adsorb on Au in self-organized
quasi-ordered Au-O-Au-O chains rather than indi-
vidually

• We study the formation and reactivity of chains
toward other chemicals on the Au surface

• We hypothesize that these chains may be key to
catalytic activity of nanostructured Au

• Ab initio molecular dynamics (AIMD) help us to
examine in-depth the dynamic mechanistic picture
of nanoporous gold (np-Au) surface restructuring
and reactivity during catalysis

Investigating the adsorption behavior and reactivity
of catalytically relevant molecules on well-defined
gold surfaces provides great information for under-
standing the catalytic activity of gold-based nanocat-
alysts, such as nanoporous gold (np-Au). Within this
project we aim to deliver a comprehensive picture
of surface reactivity, where an idealized picture of
a perfect clean and rigid catalyst surface will be re-
placed by a surface, which is covered by adsorbates
and is dynamically changing during catalytic transfor-
mations. These insights will be achieved through a
combination between traditional (static) calculations
based on density functional theory (DFT) and ab
initio molecular dynamics (AIMD) simulations. The
work of DFG Research Unit NAGOCAT already re-
vealed that the surface chemistry of np-Au turns out
to be more complex than anticipated. Interactions
between gold, chemisorbed O atoms generated and
consumed during catalysis, and trace amounts of Ag
impurities present in np-Au lead to complex surface
dynamics. To shed more light into these surface evo-
lution processes, we are investigating the surface
reactivity by means of AIMD simulations. Adsorption
and oxidation of carbon monoxide (CO) is a com-
mon prototypical reaction in heterogeneous catalysis.
Nanoporous gold catalysts have complex structures
(with trace impurities of less noble metals), and may
undergo surface restructuring upon CO oxidation. In
fact, atomic O on its own can lead to rapid restruc-
turing with metal diffusion happening at the same
time. In a recent DFT study, it was found that oxygen
atoms tend to self-organize on a stepped Au surface

(321) and thus might not prefer to adsorb individu-
ally[1], Figure 1. In particular, in the presence of
oxygen, admetal Ag segregates and quasi ordered
Au-O-Au-O chains are likely to form.

Figure 1: Formation of an O chain from individual O atoms on
Au(321) [1]. Copyright of American Chemical Society.

For the stepped gold surface Au(221), we have found
that the self-organization of (randomly adsorbed)
oxygen atoms also takes place, as well as a major
restructuring of the surface, with the steps flattening
out to wide terraces. A random placement of the
adsorbates was done to unbias the simulations, but
this comes at a cost, increasing the total simulation
time, Figure 2.

Figure 2: Self-organization of oxygen atoms atop Au(221) over
250 ps.

Similarly, we have found that AuCO complexes are
important in simulations involving CO and O, as not
only does this species form often throughout the sim-
ulations, but it is also more mobile, allowing for a
faster CO2 formation. The root mean square devia-
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tion (RMSD) calculations throughout the simulations
demonstrates well the difference in mobility of AuCO
versus CO, Figure 3.

Figure 3: RMSD of CO and AuCO (geometrical center) in the
x-direction over 22 ps of simulation time.

Furthermore, we also executed AIMD simulations
containing oxygen molecules and carbon monoxide.
We wanted to investigate if the reaction between the
adsorbates takes preference over the desorption
of O2. Ultimately, the reaction takes preference,
but only in the presence of Ag impurities, following
an associative mechanism, where an intermediate
OCOO forms followed by breaking down into CO2 +
O, instead of a dissociative mechanism, where O2
first dissociates into O + O and then reacts with CO.

We investigated the reaction between CO and O2 via
an associative and dissociative mechanism, also in-
volving double oxygen chains across the surface.[2]
We ultimately found that due to a lower activation en-
ergy, the associative mechanism is indeed more fa-
vorable. This work focused on using static DFT com-
putations such as the climbing image nudge elastic
band method via the VASP simulation code.[3]

Figure 4: Energy profile of the reaction between CO at a terrace
site and O2 adsorbed on the two adjacent vacancies. O atoms of
the chain structure are shown in red, while the O atoms of the O2
molecule are shown in pink. C atoms are shown in black.

In the next phase of the project, a further focus will
be placed on investigating if the reaction between

CO and O2 is more favored on a double oxygen
chain Au(221) structure or a regular Au(221) surface.
This investigation will be done via AIMD simulations
as it allows us to study the mechanism of a chemical
reaction and surface processes together over the
same time scale, something that conventional static
DFT computations cannot do. Furthermore, we will
also study the role of co-adsorbed water in the self-
organization of oxygen atoms and the restructuring
of the gold surface. Current work in the field has
shown that water plays a beneficial role in CO oxida-
tion on np-Au and supported gold nanoparticles,[4-6]
but it is still unknown how water benefits the activity
and prevents deactivation.
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