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The arrangement of the top layer of atoms on a solid and the
resulting electronic and chemical surface properties affect
and sometimes even dominate a material’s functionality.
Surface science seeks to understand such properties at the
most fundamental, the atomic level. In the past decades,
many experimental techniques have been developed to
study solid surfaces with exquisite detail. The combination
with theoretical modeling, mainly based on density function-
al theory (DFT), allows mechanistic insights into surface
chemical reactions.

Efficient DFT codes are available for modeling unit cells with
several hundred atoms [1]. These 2D slabs have well-de-
fined atomic coordinates and include a layer of vacuum.
They interface ideally with surface science experiments
where samples are usually single crystals with well-defined
structures and compositions. Investigations are typically
conducted in ultrahigh vacuum (UHV), i.e., at a pressure
range of less than 10'° mbar. Atomically-resolved images of
surfaces and adsorbed molecules are obtained with Scan-
ning Tunneling Microscopes (STM) and the latest non-con-
tact Atomic Force Microscopes (ncAFM) [2].

The combination of theory and experiments is mutually ben-
eficial. On the one hand, computational insights are essen-
tial for interpreting experimental results. On the other hand,
atomically resolved data can provide stringent benchmarks
for the approximations used in DFT. One prime example is
the degree of localization of excess charge carriers in ionic
solids [3]. These so-called polarons are not well described
with common DFT schemes, and directly observing them
in atomically-resolved images has helped choose suitable
approximations [4].

My talk briefly discussed two examples of this powerful
combination. The first example entails a novel method to
assess a fundamental chemical quantity, the proton affini-
ty (PA). It describes the propensity of a chemical entity to
gain or release a proton and is an essential parameter in
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Figure 1. Measuring fundamental surface properties, one atom at a
time. (a) Top view of an In,0O,(111) surface with four different types
of surface oxygen atoms (red, labelled oc — ). Each one is bond-
ed to three indium atoms (blue, green) with characteristic bond
lengths and angles, which results in the different proton affinities
indicated. (b) The tip of a non-contact atomic force microscope in
front of a hydroxylated In,O,(111) surface, taken from a DFT calcu-
lation modeling force-distance curves that were used to determine
the values given in (a). For details see reference [5]

de/hydrogenation reactions. The PA is well established for
molecules. However, solid surfaces are heterogeneous, and
the PA for any given surface atom will vary depending on its
immediate surroundings. Figure 1a shows a single-crystal-
line In,O,(111) surface, where four different types of surface
O atoms are present. By measuring force-distance curves
with an appropriately-prepared ncAFM tip and modeling
these with DFT (Fig. 1b), a PA could be assigned to each of
the surface oxygen atoms [5]. We also used the same tip to
probe the PA of other samples. The method can be applied
generally, and an evaluation of the acidity of surface atoms
next to steps, defects, impurities, or molecules should be
possible [6].

Surface science can deliver critical insights in the emerg-
ing field of ‘single-atom catalysis (SAC)’ [7]. Heterogeneous
catalysts contain small particles of (often noble) metals,
supported on an inexpensive material, usually an oxide.
In SAC, these metal clusters are shrunk to their smallest
dimensions; one metal atom is bound in a specific way to
its support material. The potential advantages are obvi-
ous. Less expensive metal is needed, and high selectivity
towards specific reaction products could be achieved if all
sites were uniform. It is not straightforward, however, to as-
certain active sites in technical catalysts. It is also not clear
if established paradigms that guide the choice of the active
metal will hold when its size is reduced to one single atom.
Ref. [8] reports a systematic study where many experimen-
tal surface science experimental techniques were applied to
the same model support. At the Fe,O,(001) surface, catalyt-
ically-relevant transition metals all adsorb at equivalent sites
(Fig. 2). The adsorption energy of CO, traditionally used to
gauge surface reactivity, was measured and computed.
The excellent agreement between theory and experiment
allowed us to evaluate the results in terms of established
concepts.

Figure 2. Model ‘single-atom’ catalysts. The schematic shows
metals that were vapor-deposited at room temperature on a sin-
gle-crystalline Fe,O,(001) surface and investigated in ref. [8]. As
indicated by the small-scale STM images, each metal forms iso-
lated atoms, adsorbed at the same specific site. The adsorption
energy of CO was systematically investigated.



Emerging trends in surface science strive to extend meas-
urements towards less idealized environments, such as
higher gas pressures [9] or aqueous environments [10]. At
the same time, computational methods are developed to ac-
celerate theoretical calculations significantly. Such develop-
ments will lead to essential contributions in the urgent need
to find more efficient energy conversion schemes.
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