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Summary & Outlook

The work in this thesis demonstrates how to obtain an atomic-scale picture of a
diverse set of complex surface structures observed using STM, under disparate condi-
tions. Chapters 4—6 each represent a different approach to answer the same question:
How can we find out what a surface looks like at the atomic scale? By employing
appropriate theoretical tools that complement the experimental conditions and mea-
surement techniques, it is possible to compare the results from theory and experiment
in an intuitive manner to obtain additional insights. Additionally, Chapter 4 shows
that theoretical studies, which do not take experimental conditions into account ap-
propriately, can lead to wrong conclusions.

It is very tempting to model 2D materials computationally as free-standing sheets
in vacuum, since this vastly decreases the complexity and computational cost of (elec-
tronic) structure calculations. This approach is often justified by presumed weak in-
teractions between substrate and the 2D materials. However, the best-quality 2D
materials are most often manufactured directly on a substrate, and not by exfolia-
tion of the bulk material, which means that interactions with the substrate actually
play an important role in practice. In Chapter 4 we show how we can grow sheets of
single-layer cobalt sulfide with a structure analogous to other transition metal dichalco-
genides (TMDCs), such as TiSe and MoSs. These experimental findings are in contrast
to previous DFT studies on free-standing TMDCs, which predict that Co and S are
not able to form a stable 2D TMDC. CoSs is remarkable, because no bulk crystal
structures consisting of layered S-Co-S sheets exist, unlike TiS; and most other known
TMDCs. In order to resolve this apparent discrepancy between theory and experiment,
DFT calculations in Chapter 4 include not only the CoSg sheet, but also the Au(111)
substrate explicitly. This way, we find excellent agreement between theory and exper-
iments, since DFT shows that the formation of this novel 2D TMDC is facilitated by
the strong interaction between gold and sulfur. From the electronic structure obtained
from DFT and STM, we also determine that, unlike most 2D TMDCs, 2D CoS; is
metallic, which opens up possibilities for novel applications.

Since the gold substrate seems to aid the formation of 2D cobalt sulfide, it is
conceivable that gold might also facilitate the formation of other novel 2D transition
metal disulfides. The CoS; sheets were manufactured by exposing Co nanoparticles on
Au(111) to HsS at high temperatures, a recipe which can be readily repeated using
(a combination of) other transition metals, to create other novel 2D TMDCs. Addi-
tionally, when the cobalt sulfide in Chapter 4 is cooled down in UHV instead of HsS,
the surface of the sheets appears as flower-like rings in STM images, which are remi-
niscent of buckled silicene on Ag(111), as illustrated in Figure 7.1.17% This pattern is
likely a reconstruction resulting from a sulfur deficiency in the top layer, as similar
reconstructions have been observed with STM on other 2D TMDCs that are grown
non-stoichiometrically, or have been (intentionally) damaged.®” Since similar recon-
structions seem to occur in many 2D TMDCs, a comprehensive investigation into the
reconstruction of chalcogenide-deficient 2D TMDCs and their unique properties would
be compelling. Naturally, to investigate other (defected) 2D TMDCs theoretically, the
gold substrate should be included explicitly in electronic structure calculations.

In situ STM experiments on the initial oxidation of Pt(111) by van Spronsen et
al.® found complex intermediary platinum surface oxides, consisting of spoke-wheel
and stripe structures. While the stripes have been investigated extensively,? the spoke




Figure 7.1: Left: STM image of sulfur-deficient 2D cobalt sulfide sheets on Au(111), obtained
by M.K. Prabhu. Itunner & 100 pA and Vipias = -1 V. Right: STM image of buckled silicene
on Ag(111). The 1.18 x 1.18 nm? surface unit cell is indicated in purple. The image was
obtained with a-1 V bias on the STM tip. Adapted from Feng et al.' Copyright 2012 American
Chemical Society.

wheels were poorly understood, owing to their size and complexity. The scale of the
spoke wheels, as observed with STM, is too large for DFT. In addition, obtaining a
reasonable initial guess for a structure this size is problematic, especially since there is
no available experimental data on the stoichiometry or oxidation states of the platinum
and oxygen on the surface. In Chapter 5, atomistic thermodynamics is employed
based on an established reactive force field to investigate the structure and stability of
spoke wheels at the elevated temperature (>530 K) and pressure (1-4 bar) conditions
of the in situ experiments. At those conditions, the thermodynamic stability of the
structural model for the spoke wheel is similar to that of the stripes, while the degree of
surface oxidation is much lower. The spoke-wheel structure is found to be much more
stable than partially formed stripes with a similar degree of oxidation. These results
are consistent with experimental findings, where the spoke wheel is observed first, at
slightly lower oxygen pressures.

The results presented in Chapter 5 suggest that the spoke wheels are likely not
thermodynamically more stable than the PtO, stripes, even at the experiment con-
ditions at which they were observed. Still, it would be valuable to obtain a more
accurate estimate for the vibrational free energy, to improve the accuracy of the atom-
istic thermodynamics approach. Since DFT calculations on the spoke-wheel structure
obtained in Chapter 5 are not feasible, it is challenging to obtain accurate informa-
tion on the vibrational modes needed to calculate the vibrational free energy of the
spoke wheels explicitly. Although such calculations are currently beyond reach for the
spoke wheels, they might become tractable in the future. The development of lin-
ear scaling techniques for DFT, suitable for metallic systems, could enable electronic
structure calculations directly.'9~ '3 Alternatively, further refinement of the pre-existing
Pt-O parametrization, or the development of novel parametrizations based on machine-
learning techniques wich can account for long-range (electrostatic) interactions may
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allow for vibrational free energy calculations without the need for explicit electronic
structure calculations.'4 16

Although the slow speed of the initial oxidation of Pt(111) allows for a reason-
able description of the observed surface structures by assuming a quasi-equilibrium,
a comprehensive understanding of this surface under oxidative conditions requires a
description of the kinetics of the oxidation process. In fact, recent work shows how
high kinetic diffusion barriers strongly influence the formation and structure of surface
oxides on Pt(111) under electrochemical conditions.!” As indicated in Section 5.4, adap-
tive kinetic Monte Carlo simulations and further molecular dynamics simulations, at a
scale that allows the spoke wheels to form, would be an important step forward.'® 2!

The effect of reactants on the catalyst surface at pressures beyond UHV is demon-
strated in Chapter 6. Unlike what is observed with STM under UHV conditions, the
Rh(100) surface is drastically changed when exposed to atmospheric pressures of CO.
In situ STM results indicate the formation of rhodium islands on the (100) terraces,
in conjunction with roughening of the step edges. Interestingly, roughening does not
occur at the same pressures of NO, even though the Rh-NO bond is found to be much
stronger than the Rh-CO bond. In fact, compared to dosing only CO at atmospheric
pressure, a decrease in surface roughening is observed when co-dosing NO and CO, even
at identical CO partial pressures. This is remarkable, since NO is reported to promote
Rh-carbonyl formation on nanoparticles by weakening Rh-Rh bonds of rhodium sur-
face atoms, which promotes catalyst disintegration.?? 2 The adsorption of NO and CO
on the Rh(100) surface, at the experimental conditions, is investigated using atomistic
thermodynamics based on DFT calculations and supported by LEED and AES results.
The results from atomistic thermodynamics show that NO likely inhibits CO adsorp-
tion by blocking the CO adsorption sites, thereby preventing carbonyl formation and
decreasing surface roughening.

At room temperature, the DFT-based phase diagram for NO and CO adsorption
on Rh(100) can apparently be accurately described using atomistic thermodynamics,
however, it would be interesting to assess the accuracy of this approach at reaction
conditions (>520 K).2672 Observing adsorbed species on the surface at room temper-
ature directly using in situ STM may prove challenging, however, obtaining definitive
and quantitative information on the adsorbates present on the surface using comple-
mentary in situ techniques, such as NAP-XPS or PM-RAIRS, would be a pertinent
goal in the future.
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