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This account summarizes our recent theoretical works on general trends in catalytically important
steps on metal oxides. First, we show the relationship between the electronic states of various
oxide surfaces and surface vacancy formation energies. The
methodology is extended to the interface of an In203 surface
and various metal nanoparticles. Next, show the relationship
between the electronic states of various molecules and their
adsorption energies on perfect and defective TiO2 surfaces.
Aided by statistic and machine learning analysis, we discuss
semi-empirical rules in the oxygen vacancy formation on
various surfaces and adsorption of various molecules on TiO2
surfaces.
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Figure 1. (a-d) Examples of surface models. Correlation between Eovac and e€) band gap (BG) and (f)
bulk formation energy (Ewom). (g) Feature importance of various descriptors of Eovac. Eovac dependence
of (h) O2 and (i) CO2 molecule adsorption energy on a O vacancy site. The adsorption mode is all
dissociative adsorption in (h), and in (i), o is physical adsorption, e is dissociative adsorption, and A is

others.
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Figure 2. (a) Example of a nanorods-on-slab
model. Purple, red, and orange dots indicate
In, O, and S, respectively. Plot of minimum
Eovac against (b) Bader charge transfer to the
nanorod upon O desorption and (c) support
work function. The minimum Eovac was
attained by removing the O atom under the
Au atom shown by the arrow in (a). A positive
value in the horizontal axis in (b) shows that
the nanorod gain electrons (become reduced).
In (c), the electron affinity (EA) and ionization
potential (IP), which are the positions of the
conduction band minimum (CBM) and
valence band maximum (VBM) against the
vacuum level, respectively, of the In.O3 (111)
slab are also shown.
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Figure 7. DOS plots and molecular orbitals for the
defect level for (top) anatase (101) and (bottom)
rutile (110) surfaces.

Figure 8. Molecular orbitals of adsorption
structures for (a) acetone on an anatase (101)
surface with an oxygen defect, (b) acetone on a
rutile (110) surface with an oxygen defect, and (c)
NO on arutile (110) surface with an oxygen defect.
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Figure 11. (a) SHAP value corresponding to
several descriptors (HOMO (SOMO), LUMO, and
dipole moment). (d) Force plot between the LUMO
and LUMO effect on the prediction of Eags.
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