
Bonding Properties of Isolated Metal Atoms on Two-Dimensional
Oxides
Published as part of The Journal of Physical Chemistry virtual special issue “Metal Clusters, Nanoparticles, and
the Physical Chemistry of Catalysis”.

Sergio Tosoni* and Gianfranco Pacchioni

Cite This: https://dx.doi.org/10.1021/acs.jpcc.0c05958 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: We report a systematic comparative dispersion-corrected DFT study of
single (K, Au, and Pt) atom adsorption over a wide range of metal-supported oxide
ultrathin films (MgO on Ag and Mo, ZnO on Cu, Ag, and Au, SiO2 on Pt and Ru, TiO2
on Ag and Pt, and ZrO2 on Pt and ZrPt). These films include reducible and non-
reducible oxides and have been prepared and characterized experimentally, showing very
unusual and interesting behavior toward metal atom adsorption. The interaction of K
and Au with the metal/oxide substrates is dominated by charge-transfer aspects, where K
tends to assume positive charge and Au negative charge. This fact reflects into a general
trend where metal-supported oxide films displaying a large work function (i.e., deep
empty states) tend to bind K cations strongly, while supports with small work function
(i.e., shallow donor states) strongly stabilize Au in anionic form. The correlation between
adsorption energy and work function is not strong enough to neglect several other
aspects related to chemical and morphological properties of the specific oxide/metal
interface. The case of Pt is completely different: here, covalent contributions to the
bonding prevail, and the bond strength depends on factors such as the surface morphology and local atomic coordination, rather
than the support’s work function.

1. INTRODUCTION

Thin and ultrathin oxide films were first grown on metal
supports with the aim to enable the study of the surface
morphology with high-resolution electron microscopy techni-
ques, whose usage on insulating bulk oxides is prevented by the
large band gap.1−4 However, metal-supported oxide two-
dimensional films soon emerged as a new, interesting class of
materials, whose properties depend on the low dimensionality of
the film, as well as the interplay with the metal substrate.5 This
led to various applications of these films, for instance, as
sensors,6 as adsorbants,7 or in electronics.8

A very interesting field where this type of films can be applied
is heterogeneous catalysis.9 Here, the metal-supported oxide
thin films display a property which their bulk equivalents do not
have, namely, the possibility to trigger the electron transfer from
the metal substrate to a reactive adsorbate (or vice versa) via
tunnelling through the film. This mechanism was first
theoretically predicted for the case of the formation of a gold
anion, Au−, upon adsorption of a single gold adatom on
magnesium oxide films with thickness spanning from one
monolayer (ML) to three layers supported on molybdenum or
silver.10 The formation of the Au− species causes a strong
increase in the adsorption energy compared to the case of bulk
MgO, where the adatom remains neutral.11 Another unambig-

uous sign of the charge transfer is represented by the quenching
of the magnetic moment of the Au atom, whose electronic
configuration changes from (5d106s1) to (5d106s2) upon
reduction to Au−.10 Later on, scanning tunnelling microscopy
(STM) measurements confirmed that, in the presence of Au
adatoms dispersed on the MgO bilayer/Mo(100) system,
charge transfer indeed takes place, but the effect decreases
with the film thickness and vanishes above 10−15 layers, in full
agreement with the proposed electron tunnelling model.12

Charge transfer via tunnelling through a MgO thin film
supported on Mo or Ag was observed also in the case of
molecular adsorbates such as O2,

13 NO2,
14,15 or CO2 (only in

the case of MgO ML on Mo),16 as well as in the case of larger
gold aggregates.17,18 Interestingly, the negatively charged Au
species show in turn high activity in environmentally strategic
chemical reactions, such as the CO2 upgrade to C2 products.

19

Also, the energy of the frontier orbitals of molecules adsorbed on
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metal-supported MgO films can be, to some extent, tuned
depending on the film’s thickness.20 In general, the factors
controlling the electron transfer have been recently carefully
analyzed based on new experimental observations.21

The activation of atoms, molecules, and aggregates triggered
by electron tunnelling from a metal support through an oxide
thin film is not restricted to the special case of MgO supported
on Ag or Mo. On the contrary, it has been recently shown that
the active phase in catalytic methanol synthesis over the
commercially used Cu/ZnO/Al2O3 ternary catalyst consists of a
thin ZnO layer grafted on the copper particles.22,23 A detailed
characterization of a ZnO thin film growth on Cu(111) revealed
that the film is a bilayer whose structure is a flat, nonpolar
graphitic-like hexagonal arrangement, thus radically differing
from the most stable ZnO bulk structure, wurtzite.24 The role of
interplay with the metal support in tuning the charge transfer at
the ZnO surface has been studied computationally by simulating
the adsorption of a probe molecule, CO, on the ZnO graphitic
bilayer supported on the whole series of coinage metals (Cu, Ag,
Au).25 Charge transfer to electronegative adsorbates was shown
to be related to the support’s work function, following a trend
where Cu is more prone to donate electrons than Ag, which is in
turn more reactive than Au. Overall, the transformation of a
single Au adatom to Au−was predicted on ZnO supported on all
three coinage metals based on DFT calculations.26 A similar
charge transfer was found for NO2 and O2 on ZnO/Cu only,
while NO and CO2 did not show any remarkable activation
related to the charge transfer.26 Similar to what was reported for
MgO/Mo andMgO/Ag, also in the case of ZnO/Cu, the charge
transfer takes place in the presence of gold adducts much larger
than the single atom.27

In an attempt to rationalize and generalize the findings
summarized above, one can recall that the electron tunnelling
effect through a dielectric film in the nanometric (or sub-
nanometric) thickness regime is regulated by two main factors:
(i) the film thickness and (ii) the reciprocal alignment of the
electronic levels of the involved species. On the latter aspect,
what counts is the relative energy of the adsorbate’s frontier
orbitals with respect to the metal’s Fermi energy: if the LUMO
lies below the Fermi energy, an electron from themetal may flow
through the film forming an anion. On the contrary, a HOMO
orbital located above the Fermi level would lead to the formation
of a cation.5

Beside MgO and ZnO, other oxides have been prepared in
recent years in the form of ultrathin films, where the thickness of
the film is typically 1−2 atomic layers. These include silica,
titania, and zirconia. Some of these oxides belong to the class of
wide gap, non-reducible oxides (silica and zirconia); others are
classical reducible oxides (titania). A comparative study of their
adsorption properties is thus relevant also in order to assess the
changes in the properties of oxide materials as their
dimensionality is reduced via nanostructuring.
The aim of this paper is to provide a systematic report on the

adsorption of single adatoms on a wide series of metal-supported
oxide films, discussing the related charge transfer phenomena.
Some of the systems discussed in this paper have been studied
before. However, this is the first attempt to (i) create a large
database of systems treated on the same footing using the same
level of theory and (ii) identify a quantitative correlation
between the adsorption strength and some physicochemical
descriptors of the metal/oxide interface. To this end, we extend
the case of the Au single atoms discussed above, and we
parallelly explore the adsorption of an alkaline earth metal,

namely, K. This permits one to study the electron transfer in
both directions, from the metal to the adatom in the case of the
more electronegative adsorbate (Au) and from the adatom to
the metal substrate in the case of K. We also extend the case to
another transition metal single atom, Pt, more prone to form
covalent interactions on surfaces. It is worth remembering that
the adsorption and stabilization of single adatoms on oxidic
substrates is a topic whose relevance goes beyond the proof of
concept on the charge transfer and electron tunnelling hereby
described. On the contrary, single metal atoms stabilized on
oxidic or carbon-based supports are seen as the ultimate form of
dispersed catalytically active metal particles in heterogeneous
catalysis, the so-called single atom catalyst.28−32 Similarly, the
magnetic properties of transition metal and rare earth single
atoms supported on MgO/Ag have been intensively studied,
representing, in principle, the smallest possible switchable
memory device.33−37

As for the oxide/metal substrates, the present study includes,
beyond the aforementioned structures (MgO ML and BL
supported on Ag(100) and Mo(100)16,37−39 and ZnO BL
supported on (111) coinage metal surfaces25), other systems
that we have already characterized in the past: the SiO2 BL
supported on Pt(111) and Ru(0001),40 the TiO2 lepidocrocite
BL on Pt(111) and Ag(100),41 and the ZrO2 ML supported on
Pt(111) and on a ZrPt alloy.42

The topic of the adsorption of adatoms on metal-supported
thin films has been the object of previous experimental and
computational investigations. Such is the case of the adsorption
of alkali metal43 and transition metal (Pd, Ag, and Au
adatoms)10,11 on MgO/Mo, alkali (Li, Na, K)44 and transition
metal atoms (Au, Pd)45 on (SiO2)BL/Ru, and transition metal
adatoms (Au, Ag, Pd, Ni, Fe) on (ZrO2)ML/ZrPt.

46 The novelty
of the present paper relies on its systematic character, allowing
one to relate trends in an adatom’s oxidation state and
adsorption energy to the physicochemical properties of the
metal/oxide interface.
This work is organized as follows: In section 2, the general

methodology is exposed. For the specific computational details
on each system, the reader is addressed to the Supporting
Information. In section 3, we report a detailed description of K,
Au, and Pt adsorption on each surface. For simplicity, only the
most stable configuration is discussed. A complete list of all local
minima is included in the Supporting Information. Section 4 is
dedicated to the general discussion and conclusive remarks.

2. COMPUTATIONAL METHODS
All calculations have been performed with the plane-wave code
VASP.47,48 The core electrons are treated with the projector
augmented wave method,49,50 and the external electrons are
represented by a set of plane waves expanded within a kinetic
energy cutoff of 400 eV. A list of pseudopotentials adopted for all
atomic species is reported in the Supporting Information, Table
S1. We adopt the generalized gradient approximation of the
density functional theory, as formulated in the Perdue−Burke−
Ernzerhof (PBE) functional.51 The general tendency toward the
underestimation of the oxides’ band gap by the GGA functionals
is hereby handled by including the on-site Coulomb interaction
as in the Hubbard model (GGA+U)52,53 on metal cations in the
oxide films with a strong correlation character. Based on
evidence discussed in previous works, a U parameter of 3 eV is
used for Ti(3d) orbitals in TiO2,

41 U = 4 eV for Zr(4d) in
ZrO2,

42 and U = 4.7 eV for Zn(3d) in ZnO.25 The choice of the
U parameter is delicate, as it may remarkably influence the extent
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of the charge transfer.54 However, for all of the aforementioned
oxides, the U value has been carefully assessed in our previous
works.
A critical aspect in the occurrence of a charge transfer between

an adsorbed atom and the metal support via electron tunnelling
through a thin insulating film is the band alignment of the energy
levels of the various components. These depend on the level of
treatment, and DFT+U represents only an approximate way to
solve the problem of the self-interaction correction. This
problem has been systematically addressed for the case of
FeO/Pt55 and MgO/Ag56 with the general outcome that, while
the absolute values of the quantities calculated, in particular the
energetics, depend to some extent on the method used, the
occurrence of the charge transfer is independent of the level of
treatment.
The long-range dispersion forces are added according to the

two-body semiempirical method (DFT+D2) originally pro-
posed by Grimme,57 where the C6 and R0 parameters of the
metal cations in the oxides are rescaled accounting for their
partial ionic character.58 This scheme (DFT+D2′) improves the
description of adsorption phenomena on ionic oxide surfaces
with respect to the original D2 but also leads to metal−oxide
interfacial properties similar to those obtained with the less
empirical van der Waals functionals, as proven for the
paradigmatic case of MgO/Ag.37,56

The magnetic moment of the adsorbed adatoms is
determined recurring to spin-polarized calculations. Dipole
corrections to the energy are applied along the nonperiodic
direction of the cell. Atomic charges are evaluated according to
the model proposed by Bader.59,60 Model structures for metal-
supported thin films are constructed minimizing the strain
arising from the lattice mismatch, which is then released on the
film. In some cases, it is necessary to recur to rather large
supercells; this, in turn, ensures that the adsorption of adatoms is
simulated at small concentration. In the case of very favorable
metal−oxide epitaxial match, leading to small metal−oxide
supercells, the lateral adatom−adatom interactions may play a
role. For the comparative sake of this paper, we always ensure a
minimum distance between nearby adsorbates of 9.8 Å,
conveniently expanding the metal−oxide cell when necessary.

A complete list of all adopted reconstructions and supercells is
reported in the Supporting Information, Table S2.
All surfaces are treated with periodically repeated slab models,

and a vacuum layer of at least 15 Å thickness is included in the
cell to avoid spurious interactions between replicas.
The adsorption energy, De, is calculated as in eq 1

= ′ − ′ −D E E E(A/MO /M ) (MO /M ) (A)x xe (1)

where A is the (K, Pt, Au) adatom, MOx is the oxide thin film,
and M′ is the metal support. The reference energy for each
adatom is calculated as the energy of the atom in the gas phase in
its fundamental electronic state. A complete exploration of the
potential energy surface has not been performed, and the
adatom’s adsorption site is determined as the minimum energy
state among several structures obtained by static relaxations. A
comprehensive list of all local minima is available in the
Supporting Information.

3. RESULTS
3.1. MgOMono- and Bilayer Supported on Ag andMo.

In the case of MgO, we compare the adsorption on a free-
standing four-layer slab (whose surface properties are well
converged with respect to the thickness) to mono- and bilayers
supported on Ag andMo, thus considering both the effect of the
support and the thickness on the film’s adsorptive properties. On
free-standing MgO, K is weakly physisorbed (De =−0.28 eV) in
an O-top position, Table 1 and Figure 1. Given the irreducible
nature of MgO, even an alkali metal with a small ionization
energy such as K maintains its neutral state upon adsorption, as
shown by the adatom’s doublet spin state (M = 1.00). The
bondingmode of K toMgO surfaces has been fully characterized
by combining DFT calculations with electron paramagnetic
resonance (EPR) measurements.61 The present result is in
agreement with previous reports,43 even though the hereby
reported De is slightly larger compared to the literature, due to
the inclusion of the dispersion forces in the present work. On
metal-supported MgO films, the substrate’s work function
decreases going from 4.25 eV in Ag(100) and 3.84 eV in
Mo(100) to 3.29 eV (MgOML/Ag), 2.91 eV (MgOBL/Ag), 2.50
eV (MgOML/Mo), and 2.04 eV (MgOBL/Mo). A larger work
function implies the presence of a deeper acceptor state at the

Table 1. K, Pt, and Au Adsorption on Free-Standing and (Ag, Mo)-Supported MgO Mono- and Bilayera

atom support φ (eV) site De (eV) M (|e|) qA (|e|) O.S. RO (Å) RMg (Å)

K MgO-free O-top −0.28 1.00 +0.30 0 2.88 3.71
MgOML/Ag 3.29 hollow −1.26 0.00 +0.82 +1 2.67 3.16
MgOBL/Ag 2.91 hollow −0.66 0.00 +0.82 +1 2.69 3.10
MgOML/Mo 2.5 hollow −0.50 0.00 +0.57 0 2.89 3.27
MgOBL/Mo 2.04 O-top −0.50 0.43 +0.32 0 2.83 3.71

Pt MgO-free O-top −2.55 0.04 −0.35 0 1.97 2.92
MgOML/Ag 3.29 O-top −2.85 0.00 −0.69 −1 2.10 2.82
MgOBL/Ag 2.91 O-top −2.58 0.49 −0.66 −1 2.07 2.86
MgOML/Mo 2.5 hollow −4.09 0.08 −1.31 −2 3.14 2.55
MgOBL/Mo 2.04 O-top −3.65 0.95 −0.96 −1 2.20 2.89

Au MgO-free O-top −1.09 1.00 −0.29 0 2.26 3.13
MgOML/Ag 3.29 O-top −1.99 0.00 −0.77 −1 2.76 3.07
MgOBL/Ag 2.91 hollow −1.82 0.00 −0.84 −1 3.20 2.83
MgOML/Mo 2.5 hollow −3.17 0.00 −0.81 −1 3.10 2.75
MgOBL/Mo 2.04 hollow −2.84 0.02 −0.84 −1 3.14 2.81

aFilm−metal work function (φ, eV), preferential adsorption site, adsorption energy (De, eV), magnetic moment (M, |e|), and Bader charge (qA, |e|)
and estimated formal oxidation state (O.S.) of the adsorbed adatom, minimum adatom−oxygen (RO, Å), and adatom−magnesium (RMg, Å) bond
distances.
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metal’s Fermi level, which should favor a charge transfer from
the K adatom. This is indeed the case for both ML and BL
supported on Ag: the K adatom moves to a hollow site and

acquires null magnetization, and an electron is transferred from
K (4s) to the metal substrate, as one can see from the projected
DOS reported in Figure 1c. The adsorption energy, De, follows

Figure 1. Top view, side view, and PDOS plot of K (left), Pt (middle), and Au (right) adatoms adsorbed on (a) free-standing MgO, (b) MgOML/Ag,
(c) MgOBL/Ag, (d) MgOML/Mo, and (e) MgOBL/Mo.
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the trend of the substrate’s work function and becomes−1.26 eV
(MgOML/Ag) and −0.66 eV (MgOBL/Ag). For Mo-supported
films, in the case of the ML, the K adatom is bound on a hollow
site (as for MgO/Ag) with an adsorption energy of −0.50 eV.
For MgOBL/Mo, the most favorable site is O-top, just like in the
case of free-standing MgO, and De is −0.50 eV. The oxidation
state of the K adatom can be discussed based on the projected
DOS reported in Figure 1d and e. In the case of MgOBL/Mo, the
K(4s) orbital is singly occupied (the magnetization on the
adatom is 0.43 |e|). In the case of MgOML/Mo, the K(4s) state
lies across the Fermi level and the orbital is singly occupied but
with a spin-contaminated half-α/half-β character: an actual
charge transfer, thus, does not take place. The supporting metal
plays therefore a major role in determining the adatom’s
oxidation state, since a charge transfer takes place on MgO/Ag,
while K remains basically neutral on MgO/Mo.
Also, in the case of Pt, the most favorable adsorption site and

the adatom’s oxidation state vary due to the interplay between
the film’s thickness and the metal’s support. On free-standing
MgO, Pt is adsorbed on the O-top position, but at variance from
K, the adsorption energy is large (De =−2.55 eV). This indicates
that a strong covalent interaction takes place. On metal-
supported films, the actual oxidation state of the adatom as well
as the adsorption site and energy depend on the film thickness
and support work function. OnMgOBL/Ag, Pt is adsorbed on an
O-top site with a De of −2.58 eV, in close similarity to the free-
standing case. However, the Pt(6s) orbital is partly occupied, as
shown by the adatom’s magnetization (0.49 |e|) and the p-DOS
plot in Figure 1c. The adatom has thus acquired a charge of −1.
A similar oxidation state and adsorption geometry is reported on
MgOML/Ag, but here, De is larger (−2.85 eV). In this case,
however, the electron in the Pt(6s) orbital has half alpha−half
beta character, so no net magnetization is reported.
The picture is quite different on Mo-supported films, where

the smaller work function enables a charge transfer from the
metal substrate to the adatom, forming a Pt− species (BL) and
Pt2− species (ML). The charge transfer implies also a strong
increase (in absolute value) in De, which becomes −4.09 eV for
ML and −3.65 eV for BL.
In the case of Au, the adatommaintains a neutral state only on

free-standing MgO, with a De of −1.09 eV. The most favorable
adsorption site is O-top. This result is very similar to a previous
report.11 On Ag- and Mo-supported films, an anion is always
formed, as is evident from the null magnetization of the Au

adatom.OnMgOML/Ag,De is equal to−1.99 eV and the adatom
is on the O-top site (in a previous report, the O-top site was
found to be 0.04 eV less stable than the hollow one35). In the
case of MgOBL/Ag, De reduces to −1.82 eV and the adatom
moves to a hollow site. On Mo, the removal of an electron from
the substrate is easier, and this translates into a largerDe, which is
now −3.17 eV for ML and −2.84 eV for BL. On both MgOBL/
Mo and MgOBL/Mo, Au is preferentially adsorbed on a hollow
site. In a previous report, the most favorable adsorption site was
found to be Mg-top and also the adsorption energy was for both
ML and BL in the range−2.2/−2.3 eV.11 In that case, however, a
C4v symmetry constraint was enforced, thus ruling out the
hollow position as a possible adsorption site, and the long-range
dispersion was not included. The trend in Au adsorption energy,
however, cannot be predicted only based on the work function
argument: indeed, for both Ag andMo, the work function for the
supported ML is larger than that for BL. One may thus expect
that the Au anion binds stronger on supported BL compared to
ML, while the opposite is found. A possible explanation relies on
Coulombic factors hindering the charge separation between
negatively charged adatoms and metal support, favoring the ML
case, where the distance between negative adatom and positive
metal support is smaller. The overlap between orbitals from the
adatom and the metal surface, which can also contribute in
stabilizing the adatom, is also larger in the case of supportedMLs
compared to BLs.

3.2. ZnO Graphitic Bilayer Supported on Coinage
Metals. The adsorption of a K single atom on free-standing and
metal-supported ZnO bilayer leads, in all cases, to the ionization
of the adatom to K+, Table 2 and Figure 2. This is confirmed by
the positive Bader charge and the complete quenching of the
magnetic moment. In all cases, the most favorable adsorption
site is the hexagonal hollow (Figure 2), and both K−O and K−
Zn distances are hardly affected by the support. Notably, the
adsorption energy, De, varies significantly, passing from −1.93
eV for free-standing ZnO to −2.62 eV for ZnO/Cu, −2.80 eV
for ZnO Ag, and −3.33 eV for ZnO/Au. In the case of free-
standing ZnO, the electron goes to the ZnO conduction band,
while, in the case of metal-supported films, the electron tunnels
through the film and is captured by the metal support. The latter
mechanism clearly stabilizes the adsorption of K adatoms. The
larger themetal’s work function, the larger the gain in adsorption
energy with respect to the free-standing ZnO film, Table 2.

Table 2. K, Pt, and Au Adsorption on Free-Standing and (Cu, Ag, Au)-Supported ZnO Bilayera

atom support φ (eV) site De (eV) M (|e|) qA (|e|) O.S. RO (Å) RZn (Å)

K ZnO-free hollow −1.93 0.00 +0.84 +1 2.71 3.17
ZnO/Cu 4.16 hollow −2.62 0.00 +0.86 +1 2.71 3.14
ZnO/Ag 4.32 hollow −2.80 0.00 +0.88 +1 2.73 3.19
ZnO/Au 4.96 hollow −3.33 0.00 +0.88 +1 2.73 3.20

Pt ZnO-free O(top) −2.51 0.02 −0.15 0 1.98 2.57
ZnO/Cu 4.16 O(top) −2.69 0.48 −0.42 −1 2.31 2.53
ZnO/Ag 4.32 hollow −3.06 0.00 −0.71 −2 3.23 2.49
ZnO/Au 4.96 O(top) −2.54 0.00 −0.10 0 1.98 2.57

Aub ZnO-free bridge −0.87 1.00 −0.11 0 2.59 2.33
ZnO/Cu 4.16 hollow −2.10 0.00 −0.46 −1 3.16 2.67
ZnO/Ag 4.32 hollow −2.20 0.00 −0.47 −1 3.16 2.67
ZnO/Au 4.96 hollow −1.73 0.00 −0.46 −1 3.18 2.66

aFilm−metal work function (φ, eV), preferential adsorption site, adsorption energy (De, eV), magnetic moment (M, |e|), and Bader charge (qA, |e|)
and estimated formal oxidation state of the adsorbed adatom (O.S.), minimum adatom−oxygen (RO, Å) and adatom−zinc (RZn, Å) bond distances.
bData from ref 26.
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The adsorption of Pt1 species on ZnO/(Cu, Ag, Au) provides
a more complex picture. On the free-standing ZnO BL, the Pt
adatom is preferentially bound in an O-top configuration and
maintains a neutral state. The complete quenching of the
magnetic moment suggests a transition from a (5d9, 6s1)- to a
(5d10, 6s0)-like electronic configuration. This fact together with
the large adsorption energy (De = −2.51 eV) and the small
negative Bader charge (−0.15 |e|) suggests that a covalent bond,
with some polar character, is established between Pt and O, at a
bond distance of 1.98 Å. The same kind of bonding, under all
aspects, is observed for ZnO/Au. In the case of ZnO/Cu, the
adatom is also bound on an O-top site, with a Zn−O distance of

2.31 Å, remarkably larger than on ZnO/Au (1.98 Å). The
adsorption energy is −2.69 eV, and a residual magnetization
(0.48 |e|) is present on the adatom, indicating a partial
occupation of the Pt(6s) orbital. On ZnO/Ag, then, the hollow
site results are more favorable than those of the O-top site, and
the adsorption energy is−3.06 eV, the largest value in the series.
The adatom is much closer to the Zn ions than to the O ones,
and its Bader charge is −0.71 |e|, which definitely suggests that a
remarkable charge transfer took place. If one looks at the PDOS
for the adatom’s states in Figure 2c, one can conclude that both
the 5d and 6s orbitals are fully occupied and the Pt adatom is
formally in a −2 oxidation state. In principle, a charge transfer
from the Cu substrate should bemore favorable compared to Ag,
given its smaller work function. However, the more diffuse
nature of Ag orbitals compared to Cumay be an important factor
in determining the final oxidation state of the Pt adatom, due to
the more efficient mixing of adatom’s and substrate’s states in
the case of Ag.
In the case of Au1 adsorption, we hereby include, for the sake

of completeness, data obtained with the very same computa-
tional setup and previously published.26 The oxidation state of
the adatom is 0 on the free-standing film and switches to −1 on
metal-supported ZnO. In this case, the assignment of the formal
oxidation state can be immediately derived from the magnet-
ization of the Au adatom, which maintains its 5d10 6s1 doublet
spin state on the free-standing film, while it switches to a singlet
5d10 6s2 configuration on the metal-supported film. Notably, the
Bader model is not unambiguous, attributing an anionic
character to the Au adatom always considerably smaller than
−1 (the charge is about −0.5 |e| for Cu-, Ag-, and Au-supported
ZnO). While neutral Au is preferentially adsorbed on a ZnO
bridge site, Au− goes to a hollow site. The free-standing film
binds the Au adatom weakly (−0.87 eV) compared to the metal-
supported ones, whereDe is−2.10 on ZnO/Cu,−2.20 on ZnO/
Ag, and −1.73 on ZnO/Au. The smaller De reported for ZnO/
Au fits with the larger work function of Au compared to other
coinage metals. Based on this argument, however, one would
expect a slightly larger De for ZnO/Cu compared to ZnO/Ag,
while the contrary is observed. This can be explained as an effect
of the more protruding nature of Ag orbitals compared to Cu
ones, contributing to stabilize adsorption of both Pt (vide supra)
and Au adatoms on ZnO/Ag compared to ZnO/Cu. One should
also mention that, as previously discussed, the structure of the
ZnO film undergoes remarkable distortions when put in contact
with Cu compared to more inert supports such as Ag or Au. Of
course, this structural aspect may also play a role.

3.3. SiO2 Bilayer Supported on Pt and Ru. The class of
2D vitreous materials growth on metals is wide and complex.
Here, we focus on a simple structure, represented by a crystalline
SiO2 bilayer whose surface displays a regular arrangement of
hexagonal rings. Si and O atoms are four- and two-coordinated,
respectively, i.e., chemically saturated. We study K, Pt, and Au
adsorption on the silica bilayer either free-standing or supported
on Pt(111) and Ru(0001). The K atom is always ionized, as
shown by the large and positive Bader charge and the quenching
of its magnetic moment (Table 3), but its adsorption energy
strongly depends on the support, spanning from−0.60 eV (free-
standing SiO2 in close agreement to a previous report44) to
−1.27 eV (Ru-supported SiO2) and −2.81 eV (on Pt-supported
silica). The much larger De observed on SiO2/Pt fits with its
larger work function compared to SiO2/Ru. In all cases, the K+

cation is preferentially coordinated on a hollow site (Figure 3),

Figure 2. Top view, side view, and PDOS plot of K (left) and Pt (right)
adatoms adsorbed on (a) free-standing ZnO, (b) ZnOBL/Cu, (c)
ZnOBL/Ag, and (d) ZnOBL/Au. Data on Au1 adsorption are reported in
ref 26.
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with K−O distances close to 3.0 Å and K−Si distances around
3.7 Å.
The Pt atom maintains its neutral state on free-standing SiO2

and SiO2/Pt, while the more electropositive Ru support allows
for the formation of a negatively charged Pt− species. The most
favorable adsorption site varies fromO-top (free-standing silica)
to bridge (SiO2/Pt) and Si-top (SiO2/Ru) depending on the
support. On free-standing SiO2, Pt is bound with an adsorption

energy of−0.50 eV and a Pt−O distance of 2.03 Å. On SiO2/Pt,
the adsorption energy is−1.17 eV. The Pt−O distance is 1.99 Å,
and the Pt−Si distance is 2.39 Å. In the case of SiO2/Ru, finally,
Pt is adsorbed in coincidence to a Si lattice site, with a Pt−O
distance of 2.89 Å and a Pt−Si distance of 2.33 Å. The
adsorption energy,−1.27 eV, is slightly larger than that on SiO2/
Pt.

Table 3. K, Pt, and Au Adsorption on Free-Standing and (Pt, Ru)-Supported SiO2 Bilayer
a

atom support φ (eV) site De (eV) M (|e|) qA (|e|) O.S. RO (Å) RSi (Å)

K SiO2-free hollow −0.60 0.00 +0.77 +1 3.00 3.70
SiO2/Pt 4.97 hollow −2.81 0.12 +0.89 +1 2.96 3.65
SiO2/Ru 3.67 hollow −1.27 0.00 +0.91 +1 2.95 3.65

Pt SiO2-free O-top −0.50 0.09 −0.04 0 2.03 2.97
SiO2/Pt 4.97 bridge −1.17 0.00 −0.10 0 1.99 2.39
SiO2/Ru 3.67 Si-top −1.27 1.12 −0.47 −1 2.89 2.33

Au SiO2-free hollow −0.17 1.00 +0.02 0 3.39 4.06
SiO2/Pt 4.97 hollow −0.12 1.00 +0.01 0 3.39 4.01
SiO2/Ru 3.67 Si-top −1.25 0.00 −0.61 −1 2.95 2.41

aFilm−metal work function (φ, eV), preferential adsorption site, adsorption energy (De, eV), magnetic moment (M, |e|), and Bader charge (qA, |e|)
and estimated formal oxidation of the adsorbed adatom, minimum adatom−oxygen (RO, Å), and adatom−silicon (RSi, Å) bond distances.

Figure 3. Top view, side view, and PDOS plot of K (left), Pt (middle), and Au (right) adatoms adsorbed on (a) free-standing SiO2, (b) SiO2/Pt, and
(c) SiO2/Ru.
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In the case of Au, the adatom’s oxidation state is determined
by the support in strong analogy to the case of Pt. While Au
maintains its neutral state on free-standing and Pt-supported
silica, a Au− anion is formed on SiO2/Ru. This is shown by the
Aumagnetic moment (close to 1 for neutral Au and close to 0 for
Au−) and, at least qualitatively, also by the Bader charges. The
electron transfer from the support to the adatom, in the case of
SiO2/Ru, increases the adsorption energy (−1.25 eV) by almost

1 eV compared to free-standing SiO2 and SiO2/Pt. The change
of the oxidation state is also reflected in a change in adsorption
site, which is hollow for neutral Au and Si-top for Au−. Overall,
this support-dependency of the Pt and Au oxidation state can be
well explained: the adatoms maintain their neutral state on free-
standing silica, as expected for such a scarcely basic oxide, while
they can drag an electron from the Ru support, thanks to its
smaller work function (3.67 eV) compared to Pt (4.97 eV).

Table 4. K, Pt, and Au Adsorption on Free-Standing and (Pt, Ag)-Supported TiO2 Bilayer
a

atom support φ (eV) site De (eV) M (|e|) qA (|e|) O.S. RO (Å) RTi (Å)

K TiO2-free O(4c) −2.73 0.00 +0.91 +1 2.89 3.39
TiO2/Pt 5.33 Ti(up) −3.42 0.00 +0.91 +1 2.79 3.37
TiO2/Ag 5.39 O(4c) −2.86 0.00 +0.91 +1 2.85 3.46

Pt TiO2-free Ti(down) −3.21 0.05 +0.08 0 2.05 2.79
TiO2/Pt 5.33 Ti(down) −4.06 0.00 +0.01 0 2.02 2.72
TiO2/Ag 5.39 Ti(down) −3.64 0.01 +0.03 0 2.04 2.70

Au TiO2-free O(4c) −0.39 1.00 +0.10 0 2.88 3.08
TiO2/Pt 5.33 Ti(up) −1.76 0.00 −0.30 −1 2.98 2.66
TiO2/Ag 5.39 O(4c) −1.31 0.00 −0.26 −1 2.89 2.72

aFilm−metal work function (φ, eV), preferential adsorption site, adsorption energy (De, eV), magnetic moment (M, |e|), and Bader charge (qA, |e|)
and estimated formal oxidation state of the adsorbed adatom, minimum adatom−oxygen (RO, Å), and adatom−titanium (RTi, Å) bond distances.

Figure 4. Top view, side view, and PDOS plot of K (left), Pt (middle), and Au (right) adatoms adsorbed on (a) free-standing TiO2, (b) TiO2/Pt, and
(c) TiO2/Ag.
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It must be stated that, in fact, given the porous nature of silica,
adatoms may also be strongly bound at the metal/oxide
interface, which can be reached by diffusion through the pore
or at domain boundaries, at grain borders, or through larger rings
present in amorphous domains. This has been shown in the case
of Au adatoms on SiO2/Ru or Li atoms on SiO2/Mo(112) in
joined experimental and computational works,43,45 and also for
Na+ and Mg2+ cations in a computational study.44 For the
comparative sake of the present work, however, we do not
investigate the penetration of adatoms through the oxide film to
the metal surface and focus on the surface adsorptive properties.
3.4. TiO2 Lepidocrocite Supported on Pt and Ag.

Among the less common titania polymorphs, lepidocrocite has
the interesting feature of being intrinsically bidimensional,
consisting of 6 atomic layers.62 As previously shown,
lepidocrocite is the most stable form for an ultrathin titania
film,63 and it has been grown, among others, on Pt(111)64 and
Ag(100) supports.65 The reducible nature of titania infers a
partially negative charge to the film when this is put in contact to
a metal support. The smaller the metal’s work function, the
larger the charge transferred to the TiO2 film. While in the case
of Pt(111) the charge transfer is small, in the case of Ag(100), it
is substantial.41 This has implications on the binding of single
adatoms.
As reported in Table 4, the K adatom is always ionized upon

adsorption on either free-standing or (Pt, Ag)-supported TiO2,
as clearly shown by the complete quenching of the magnetic
moment, the PDOS shown in Figure 4, and the K Bader charge
larger than +0.9 |e|. The adsorption energy on free-standing
TiO2 (−2.73 eV) is very large compared to the other
unsupported oxide films examined so far. This is not surprising,
given the reducible nature of titania. On Ag(100), De (−2.86
eV) is close to the free-standing case, while it is remarkably larger
on Pt(111) (−3.42 eV), in spite of the evidence that the work
function in the case of TiO2/Pt and TiO2/Ag is quite similar.
However, one should consider that the titania film is already
negatively charged in the Ag(100) case, which may slightly
disfavor the transfer of another electron. K adsorption on titania,
moreover, differs from the previously discussed cases under a
substantial aspect: when the potassium adatom is ionized, the
electron does not reach the metal, but it gets instead trapped on
the oxide film, In the case of TiO2/Pt, the extra electron is
trapped on a Ti3+ reduced center and a polaron is formed, while
onTiO2/Ag the electron is delocalized over several Ti ions. Also,
the strain released on the lepidocrocite film may play a role:
while in the case of Ag(100) the film undergoes a large
compressive strain along both a (−3.6%) and b (−3.7%)
directions, in the case of Pt(111), the strain is compressive along

a (−3.1%) and tensile along b (+4.8%). In general, the
compressive strain does not help in trapping the electron
released by the K adatom upon ionization. The same trend has
been observed for the H2 homolytic dissociation (and
subsequent reduction of the TiO2 support) on Pt- and Ag-
supported TiO2 lepidocrocite, which is also more favorable in
the TiO2/Pt case.

41 The most favorable adsorption site for K is
on top of a four-coordinated surface O ion for free-standing and
Ag-supported TiO2 and on top of a surface Ti ion for TiO2/Pt.
In the case of Pt adsorption, the adatom always maintains a

neutral oxidation state. The Pt−O distances are compatible with
a covalent bond (slightly above 2 Å). There is, however, a
relevant difference in adsorption energy between the free-
standing (−3.21 eV) and metal-supported cases (−4.06 eV on
TiO2/Pt and −3.64 eV on TiO2/Ag). Also, the most stable
adsorption site differs from free-standing TiO2 (on top of a
surface Ti ion) compared to the metal-supported TiO2 (where a
lattice site coinciding with a Ti ion from the bottom layer is
preferred). It appears, thus, that themetal support plays a role on
the Pt1 adsorption, even though this takes place above the oxide
film and no direct contact between the Pt adatom and the
metallic support is established.
Au, a definitely more electronegative atom compared to K,

remains neutral on free-standing TiO2, while it acquires a −1
anionic state on Pt- and Ag-supported TiO2. The tendency of Au
adatoms to bind titania in a neutral state is analogous to what
was previously reported for the most common TiO2 surfaces
such as rutile(110).66 In the case of metal-supported titania, the
electron is dragged from the metal support to the Au adatom via
tunnelling through the film. The ionization of the adatom, as
already previously discussed, implies a strong increase in De,
which passes from −0.39 eV (free-standing TiO2) to −1.76 eV
(TiO2/Pt) and −1.31 eV (TiO2/Ag). In spite of a similar work
function, TiO2/Pt binds the Au

− ion stronger than TiO2/Ag. A
possible explanation lies in the fact that in TiO2/Ag the film is
already negatively charged, thus leading to an unfavorable
accumulation of negative charges when the Au− anion is formed.

3.5. ZrO2 Monolayer Supported on Pt and ZrPt. At
variance from bulk ZrO2, zirconia thin films exhibit a more
pronounced reducibility, a fact attributed to the role played by
the interaction with themetal support more than to the presence
of undercoordinated sites.42 When K is adsorbed on the free-
standing zirconia monolayer, the reduction of the film takes
place and the potassium adatom is ionized. As expected, this
process is way more favorable in the presence of a metal support
where the electron donated from the adatom can spill to.
Indeed, the K adsorption energy is more than double on Pt-

supported ZrO2 (−2.73 eV) and ZrPt-supported ZrO2 (−2.68

Table 5. K, Pt, and Au Adsorption on Free-Standing and (Pt, ZrPt)-Supported ZrO2 Monolayera

atom support φ (eV) site De (eV) M (|e|) qA (|e|) charge RO (Å) RZr (Å)

K ZrO2-free Zr −1.04 0.01 +0.89 +1 2.80 3.28
ZrO2−Pt 4.60 O(up) −2.73 0.00 +0.88 +1 2.60 3.47
ZrO2−ZrPt 4.63 O(down) −2.68 0.00 +0.89 +1 2.64 3.70

Pt ZrO2-free O(up) −2.04 0.07 −0.08 0 1.95 2.91
ZrO2−Pt 4.60 O(up) −4.41 0.00 −0.09 0 2.06 2.68
ZrO2−ZrPt 4.63 O(down) −3.47 0.00 −0.09 0 2.04 2.81

Au ZrO2-free Zr −0.44 0.41 −0.01 0 2.94 2.95
ZrO2−Pt 4.60 O(up) −1.78 0.00 −0.58 −1 2.86 2.94
ZrO2−ZrPt 4.63 O(down) −1.02 0.00 −0.57 −1 2.89 3.06

aFilm−metal work function (φ, eV), preferential adsorption site, adsorption energy (De, eV), magnetic moment (M, |e|), and Bader charge (qA, |e|)
and estimated formal oxidation state of the adsorbed adatom, minimum adatom−oxygen (RO, Å), and adatom−zirconium (RZr, Å) bond distances.
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eV) compared to the free-standing case (−1.04 eV), Table 5.
The most stable adsorption site varies from Zr-top (free-
standing film) to O-top sites for the metal-supported film. The
K−O bond distance is remarkably shorter for metal-supported
ZrO2 compared to the free-standing case, Figure 5.
In analogy to titania films, the Pt adatom maintains a neutral

oxidation state on both free-standing andmetal-supported ZrO2.
De, however, is much smaller on the free-standing film (−2.04
eV) compared to ZrO2/Pt (−4.41 eV) and ZrO2/ZrPt (−3.47
eV). A possible explanation of the large difference inDe between
Pt-supported and ZrPt-supported films may lie in the strain
released on the film, which is much larger in the case of Pt
(+3.5%, Table S2) compared to ZrPt (+1.4%).
As for the Au adatom, in analogy with the case of TiO2 films,

an ionization of the adatom with formation of gold anion is
reported on the metal-supported films, while Au remains neutral
on free-standing ZrO2. As expected, a strong increase in
adsorption energy is observed upon ionization, passing from
−0.44 eV (free-standing ZrO2) to −1.78 eV (ZrO2/Pt) and
−1.02 eV (ZrO2/ZrPt). As in the case of Pt, the stronger binding
reported on ZrO2/Pt compared to ZrO2/ZrPt may be related to
the strain.

4. DISCUSSION AND CONCLUSIONS

In this section, we try to summarize and analyze all data exposed
previously. In a first attempt to infer a systematic trend to the
data set, we start from a simple model based on the charge
transfer from/to the adatom as a function of the metal/oxide
work function. In principle, one could expect that K will be
ionized to K+ if the Fermi level of the support lies at an energy
below (or close to) the adatom’s (HOMO). Similarly, a system
whose Fermi level lies above the adatom’s (LUMO) will act as a
potentially strong electron donor. The smaller the work
function, thus, the more the system is prone to donate an
electron to an electronegative adatom, such as Au; this should be
reflected in a larger Au adsorption energy. On the contrary, an
electropositive metal atom such as K is expected to be more
strongly bound on a film/metal substrate displaying a large work
function, i.e., low-lying empty states.
A static picture obtained by simply aligning the oxide/metal

Fermi level to the adatom’s frontier orbitals, however, would not
hold true, since the relaxation of the electronic structure
concerns all states from both the substrate and the adatom,
affecting also their final reciprocal alignment.67

Nevertheless, if the adsorption energy of a potassium adatom
is plotted with respect to the substrate’s work function, Figure 6,

Figure 5. Top view, side view, and PDOS plot of K (left), Pt (middle), and Au (right) adatoms adsorbed on (a) free-standing ZrO2, (b) ZrO2/Pt, and
(c) ZrO2/ZrPt.
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a rather clear picture emerges. In the case of the Mo-supported
MgO bilayer, whose work function is smaller compared to the
HOMO of an isolated K adatom, no charge transfer takes place
and K is only weakly bound (see section 3.1). The case of
(MgO)ML/Mo is intermediate: the Fermi level and the
K(HOMO) are at comparable energy, and after the relaxation,
the K(4s) orbital is half filled across the Fermi level. Starting
from this point, a clear tendency appears, where the K
adsorption increases along with the support’s work function.
In other terms, K adatoms are more strongly adsorbed on
systems displaying deeper empty states, in agreement with a
simple ionic bond picture. A linear fit along the whole data set
(excluding the Mo-supported MgO bilayer, where no charge
transfer takes place) yields a good correlation coefficient, R2 =
0.95. However, other factors play a role beside the respective
energy of donor and acceptor states. The ZnO BL supported on
coinage metals, for instance, seems to overbind K adatoms
compared to other systems, while the SiO2 BL, on the opposite,
binds K less than expected based on the work function
argument, just like TiO2/Ag. The distance between K+ and
the negatively charged metal support may play, in this sense, a
role. In the case of (SiO2)BL, for instance, this is particularly
large, given the remarkable thickness of the silica bilayer
compared to graphitic ZnO. In the case of silver-supported
titania, as mentioned in section 3.4, the reducible nature of this
oxide plays a relevant role, since the electron is trapped on the
oxide film and does not reach the metal. It is thus surprising that
the TiO2/Pt case, where the electron is also trapped on the
titania film, lies very close to a trend line relative to mostly non-
reducible oxides. This fact, however, can also be fortuitous.
In the case of Au, one would expect a specular behavior

compared to K, i.e., a stronger bonding on systems displaying a
small work function (i.e., relatively shallow donor states). While
looking at Figure 7, one can notice that (i) the Au(LUMO) lies
at an energy lower or comparable to that of the Fermi level of all
systems, including those displaying the larger work function in
the whole set, like TiO2/Pt and TiO2/Ag, and (ii) the overall
agreement with the simple ionic-bond picture is much worse
compared to the case of potassium, even though a decreasing
trend in bond strength as a function of φ is still evident.
The charging of Au, for instance, does not take place in the

case of (SiO2)BL/Pt, in spite of a smaller work function
compared to TiO2/Ag and TiO2/Pt. Also, the difference in De
between TiO2/Ag and TiO2/Pt is quite large, if one considers

that these two systems display the same chemical nature of the
film and very similar work functions. One can only stress once
more how other factors can play a role beyond the support’s
work function.67 The silica bilayer, for instance, displays smaller
Au adsorption energies compared to what one would expect, just
like in the case of potassium. This seems to strengthen the
observation that the large distance from the metal substrate may
play a role, for both negatively and positively charged adsorbates.
Also, the smaller De observed for (MgO)BL/Ag compared to
(MgO)ML/Ag and (MgO)BL/Mo compared to (MgO)ML/Mo
seems to go in this direction, given that BLs keep the adatom
more distant from the metal support compared to MLs. This
may result in a weaker interaction between the charged adatom
and the image charge that forms in a metallic conductor when
electrons polarize in response to the presence of a charge.
The overlap between the Au orbitals and those from the metal

support may also explain why the Au adatom is more strongly
adsorbed on ZnO/Ag compared to ZnO/Cu.
Finally, as discussed in section 3, one should also consider that

the strain and local geometric relaxations, not always easy to
quantify, may influence the complexation capability of the oxide
film.
The case of platinum radically differs from potassium and

gold. Here, the interaction established between the adatom and
the oxide film has in most cases a predominantly covalent polar
nature. As shown in Figure 8, there is no correlation whatsoever
between the support’s work function and the adsorption energy,
as the bonding does not have charge transfer character.
We have also tried to correlate De with the shortest Pt−O

distance (Figure 9). The platinum single atom, in fact, may bind
an oxide surface in several ways, interacting with both oxygen
and metal ions. The overlap with the orbitals of the underlying
metal surface also plays a role. As shown in Figure 8, the
oxidation state of Pt varies from 0 to −2 depending on the
substrate. The (Pt)2− species is observed on (MgO)ML/Mo,
where the proximity to the electropositive molybdenum surface
allows for a double charge transfer, resulting in a strong ionic
bond. Similarly, also in the case of ZnO/Ag, Pt acquires a −2
oxidation state. One can notice from Figure 9 how this
influences the bonding geometry of the adatom, evidencing
the strong repulsion with oxygen ions from the oxide. One can
notice a general trend correlating the Pt oxidation state to the
Pt−O distance where, as one could expect, larger Pt−O
distances are observed for more negatively charged Pt adatoms.

Figure 6.K adsorption energy on all considered systems as a function of
the calculated support’s work function.

Figure 7. Au adsorption energy on all considered systems as a function
of the calculated support’s work function.
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However, the Pt oxidation state does not correlate with the
adsorption energy.
In general, a stiff and rigid film such as the SiO2 BL seems to

interact weakly with the Pt atom. On the contrary, flexible
structures like the ZrO2 ML, prone to a pronounced
reconstruction upon adsorption of the Pt adatom, ensure a
strong bond. The lepidocrocite TiO2 film is also a very favorable
adsorption substrate for Pt, thanks to its structure providing
cavities where the adatom is bound by several surrounding
atoms. The trend inDe for Pt1 on ZnO BL supported on coinage
metals is, however, a bit elusive: while it seems clear why the Pt
adatom remains neutral on most electronegative metal supports
of the series (Au) and acquires a−1 charge on ZnO/Cu, it is not
easy to explain why the adsorption energy (and the charge
transferred to Pt) on ZnO/Ag is remarkably larger than that on
ZnO/Cu.
In conclusion, this work has been driven by the idea of

performing a systematic study on the surface chemical
properties of a peculiar class of materials, the oxide thin films
supported on metals. To this end, we have simulated the
adsorption of the simplest chemical entities, the single atoms.
We have chosen a strong electron donor (K), a very
electronegative metal (Au), and a transition metal atom more

prone to establish covalent interactions (Pt). The goal was to
unravel the role of the metal/oxide interplay in driving the
surface chemistry of these materials. In the case of K and, to a
less extent, Au, the work function of the metal/oxide substrate is
the key parameter in determining the bonding strength of the
adatom: potassium is ionized to K+ in most cases, and the ionic
bond which is then established is stronger the deeper the
acceptor states of the substrate. Similarly, the strong tendency of
Au single atoms to form Au− anions implies a stronger bond on
systems with a small work function, i.e., with occupied states at
relative high energy. However, this barely electrostatic picture is
complicated by the presence of other important factors, such as
the film’s thickness (and, in general, the distance from the metal
support), the more or less diffuse nature of themetal orbitals, the
surface morphology, and the oxide’s reducibility.
The case of Pt represents a more complicated picture, where

the physical properties of the substrate such as the work function
play a little role. In general, the covalent−polar nature of the
platinum−oxide interaction leads to strong bonds on films
where the adatom can be efficiently complexed. However, a very
large charge transfer toward the Pt adatom has been observed in
few cases.
Finally, it is worth mentioning a delicate methodological

aspect: through all of this work, the oxidation state of the adatom
has been determined by carefully looking at its density of states
and magnetic moment. As one can see through the whole
section 3, even though the Bader model is physically well
grounded, the charges are often inaccurate (for the Au anion in
particular), and an assignment based on Bader charges only
could lead to misleading conclusions. We can thus only warn
against the tendency in the computational chemistry community
to rely too much on any sort of charge partition scheme.
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Ramsey, M. G.; Sterrer, M. Controlling the Charge Transfer across
Thin Dielectric Interlayers. Adv. Mater. Interfaces 2020, 7, 2000592.
(22) Naumann d’Alnoncourt, R.; Kurtz, M.; Wilmer, H.; Löffler, E.;
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