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Oxide-supported metal catalysts play a central role in the
field of heterogeneous catalysis. Controlling the size and
shape of the active metal phase is of the utmost importance, as
these properties affect the dispersion of the catalytically
active metal particles, which in turn reflects the metal-
support interaction. The metal-support interactions govern
the number and the nature of catalytically active sites;
consequently, much of the current research in the field is
concentrated on gaining understanding and control of this
interaction. Gold is a good example of a metal that becomes
catalytically active only in the nanoscale size regime
(<5nm)."3 A large amount of recent experimental and
theoretical work has shown that the morphology of various
oxide supports can be affected by modification of the oxide by
either controlling the thickness of the oxide film grown on
a metal surface®* or by doping the bulk oxide with higher-
valence transition metals.’>! Both of these methods rest upon
an increase in oxide basicity through modification of the
electronic structure of the oxide. A recent analysis of a large
number of density functional theory calculations show that
the exothermicity of a Lewis acid adsorption increases with
the basicity of the oxide surface. The stronger oxide—
adsorbate interaction then manifests in a higher wetting
propensity of the ad-metal, thus leading to the formation of
flat islands.

The stability of planar Au structures on top of the
electronically modified oxides has typically been rationalized
by the increased adhesion between the electronegative gold
and the surface owing to the negative charge on Au. In
computations, the stability of the Au/surface system is
frequently measured by the adsorption energy (AE,),
which is defined as the energy gain upon placing a gold
atom or cluster from vacuum onto the oxide surface. The
presence of Au modifies both the electronic and atomic
structure of the support, particularly in the region between
the adsorbate and the dopant. Therefore, the adsorption
energy can be expected to be comprised of several terms
besides the interaction between the surface and the gold. For
example, the considerable energy gain associated with the
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adsorption of electronegative NO, over metal-supported
MgO film was found to arise from increased adhesion at the
interface between the oxide and the metal support, which
resulted from the electron abstraction from the oxide.

Herein, we employ density functional theory (DFT) with
the aim of understanding the thermodynamic factors deter-
mining Au adsorption energy on high-valence doped CaO. To
rationalize the adsorption energy we employ the concept of
acid-base interaction,””’ where a high-valence dopant, for
example, Mo, acts as a base (donating charge) and Au as an
acid (accepting charge). We note that there can be various
reasons for a decrease in, or even the prevention of charge
transfer from the dopant to the Au; for example, different
defect sites can take over dopant-donated electrons.””! Elec-
tron transfer from the dopant to Au might be also kinetically
hindered and the exact mechanism of charge transfer is not
known. Unlike what is generally proposed in the literature,
we herein show that, the charging of Au does not explain the
strong Au adsorption on high-valence doped CaO. Instead,
the dominant contributions to AE,, arise from the energy
gain associated primarily with a redox process, where dopant
oxidation and Au reduction take place, and secondarily with
the iono-covalent interaction between gold and the topmost
oxide layer. Screened Coulomb interaction between the
charged Au species and the support plays a negligible role
in the case of realistic supports, where several undoped oxide
layers are grown as buffer over the doped oxide.”! Consid-
ering a few high-valent transition-metal dopants near Mo in
the periodic table, we show that for defect-free doped CaO
the redox energy determines AFE,, and correlates with the
third ionization energy of the dopant. Our results demon-
strate that understanding the redox chemistry in the support is
of paramount importance to achieve better control of the
morphology of Au nanostructures on doped oxides.

First, we selected Mo as a model dopant. Figure 1a shows
a typical setting of a calculation, where one Au binds to a Mo-
doped CaO(100) slab, but never directly to Mo. In all
calculations, we have employed a 10 monolayer-thick CaO
slab and varied the Mo position from the 2nd oxide layer
down to the 7th layer. One dopant per computational unit cell
corresponds to the fixed dopant concentration of 1.25%,
denoted as Cay;sMo0;,50 and referred to hereafter as
CaMoO. Calculated energy changes, atom charges, and
magnetic moments for Mo are compiled in Table S1 in the
Supporting Information, and the energetics as a function of
a dopant depth is shown in Figure 1b.

On pristine CaO, the Au atom binds to an oxygen ion with
AE,;,=—1.39 eV, which is close to the value of —1.35eV
reported by Shao et al.’! At this site no charging of Au is
observed based on the empty Au spin-down 6s-state in the
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Figure 1. a) Side view of the upper part of the computational unit cell
used to model doped CaO with a Au adatom. O red, Ca blue,

Au yellow, dopant grey. b, c) Adsorption site-specific energy changes
upon iono-covalent bonding of Au on top of pristine CaO (AE,,,),
redox reaction between the Au and dopant (AE,.4.; as a function of
dopant depth), and the electrostatic interaction between Au and
dopant (AE..,; as a function of the Au-dopant distance). The
adsorption energy (AE,4) is the sum of these three terms. The lines
connecting the data points are drawn to guide the eye. The data for
Mo and Cr dopants are shown in (b) and (c), respectively.

PDOS plot (PDOS =atom-projected density of electron
states; Supporting Information, Figure S2). Replacement of
a Ca cation by Mo leaves four unused electrons, thus turning it
into a Lewis base. Upon Au adsorption from the gas-phase,
this leads to Au reduction, Mo oxidation, and to a consid-
erably larger AE,,, owing to acid-base stabilization. The
adsorption energy is doubled on an Osite, even if the
impurity atom is located well below the surface layer. This
long-range effect shows that a direct overlap between the Au
and Mo states is not responsible for the observed stabiliza-
tion. Au bound on top of a Ca cation on pristine CaO yields
a relatively low AE, 4 (—0.55 eV), whereas on doped CaO the
adsorption is more than 2.5 eV stronger. The results for Au on
pristine CaO show that the charging of Au cannot be
responsible for the increase in the adsorption energy. Our
analysis shows that also on pristine CaO, where AE, is low,
Au is anionic: The Au charge (—0.46 | e|) is modest compared
to ca. —0.8| e |, which is the charge gained in the presence of
Mo, but the PDOS analysis shows that both of the Au 6s spin-
levels become occupied on the Ca-top site (Figure S2).
Moreover, the magnetic moment of Au vanishes (Table S1),
and the Au—Ca bond distance is very close (3.03 A vs. 2.97 A)
to the Mo-doped case.

For further analysis, we devised a Born—Haber cycle for
the adsorption process of Au onto doped CaO (Scheme 1). In
that cycle, the Au-CaMoO interaction is broken down into
three contributions. The details on how these contributions
are evaluated from DFT calculations are shown in the
Supporting Information text. The first one has already been
addressed: the direct iono-covalent interaction between the
gold and the surface ion involving orbital overlapping, and
also the charging of Au on top of Ca. The energy change
related to this process is denoted AE,,. The Au-Mo
interaction is divided into two contributions: 1) the redox
process between Au and Mo (AE,.qy), and 2) the electrostatic
energy between the Au~ and Mo*' ions formed (AE.,).
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Scheme 1. The Born—Haber cycle for the adsorption of Au onto Mo-
doped CaO. The adsorbate—surface interaction (the conventionally
calculated adsorption energy, AE,y) is divided into three contribu-
tions: 1) the iono-covalent bonding of the Au atom onto the pristine
CaO surface (AE,,,), 2) the redox reaction between Au and Mo that
leads to charged species still formally at infinite separation (AE,4,),
and 3) the screened electrostatic interaction between the anion and
the cation through the dielectric medium (AE.,).

Negative values denote exothermic process. The site-specific
energy contributions, as well as their sum (AE,) are plotted
as a function of Mo depth in Figure 1b. The different terms
vary for the two Au adsorption sites (Ca/O), but sum up to
give very similar site-independent adsorption energies.

Next, AE, .4« and AE,,, terms are discussed in more
detail. The initial state of the redox process involves Au
adsorption on pristine CaO infinitely far from the Mo-doped
part of the surface. The final state is obtained by adding an
electron to Au/CaO and removing one from CaMoO. An
analysis of the bond lengths, atom charges, and magnetic
moments in the charged systems shows that the electron is
adopted by Au and donated by Mo. The quantity AE, .4, thus
describes the energy gain related to the electron exchange
between the Au and Mo. Since the Au already gains charge
upon adsorption onto a Ca-site on pristine CaO, the redox
energy change involving Au at Ca can be roughly assigned to
the system stabilization from Mo oxidation. The more
cationic Mo*" exhibits stronger binding to its anionic O*~
neighbors, which is manifested by the decreased distances
between the Mo®" and its surrounding oxygen atoms. For
example, the distance from 3rd layer Mo to the 2nd layer
oxygen above is decreased by 6.2% upon positive charging.
Because this effect is well localized around the dopant, it
should not depend on the Mo depth. Indeed, the AE, 4, value
quickly saturates to —2.5 eV when moving towards bulk CaO,
as illustrated in Figure 1b. When Au is initially bound to
asurface O atom (Au is still neutral), a simultaneous charging
of Au and Mo takes place during the redox process. As the
redox energy change now saturates to ca. —1.5 eV when Mo
moves to the deeper atomic layers, the Au-O interaction must
become more repulsive by ca. 1eV, owing to the Au
reduction. The repulsion between the negative species is
clearly reflected in the Au—O bond length, which increases
from 2.26 to 2.90 A upon Au reduction.

In the last step of the Born-Haber cycle, the interaction of
the charged species is considered in the same computational
cell to produce the energy contribution AE_,,. While the
redox energy remains essentially constant as a function of the
Mo depth, the AE,, demonstrates an approximate 1/r
behavior, where r is the distance between Au and Mo, as
shown in Figure 1b. This confirms that the stabilization
energy AE,,, can be attributed to the electrostatic interaction
between the Au anion and Mo cation. However, due to the
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strong screening of the Coulomb interaction by the polarized
oxide (see Ref. [4c] and Figure S3), this interaction is
significant (stronger than —0.5 eV) only at quite short Au-
Mo distances where r<8 A, which corresponds to about 3
CaO layers. In recent experiments, a buffer region of a few
undoped CaO layers was grown on top of the doped CaO to
isolate gold from the Ca,Mo,O impurity layers.®! Therefore,
Figure 1b lets us conclude that the screened Coulomb
interaction plays virtually no role in the adsorption of gold
over this support, but AE, is dominated by the contributions
from iono-covalent bonding and the Au—-Mo redox process.
This conclusion also holds for Au adsorption onto the Cr-
doped CaO, as illustrated in Figure 1c, which displays the
variation of the adsorption energy as a function of the Cr
depth and the contribution from the different energy terms.
The comparison of Au adsorption energies shows that the
stabilization on Cr-doped CaO is smaller than on Mo-doped
CaO. This is mainly due to the difference in redox energy,
whereas electrostatic interactions are identical. Bader charges
and magnetic moments (Table S2) support the conclusion that
Au obtains an electron from Cr, which donates three electrons
altogether. The smaller redox energy originates from the
higher 3rd ionization energy of Cr compared to Mo, whereas
geometric differences are minor (Table S4). These results
invoke the question of whether redox energies would
generally correlate in the measured 3rd ionization energies
of elements. Figure 2 shows that this indeed is true. Thus, with
increasing 3rd ionization energy of the dopant, the adsorption
energy of a single Au atom decreases.
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Figure 2. Redox energy plotted as a function of the measured 3rd
ionization energy of the different dopants in the CaO(100) slab. The
notations u(2+) and u(3+), given after the name of the element, refer
to the magnetic moments of double and triple cations of the dopants,
respectively."

Thus far we have focused on a single Au atom, whereas
next we study the adsorption of several separated Au atoms in
the same computational unit cell. In agreement with previous
results, our calculations show that Mo can oxidize further.>*!
According to our analysis, Mo can donate up to four electrons
to redox reactions, which completely depletes the 4d—5s shells,
giving a formal oxidation state of 6 4. The higher oxidation of
Mo is reflected in the Mo—O bond lengths, which gradually
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decrease from 2.3 A for Mo?* to 2.1 A for Mo®™ (CaMoO slab
with charge 4 +). We estimated the redox energy upon higher
oxidation by calculating AE,.q.(n), where n is the number of
electrons donated by one Mo to n non-interacting surface
gold atoms (on Ca top sites). The obtained values are —2.44,
—2.94, —2.78, and —2.24 eV for n=1-4. This implies that the
Mo oxidation state 4+ (n=2) is the most energetically
favorable, yielding the maximal | AE, (1) | , after which the
electron abstraction no longer increases the Mo-O interac-
tion inside the lattice. Cr behaves differently. The calculated
AE, qx(n) values are —1.82, —1.42, —0.68, and +0.29 eV for
n=1-4. Compared to Mo, these energies are less exothermic,
they decrease monotonously, and show that Cr*" is the most
favorable oxidation state (Figure S4). The values clearly
indicate that Cr is a less efficient multi-valent dopant than
Mo: the number of Cr atoms must be higher to transfer the
same number of electrons as transferred by Mo.

In conclusion, we have modeled Au adsorption on the
high-valence doped calcium oxide surface, rationalized the
adsorption with the concept of acid-base interaction, and
analyzed the origin of this through the Born-Haber cycle.
Redox energy was identified as the main contribution in the
adsorption. The leading component of this is the relaxation of
dopant-oxide bonds resulting from electron transfer. The
stabilization and the removal of the site preference facilitate
the formation of the experimentally observed 2D islands.”!
We find a good correlation between redox energy and the 3rd
ionization energy of the dopant, which opens the possibility of
predicting the effect of the dopant on the adsorption energy
of the Au atom. Similar calculations based on the Born-
Haber cycle can be employed to analyze adsorption energies
of the other adsorbates on various low- and high-valence
doped oxide surfaces.

Methods

The DFT calculations were done by using the GPAW implementa-
tion!!” of the projector augmented wave (PAW) method'! in real
space grids. The exchange and correlation functional was approxi-
mated with the spin-polarized Perdew-Burke-Ernzerhof (PBE)
formula.”” The frozen core and projectors were generated with
scalar relativistic corrections for Au. The details of the computational
setup for the slab geometry used to model the Mo support, CaO film,
dopants, and adsorbates are described in the Supporting Information.
Atom charges were analyzed using the Bader method."”!
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