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CeO,/Pt(111) interface studied using first-principles density functional theory calculations
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In this contribution we present ab initio density-functional-theory (DFT) calculations for CeO, monolayers on
the Pt(111) surface. The ceria surface and ceria-metal interface are of great interest because of the oxygen-storage
and release capabilities of ceria, which are widely utilized in catalysis. Both the experimentally reported 3 : 4
[(4 x 4)]and 5 : 7[(1.4 x 1.4)] matching geometries of the CeO,/Pt(111) system are studied using the GGA + U
exchange-correlation scheme. Geometry optimizations of the structures are performed, resulting in a significant
corrugation of both the Pt surface as well as the ceria adlayer surface. The total energies and adsorption energies
of three different adsorption geometries for the 3 : 4 type are compared to the 5 : 7 structure in terms of stability.
The electronic properties and the bonding character are studied by analysis of the density of states (DOS) and of
the electron density. The charge transfer occurring during adsorption is calculated using the atoms-in-molecules
(AIM) method. Strong interactions are detected, which are mainly based on electrostatic interactions between the
topmost Pt layer and the oxygen atoms at the interface, but also include small contributions from hybridization.
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I. INTRODUCTION

Ceria (CeO,) belongs to the class of so-called reducible
oxides and is, among other applications, widely used in
catalysis, e.g., as an additive in automotive catalysts. The
Ce3t — Ce**t switch in the oxidation state of CeO, enables
oxygen storage compensating transient deviations from the
stoichiometric air-to-fuel ratio during operation.! However,
atomistic details on the (presumably, spill-over-mediated)
oxygen-transport mechanism are still lacking despite intensive
experimental and modeling efforts.”

Ceria is also known to promote the low-temperature
oxidation of CO and hydrocarbons,® as well as the water-gas
shift reaction on supported noble-metal catalysts.* Again,
details of the promoting function are still not well understood.
The complex interplay between, e.g., Pt, Ce, CO, and O species
under reaction conditions is influenced by both electronic
and structural contributions of the mutual ceria/noble-metal
interaction.

The inherent complexity of technological catalysts, such
as the size distribution of the catalyst nanoparticles, complex
surface morphologies, the presence of structural defects, etc.,’
hinders the use of surface science techniques to reveal the
nature of the ceria/noble-metal interaction under catalytic
reaction conditions. To get insight into these processes on
a molecular level, well-defined planar model systems have
been utilized, such as oxide-supported metal nanoparticles® or
“inverse-supported catalysts,””® the latter being composed of
a (single or polycrystalline) metal surface covered by small
oxide islands.

Recently, such an inverse-model catalyst was created by
growing well-defined monolayer CeO, islands on a Pt(111)
surface and the Ce oxidation state as well as the catalytic
activity toward CO oxidation were simultaneously monitored
in situ.>'° As compared to (pure) Pt(111), on the CeO,-
modified surface, strongly enhanced reactivity was observed
(in addition to a remarkable shift of the bistable region of
the reaction toward higher CO pressures). To explain the
apparently local enhancement of catalytic activity, a concept
of an electronically modified active border around the CeO,
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islands (with a width of a few interatomic distances, i.e., a few
adsorption sites) was proposed.'? The current theoretical study
now intends to elucidate the electronic mechanisms involved
in catalytic promotion, which requires detailed knowledge on
structural properties of the CeO,/Pt(111) interface.

Apart from Pt(111),”'¢ cerium or ceria were deposited
onto single crystals of Au(111),'"” Cu(111),"%2° Ni(111),!
Pd(111),>> Rh(111),2 and Ru(0001).?"?* Surface-structure-
resolving techniques such as scanning-tunneling microscopy
(STM) and low-energy electron diffraction (LEED) reveal
that ultrathin ceria layers expose the energetically most stable
(111)-oriented surface while preserving the bulk fluorite-type
structure on the (111)-oriented surfaces of Cu,!32° Nij,2!
Pd,?? or Pt;'!"1 despite the formation of defects and oxygen
vacancies typical for ceria surfaces,” >’ which are topics that
are not considered in this study.

STM measurements showed that adsorption of ceria in the
submonolayer regime yielded small ceria islands with a height
resembling a monolayer (ML) thickness (~0.3 nm), i.e., a O-
Ce-O trilayer.'®!> Even homogeneous films of ML thickness
have been observed by choosing proper preparation.”’ LEED
measurements revealed the formation of a periodic (1.4 x 1.4)
superstructure on Rh(111)>* and Pt(111),'>!'* whereas on
Cu(111), a (1.5 x 1.5) superstructure was found.”’ All the
experimentally observed structures were rotationally aligned
with respect to the crystallographic axes of the substrate. The
fractional number of 1.4, using Wood’s notation, is slightly
larger than the real ratio (1.37) of the lattice spacings of
(111)-terminated ceria (@ = 3.83 A)and Pt(111) (@ = 2.80 A).
A slight expansion of the ceria adlayer allows 5 ceria lattice
constants matching 7 Pt constants and thus the (1.4 x 1.4)
superstructure represents a 5 :7 matching of the Ilattices.
For Cu(111) the observed (1.5 x 1.5) pattern therefore corre-
sponds to a 2 : 3 lattice matching. Another study by Hardacre
et al.'! also reported a (4 x 4) LEED pattern when oxidizing
cerium to ceria on Pt(111). This pattern corresponds to a
somewhat simpler 3 : 4 lattice matching (or a lattice constant
ratio of 1.33). Since the ratio of the two bulk lattice constants
(1.37) does not result in a commensurate superstructure, we
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decided to investigate herein both lattice-constant ratios of
1.4 and 1.33 using a monolayer coverage of ceria, based on
the experimental findings mentioned above. Below, we refer
to the (4 x 4) and (1.4 x 1.4) structures as 3:4 and 5: 7,
respectively, because in our opinion this terminology describes
the lattice matching more precisely, as discussed in more detail
in Sec. III.

However, the exact adsorption geometry, i.e., the atom-
to-atom matching of ceria on Pt(111), could not be deduced
from experimental studies so far, despite numerous efforts.
Although systems involving ceria and platinum have already
been investigated using theoretical methods, to our knowledge
no computational study has yet been undertaken on the
experimentally observed structures; Alfredsson and Catlow?®
examined single layers of Pt and Pd on top of CeO,(111) and
ZrOy(111) surfaces but they used a 1 : 1 matching of the lattice
constants of oxide and metal. Yang et al.?” investigated systems
where a single Pt atom is deposited on top of a CeO,(111)
surface. Similar studies were reported by Yang et al.’® and
Wilson et al’' on Pd/CeO,(111) and by Lu and Yang
on various noble-metal clusters adsorbed on CeO,(111).3?
In addition, calculations were performed dealing with the
adsorption behavior of CO on ceria-supported Pt clusters.334
Thus, there is an obvious need in computational studies of
ceria monolayers on fcc surfaces such as Pt(111).

II. COMPUTATIONAL DETAILS

All calculations of this contribution were performed us-
ing the WIEN2K software package.’> This DFT-based soft-
ware has implemented the full-potential APW+lo/LAPW+LO
method?®37 and offers the possibility to explore many different
exchange-correlation potentials.®® The plane-wave cut-off,
defined by the product of the smallest atomic-sphere radius
times the magnitude of the largest reciprocal lattice vector
Rwmr,,, Kmax, was set to 5.0 in all cases and a Gyax (magnitude
of largest vector in the charge-density Fourier expansion) of
12 bohr~! was used for all calculations. 1500 (4685) local
orbitals were added for an accurate description of lower-lying
s, p, and d semicore states of the 3 : 4 (5 : 7) structure. The
Pt 5p, 5d, and 6s, the cerium 5s, Sp, 5d, 4f, and 6s, and
the oxygen 2s and 2 p states were treated as valence states. The
atomic-sphere radii Ryt were set to 2.15 bohr (1.14 A) for Pt,
2.35 bohr (1.24 A) for Ce, and 1.60 bohr (0.85 A) for oxygen.
The number of k points in the unit cell was 49 (7 x 7 x 1)
for the 3 : 4 structure and 9 (3 x 3 x 1) for the 5 : 7 structure,
resulting in 16 and 4 k points in the irreducible Brillouin
zone (IBZ), respectively. The Brillouin-zone integration was
done using a temperature broadening of 0.068 eV. We
used the generalized-gradient approximation (GGA) in the
implementation of Perdew, Burke, and Ernzerhof*° (PBE)
to describe electron exchange and correlation and added an
effective Hubbard parameter*®*! Uy = U — J of 5 eV (using
the standard double-counting correction) to account for the
strong on-site Coulomb interaction of the Ce 4 f orbitals. The
size of U.g was chosen in accordance with earlier theoretical
works by Nolan et al.,*** who found that with U > 5 eV
the electronic structure of CeO, was essentially converged
with respect to localization. The geometry optimizations
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were performed until the forces on all atoms were less than
0.05 eV/A.

III. GEOMETRICAL DETAILS.

In this study, we calculate the properties of CeO,(111)
layers deposited on a Pt(111) substrate. We investigate both
the 3 : 4 and the 5 : 7 superstructures reported in literature and
concentrate our efforts on the case of monolayer deposition,
leading to a single O-Ce-O trilayer sandwich sitting on top of
the Pt(111) surface. This is the thinnest possible ceria layer
that is compatible with electrostatics and stoichiometry.

The Pt(111) metal support (substrate) was modeled in all
our calculations as a slab which has 5 atomic layers, inversion
symmetry, and a lattice constant of 2.80 A. We set up a
4 x 4 supercell of this Pt substructure for the 3 : 4 structures
and a 7 x 7 supercell for the 5 : 7 structure. Bulk CeO, is
an insulating rare-earth oxide that is known to crystallize
in the fluorite structure type with an experimental lattice
constant a of 5.41 A.** A (111)-oriented surface slab, which
is known to be the most stable surface,* has a lattice constant
of a/ﬁ = 3.83 A. The CeO,(111) layer was relaxed prior
to adsorption under the restriction of fixed cell parameters
matching the Pt layer. The ceria lattice constant had to be
slightly adapted in both cases to fit this matching, leading to a
~3% contraction with respect to the “bulk” CeO,(111) lattice
constant for the construction of the 3 : 4 structure (giving
3.73 A) and an ~2% expansion for the construction of the 5 : 7
structure (giving 3.92 A). The changes of the atomic positions
during relaxation were found to be small (i.e., <0.05 A). The
relaxed ceria layers were positioned on both sides of the Pt
slab in order to preserve inversion symmetry and matched to
the periodicity of the Pt slab (i.e., using a 3 x 3 ceria supercell
for the 3 : 4 structures and a 5 x 5 ceria supercell for the 5 : 7
structure). The lattice constant of the resulting supercell was
fixed for all subsequent calculations. A (pseudo)vacuum layer
of 17 A was added to the combined structure slabs in z direction
(i.e., perpendicular to the surface).

To our knowledge the exact matching geometry of ceria
on Pt(111) is not known from experiments. Therefore, a large
variety of initial adsorption geometries is possible, depending
on the lateral positions between surface and adsorbate. Figure 1
displays schematic top views of the (111)-oriented surfaces of
CeO, [Fig. 1(a)] and platinum [Fig. 1(b)] in the periodicity of
the 3 : 4 superstructure. There are three inequivalent atomic
species in a free CeO,(111) surface layer, namely one Ce and
two oxygen atoms, of which one is positioned above and the
other below the plane of cerium atoms. In the following, the
oxygen atoms above the Ce plane are named Oy (for surface
oxygen) and colored light green, whereas the oxygen atoms
below the Ce plane are labeled O; (for interface oxygen) and
colored dark red. After adsorption on the Pt slab, the symmetry
of the ceria layer is significantly lowered as indicated by the
numbering scheme of the individual atoms in Fig. 1, where the
same number is given to equivalent atoms. This scheme is used
for identification in the analysis performed in the following
sections.

In the case of the 3 : 4 structure, the 3 x 3 supercell of
ceria (slightly adjusted in lattice constant) matches the 4 x 4
supercell of the Pt substrate, but the lateral position is not yet
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FIG. 1. (Color online) Schematic top views of the (111) surfaces of adsorbate and substrate layers leading to the periodicity of the 3 : 4
structure: (a) 3 x 3 supercell of ceria and (b) 4 x 4 supercell of platinum. In the case of ceria, the positions of the two inequivalent oxygen
atoms relative to the cerium atoms are indicated by their color (surface Oy are colored light green, interfacial O; are colored dark red). The
atoms are numbered according to their equivalence in the interface system. The unit cells of the high-symmetry substructures are indicated

with dashed lines.

defined. We focused our attention on a matching scenario with
one atom being located essentially above another atom. Thus
we investigated three different geometries for the matching
between substrate and adsorbate in case of the 3 : 4 structure.
We chose a geometry where (i) the Ce atom Ce6 [in Fig. 1(a)] is
on top of Pt10 [in Fig. 1(b)], termed Ce type, (ii) the interfacial
O; oxygen atom O; 1 (actually the periodic image next to O;12)
is positioned on the same Pt10 atom, a geometry named O;
type, and (iii) the surface oxygen O;12 is on top of Pt10, this
geometry was named O; type. For the 5 : 7 structure type, only
one matching geometry was investigated because the sheer size
of the supercell already guarantees a large variety of lateral
atomic configurations.

IV. RESULTS AND DISCUSSION

A. Adsorption geometries

After the structures were set up as described in Sec. III,
an optimization of the atomic positions was performed for
each structure under the restriction of a fixed cell volume.
The relaxed structures are shown in Fig. 2 for both substrate
to adsorbate ratios. Relaxation resulted in a significant cor-
rugation of both, the Pt interface layer and the ceria adlayer.
The displacements of the atoms in the z direction are listed
in Table I (in case of the 5:7 structure, only the largest
movements for each atomic species are listed). The lateral
positions between substrate and adlayer atoms (relative to each
other) also changed depending on the starting geometry; for
example, the oxygen atom O, 12, which initially was positioned
on top of Pt10 in the O,-type geometry, moved away from this
position towards Pt8. In contrast, Ce6 in the Ce-type and O; 1
in the O;-type structure retained their original location with
respect to the underlying Pt layer.

The corrugation of the surface Pt layer (difference between
the highest and lowest surface Pt atom) amounts to a value
between ~0.3 A (O; type) and ~0.5 A (5 : 7). The highest
interface Pt atoms were found in all structures to be those with
an O;-type oxygen in (or near) an on-top position. In case of
the 3 : 4 structures, this is evident in the following examples
(cf. Table I): (i) in the Ce geometry Pt1 and Pt2 are the highest
platinum atoms (4+0.22 and 4+0.21 A) and have O;1 and O;3
on top, (ii) in the O; geometry Pt10 lies high (+0.22 A) and

has O;1 on top, (iii) in the O; geometry Pt8 has O; 11 on top
and thus lies high (+0.26 A), showing the maximum upward
movement of all 3 : 4 structures with respect to a free-standing
Pt layer.

The Pt atoms, which show the largest downward corruga-
tion (up to —0.16 A in the direction of the bulk), are always
those with an O, atom above them. For example, Pt6 and Pt8
with O,4 and O,8 above in case of the Ce structure, Pt1 with
O;2 above for the O; type, and also Pt1 with O,2 above in case
of the Oy geometry.

The corrugation of the cerium atoms was found to be even
bigger where the difference between the highest and lowest Ce
atom was ~0.5 A in both the O; and 5 : 7 structures, ~0.6 A in
case of the Oy structure, and even 0.8 A for the Ce geometry.
In general, the Ce atoms follow the trend of the Pt atoms; in
any case those Ce atoms that moved away from the interface
the most, are situated above the highest-lying Pt atoms: Cel
above Pt1/Pt2 for the Ce geometry, the Cel/Ce3 triangle above
Pt10 for O;, and the Ce5/Ce6 triangle above Pt8 for the O,
type, all showing an ~+0.3 A upward movement compared to
the average position of all cerium atoms. The same trend can
also be observed in the opposite direction: Ce4 (for Ce), the
Ce2/Ce4 triangle (for O;), and the Cel/Ce3 triangle (for Oy)
are the lowest-lying Ce atoms, all of which are situated in the
vicinity of the lowest Pt atoms.

For the oxygen atoms the interpretation of the relative
movements is not as clear: the highest-positioned interface
oxygen atoms are O;5/0;11 for Ce, O;11 for O;, and O;7
for Oy type. The highest surface oxygen atoms are positioned
around the highest Pt atoms: O;2/0,6 around Pt1 and Pt2 for
Ce, O;6 and O, 12 around Pt10 for O;, and O,8/0;10 around
Pt8 for O, type. In each case, the lowest interface oxygen
atoms are situated near the lowest Ce atoms: the O;7 and
0;9 triangle around Ce4 for the Ce type, 0;3/0,5/0;7/0;9
around Ce2/Ce4 for O;, and 0;1/0,;3/0,;5/0;9 around
Cel/Ce3 for O,. Finally, the lowest-lying surface oxygen
atoms are the Oy4/0,8 triangle for the Ce-type geometry,
situated around Ce4, the lowest cerium atom in this particular
geometry, O;2/0,4/0,8/0,10 around Ce2/Ce4 for O;, and
0,2/0,4/046/0412 around Cel/Ce3 for Oy, thus following
(like the cerium atoms) the trend of the underlying Pt
atoms.
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FIG. 2. (Color online) Ball models of the different 3 : 4 and 5 : 7 structure types after geometry optimization: (a) Ce, (b) O;, (c) Oy, and
(d) 5 : 7 type. Left panels show a side view along the short diagonal of the unit cell, right panels a top view. The original matching was done in
all cases by positioning a Ce, Oy, or O; atom on top of the Pt atom in the upper right corner of the supercell. To improve the visibility of the Pt
surface layer, the interface Pt atoms are plotted in light grey and the subsurface Pt atoms appear in a darker shade.

For all calculated geometries the described surface buckling
resulted in changes with respect to the corresponding Pt-Pt and
Ce-O bond lengths. While the Pt-Pt bond lengths on average
remained constant (compared to the value of 2.80 A of bulk
Pt), individual changes were as large as £0.05 A with reduced
(enhanced) bond lengths between the lowest (highest) situated
Pt atoms and their respective nearest neighbors. The Ce-O

bond lengths showed larger deviations of up to 0.15 A from
the value of 2.33 A (3 :4)or 2.40 A (5: 7) of a free-standing
CeO; layer relaxed in the corresponding unit cell.

In conclusion of this analysis, one can state that the
corrugation of the ceria adsorbate layer follows, in principle,
simple trends: interface oxygen atoms in (or near) an on-top
Pt position cause an upward movement of the corresponding
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TABLE 1. Corrugation of the Pt interface and the ceria adsorbate layer after relaxation in the assumed structures. Movements of the atoms
in z direction are given in A relative to a relaxed free-standing slab (in case of platinum atoms) or average positions (in case of cerium and
oxygen atoms). For the 3 : 4 geometry the movements of all atoms in the three types Ce, O;, and Oy are listed. For the 5 : 7 geometry only the

maximum movements of the respective atomic species are included.

Atom Ce (A) 0; (A) o, (A) 5:7(A) Atom Ce (A) 0; (A) 0, (A) 5:7(A)
Ptl +0.22 —0.09 —0.10 0;1 —0.01 +0.07 —0.04

P2 +0.21 —0.06 —0.06 0;3 —0.03 —0.11 —0.09

Pt3 +0.02 +0.11 —0.06 0;5 +0.21 —0.10 —0.09 +0.50/—0.20
P4 +0.10 —0.06 —0.02 0;7 —0.20 —0.07 +0.28

Pt5 +0.03 +0.09 —0.08 +0.29/-0.16 0:9 —0.20 —0.11 —0.07

Pt6 —0.11 —0.03 +0.15 011 +0.22 +0.33 +0.11

Pt7 +0.09 —0.07 +0.13 0,2 +0.12 —0.09 —0.15

P8 —0.14 —0.03 +0.26 0,4 —0.23 —0.11 —0.13

Pt9 —0.01 +0.13 +0.15 0,6 +0.14 +0.23 —0.10 +0.38/—0.23
Pt10 +0.00 +0.22 —0.07 0,8 —0.24 —0.14 +0.25

Cel +0.31 +0.28 —0.26 0,10 +0.09 —0.13 +0.23

Ce2 —0.02 —0.24 —0.05 0,12 +0.12 +0.23 —0.10

Ce3 +0.02 +0.27 —0.25 +0.31/—0.23

Ce4 —0.46 —0.24 —0.02

Ce5 —0.01 —0.03 +0.28

Ce6 +0.16 —0.03 +0.29

interface Pt atom and a reduced Pt-O distance. In turn, surface
oxygen atoms in an on-top position make the interface Pt atoms
move toward the bulk.

B. Energetics

In order to identify the most stable adsorption geometry
among the calculated structures we compared their total
energies, which are listed in Table II. The numbers indicate
that the O,-type geometry is the most stable among the 3 : 4
structures investigated. For an explanation, one can apply
a simple model based on the results of Yang et al.*® and
Mayernick et al.*® comparing the various possible adsorption
sites of single Pt or Pd atoms on the CeO,(111) surface based
on their respective adsorption energies; the results indicate that
the most favorable position for a Pt atom is on top of or near
an oxygen atom that is positioned away from the metal/oxide
interface. In our case, this would correspond to an O;-type
oxygen atom. However, the most unfavorable position for a
Pt atom was found to be on top of a Ce atom. Applying this
simple model to the three investigated 3 : 4-type geometries
(see Fig. 2), one realizes that the relaxed Ce-type geometry

TABLE II. Total energies E,, and adsorption energies E,q4s of the
3:4 and 5 : 7 geometries investigated. Total energies are given in
eV relative to —44 572770 eV (3 : 4) and —135246955 eV (5: 7).
Adsorption energies are given in eV per formula unit CeO,.

Geometry E. (eV) E s (eV/formula unit)
Ce-type —0.8301 —0.50
O;-type —0.8989 —0.50
O;-type —1.1150 -0.52
5:7 —0.2501 —0.83

still contains a Ce atom (namely, Ce6) on top of a Pt atom
(Pt10), leading to reduced stability. This feature is absent in
both other geometries O; and Oy, which, in addition, have a
more favorable match of the O; oxygen atoms with the surface
Pt layer, making these geometries more stable.

For each geometry we also calculated the adsorption
energies of the adsorbate layers. The adsorption energy E,4s of
the ceria layer was obtained by using the following equation:

Eags = 2(Ewt — Eceo, — Em), (1

where E is the total energy of the relaxed adsorption
geometry, Ecco, is the total energy of two unadsorbed ceria
layers after relaxation, and Ep, is the total energy of a
free-standing Pt slab without adsorbates that was relaxed in
the same unit cell. Finally, the prefactor of 1/2 accounts for the
presence of two ceria adsorbate layers on
both sides of the slab. A negative value of
the resulting adsorption energy corresponds to a stabilizing
interaction between metal surface and adsorbate layer and
thus the lowest obtained number represents the most stable
adsorption geometry. Table II gives the calculated adsorption
energies per formula unit CeO,. Although the differences
are rather small, the O, geometry still shows the highest
adsorption energy (—0.52 eV) among the 3 : 4 structures,
a result which corroborates that this structure is indeed the
most stable, at least among those investigated. The adsorption
energy for the 5 : 7 structure is slightly higher (—0.83 eV),
which is also consistent with the fact that in this geometry the
mean distance between the layers of surface Pt and Ce atoms
is smaller (decrease by ~0.15 A) compared to the 3 : 4 types.
This may be due to the fact that the CeO; lattice constant is
contracted in case of the 3 : 4 structure and expanded for the
5 : 7 structure (as compared to bulk ceria). Therefore, also
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FIG. 3. (Color online) Total density of states (TDOS) of CeO, /Pt
(solid black line), a free Pt slab (dashed blue line), and unadsorbed
CeO, (dotted red line) for the 3 : 4 (O, type) structure (values are
given in states/eV /cell). The Fermi energy ¢ is marked with a line.
Energies are given in eV relative to . The DOS of unadsorbed CeO,
is down-shifted by 0.65 eV to align the Ce-4f peak with the Ce-4f
peak of the interface system.

the Ce-O bond distances differ between the two matching
geometries.

Based on these findings we focus on the most stable O,-type
geometry for all further analyses below, performed for the 3 : 4
geometry.

C. Density of states (DOS)

Since the bonding character between a substrate and an
adsorbate directly affects the catalytic behavior of the resulting
interface system, special attention was paid to the analysis of
the electronic structure. Figure 3 shows the total density of
states (TDOS) of three cases: (i) the Pt/CeQO; system (3 : 4,
O,-type geometry), (ii) a free-standing ceria layer (for which
its TDOS has been down-shifted in energy by 0.65 eV to match
the Ce-4f peak with the Ce-4f peak of the interface system), and
(iii) an adsorbate-free Pt slab after relaxation. Contrary to the
insulating behavior of the free-standing ceria layer, which has
a calculated band gap of ~2.5 eV, the CeO, /Pt(111) interface
system clearly shows a metallic character. This originates from
the 5d states of the Pt slab, which fall in the gap between the
O-2p and Ce-4f bands. The DOS of the interface system (i)
can thus be seen as a superposition of the two free-standing
structures of Pt (ii) and ceria (iii). The contribution from the
0O-2p states of free ceria between —2 eV and —5 eV is now
visible between —4 eV and —7 eV in the interface system. The
Pt bandwidth is hardly modified upon forming the interface,
whereas the O-2p band of CeO, becomes much wider and thus
the interface DOS (i) is much larger than the superposition (ii)
+ (iii) in this energy range, indicating that some O-2p states
must have been shifted downward.

To further elucidate the electronic structure, the partial
densities of states (PDOS) of all atomic species are shown in
Fig. 4 for the 3 : 4 geometry (for the Pt atoms only the surface
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FIG. 4. Total density of states (TDOS) and partial density of states
(PDOS) of all atomic species for the 3 : 4 (O,-type) structure (values
are given in states/eV/cell). Only the Pt atoms of the interface layer
were included in the respective PDOS. The Fermi energy ¢ is marked
with a line. Energies are given in eV relative to ef.

layer has been considered). The DOS of the 5 : 7 geometry
is very similar and thus is not shown here but the following
analysis applies to both interface structures.

The cerium PDOS consists of low lying 5s bands at
~—35 eV, 5p bands at ~—20 eV, and 5d states in the
valence-band region as minor contributions. It is mostly
dominated by the 4 fstates below and above the Fermi level
with a small bonding and a large antibonding contribution. The
platinum PDOS is dominated by broad peaks around the Fermi
level, which have 5d character. The oxygen DOS consists of
low-lying 2s states at ~—20 eV, bonding 2p states just below
the Fermi level and antibonding 2p states at ~+1.3 eV that
interact with the Ce-4f and 5d states. One striking feature is
a remarkable difference between O; and Oy oxygen; the O;
PDOS shows two peaks at about —5 and —2.5 eV whereas
O, has only one at about —3 eV. Ce-4f, Ce-5d, and some
Pt-5d states contribute to all these oxygen peaks below ep,
indicating interactions between the oxide layer and the metal
surface. Figure 5 shows two contrasting examples of this
interaction depending on the individual matching geometry:
the top panel shows the PDOS of the 5d,. orbital of Pt8 and
the 2p, orbital of O;11, which are situated on top of each
other as can be seen in Fig. 2(c) when looking at the labels in
Fig. 1. The Pt d» orbital is split in energy with characteristic
bonding peaks at ~—6 eV and ~—3.3 eV, which show a strong
overlap with the p, orbital of O;11. Besides that a nonbonding
contribution at e and an antibonding interaction with O;11
at ~ +1.3 eV are also evident. In contrast, the bottom panel
of Fig 5 shows an example of a weak interaction between
substrate and adsorbate, namely the PDOS of the 5d.. orbital
of Pt10 and the 2p, orbital of O; 1. Because these atoms do not
nearly have the same matching as the above example [O;1 is
more in a threefold hollow position above Pt5/Pt10, as can be
seen in Fig. 2(c)], the overlap between the displayed orbitals
is rather poor.
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FIG. 5. (Color online) Two PDOS plots for the 3 : 4 (O,-type)
structure illustrating the differences in interaction between substrate
and adsorbate layer. Upper panel: PDOS of Pt8 (54> orbital, solid
black line) and O;11 (2p, orbital, dashed red line) as an example of
a strong interaction between interface oxygen and platinum. Lower
panel: PDOS of Pt10 (5d_. orbital, solid black line) and O;1 (2p,
orbital, dashed red line), which do not match well geometrically.
Values are given in states/eV /cell. The Fermi energy ¢y is marked
with a line. Energies are given in eV relative to .

D. Electron density and bonding character

To further analyze the bonding character of the various
structures their electron densities were investigated. We focus
on the 3 : 4 structure, since the 5 : 7 structure behaves rather
similar, and consider just the valence states in the energy range
of —9.5 eV and ¢p. Figure 6 shows the difference electron
density (crystalline minus superposed atomic densities) in the
(1120) plane (i.e., the plane in the longer diagonal of the
supercell). One can clearly see the relaxed CeO, layer (with
Oy, O;, and Ce atoms) on top of the Pt atoms, which strongly
differ in the electron density according to their environment.
We observe a significant polarization of those Pt atoms which
have an oxygen sitting on top with a strong electrostatic field
(i.e., Pt8 and O;11 in Figs. 1 and 6). Such a feature is absent
for the other Pt atoms shown in the figure. The 5d,> orbital of

-0.5 |
~0.3
-0.1
+0.1 §
+053 |
+0.5
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Pt11 is visible in the electron-density map, showing an electron
deficiency compared to the atomic density. On the other hand,
there is an increase in the 5d,; and 5d,, orbitals of the same Pt
atom, which can be interpreted as backdonation from O;11 to
the Pt8 5d states. This is corroborated by the negative density
visible on O; 11 in the direction of the Pt-O bond. Such kind
of strong interaction between Pt and oxygen was already seen
in the DOS plots (see Sec. IV C and Figs. 4 and 5).

In the CeO, layer, a significant polarization of the Ce
electron densities in the Ce-O bond direction is visible. The O
and O; oxygen atoms differ strongly in their electron-density
distribution, a feature which was already observed in the PDOS
plots in Fig. 4: all the O,-type oxygen atoms have a rather
similar electron-density distribution with the lone electron pair
pointing toward vacuum (having only one peak in the PDOS),
whereas the electron density of the O;-type atoms strongly
depends on the chemical environment. This becomes evident
from the orientation of the lone pair for O; 11 (pointing toward
vacuum) compared to, e.g., O;1 and O;7 (pointing toward the
interface).

To compare the relaxed structures with STM experiments
we calculated the (constant-height) local density of states
(LDOS) for the 5 : 7 structure in a plane above the sample
surface (see Fig. 7). For this we considered filled states in
the energy range [ef — 3.2eV,er], in agreement with typical
sample bias voltages used in STM experiments.'*!> The
distance between the chosen plane and the topmost O, atom of
the surface was found to be very crucial for the appearance of
the resulting LDOS plots; if the distance is >5.7 A, an almost
featureless electron density is obtained, which does not provide
any information about the positions of the surface atoms. This
observation is, in principle, comparable to the experimental
difficulties in obtaining an STM image of ceria surfaces with
atomic resolution because typical working distances between
the STM tip and the sample surface are in the range of 5-10 A.
On the other hand, calculating the LDOS in a plane very close
to the topmost O, atom (~2 A) yields an electron density that
is mostly dominated by the 2p states of the Oy atoms.

For the LDOS plot in Fig. 7, we, therefore, opted for an
intermediate distance of 3.6 A, where filled states from the
surface O, atoms but also contributions from Ce and O; atoms
are visible. As discussed in Sec. IV A, the very bright spots
indicate O, atoms with the largest outward relaxation, while

FIG. 6. (Color online) Difference electron density An(r) in the (1120) plane of the 3 : 4 (O,-type) structure taken for the valence states
that lie between —0.7 Ry (—9.5 eV) and ¢f. The positions and labels of the atoms correspond to Fig. 1, going from the top right (Pt10) via Pt8
and Pt4 to the bottom left (Pt1). The electron density is given in e/A>. Electron excess is marked with pink, electron deficiency with red color,
and green color marks areas with electron-density differences close to zero. The graph was produced using XCRYSDEN.*/
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FIG. 7. (Color online) Constant-height local-density-of-states
(LDOS) plot of a 2 x 2 supercell of the 5 : 7 structure. The plot
shows filled states in the energy range [¢r — 3.2eV,ef] in a plane
3.6 A above the topmost O, oxygen atom. The unit cell of the 5 : 7
structure (solid lines, see Fig. 2 for details) and a high-symmetry
CeO; unit cell (dashed lines) are indicated in the plot. The positions
of the individual atoms are denoted by colored spheres.

some fairly dark areas correspond to O, atoms with inward
relaxation. In addition, the Ce and O; atoms are visible as gray
spots. Their intensity increases relative to the bright O, spots
when the surface-tip distance is increased.

Unfortunately, the comparability of the LDOS plots to
experimental results is rather limited. The superstructure
due to the CeQO, /Pt lattice mismatch has not be seen yet,
probably because the experimentally observed ceria films'> are
defect rich with features such as oxygen vacancies, adsorbed
water, hydroxyl groups, etc. As already mentioned, all these
properties were not considered in this study.

To obtain a deeper understanding of the changes in the
electronic distribution that occur upon adsorption, we analyzed
the charges on the atoms using the atoms-in-molecules*®
(AIM) method. This scheme analyzes the topology of the
charge density. It divides space into atomic volumes (basins)
containing exactly one nucleus based on the definition of
an interatomic surface that satisfies the zero-flux boundary
condition

Vp(rs)n(rs) = 0, @

where n(rg) is the unit vector normal to the surface and
Vp(rs) is the gradient of the electron density at rg. This
decomposition is uniquely defined and thus considerably
improves comparability between different calculations since
it is independent of the basis set.

We compared the AIM charges of the atoms before and
after adsorption of the ceria adlayer for both structure types.
Subtraction of these values allows estimating the charge
transfer due to adsorption. In Table III the results of this
analysis are listed for the 3 : 4 (O,-type) structure. Note that
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we have only considered the Pt atoms of the topmost (i.e.,
surface) layer of the slab for this analysis.

All cerium atoms gain electrons during adsorption and show
a decrease of positive charge between 0.03 and 0.15e for
the 3 : 4 and between 0.03 and 0.17e for the 5 : 7 structure.
The gain of electrons is higher on those cerium atoms that
have moved closer to the interface during relaxation (see
Sec. IVA for details), i.e., Cel and Ce3 in the O,-type
structure. The charge of the oxygen atoms in the surface O
position [even numbers in Fig. 1(a) and Table III] is almost
unperturbed — at most a very small transfer of electrons of
40.01le is observed for the 3 : 4 and £0.02¢ for the 5:7
structure. In contrast, all interface O; oxygen atoms [odd
numbers in Fig. 1(a) and Table III] lose a small fraction of
electrons in both geometries, namely, between 0.05 and 0.09¢
(3 :4)and 0.04-0.12¢ (5 : 7). This loss can be attributed to the
aforementioned backdonation of electrons from the oxygen to
some of the Pt atoms, which was also visible for O;11/Pt8 in
the electron density map in Fig. 6. All Pt atoms of the 3 : 4
geometry that have moved toward the ceria adlayer during
relaxation (for details see Sec. IV A), namely, Pt6 to Pt9, lose
a significant fraction of electrons (0.24-0.26¢) whereas the
ones which moved farther away from the interface (Ptl to
Pt5 and Pt10) show a slightly increased number of electrons
(0.06-0.13¢). The same is true for the 5 : 7 structure with an
electron increase of 0.05-0.18¢ for the Pt atoms corrugated
toward the ceria layer and an electron decrease of 0.09-0.25¢
for the Pt atoms corrugated away. The loss of electrons of the
Pt atoms close to the interface is in qualitative accordance with
results from literature on a NM/CeO, system (NM = Pt and
Pd), for which an overall electron transfer from the noble metal
atoms to the Ce** surface ions was observed.?!-? This electron
transfer causes an increase of Ce>* ions on the catalyst surface,
thus significantly altering the catalytic activity of the system.

A useful tool to interpret the character of the individual
chemical bonds is the analysis of the metallicity /ionicity at the
bond critical points (BCPs) that were obtained with AIM. For
this purpose we calculated three measures of bond metallicity
(proposed in Refs. 49,50), namely the values of &; and §,,, as
well as Bohm’s quantum potential Wgga, for all atoms of the
3 : 4 (O,-type) geometry. These quantities are defined

p(rbcp)
Vzp(rbcp)
36(372)7 ((Tpep))’
5 V2Io(rbcp)

5 1 P
Waea(Toep) = %[sﬂrbcp)rl - §[3n2p<rbcp>]-a S

£j(Ppep) = for V2 p(Ipep) > 0, 3)

for V2p(ruep) > 0, (4)

Em (rbcp) =

where p(ryep) and V2p(rbcp) are the electron density and the
Laplacian at the bond critical point ry.p, respectively. Accord-
ing to the cited studies, values of &;(rye,) > 1, &, (rpep) > 10,
and WgEa (roep) < 0 indicate metallic interaction in the case
of compounds.

As expected, the bonds between the surface Pt atoms have
metallic character with an average value for &;(rpep) ~ 1.2,
En(roep) &~ 12.5, and Wgga(ryep) & —0.17. The metallicity of
these surface Pt-Pt bonds is slightly increased compared to
the bonds between the subsurface Pt atoms, which have aver-
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TABLE III. Atomic charges and resulting charge transfer compared to the free substructures of Pt and CeO, obtained with AIM for the
3 : 4 (Oy-type) CeO,/Pt(111) structure.

Atom CeO,/Pt(111) free substructure Charge transfer Atom CeO,/Pt(111) free substructure Charge transfer
Pt1 —0.178 —0.047 —0.131 0O;1 —1.182 —1.271 +0.089
Pt2 —0.168 —0.047 —0.121 0;3 —1.215 —1.272 +0.056
Pt3 —0.176 —0.047 —0.129 0O;5 —1.212 —-1.272 +0.060
Pt4 —0.158 —0.047 —0.110 0O;7 —1.213 —-1.272 +0.059
Pt5 —0.109 —0.047 —0.061 0,9 —1.215 —1.271 +0.055
Pt6 +0.192 —0.047 +0.239 0O;11 —1.220 —1.272 +0.052
Pt7 +0.191 —0.047 +0.238 0,2 —1.264 —1.271 +0.007
Pt8 +0.207 —0.047 +0.255 0,4 —1.261 —1.272 +0.011
Pt9 +0.197 —0.047 +0.244 0,6 —1.271 —1.271 +0.000
Pt10 —0.106 —0.047 —0.058 0,8 —1.285 —-1.272 —0.013
Cel +2.402 +2.545 —0.142 0,10 —1.285 —1.271 —-0.014
Ce2 +2.468 +2.544 —0.076 O;12 —1.271 —1.271 +0.000
Ce3 +2.390 +2.544 —0.154
Ce4d +2.466 +2.544 —0.078
Ce5 +2.515 +2.545 —0.030
Ce6 +2.517 +2.544 —0.027

age values of &;(rpep) ~ 1, &, (rpep) =~ 10, and Wgga (pep) ~
—0.15. This is comparable to the average bond metallicity of
a free-standing Pt layer without ceria adsorbates.

In agreement with the electron-density analysis, the Pt-
O bonds are mainly of ionic character, showing an aver-
age &;(rpep) ~ 0.3, &, (roep) ~ 3, and a Wgga(reep) ~ 0.1.
The values for the Ce-O bonds are somewhere in be-
tween these two extremes with an average &;(ry,) ~ 0.5,
En(rpep) = 6, and Wgga(rpep) ~ 0. There is no significant
difference between O;- and O,-type oxygen with regard
to these parameters. The obtained numbers indicate that
the Ce-O bonds already show some signs of covalency, an
observation that was also made in STM measurements on
CeO,/Pt(111).14

Another area where significant differences exist between
surface and interface oxygen atoms is the position of the O
1s core level (a histogram plot of the distribution relative to
e is shown in Fig. 8 for the 5:7 structure). The 1s binding
energies of the O,-type oxygen atoms are centered around
—506.0 (3:4) and —505.6 eV (5:7), respectively, whereas the
levels of the O;-type oxygen atoms are downshifted to —506.8
(3:4) and —506.6 eV (5:7), in agreement with a general loss
of electrons observed on these atoms according to the AIM
analysis mentioned above. The binding energies of the O;-
type oxygen atoms show a narrow distribution, whereas the
differences among the O; species are much more pronounced,
e.g., O;1 in the 3:4 structure shows the largest electron loss
in the AIM analysis upon adsorption (0.089¢, see Table III),
but also has a smaller 1s binding energy (—506.7 eV) than the
average. The distance from the surface Pt layer seems to play
an even more important role: those O;-type oxygen atoms,
which have moved farthest away during relaxation (see Sec.
IV A), have by far the smallest 1s binding energy of —505.8 eV,
which is already very close to the value of the O,-type oxygen
atoms (in case of the 3:4 Oy structure the corresponding atom
is O;7 with a binding energy of —506.3 eV). This special O; ls
core level is indicated with an arrow and a horizontal pattern
in Fig. 8.

It occurs from our analysis that the bonding between the Pt
substrate and the oxide is mostly dominated by electrostatic
forces with some contributions due to hybridization between
the Pt layer and interface oxygen. A significant charge transfer
exists between the adsorbate and substrate. From these findings
we conclude that there is a strong interaction between Pt
and the ceria adsorbate present in this system, which is also
found experimentally (see, e.g., Ref. 51) and is related to
the strong metal support interaction (SMSI) often observed
in metal /oxide catalytic systems.”>>>*
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FIG. 8. (Color online) Histogram plot (bin size 0.05 eV) and
distribution of the O 1s core levels of O; (solid red line and bars)
and O, (dashed green line and bars) type oxygen atoms in the 5 : 7
structure. The arrow indicates the special O;-type oxygen atom named
O; low (red horizontal pattern), which has moved far away from the
Pt surface and thus has a considerably lower O 1s binding energy.
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V. SUMMARY

In this paper, DFT calculations on the experimentally
reported structures of the CeO,/Pt(111) interface system
are presented. The experimental structures were analyzed by
relaxing three different starting geometries in case of the
3 :4 structure and one in case of the 5:7 structure. We
investigated the resulting corrugation of the Pt surface and
the ceria adlayers, compared the total energies, and calculated
the corresponding adsorption energy of the ceria adsorbate for
each geometry. The corrugation of the topmost Pt layer in all
considered structures followed a systematic pattern where the
highest Pt atom always had an interface oxygen atom adsorbed
on top. It was found that a simple model based on the stability
of different adsorption sites may qualitatively explain the en-
ergy differences found in the resulting geometries of the whole
interface system. It was also revealed that a direct matching
of Ce and Pt is particularly unfavorable for the stability of the
interface.

An insight into the electronic properties and the bonding
character was achieved by analysis of the density of states
and the electron density as well as by investigating the
local density of states (LDOS) in a plane above the surface.
Strong interactions were detected, which are mainly based on
electrostatic interactions between the topmost Pt layer and the
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oxygen atoms at the interface, but some small contributions
from hybridization have been found as well. These results
were corroborated by the analysis of the bond metallicity at
the bond critical points (BCPs). Upon adsorption, a significant
charge transfer occurs between the surface Pt atoms and the
cerium and oxygen atoms of the ceria adlayer, depending on
the distances between the atoms. The reduction of some of
the Ce** ions seems crucial for the catalytic properties of the
system. The position of the O s core levels is a good measure
for the binding situation and depends on the local bonding
distances and the charge transfer.

Despite of restricting the structure models to an idealized
situation, which ignores topics such as nonstoichiometry, va-
cancies, stepped surfaces, formation of islands, etc., the present
calculations have shown a rich variety of bonding situations
with varying bond lengths and charges depending on the local
geometry. This provides a new insight into the structure-
property relations that are relevant for ceria-based catalysis.
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