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1. Introduction

Metallic nanoparticles supported on refractory oxides are known
to be useful catalysts, especially for oxidation of organic molecules.
Particle–support interactions have been shown to contribute to cat-
alyst performance by stabilizing particle size and dispersion, as well
as controlling chemical selectivity and reactivity. There appears to be
a consensus that the presence of specific particle facets, edges and
vertices is beneficial, perhaps essential to both catalytic selectivity
and activity. With respect to particle–substrate interaction, one fre-
quently speaks of the importance of ‘triple-points’ at the intersection of
catalytic particle, its support, and the gas phase medium conducting
reactive molecules. Seen as a composite, the particle–oxide interface
can provide catalytic sites not available in either component separately.
As a recent example, the epitaxial match between Pt(110) and the (100)
crystal plane of SrTiO3 (STO) has been shown to impart exceptional
stability and preferred metal surface orientation to Pt nanoparticles pro-
duced by Atomic Layer Deposition (ALD) on both crystal surfaces and
nanocubes [1,2]. High resolution electron microscopy has shown de-
tailed shapes and facets of Pd nanoparticles, which depend upon tem-
perature and growth conditions, as well as the stage of reconstruction
of the STO surface [3]. Further work on Ag:STO(100) shows the general-
ity of growth and stability over a number of catalytically important
s).
metals [4]. The present work is dedicated to theoretical modeling and
analysis which could elucidate specific aspects of particle–substrate
interactions and their impact on gas-phase adsorption of atoms and
small molecules. The ability to understand and control these interac-
tions, along with surface preparation such as partial hydroxylation,
could lead to optimized catalytic properties.

Space does not permit an adequate reviewof the rich theoretical and
experimental literature on Pd particles, films, and overlayers. Some rel-
evant examples will be cited to place the present work in perspective.
Palladiummetal in its fcc phase is reasonably well described by Density
Functional Theory (DFT), in a periodic band structuremodel. The lattice
parameter a0 found as (3.84 b 3.89 b 3.95 Å) in DFT-LDA, experiment,
and DFT-GGA/PBE approaches [5], showing characteristic under- and
over-estimates of interatomic distances arising from use of simple
Local Density Approximation (LDA) and more elaborate (e.g., GGA/
PBE) exchange and correlation functionals. The cohesive energy Ecoh ap-
pears as (3.68 b 3.94 b 5.08 eV/atom) in the order GGA/PBE b expt b LDA
showing the usual overbinding of LDA compared to GGA/PBE. Fur-
ther comparisons of properties like bulk modulus, vibrational fre-
quencies, and magnetic moments can be usefully made. For the
present purposes it is worth noting that in comparing trends of a
given property among similar systems the differences between var-
ious DFT functionals are often unimportant. The models evaluated in
the present work are all based upon the Perdew–Wang GGA/PW91
functional, which has been widely applied in solid state and surface
studies. Within this scheme, the STO bulk lattice constant was calcu-
lated as 3.94 Å, and for bulk Pd 3.954 Å. The calculated STO substrate
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structure is in very good agreement with experiment, 3.9051 Å,
while the larger deviation for Pd (experimental 3.89 Å) is consistent
with previous calculations [6].

Unsupported PdN particleswith 38≤N≤ 4874 atomswere reported
byQi et al. [7] usingMolecularDynamics (MD)with a semiempirical po-
tential parametrized to bulk. Showing the value of judicious use of fitted
potential data, they find that Ecoh trends toward 3.8 eV/atom with
increasing size, and that the particle energy scales nicely with N−1/3 as
expected for a classical surface energy. Nava et al. [8] carried out
DFT-BP/86 calculations for 2 ≤ N ≤ 309 confirming the quantum-
mechanical N−1/3 trend line of binding energy, with distinct devia-
tions for highly favored or unfavored bonding structures. They ex-
trapolated a bulk value of Ecoh of 3.59 eV/atom with the theoretical
underestimate being attributed partially to limited basis sets, and
to the particular choice of functional. Parenthetically, the authors
noted that the B3LYP functional popular with chemists does rather
poorly in describing metal particles. Combining semiempirical po-
tentials and a genetic algorithm, followed by DFT structural refine-
ments, Rogan et al. [9] considered clusters with 14 ≤ N ≤ 21,
showing the benefits of a hybrid classical/quantum methodology.
They further demonstrated that several different computational
methodologies give closely similar results, providing some confi-
dence in derived properties. In particular they found that small par-
ticle nearest-neighbor (NN) distances dnn are characteristically
smaller than bulk (2.85 Å), particularly near the particle surface
(2.63–2.66 Å for Pd21). In contrast with the superparamagnetic na-
ture of bulk Pd, small particles were found to be magnetic, with
moment per atom increasing with particle size.

Let us pass over Pd surface properties, and take up the subject of
films, overlayers, and adsorption on Pd. In a Monte Carlo/Molecular
Dynamics (MC/MD) approach using the semiempirical Embedded
Atom Method (EAM) Bolding and Carter [10] investigated the lattice-
strain driven bcc → fcc transformation of a Pd thin film supported
on a bcc (110) substrate. While a somewhat overestimated Ecoh of
4.2 eV/atom was obtained, this work pointed the direction toward
more rigorous surface film structure investigations. In another
pioneering work Tomanek et al. [11] considered the adsorption of
hydrogen on Pd(001) and (110) surfaces, using the DFT-LDA scheme.
They predicted amost stable 4-fold site, with an adsorption energy of
2.92 eV/atom in reasonable agreement with experiment (2.77 eV).
Further, in this site H was found to sit 0.24 Å above the surface
plane, compared to the experimental value of 0.30 Å, and identified
as being very similar to the octahedral H-binding site in the bulk
compound PdH.

Ochs et al. [12] exploited the very favorable cube-on-cube orien-
tation of fcc Pd supported on SrTiO3 (001) (STO). Using a DFT mixed
basis pseudopotential band structure method, they considered one-
and two-monolayer (ML) coverage by Pd, on ideal TiO2 and SrO ter-
minations. Among other properties, they found a work of separation
Wsep of overlayer relative to separated Pd film and STO structures of
1.67 J/m2 for 1 ML with Pd atop oxygen on the TiO2 termination,
which is energetically favored over the SrO face. The Pd\O bond
length in this case was predicted as 2.14 Å. Ochs and Elsässer further
considered (002) Pd films on STO(100) with similar results, noting
that 3 ML films already resemble a sharp interface between STO
and bulk Pd [13].

Finally we turn to the catalytically important case of metal particles
supported on an oxide surface. In a remarkable example of single-atom
catalysis, Abbet et al. carried out experimental and theoretical analyses
of Pd1 trapped at an MgO surface F-center (oxygen vacancy) [14]. They
found the surface complex to be highly selective for the cyclo-
trimerization of acetylene to benzene, and also forming CO2 via
Pd(CO)2(O2) and Pd(CO3)(CO) precursors. Hoffmann et al. carried out
DFT calculations on CO chemisorption on octahedral fragments of bulk
Pdwith Oh symmetry constraints, concluding that strongest binding oc-
curs at cluster edge bridge positions [15]. Infrared vibrational spectra on
alumina-supported Pd particles were used to interpret the results in
terms of bridge-bonded CO at edges and defects. No attempt was
made to identify particle–support interactions. Piccolo and Henry car-
ried out experimental studies of CO–NO reactions onMgO(100),finding
that particles with a larger number of (111) facets are more reactive
[16]. They further considered that pre-adsorption (physisorption) of
NO on the substrate plays an important role in the reaction kinetics.
Tait et al. studied methane adsorption and dissociation and oxygen
adsorption and reaction with CO on Pd nanoparticles on MgO(100)
and on Pd(111) [17] using molecular beam techniques. They found
that CH4 binds more strongly to particles than to the (111) surface,
and that O2 adsorption on particles follows a precursor adsorbed
on the MgO substrate. In order to determine the sticking probability
for reactive dissociation of CH4 they adopted a generally accepted
equilibrium particle geometry of a truncated half octahedron with
a height/base ratio of 0.4. The authors conclude that if this model is
correct, the particles are about twice as reactive as the Pd(111)
surface.

A large number of experimental and theoretical studies have
been made on metal:MgO(100) interactions, of which we may cite
a few [18]. MgO is a favorable substrate for surface science studies
due to its simple rock-salt structure, rather stable (100) surface
with a controllable minimum of defects, mostly oxygen vacancies.
The clean surface is rather unreactive, and has found limited use as
a catalyst support. With a cubic lattice constant of 4.208 Å, atomic
coverage up to several monolayers of coinage metals Cu, Au, Ag,
and Pd, Pt among others, have been achieved. The poor metal–
oxide lattice match results in high metal diffusivity on the surface.
In a comparative study of Cu on MgO(001) and on the perovskite
BaTiO3(001) (BTO) surfaces it was found that the better lattice
match and stronger binding interaction with BTO could lead to inter-
esting catalytic properties [19].

Catalytic supports are often selected for their high surface area,
thermal, chemical, and mechanical stability; further, the support
can also affect the selectivity and reactivity of the catalyst [20].
Sinfelt and coworkers [21] have shown that different supports
can greatly alter the catalytic behavior. An ideal support would sta-
bilize a nanoparticle catalyst with the desired exposed faces,
resistent to cluster agglomeration and diffusion at operating tem-
perature. Such a catalyst could take advantage of the differences
in selectivity and reactivity of different faces which have been
found on oriented single crystals [22]. The many attempts to do
this over the last decades using kinetic control of the nanoparticle
shape have given only temporary improvement since the active
facets on the nanoparticles were thermodynamically unstable in
the Wulff construction [23]. Richter and Wagner imaged the
growth of 3D Pd particles on STO(001) using Scanning Tunneling
Microscopy; no structural details were resolved [24]. Atomic layer
deposition (ALD) methodology offers a relatively recent approach
to highly controlled metal deposition, resulting for example, in Pt
films and particles on single crystal STO(001) and STO nanocubes.
AFM, SEM, and GISAXS measurements permitted the study of
early stages of the nucleation and growth of uniformly sized Pt
nanoparticles [1]. ALD Pt nanoparticles on high surface area
nanocubes with predominantly (001) exposed facets were pre-
pared [2], and characterized using electron microscopy, small-
angle and wide-angle X-ray scattering, X-ray absorption spectros-
copy and theory [25]. The PtN/STO nanocube catalysts have a
N50 °C lower light-off temperature for propane oxidation than a
conventional Pt/Al2O3 catalyst, turn over frequencies up to 3 orders
of magnitude higher, and show improved resistance to deactivation
[26]. This material demonstrates [27] that by exploiting the epitaxy
of Pt on STO(001) one can obtain stable nanoparticles with differ-
ent surface facets from those obtained using a polycrystalline
substrate. While the equilibrium shape of an unsupported nanopar-
ticle is given by the Wulff construction [16,28], a stable supported
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nanoparticle involves an additional facet representing the free-
energy per unit area of the interface with the support, as described
by Winterbottom [29]. An equivalent analysis was given by
Kaischew [30] and invoked by Henry [31] in an analysis of the
shape of Pd particles on MgO. Properties of supported PdN nanopar-
ticles have been explored in a variety of settings with an eye toward
catalytic applications [32]. Clearly experimentation and modeling
on a variety of catalytically active metals, on the chemically highly
variable perovskite supports is desirable, in order to map out possi-
bilities and to obtain valuable new materials.

In order to carry out first-principles studies of nanoparticle/sub-
strate interactions and structure, it is necessary to adopt some man-
ageable starting models. As noted above, the Winterbottom free
energy construction presumably dictates which particle facets are
favored for exposure and for growth atop the substrate. However,
the individual free energy terms required to predict equilibrium
structures are generally not known. In fact, theymay be an important
outcome of theoretical studies, in combination with experiment. It is
hoped that high-resolution experimental data for Pt/STO will be
available shortly.

Comparison of zero-dimensional (adsorbed Pd atom), two-
dimensional (adsorbed Pd film) and three-dimensional (adsorbed
PdN particle) structures enables a resolution of Pd–Pd versus Pd–
support interactions and their consequences for chemical reactivi-
ty. Single atom and film models of Pd:STO are readily available; in
order to make detailed comparison, typical model calculations
will be reported here. Motivated by the experimental observation
of 3 well-ordered structural types of palladium clusters on a
STO(001) substrate [3] we have carried out periodic supercell
bandstructure analyses. In addition to being well ordered, these
PdN clusters also show preferential crystallographic orientation
with respect to the substrate. These three cluster topologies can
be explained by putting down a number of Pd atoms on the
STO(001) surface without altering their mutual fcc crystal struc-
ture, named after their appearance as hexagonal (hex), pyramid
(pyr), and hut (hut). As a classic catalyst, Pd here exposes a rich
mixture of edges and surfaces, making this system very interesting
in terms of modeling catalytic reactions, with a direct connection to
experimental possibilities.

Both idealized SrO- and TiO2-terminations of STO have been consid-
ered; as expected from previous studies, Pd adsorption on the TiO2 sur-
faces is energetically preferred. Surface meshes consisting of (1 × 1),
(2 × 1), (3 × 1), (2 × 2), (4 × 2) and (3 × 3) TiO2 terminated surfaces
have been used to support Pd clusters of varying sizes/topology; only
a small subset of those models will be discussed in the following. A
variety of surface reconstructions of TiO-terminated STO have been
observed, depending upon preparation conditions, thermal treat-
ment, PO2

, etc. [33]. Several inequivalent models have been proposed,
consistent with experiment, and questions about STO surface recon-
structions and their relative stability are ongoing [34]. Before
attempting to understand PdN particles on a reconstructed substrate,
is it prudent to examine the simpler ideal atomic terminations. In
any case, it is doubtful whether the previously observed and
modeled reconstructed surfaces would survive the Pd\O bonding
interactions upon deposition. Recent studies of sub-monolayer Pt
on STO have suggested that the TiO2 double layer termination is
modified, becoming Ti-deficient [35] The basic hex, pyr, and hut
structures seen in STM microscopy are studied here. Adsorption of
several atoms (H, C and O) and small molecules (OH, CO, CH3) on
the supported PdN particles is modeled, to obtain some notion of
their reactivity.

2. Computational methodology

The Vienna Ab Initio Simulation Package (VASP) was utilized to
perform spin-restricted periodic slab DFT calculations with plane-
wave basis sets [36–39]. The interactions between ionic core
pseudopotentials and valence electrons were modeled using the
projector augmented wave (PAW) method and corrected with the
generalized gradient exchange–correlation approximation (GGA)
as developed by Perdew and Wang (PW91) [5]. While PW91 and
other gradient-corrected methods show systematic errors with respect
to binding energy, bond lengths and magnetic properties, they are in
general an improvement over LSDA alone. Hybrid-functional methods
which include an empirical mix of Hartree–Fock exchange and some
GGA formulation at considerable additional computational cost can
offer further improvements, for example in the classic case of NiO
[40]. The so-called B3LYP hybrid version has been successfully applied
to study the various crystallographic phases of bulk hematite [41].
Definitive studies of particle and surface chemical reactivity may re-
quire the use of the most sophisticated methods; however, lacking
an experimental basis for parametrization or choice of optimized
functional, it seems best to begin with the well-tested GGA/PW91
functionals.

Grids for Brillouin zone integrations were generated automatical-
ly by the method of Monkhorst and Pack [42]. Variable k-point
meshes were chosen for all structural relaxation, energetics and
electronic property calculations such as charge and densities of
states. Starting with low-order k-meshes like 3 × 3 × 2, systematic
extensions weremade, typically up to 6 × 6 × 5 to verify convergence
and precision. Here and in the following the first two indices refer to
the surface mesh, while the third refers to the inter-slab axis. A use-
ful strategy for achieving rapid structural relaxation is achieved
by starting with a minimal mesh, and then sequentially augmenting
the mesh as geometric convergence is approached. In most cases
energy convergence to better than 1 meV/cell was achieved in struc-
tural relaxations; this is well beyond any required relative compari-
son between models. To calculate electronic wavefunctions a plane-
wave cutoff energy typically of 400 eV was used, along with themore
dense k-meshes. The vacuum gap between periodic supercell slabs is
typically ~15 Å. The computational methodology described above
has been validated in studies of vanadium oxide and tungsten
oxide on hematite surfaces [43,44].

Effective charges and atomic volumes are determined by the Bader
topological analysis scheme [45], and by a spherical volume (RWS) inte-
gration method. While any charge partition scheme has arbitrary ele-
ments, a comparison of Bader and RWS analyses for different systems
can be very useful.

A Gaussian line broadening has been used in histogram analysis
of electronic densities of states (DOS); plotted lines are thus a con-
volution of a Gaussian of FWHM=0.2 eV and the ‘natural’ linewidth
due to interatomic interactions. Partial densities of states (PDOS) are
determined by a combination of site-specific atomic volume inte-
grations, with radii RWS, and projections against spherical har-
monics to resolve specific orbital lm character. Partial densities of
states (PDOS) which resolve spectral contributions by different
atomic types, orbital angular character, and by their spatial location
provide an additional dimension by which one may understand the
particle structure, and particle–adsorbate and particle–substrate
interactions.

The volume-integration radii RWS used are (Sr, Ti, O, Pd) = (1.56,
1.22, 1.44, 1.57) Å, taken from the Bader volume of atoms which are
not adjacent to vacuum, according to Vbader = (4π/3)RWS [3].
Since the Bader volumes are space-filling, this choice consistently
assigns electron density to atoms with little or no ‘lost’ intersti-
tial volume. On the other hand, in a typical adsorption geometry,
the Pd\O interatomic distance of ~2.1 Å implies a large overlap
of the RWS spheres, with resultant over-counting of electrons.
Thus depending upon the local geometry and objectives of analy-
sis, smaller cation radii may be preferred for analysis. Of course
no physical property is affected by the choice of analysis
parameters.



Fig. 1. Side view of STO(001) TiO2 terminated substrate model; 3 × 3 × 2 supercell with
adsorbed pyr13 particle. Oxygen—red, titanium—blue, Sr—green, Pd—gray. (For interpreta-
tion of the references to colors in this figure legend, the reader is referred to the web ver-
sion of this article.)
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3. Model systems

Numerous experimental [46] and theoretical [47] studies have been
made ofmonolayer and sub-monolayer coverages of Pd on various crys-
talline substrates. Adsorption of molecules [48] and oxidation [49] of
Pd-deposited substrates has also been extensively reported. Since dif-
ferentmethodologies, carried out at different times, tend to yield slight-
ly different results, the present work aims to be internally consistent by
carrying out reference calculations which can in principle be compared
with previousmodels. Reference states consisting of isolated STO slab, a
Pd atom in the interslab region, adsorbed single Pd atom andmonolayer
(ML) Pd on the unreconstructed oxide (001) surface will be used to
Fig. 2. Topology of Pd particles as grown on c(4× 2) and (2 × 1) reconstructions of STO(001), an
calibrate the more complex nanoparticle and cluster model results.
The STO(001) surface is known to exhibit a large number of surface re-
constructions; e.g. (2 × 1), (2 × 2), c(4 × 2), c(6 × 2) and c(4 × 4) [32,
33]. In particular the (2 × 1) and c(4 × 2) surfaces have been used to
characterize supported Pd clusters [2]. The experiments show that clus-
ters of the hut type grow on STO(001)-(2 × 1) while hexagonal (hex)
and pyramidal (pyr) clusters grow on the c(4 × 2) reconstruction.
Thus, by selection of a specific surface reconstruction it is possible to tai-
lor the cluster topology, with specifically exposed crystallographic
facets. When such tailored particles can be stabilized, very precise con-
trol of chemical and catalytic properties can be expected.

More specifically, under low deposition temperatures, the relation-
ship between Pd hex axes and STO-c(4 × 2) is: Pd(111)||STO(001), Pd
[110]||STO[110]. For pyr, also on c(4 × 2) but at high deposition temper-
ature: Pd(001)||STO(001), Pd[100]||STO[100]. For hut, on STO(001)-(2 ×
1) the Pd(011)||STO(001), Pd[110]||STO[100] alignment is observed. For
free crystals/nanoparticles the relative growth rate of different facets is
controlled by their free energy, as described by Wulf [6]. Winterbottom
extended these considerations to growth and stability of embedded par-
ticles [7]. A truly comprehensive theory would be able to predict the rel-
evant surface free energies; for the present, we must be content to
investigate a few plausible interfaces and their energetics. In previous
work combining surface diffraction data, real-space modeling, and DFT
calculations a detailed atomic-resolution model of the (2 × 1) structure
has been obtained [32]. Further experimental and theoretical studies led
to a consistent picture of plausible c(4×2) structures and their energy or-
dering, based upon the addition of TiO2 units to the TiO2 (001) termina-
tion [50,51].

An overviewof the STO(001) periodic slab structure is given in Fig. 1,
showing a 3 × 3 × 2 supercell used in more accurate simulations de-
scribed below. Here the first two indices refer to the periodicity of the
surface mesh, and the third index refers to the thickness of the slab
along the c-axis direction. Minimal hut, hex, and pyr cluster models are
shown in Fig. 2. Experience shows that ‘freezing’ the coordinates of a
number of layers of atoms at the bottom of the slab provides adequate
bulk-like boundary conditions for the relaxing surface layers and adsor-
bates. In the specific case of STO we find that ‘rapid prototyping’, in
which only the topmost TiO2 and SrO layers are allowed to relax, gives
semiquantitative structural parameters and energies which can serve
as initial conditions for rapidly convergent simulations with a larger
number of degrees of freedom.

The binding of simple molecules like CO and hydrocarbons to Pd
films and particles, and their subsequent dissociation/oxidation pro-
vides feasible models to study features of interaction and reactivity
d clusters used inDFT cluster-substratemodeling. (a) Pyramidal (b), hexagonal and (c) hut.



Fig. 3. Top view of TiO2 terminated STO(001), showing idealized O-atop (OT), O-hollow
(OH), Ti-atop (Ti) and O-bridge (OB) ad-atom sites.
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which can doubtless be extended to more complex systems. The
combustion of methane over Pd/PdO catalysts has been studied ex-
perimentally, and is considered to be a complex process, depending
upon temperature and concentration of various reactants and prod-
ucts [52]. The oxidative insertion of a single Pd atom into the CH
bond of methane has been examined theoretically by De Jong et al.
[53]. Activation of methane on a Pd3 particle has been modeled
using DFT [54]. Dissociation and photodissociation of CH4 on Pd(111)
has also been calculated by DFT methods [55], and recent studies have
emphasized the so-called ‘active phase’ of methane on Pd(111) and
PdO(101) during methane oxidation [56]. A thorough study of even a
basic reaction like CH4 → CH3 + H on PdN would involve tracing a
number of initial states through adsorption trajectories, to final state
exit trajectories. In the present work we will be content to examine a
few plausible initial, intermediate, and final state scenarios in a static
framework.

4. Results

4.1. Structure and electronic properties of supported Pd

Being well aware of the many observed reconstructions of
STO(001) surfaces, we nevertheless think it very useful to explore
the topologically simple ideal bulk-cleavage surfaces to gain infor-
mation about chemical and structural tendencies of adsorbates. Co-
hesive energies of particles, adsorbed atoms and molecules are
calculated self-consistently, and reported below relative to appropri-
ate ‘reference states’; for ‘isolated adsorbate’ we typically use a
model with the adsorbate in the mid-gap region between relaxed
substrate slabs. These reference energies are of course strictly not
the energies of truly isolated species; however, this procedure per-
mits the precise determination of energies of adsorption largely
free of errors induced by differing boundary conditions. From a phys-
ical point of view the resulting adhesion energymay be considered as
thework necessary to separate the adsorbate from its support. This is
useful to consider surface binding separately from the structural re-
laxation. Necessity of a common Fermi energy in self-consistent DFT,
even for well separated systems, generally leads to a charged ion/
particle in the interslab region. In order to relate such artificial states
to a common reference, such as the neutral atom in a box, some ad-
ditional atom/ion-in-box calculations are occasionally useful. In the
following, any such shift in reference states is clearly identified.

4.1.1. Adsorbed Pd atoms and films up to 2 ML
The first model considered consists of a periodic slab with dimen-

sions of 1 × 1 × 2 unit cells in the x-, y-, and z-directions respectively.
In the [001] or c-axis direction the stacking sequence is TiO2–SrO–
TiO2–SrOwith a vacuum gap between slabs of ~15 Å, permitting studies
of adsorption on either TiO2 or SrO faces. Previous variational calcula-
tions on STO slabs show that relaxing only two terminal layers is suffi-
cient to capture the main structural features, and permits the rapid
survey of a considerable number ofmodels. As verification of this proce-
dure is critical for assuring the precision of calculated adsorption in
more complex systems, a fairly detailed analysis is given here. The re-
sults found for adsorbed atoms and films form a ‘baseline’ necessary
for understanding differences due to presence of facets, edges and ver-
tices in more complex geometries. A uniform computational procedure
and logical thread for all systems studied here is thus established. For
highly precise energetic determinations a thicker slab with a greater
number of degrees of freedom would be required. Simulations carried
out with larger surface meshes and thicker slabs, vide infra, show
that the main structural features and relative energetics are already
captured in this minimal model, which is referred to in the following
as (1 × 1 × 2). The relevant O-atop, O-hollow, O-bridging and Ti-atop
sites are shown in Fig. 3.
Placing one Pd atom on this cell corresponds to 1/2 monolayer (ML)
coverage; i.e. one of the two surface oxygens is bonded to Pd. Table 1
shows relative energetics of different geometries (1/2-, 1- and 2 ML),
for adsorption on the TiO2 surface; higher energy sites found on the
SrO termination are not reported here. The reference state used here
consists of the STO slab plus the surface-relaxed Pd film placed at
mid-gap, resulting in the so-called work of adhesion. Relative energies
are of course independent of the chosen reference state. The Pd atop O
configuration, at 1.15 eV/Pd is favored by 0.08 eV over the O\O bridge
site; other sites are considerably less stable. The rather strong Pd\Pd
binding leads to increased energy of 1.15 b 2.05 b 2.74 eV/Pd for 1/2-,
1-, and 2-ML coverages respectively. Recall that for 1 ML every surface
O is bonded to a Pd; this is twice the Ti surface concentration. The
corresponding vertical displacements above the ideal TiO2 plane are
Δz = 2.24 and 2.23 Å for 1- and 2-ML; in the latter case, the second
overlayer is found at 4.26 Å. The corresponding Pd\O bond lengths
are 2.23 and 2.22 Å respectively. In the 2 ML case, the predicted
Pd\Pd distance is 2.76 Å, compared with 2.80 Å for bulk Pd.

The RWS volume charges and QB Bader charges reveal a rather stable
electronic configuration for the surface layers, with a tendency toward
greater charge transfer from Pd to O with increasing coverage. Thus,
QB(Pd) ranges from −0.21 to +0.24 e in the 2-ML coverage. The Pd
PDOS for 1/8 ML coverage at different binding sites, compared with
“free” Pd in the slab-gap, are given in Fig. 4a. In Fig. 4bwe see the effects
of Pd\Obonding on the surface layer oxygens.With increased coverage
the Pd PDOS for 2 ML (not shown) reveals an extended occupied
conduction band width of ~6 eV, with some significant differences
seen between the Pd\O contact layer and the Pd\Pd overlayer. In par-
ticular, the top layer distribution is more narrow, with a sharper peak
around the Fermi energy EF.

Following the notation developed above, we next describe an ex-
panded (2 × 2 × 2) periodic slab; i.e. of size two unit cells in all three di-
mensions. Positioning one Pd atom per cell on the surface corresponds
to 1/8 ML coverage; 1/8-, 1/4-, 1/2- and 1-ML coverage sites on the
TiO2 termination are reported in Table 2; higher energy SrO-
terminated sites are not listed. Monotonic increase of binding with Pd
coverage is again found: 1.48 b 1.69 b 1.98 b 2.53 eV/Pd respectively
for the close-packed or particle configurations, which are greater than
or equal to those of dispersed geometries. The correspondingΔz vertical
coordinates are 2.04 b 2.08 b 2.10 b 2.19 Å respectively, with Pd\O
bond lengths of 2.05 b 2.08 b 2.11–2.15 b 2.22 Å. The calculated differ-
ence in energy (0.5 eV/Pd) and Pd\O bond (0.05 Å) between 1 × 1 ×
2 and 2 × 2 × 2 1ML Pdmodels can be attributed to Pd–Pd interactions
in the finite slab environment. Such model-dependent energy shifts
have no effect upon relative energy comparisonswithin a single surface
model.



Table 1
Properties of supported Pd in 1/2-, 1-, and 2-ML coverages on ideal TiO2 terminated STO(001) in minimal 1 × 1 × 2 supercell model.

1 × 1 × 2 supercell Energy/Pd Bond length Bader charge RWS charge

1/2 ML
Pd atop O

1.15 Pd\O 2.08
\Ti 2.84
\Pd 3.91

Sr +1.53, 1.55
Ti +2.06, 2.14
O −1.09, −1.31
Pd +0.01

+1.96, 2.02
+2.19, 2.20
−0.92,−1.26
+0.86

O bridge 1.07 Pd\O 2.32 Sr +1.54, 1.56
Ti +2.03, 2.13
O −1.14, −1.31
Pd +0.06

+1.97, 2.02
+2.13, 2.20
−0.92,−1.21
+0.91

O hollow 0.8 Pd\O 2.56 Sr +1.53, 1.55
Ti +2.08, 2.13
O −1.21, −1.31
Pd +0.16

+1.96, 2.02
+2.18
−0.92,−1.26
+1.00

atop Ti 0.54 Pd\Ti 2.44 Sr +1.53, 1.57
Ti1 +2.02
O1 −1.14
Pd +0.03

+1.96, 2.02
+2.15
−0.92,−1.16
+0.99

1 ML
Pd @ (0, 1/2), (1/2, 0)

2.05 Pd\O 2.23
\Ti 2.94
\Pd 2.76

Sr +1.54, 1.57
Ti +2.04, 2.13
O −1.14, −1,30
Pd −0.12, +0.14

+1.96, 2.02
+2.19, 2.20
−0.92,−1.18
+0.77

2 ML
Pd @ (0, 1/2), (1/2, 0),
(0, 0), (1/2, 1/2)

2.74 Pd\O 2.22
\Ti 2.94
\Pd 2.76

Sr +1.54, 1.57
Ti +2.06, 2.13
Ox −1.15,−1.31
Pd −0.21, +0.24

+1.97, 2.02
+2.18, 2.20
−0.92,−1.19
+0.74

Binding energy (eV/Pd) is given relative to the same PdN structure placed atmid-gap between STO slabs. Bond lengths are given in Å. Bader charge and RWS charge (e) as described in the
text; RWS (Sr, Ti, O, Pd) = (1.57, 1.21, 1.44, 1.56 Å).
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Charge analyses for Pd in different geometries are also present-
ed in Table 2. Trends identified in the minimal 1 × 1 × 2 model are
here verified: stable surface electronic configurations, and increas-
ing Pd → O charge transfer with increasing coverage. In the 1/8 ML
coverage the Pd Bader charge is 0.05 e and the volume integrated
RWS charge is 0.80 e. Both measures indicate an expected charge
transfer from metal to oxygen; the absolute values are small com-
pared to nominal values (e.g. Pd+2, O−2). QB(Pd) is −0.04 to
+0.02 e for 1/2 ML and ranges from −0.12 to +0.13 e for 1 ML
coverage; positive Pd charge is generally associated with close
proximity to oxygen.
Fig. 4. (a) PDOS for single Pd atom adsorbed on 2 × 2 TiO2 termination, at different sites. From
(b) PDOS for surface oxygen with Pd atom adsorbed on 2 × 2 TiO2 termination, at different site
bond; dashed line for other oxygens. DOS curves are normalizedwith respect to number of oxy
referred to the web version of this article.)
The PDOS for 1/8 ML Pd at different adsorption sites for TiO2 ter-
minated STO(001) (not shown) reveal immediately that the high
binding energy atop and bridge sites (relative to surface oxygen)
produce a large and characteristic deformation of the Pd levels,
due to their bonding interaction with the substrate oxygen. Paren-
thetically, we note the small feature above EF in the ‘free atom’

spectrum, showing the weak Pd–Pd interaction in the periodic-
box reference state.

A further expanded 3 × 3 surface cell was used to model supported
particles as reported in the following. This supercell allows for some
greater separation between periodic PdN particles.
top: Free = magenta, O-atop= blue, O-bridge= green, O-hollow= red, Ti-atop= black.
s. From top: (i) no Pd, (ii) Pd-atop, (iii) Pd-bridge, (iv) Pd-hollow. Solid black line is Pd\O
gen atoms. (For interpretation of the references to colors in this figure legend, the reader is



Table 2
Cohesive energy (eV/Pd) of PdN adsorbates is given relative to PdN placed inmid-gap between STO slabs. Bond distances are given in Å, using STO(001) 2 × 2 × 2 and 3 × 3 × 2 supercell
models. Fractional coordinates (h, k) are given for overlayers. Positive energy denotes net binding. Positive Pd Bader charge and volume integrated RWS charge (e) show electron transfer
away from Pd sites; negative charge shows electron accumulation. RWS (Sr, Ti, O, Pd) are (1.57, 1.21, 1.44, 1.56 Å). Multiple charge values indicate range found.

2 × 2 × 2 supercell Energy/Pd Bond distance Bader charge RWS charge

1/8 ML
Pd atop O

1.48 Pd\O 2.05 Pd 0.05 0.8

O bridge 1.47 Pd\O 2.28 Pd 0.12 0.85
O hollow 1.22 Pd\O 2.48 Pd 0.18 0.94
atop Ti 0.88 Pd\Ti 2.39 Pd 0.11 0.96
1/4 ML
Pd @ (1/2,1/4) (0,3/4)
dispersed

1.55 Pd\O 2.08
\Ti 2.85
\Pd 5.52

Sr +1.53, 1.55
Ti +2.10, 2.14
O −1.07, −1.30
Pd−0.03

+1.96, 2.12
+2.20
−0.92,−1.14
+0.82

Pd @ (1/4, 0) (0,1/4)
compact

1.69 Pd\O 2.07
\Ti 2.85–2.89
\Pd 2.78

Sr +1.53, 1.56
Ti +2.02, 2.17
O −1.11, −1.31
Pd−0.04, +0.04

+1.95, 2.02
+2.18, 2.20
−0.92,−1.23
+0.78

1/2 ML
Pd4 dispersed

1.62 Pd\O 2.08
\Ti 2.81–2.84
\Pd 3.91

Sr +1.56, 1.58
Ti +2.04, 2.17
O −1.12, −1.32
Pd−0.16, +0.19

+1.96, 2.02
+2.19, 2.20
−0.92,−1.26
+0.86

Pd4 ribbon
compact

1.98 Pd\O 2.14–2.15
\Ti 2.81–2.95
\Pd 2.77–2.78

Sr +1.53, 1.56
Ti +2.04, 2.14
O −1.12, −1.30
Pd−0.04, +0.02

+1.96, 2.02
+2.18, 2.20
−0.92,−1.23
+0.78, 0.81

1 ML
Pd8 atop O

2.53 Pd\O 2.22
\Ti 2.93–2.94
\Pd 2.76

Sr +1.53, 1.59
Ti +2.04, 2.13
O −1.15, −1.30
Pd−0.12, +0.13

+1.96, 2.12
+2.19
−0.92,−1.19
+0.77

pyr5
in registry with O

2.35 Pd\O 2.14
\Ti 2.79
\Pd 2.65–2.67

Sr +1.53–1.55
Ti 1.98–2.13
O −1.16, −1.30
Pd−0.28, +0.19

+1.96, 2.02
+2.17, 2.20
−0.92,−1.26
+0.70, +0.78

3 × 3 × 2 supercell
pyr5 2.89 Pd\O 2.08

\Ti 2.82
\Pd 2.69–2.70

Sr +1.54
Ti +2.00, 2.12
O −1.17, −1.29
Pd−0.14, +0.06

+2.02, 2.03
+2.18, 2.24
−0.90,−1.23
+0.69, +0.78

pyr13 2.64 Pd\O 2.13–2.25
\Ti 2.80–2.87
\Pd 2.64–2.79

Sr +1.54, 1.55
Ti +2.01, 2.22
O −1.11, −1.31
Pd−0.14, +0.12

+1.96, 2.02
+2.17, 2.20
−0.92,−1.23
+0.53, +0.77

flat13 2.18 Pd\O 2.10
\Ti 2.87
\Pd 2.69–2.87

Sr +1.53, 1.60
Ti +2.07, 2.15
O −1.10, −1.31
Pd−0.01, +0.05

+1.96, 2.02
+2.17, 2.21
−0.93,−1.26
+0.69, +0.82

pyr14 2.66 Pd\O 2.16–2.21
\Ti 2.84–2.98
\Pd 2.63–2.81

Sr +1.54,1.58
Ti +2.05, 2.19
O −1.11, −1.31
Pd−0.12, +0.13

+1.95,2.02
+2.17, 2.20
−0.92,−1.24
+0.55, +0.78

hex10 2.52 Pd\O 2.13–2.22
\Ti 2.62
\Pd 2.62–2.73

Sr +1.54, 1.58
Ti +1.97, 2.15
O −1.14, −1.31
Pd−0.10, +0.11

+1.94, 2.02
+2.16, 2.20
−0.92,−1.19
+0.52, +0.80

hut8 2.43 Pd\O 2.16–2.21
\Ti 2.58–2.68
\Pd 2.65–2.75

Sr +1.54, 1.58
Ti +2.01, 2.14
O −1.11, −1.32
Pd−0.17, +0.15

+1.94, 2.12
+2.16, 2.22
−0.92,−1.21
+0.64, +0.77
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4.1.2. Supported PdN particles
Theminimal model of pyr symmetry has five Pd atoms with a 4-fold

base which sits in good registry atop substrate oxygen (Table 2); only
(111) facets are available. The next larger sizes studied here have 13
or 14 metal atoms (Fig. 1), presenting (111) and (100) facets with a
greater variety of edges and vertices exposed to participate in adsorbate
interactions. The minimal cluster model of hex symmetry has ten Pd
atoms, while hut has eight; see Fig. 2. After some experimentation
with 2 × 2 × n and 3 × 1 × n surface supercells, a 3 × 3 × 1 model was
selected as a compromise between the desire to keep particles and
their adsorbates well separated, and computational time required for
structural relaxation. In each of the particles described below the initial
Pd\Pd distances were taken as 2.761 Å as in Pd metal. One might well
askwhether such small particles are relevant to experimental properties
of larger particles of say, 10–20 nm size which are frequently imaged.
Nanoparticles of whatever size presumably nucleate as very small parti-
cles which grow, so the presently studied objects must have consider-
able importance, even if they are difficult to observe. The chemical
reactivity of key facets, edges and vertices characteristic of a particular
topology can be described within the limitationsmentioned above. Fur-
thermore, ‘real nanoparticles’maybe expected to display defects such as
vacancies, dislocations, steps and twinningwhichwould require a larger
length scale of simulation, beyond simply using larger idealized parti-
cles. In any case, small (4–8 atom) particles are known to be highly ef-
fective in well-dispersed catalysts, with the support playing an
important role in suppressing diffusion and particle agglomeration.



Fig. 5. Atom resolved PDOS of pyr13 cluster adsorbed on TiO2 terminated STO(001) 3 × 3 slab. From top: Pd (black), oxygen (red), Ti (blue) and Sr (green). DOS curves are not normalized
with respect to number of atoms. (For interpretation of the references to colors in this figure legend, the reader is referred to the web version of this article.)
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In the initial 2 × 2× 2model of pyr5 the cohesive energy per Pd atom
is 2.35 eV, compared to 2.89 eV with a 3 × 3 × 2 surface mesh, see
Table 2. The Δz Pd heights relative to the oxygen basal plane are (2.16,
Fig. 6. Layer-resolved Pd PDOS for (a) pyr13, (b) hex10, (c) 2 ML film. Contact layer—solid line,
4.06) Å in 2 × 2 vs (2.09, 4.01) Å in 3 × 3 models. The corresponding
Pd\O and Pd\Pd bond lengths are (2.08, 2.69–2.70) Å and (2.13–
2.25, 2.64–2.79) Å respectively. The difference in energy of ~0.5 eV/Pd
2nd layer—dashed line. DOS curves are normalized with respect to number of Pd atoms.
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and in structural parameters can be attributed to the interparticle inter-
action in the smallermesh,where the center to center distance is 7.83 Å.
These interparticle interactions are of importance in the tendency to
particle agglomeration at high temperatures observed on catalyst sup-
ports. As an aside, we note that an energy of 2.92 eV/Pd is found for a
3 × 3 × 1 surface model, showing the relative unimportance of slab-
thickness effects.

The nine base-planemetal atoms of pyr13 are in very good registry to
O-atop positioning. The Pd\Pd nearest neighbor distances in the con-
tact layer lie between 2.64 and 2.69 Å, to be compared with 2.75 Å for
a Pd(001) surface, consistent with free particle vs solid differences.
The partial densities of states of a pyr13 cluster adsorbed on TiO2 termi-
nated STO(001) in the 3 × 3 × 2model are given in Fig. 5. From this fig-
ure one sees the strong overlap of Pd 4d states with the oxygen upper
valence band (UVB) and a significant admixture of Ti 3d states into
the bottom region of this band. The overlap between Pd and Ti states
is relatively small, the Ti UVB feature being a well-known indicator of
Ti\O covalency and deviation from the nominal Ti4+ d0s0p0 cation
state. The occupied portion of the oxygen UVB, ~7 eV in width, shows
two well-defined sub-bands which can be roughly identified with (t,
e) quasi-octahedral crystal field states. The lower valence band (LVB),
from ~16 to 19 eV, is dominated by O 2 s states, and by the Sr 4 s–p
bands. The energy overlap of oxygen and Sr states does not necessarily
indicate a strong covalency; examination of the electron densities in the
interatomic region verifies an essentially ionic bond as is conventionally
assumed. A small but non-negligible Ti participation in the LVB is visible,
as an indication of the hybridized s–p–d Ti\O bonding interaction. The
low-lying conduction states are dominated by Ti 3d and antibonding O
states, as expected. A smaller, but significant Pd excited state density
is also present, and will be highly involved in chemisorption processes.
The Sr excited state density is negligible.

In Fig. 6 are given height-resolved PDOS for clusters pyr13 and hex10
and for a 2 ML film. PDOS curves are normalized with respect to the
number of atoms in each layer; i.e., (9, 4) and (7, 3) respectively. From
these datawe can extract some information about particle–substrate in-
teractions, and variations between different particle topologies. First,
concerning the pyr cluster, one sees that the 9-atom layer in contact
with STO has a broadened structure of width of ~6 eVwith considerable
intensity shifted below EF. The upper 4-fold structure exhibits narrower
bands, with a strong peak just below EF which will dominate the Pd13
surface activity. The pyr PDOS is thus very different from that of the iso-
lated adsorbed Pd, by comparisonwith Fig. 4. The excited state structure
is identical for the two ‘layers’ of the particle. Next, concerning the hex10
adsorbed particle, Fig. 6b, one sees gross similarities to that of pyr: band
width of ~6 eV andmore narrow and sharply peaked structures near EF
Fig. 7. Top view of interface for relaxed Pd particles on a 3 × 3 STO(001) substrate. (a) pyr13
(c) hut8 Pd(011)||STO(001), Pd[110]||STO[100]. Only interface atoms are shown. Unit surface m
for the top layer. In detail several structure-dependent differences are
apparent, including a triple-peaked top layer occupied state region,
and a bi-layer low intensity peak just above EF which would differenti-
ate the pyr and hex interactions with incoming atoms/molecules.

A hex10 particle was chosen as a minimal model of hexagonal sym-
metry nanoparticles; here (100) and (111) facets are revealed (see
Figs. 2, 7) but (111,111)⁎ edges and (111, 111, 100)+ corners are not
represented. Distorted registry of the seven metal atoms in contact
with oxygen of the STO(001) substrate is accommodated with several
Pd in a O\O bridge configuration. The binding energy of 2.52 eV/Pd is
substantial, but less than that of the near-perfect registry pyramidal par-
ticles. The Pd\Pd nearest neighbor distances in the contact layer are be-
tween 2.62 and 2.95 Å to be compared with 2.75 Å for the Pd(111)
surface. The 7 contact layer atoms are quite planar, ranging from 2.025
to 2.125 Å above the surface O-plane. A better hex21 representation con-
taining all edges and corners can be formed,whichwould imply a larger
surface mesh, e.g. (4 × 4 × 2) with 160 atoms/cell, which was not
undertaken here.

The hut8 cluster (Fig. 7c) exhibits the minimal features of the elon-
gated structure, showing (100) and (111) facets, and all required
edges and corners. Initial Pd\Pd bond lengths of 3.89 Å and 2.75 Å
(short/long side of hut) were taken from the Pd(011) surface, but then
relaxed on the substrate. However when the structure relaxes Pd\Pd
distances change considerably and it is clear that a small hut cluster can-
not stabilize in the same way as pyr and hex on a small surface-mesh
TiO2 terminated unreconstructed STO(001). Recall that experimentally,
hut is seen on (2× 1) surface reconstructionswhile hex and pyr are seen
on c(4 × 2) surfaces.

Relative energies of sites and charge distributions on the TiO2 termi-
nation of STO(001) are reported in Table 2. It is immediately apparent
that Pd–Pd interactions favor cluster formation over that of a flat film
on STO(001). The quite small energy difference of hut vs film is
(0.03 eV/Pd) which is a further indication of the relative instability of
the minimal-sized particle.
4.2. Atomic adsorption on zero-, two- and three-dimensional Pd

Now we turn to study atomic adsorption, as a probe of chemical re-
activity which depends upon the metal electronic states as modulated
by the Pd–substrate interaction and the topology of the interacting
PdN metallic structure. Here H, C and O adsorption on supported Pd is
modeled to gain a measure of chemical reactivity of the metal species.
The notation O⁎ will be used as necessary to differentiate adsorbed
from substrate oxygen in the following.
Pd(001)||STO(001), Pd[100]||STO[100]. (b) hex10 Pd(111)||STO(001), Pd[110]||STO[110].
esh indicated by dotted lines.
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4.2.1. 0-D atomic adsorption
The calculated binding energies of H, C and O in the atop-Pd ge-

ometry in the 1/8 ML coverage 2 × 2 model are (3.78, 4.61, 3.73)
eV respectively, shown in Table 3. The corresponding Pd\X bond
lengths (1.56 b 1.76 b 1.81 Å) are also reported in the table, showing
the expected increase with ligand atomic radius. The Pd\O metal–
substrate bond lengths are noticeablymodified by atomic adsorption
(2.14 b 2.27 N 2.16 Å) for the lowest-energy (atop, bridge, bridge) H,
C and O adsorption sites. These values may be compared with the
calculated Pd\O distances of (2.05 b 2.08 = 2.08 b 2.22 = 2.22 Å)
for 1/8, 1/4, 1/2, 1 and 2 ML Pd coverages in the same Pd:STO slab
model. This is not surprising, in view of the redistribution of metal–
ligand bonding in the adsorption process.

Atomic charges calculated in the Bader topological scheme show a
progressive charge transfer from Pd to ligand: (0.11 b 0.29 b 0.61 e)
for H, C, and O respectively. The corresponding charge accumulation
on the adsorbate atom is (−0.09, −0.16,−0.69 e).
Table 3
Atom andmolecule adsorption on supported Pd atoms on TiO2 terminated STO(100) in the 2 ×
coverage; adsorbate coverage corresponds to 1/8 ML. Binding energies (eV) are given with res
putational parameters. Pd\X bond lengths are given in Å; Bader charges are given in e.

1/8 ML

Adsorbate H C O C

atop O: energy 3.78 4.61 3.73 2
Pd\X

\O
1.58
2.14

1.76
2.09

1.81
2.00

1
2
C

QB Pd +0.15
H −0.17

Pd +0.27
C −0.18

Pd +0.55
O⁎ −0.59

P
C
O

O\O bridge:
Energy

2.71 4.79 3.79 2

Pd\X
\O

1.56
2.35

1.75
2.27

1.82
2.16

1
2
C

QB Pd +0.11
H −0.09

Pd +0.29
C −0.16

Pd +0.61
O⁎ −0.69

P
C
O

1-ML

Adsorbate/site H C O C

top Pd:
Energy

4.16 5.39 4.44 2

Pd\X
\O

1.61
2.08–2.24

1.75
2.13–2.26

1.82
2.16–2.24

1
2
C

QB Pd −0.05, +0.06
H −0.05

Pd −0.05, +0.13
C −0.08

Pd −0.03, +0.34
O −0.63

P
C
O

Pd2 bridge
Energy

3.67 9.15
relaxes to 4-fold

5.1 2

Pd\X
\O

1.66, 1.82
2.14–2.23

1.97
2.11–2.12

1.98
2.17–2.23

1
2
C

QB Pd −0.06, +0.06
H −0.11

Pd −0.05, +0.09
C −0.37

Pd −0.00, +0.30
O −0.70

P
C
O

Pd4 hollow
Energy

3.4 8.71 4.98 2

Pd\X
\O

N3
2.17–2.32

1.97
2.16–2.17

2.20
2.18–2.29

2
2
C

QB Pd −0.07, +0.10
H −0.11

Pd −0.06, +0.14
C −0.48

Pd −0.02, +0.23
O −0.77

P
C
O

4.2.2. 2-D atomic adsorption onto supported Pd films
Within the 2 × 2 surface model atomic adsorption on 1 ML Pd is re-

ported in Table 3. One sees that for O the most favorable adsorption site
is, as in 1/8 ML, Pd\Pd bridge where the atom can form two Pd\O
bonds, with binding energy of 5.10 eV. Able to form only a single Pd\H
bond, H favors the atop site by ~0.5 eV. Carbon favors themultiply bond-
ed 4-fold Pd-hollow site with an advantage of more than 3 eV compared
to the atop site, while the 2-fold bridge site is unstable, relaxing into the
hollow. The corresponding Pd\X bond lengths increase (1.61 b1.97
b 1.98 Å), aswould be expected in the shared-bond environment. The ad-
sorption energies given in Table 3 are all relative to a reference state
consisting of non-spin polarized atoms placed at mid-gap of the slab
supercell. The absence of spin polarization and a non-zero atomic charge
in the reference state, lead to larger ‘adsorption energies’ than
would be found with the traditional spin-polarized isolated atom
reference. For purposes of later comparison with molecules and par-
ticles and for cancelation of systematic (box size, energy cutoff, k-
2 × 2 substrate model. Pd site relative to surface oxygen, corresponding to 1/8- and 1-ML
pect to atom/relaxed molecule located at mid-gap between STO slabs with identical com-

O OH CH3 CH3+H @ O

.48 2.13 2.31 0.71

.85

.05
\O⁎ 1.16

1.91
1.98
O⁎\H 0.96

2.03
2.14
C\H 1.10

Pd\C 2.03
\O 2.14

C\H 1.10
O\H 1.00

d +0.26
+1.81
⁎ −2.05

Pd +0.55
O⁎ −1.54
H +1.00

Pd +0.33
C −1.31
H +0.01, +0.02

Pd−0.12
C −0.19
H −0.01, +0.01

.41 2.42 2.37 3.14

.85

.31
\O⁎ 1.17

1.98
2.22
O⁎\H 0.98

2.03
2.17
C\H 1.10,1.11

Pd\C 2.03
\H 1.00
\O 2.17

C\H 1.10,1.14
d +0.21
+1.68
⁎ −1.91

Pd +0.42
O⁎ −1.46
H +1.00

Pd +0.22
C −0.15
H −0.06, +0.01

Pd +0.07
C −0.03
H 0.0, +0.03

O OH CH3 CH3+H

.08 3.08 2.91 5.80
Dissociated

.85

.20–2.31
\O⁎ 1.16

1.95
2.10–2.27
O⁎\H 0.98

2.02
2.19–2.24
C\H 1.10

Pd\C 2.03
\O 2.19–2.40

O\H 1.06
C\H 1.10

d −0.05, +0.16
+1.81
⁎ −1.91

Pd +0.01, +0.27
O⁎ −1.43
H 0.00

Pd −0.06, +0.22
C −0.27
H +0.01, +0.14

Pd−0.19, +0.13
C −0.37
H +0.04, +1.00

.45 3.25 2.76 4.12 dissociated

.99, 2.00

.17–2.24
\O⁎ 1.18

2.12
2.12–2.30
O⁎\H 0.98

2.04
2.14–2.25
C\H 1.10–1.16

Pd\C 1.07–1.86
\O 2.15–2.39
\H 0.56–1.07

C\H 1.07–1.11
d −0.07, +0.11
+1.66
−1.87

Pd −0.06, +0.24
O −1.44
H 0.00

Pd −0.02, +0.13
C −0.10
H −0.04, +0.02

Pd−0.21, +0.82
C −0.06
H −0.08, +0.08

.04 2.87 2.78 6.42

.21

.16–2.42
\O 1.20

2.20
2.18–2.29
O\H 0.96

2.02
2.22–2.26
C\H 1.10–1.12

Pd\C 1.09
\O 2.15–2.38

C\H 1.09–1.14
d −0.10, +0.13
+1.63
−1.97

Pd −0.10, +0.25
O −1.52
H 0.00

Pd −0.02, +0.10
C −0.13
H −0.02, +0.01

Pd−0.08, +0.08
C −0.18
H +0.03, +0.07



Table 4
Atom and molecule adsorption on supported pyr5 and pyr13 clusters on TiO2 terminated STO(100) in 3 × 3 × 1 substrate model. Pd pyramidal base is in registry to surface layer oxygen;
adsorbate/molecular coverage corresponds to 1/9 ML; see text. Binding energies (eV) are givenwith respect to atom/relaxedmolecule located atmid-gap between STO slabswith identical
computational parameters. Pd\X bond lengths are given in Å. Bader charges are given in e units. Site code: top–top (tt), top–bridge (tb), top–hollow (th), side-bridge-outer (sbo), side-
bridge-inner (sbi), side-low-inner (sli), side-hollow-outer (sho), side-hollow-inner (shi), side-high-edge (she), side-bridge-high (sbh).

pyr5

Adsorbate H C O CO OH CH3 CH3+H @ O

top Pd
Energy

2.61 4.8 3.5 1.14 7.71 2.25 0.01

Pd\X Pd\O 2.13
\H 1.56

Pd\O 2.20
\C 1.71

Pd\O 2.15
\O 1.78

Pd\O 2.16
\C 1.89

C\O⁎ 1.16

Pd\O 2.14
\O 1.95

O⁎\H 0.97

Pd\O 2.13
\C 2.01

C\H 1.10

Pd\O 2.13
\C N3
\H 1.56

C\H 1.09
QB Pd −0.02, +0.15

H −0.11
Pd−0.03, +0.07
C −0.10

Pd +0.04, +0.18
O −0.70

Pd +0.02, +0.11
C +1.57
O⁎ −1.85

Pd +0.04, +0.21
O⁎ −1.58
H +1.00

Pd −0.10, +0.14
C −0.21
H +0.05

Pd −0.11, +0.16
C +0.18
H −0.07,−0.03

Pd2 bridge
Energy

3.19 6.86 4.65 1.92 8.62 2.35 −0.19

Pd\X Pd\O 2.14–2.15
\H 1.65, 1.73

Pd\O 2.16–2.25
\C 1.83, 1.84

Pd\O 2.15–2.19
\O 1.92, 1.93

Pd\O 2.15–2.19
\C 1.93, 1.96

C\O⁎ 1.19

Pd\O 2.14–2.21
\O⁎ 2.04, 2.12

O⁎\H 0.97

Pd\O 2.14–2.15
\C 2.05

C\H 1.10,1.13

Pd\O 2.14–2.15
\C 2.05, 2.35
\H 1.25

C\H 1.10, 1.13
QB Pd −0.09, +0.07

H −0.09
Pd−0.02, +0.29
C −0.26

Pd +0.01, +0.25
O −0.79

Pd +0.02, +0.25
C +1.61
O⁎ −1.89

Pd +0.01, +0.35
O⁎ −1.58
H +1.00

Pd −0.05, +0.18
C −0.27
H 0.00, +0.07

Pd +0.03, +0.17
C −0.26
H −0.09,+0.06

Pd3 hollow
Energy

3.25 7.31 4.43 2.01 8.18 2.07 −0.83

Pd\X Pd\O 2.13–2.19
\H 1.73,1.83

Pd\O 1.89–1.90
\C 1.89,1.90

Pd\O 2.09–2.14
\O 1.97

Pd\O 2.14
\C 2.01,2.02

C\O⁎ 1.18

Pd\O 2.10–2.13
\O 2.15,2.23

O⁎\H 0.97

Pd\O 2.13–2.15
\C 2.13

C\H 1.11,1.12

Pd\O 2.13–2.15
\C 2.13,2.38
\H 1.25

C\H 1.11,1.12
QB Pd −0.07, +0.15

H −0.16
Pd−0.06, +0.28
C −0.32

Pd +0.02, +0.24
O −0.79

Pd−0.04, +0.22
C +1.52
O⁎ −1.88

Pd −0.03, +0.27
O⁎ −1.51
H +1.00

Pd −0.04, +0.15
C −0.26
H +0.01, +0.04

Pd +0.11, +0.15
C −0.20
H −0.04, +0.06

pyr13

Site/adsorbate H C O OH CO CH3 CH3+H

tt
Energy

2.98 5.42 4.2 2.12 2.13 2.28 dissociate

Pd\X Pd\H 1.57 Pd\C 1.72 Pd\O 2.15–2.25
\O⁎ 1.79

Pd\O 2.13–2.29
\O⁎ 1.96

O\H 0.98

Pd\O 2.16–2.20
\C 1.86

C\O⁎ 1.17

Pd\O 2.14–2.23
\C 2.03

C\H 1.10

Pd\O 2.16–2.28
\C 2.08
\H 1.00

C\H 1.10, 1.11
QB H −0.08 C −0.08 Pd −0.07, +0.31

O⁎ −0.66
Pd −0.07, +0.22
O⁎ −1.43
H +1.00

Pd −0.10, +0.08
O⁎ −1.88
C +1.75

Pd−0.12, +0.05
C −0.15
H −0.01, +0.05

Pd −0.13, +0.50
C −0.14
H −0.33, +0.04

tb
Energy

3.23 6.87 4.35 2.36 2.05 2.24 −0.57

Pd\X Pd\H 1.71, 1.73 Pd\C 1.80, 1.83 Pd\O 2.15–2.25
\O⁎ 1.93, 1.94

Pd\O 2.13–2.28
\O⁎ 2.11

O\H 0.97

Pd\O 2.14–2.25
\C 1.98, 2.00

C\O⁎ 1.19

Pd\O 2.16–2.23
\C 2.06

C\H 1.10, 1.11

Pd\C 2.05
\H 1.55

C\H 1.10, 1.12
QB H −0.11 C −0.22 Pd −0.07, +0.25

O⁎ −0.69
Pd −0.11, +0.15
O⁎ −1.46
H +1.00

Pd −0.09, +0.11
O⁎ −1.88
C +1.66

Pd−0.12, +0.11
C −0.24
H −0.01, +0.09

Pd
C −0.22
H −0.02, +0.07

th
Energy

3.32 8.89 4.48 2.24 1.88 1.93 −0.75

Pd\X 1.81, 1.84 Pd\C
1.95–2.01

Pd\O 2.19–2.26
\O⁎ 2.16–2.18

Pd\O 2.17–2.31
\O⁎ 2.32, 2.33

O\H 0.98

Pd\O 2.15–2.23
\C 2.06

C\O⁎ 1.20

Pd\O 2.13–2.22
\C 2.33

C\H 1.10, 1.11

Pd\C 2.09
\H 1.77

C\H 1.10, 1.11
QB H −0.14 C −0.26 Pd −0.04, +0.14

O⁎ −0.77
Pd −0.02, +0.11
O⁎ −1.51
H +1.00

Pd −0.08, +0.07
O⁎ −1.87
C +1.57

Pd−0.11, +0.13
C −0.52
H +0.07, +0.11

Pd
C −0.12
H −0.10, +0.03

sbo
Energy

3.72 8.35 5.16 3.29 2.65 2.29 dissociate

Pd\X Pd\H 1.70, 1.76 Pd\C 1.79, 1.83 Pd\O 2.11–2.25
\O⁎ 1.93, 1.94

Pd\O 2.13–2.27
\O⁎ 2.06

O\H 0.97

Pd\O 2.14–2.27
\C 1.96, 1.98

C\O⁎ 1.19

Pd\O 2.13–2.18
\C 2.08

C\H 1.10, 1.11

Pd\O 2.16–2.28
\C 2.08
\H 1.00

C\H 1.10, 1.11
QB H −0.12 C −0.18 Pd −0.08, +0.38

O⁎ −0.75
Pd −0.09, +0.27
O⁎ −1.46
H +1.00

Pd −0.17, +0.15
O⁎ −1.86
C +1.55

Pd−0.14, +0.15
C −0.11
H −0.07, +0.03

Pd −0.12, +0.04
C −0.21
H −0.37, +0.16

sbi
Energy

3.4 8.13 5.10 2.23 2.18 2.22 dissociate

Pd\X Pd\H 1.71, 1.76 Pd\C 1.86, 1.88 Pd\O 2.16–2.26
\O⁎ 1.99–2.05

Pd\O 2.16–2.23
\O⁎ 2.09

O\H 0.98

Pd\O 2.14–2.25
\C 1.96, 1.98

C\O⁎ 1.19

Pd\O 2.15–2.19
\C 2.11, 2.35

C\H 1.10–1.13

Pd\C 2.10,2.35
\H 1.00

C\H 1.10, 1.13
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Table 4 (continued)

pyr13

Site/adsorbate H C O OH CO CH3 CH3+H

QB H −0.09 C −0.26 Pd −0.10, +0.37
O⁎ −0.74

Pd −0.12, +0.30
O⁎ −1.50
H +1.00

Pd −0.11, +0.15
O⁎ −1.91
C +1.64

Pd−0.11, +0.15
C −0.25
H −0.01, +0.08

Pd
C −0.14
H −0.35, +0.01

sho
Energy

3.68 8.06 4.99 3.16 3.4 2.63 +0.78
bound wrt CH4

Pd\X Pd\H 1.68, 1.77 Pd\C 1.84–1.89 Pd\O 2.16–2.23
\O⁎ 1.99–2.17

Pd\O 2.13–2.29
\O⁎ 2.08

O\H 0.98

Pd\O 2.15–2.24
\C 2.02–2.17

C\O⁎ 1.20

Pd\O 2.15–2.19
\C 2.10, 2.28

C\H 1.10, 1.12

Pd\C 2.16, 2.19
C\H 1.10–1.13
Pd\H 1.70, 1.76

QB H −0.12 C −0.26 Pd −0.13, +0.28
O⁎ −0.75

Pd −0.09, +0.30
O⁎ −1.46
H +1.00

Pd −0.12, +0.13
O −1.92
C +1.62

Pd−0.10, +0.09
C −0.35
H +0.03, +0.10

C −0.35
H −0.10, +0.08

shi
Energy

3.45 8.12 5.1 2.52 2.36 2.22 −0.7

Pd\X Pd\H 1.74,1.89 Pd\C 1.87,1.88 Pd\O 2.17–2.25
\O⁎ 1.99–2.05

Pd\O 2.15–2.23
\O⁎ 2.09

O⁎\H 0.97

Pd\O 2.15–2.29
\C 2.00–2.07

C\O 1.20

Pd\O 2.15–2.19
\C 2.07

C\H 1.10, 1.13

Pd\O 2.16–2.24
\C 2.07
\H 1.81

C\H 1.10, 1.11
QB H −0.09 C −0.27 Pd −0.12, +0.39

O⁎ −0.78
Pd −0.10, +0.30
O⁎ −1.53
H +1.00

Pd −0.13, +0.19
O −1.90
C +1.64

Pd−0.11, +0.14
C −0.31
H +0.01, +0.09

Pd
C −0.19
H −0.06, +0.03

she
Energy

3.04 5.48 5.24 3.14 2.09 2.28 −0.56

Pd\X Pd\H 1.57 Pd\C 1.73 Pd\O 2.16–2.24
\O⁎ 1.94

Pd\O 2.13–2.27
\O⁎ 2.07

O⁎\H 0.97

Pd\O 2.13–2.31
\C 1.85

C\O⁎ 1.16

Pd\O 2.15–2.17
\C 2.10, 2.42

C\H 1.10–1.13

Pd\C 2.09
\H 1.57

C\H 1.09, 1.12
QB H −0.09 C −0.15 Pd −0.09, +0.36

O⁎ −0.75
Pd −0.13, +0.19
O⁎ −1.45
H +1.00

Pd −0.10, +0.12
O⁎ −1.82
C +1.64

Pd−0.10, +0.13
C −0.26
H −0.03, +0.09

Pd
C −0.19
H −0.06, +0.08

sbh
Energy

3.27 8.14 5.09 1.85 2.05 1.63 +0.64
bound wrt CH4

Pd\X Pd\H 1.72, 1.74 Pd\C 1.86–1.87 Pd\O⁎ 1.99–2.05 Pd\O 2.13–2.25
\O⁎ 2.15

O⁎\H 0.99

Pd\O 2.15–2.26
\C 1.98, 1.99

C\O⁎ 1.19

Pd\C 2.19–2.49
C\H 1.12–1.18

Pd\C N3
H\C 1.10

QB H −0.08 C −0.21 Pd −0.12, +0.37
O⁎ −0.75

Pd −0.10, +0.29
O⁎ −1.50
H +1.00

Pd −0.11, +0.07
O⁎ −1.85
C +1.63

C −0.41
H +0.05, +0.10

C −0.31
H −0.02, +0.16

57S.E. Stoltz et al. / Surface Science 630 (2014) 46–63
space sampling) computational errors, we find the mid-gap refer-
ence state most convenient.

The atomic Bader charges for Pd associated with the most-favored
sites show a+/− variation indicating the non-trivial charge flows asso-
ciated with atop, bridge, and hollow adsorption geometries: H atop
(−0.05, +0.06 e), C hollow (−0.05, +0.09 e), O bridge (−0.0, +
0.30 e). These values can be compared with the calculated (−0.12,
+0.13 e) variation in Pd charges on the clean Pd–STO interface. The
associated charge transfers onto the ligand are H (−0.05 e) b C
(−0.37 e) b O (−0.70 e).

4.2.3. 3-D atomic adsorption onto supported Pd particles
Atomic adsorption on the pyr5 particle in the 3 × 3× 1 surfacemodel

is reported in Table 4; here Pd\Pd bridge and hollow sites are
energetically favored over the apical atop site. The maximal H, C, and
O binding energies are respectively (0.91, 1.84, 0.45 eV) less than
those of the most favorable sites on the 1 ML Pd films, indicating that
pyr5 is somewhat less capable of binding light atoms. The adsorption
of atomic oxygen at different sites on the pyr5 particle is shown in
Fig. 8, reflecting the Pd\O⁎ bond lengths of (1.78 b 1.92 b 1.97 Å) for
top, bridge, and hollow, compared to the Pd\O substrate bonds of
2.09–2.19 Å.

Charge transfers onto the adsorbed atom follow the same scheme as
seen for the 1 ML film: H hollow (−0.16 e) b C hollow (−0.32 e) b O
bridge (−0.79 e). The range of Pd charge transfers is found as H
(−0.07, +0.15 e), C (−0.06,+0.28 e), O (+0.01, +0.25 e); in every
case the greatest Pd\X transfer is associated with the shortest Pd\X
bond length, as would be expected.

Particle size effects and consequences of greater degrees of freedom
can be observed in results for adsorption on a larger pyr13 particle in the
same 3 × 3 × 1 surface model, given in Table 4 and Fig. 8. Once again,
Pd\Pd bridge sites are energetically favorable, with O cohesive energies
ranging from 4.20 to 5.24 eV over the ten distinct sites surveyed. Of
these, the apical top–top adsorption site is least favored, and a ‘high-
side-edge’ (hse) bridging site is most favored; Pd\O⁎ bond lengths
range from 1.79 Å ‘top–top’ (tt) to 2.18 Å, the latter being also character-
istic of Pd\O substrate bonds. The most-favored hse site displays an in-
termediate Pd\O⁎ bond of 1.94 Å. Note that the maximal energy now
exceeds that of adsorption on 1 ML Pd by 0.14 eV. The Pd\O charge
transfers in this site: Pd (−0.09, +0.36 e) and O (−0.75 e) shows the
same trend as discussed above, with larger absolute values; similar
values are found for other low energy sites on this larger particle.

4.3. Molecular adsorption on zero-, two- and three-dimensional Pd

Adsorption of ‘simple’molecular ligands on any surface is an obliga-
tory starting point for both theoretical and experimental analyses of its
chemical activity. Thus, by treating adsorption of small molecules (OH,
CO, CH3) onto supported Pd atoms, films and particles, it becomes pos-
sible to begin to sort out the inter-linked effects of substrate and topol-
ogy upon chemical reactivity. Bearing inmind that partially oxidized Pd,
and hydroxylated substrates are expected to play a role in catalytic pro-
cesses, we also consider a limited number of cases of O and H
coadsorption nearby the target molecules. Experimental studies of CO
adsorption on Pd:nanocube STO are being undertaken [57]; catalytic ac-
tivity of this system for the hydrogenation of acrolein has been reported
[58]. Despite the complex ALD growthmechanism and somewhat com-
plex processing of high-surface area nano-STO, it should be possible to
make some comparisons between the present work and forthcoming
experiments.



Fig. 8. Pyramidal pyr5, pyr13 and hex10models showing adsorption sites in red. The site numbering is correlatedwith site labels in text and tables as follows. pyr5: atop (1), hollow (2), bridge
(3). hex10: atop (1), bridge (2, 3, 4), 4-fold hollow (5), 3-fold hollow (6). pyr13: atop (1, 6, 7, 8), bridge (2, 4, 5), 3-fold hollow (9, 10), 4-fold hollow (3). Sites may be further characterized as
side-, high-, edge-, etc. (For interpretation of the reference to color in this figure legend, the reader is referred to the web version of this article.)
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4.3.1. OH molecular adsorption
Table 3 gives parameters of OH adsorption on Pd at 1/8ML coverage

in the 2 × 2 × 2 surface model. In the favored Pd-bridge configuration, a
binding energy of 2.42 eV is favored over the Pd-atop site by ~0.3 eV. An
O⁎\Pd bond length of 1.98 Å is found, with a typical value of 0.98 Å
found for the O⁎\H bond. As is typical of odd-electron admolecules,
the OH axis is predicted to be tipped, by ~45° relative to the (001) nor-
mal. Of course, OH−1 would be an even electron system, so the outcome
is not obvious. The Bader charges are (−1.46, +1.00, +0.42 e) for O⁎,
H, and Pd respectively, showing a considerable charge transfer of
~0.37 e from Pd to the hydroxyl oxygen.

For 1 ML Pd in the 2 × 2 × 2 model (Table 3) we find that the Pd2-
bridge OH site (3.25 eV) is favored by ~0.2 and ~1.2 eV over the atop-
Pd and 4-fold Pd-hollow positions. Coordination of O⁎ to two Pd atoms
is seen to confer an additional ~0.8 eV of stability, compared to binding
to one Pd. An O⁎\Pd bond length of 2.12 Å is found, essentially equal to
the 2.12–2.30 Å Pd distances to substrate oxygen. The O⁎\H bond is
again found as 0.98 Å. The Bader charges of (−1.44, +1.00, −0.06 to
+0.24 e) for O⁎, H and Pd show a hydroxyl distribution similar to that
for adsorption on one Pd, and not surprisingly, with ~0.22 e being trans-
ferred from each bonded Pd to O⁎.

Considering the pyr5 particle in its most favorable configuration, OH
adsorption is predicted to be most likely at the Pd2-bridge location (as
for 1 ML Pd), by 0.44 and 0.91 eV relative to atop-Pd and hollow-Pd3
sites. The unrealistically large binding energy of 8.62 eV given in
Table 4 is due to the convergence of the OH-in-gap reference state to a
charged ion, as driven by equilibration of the Fermi energies of the
two subsystems. The staggered Pd2\O⁎ configuration gives bond
lengths (2.04, 2.12 Å) slightly shorter than those of the Pd–O substrate,
which range over 2.14–2.21 Å. Bader charges of (−1.58, +1.00, +0.01
to 0.35 e) for O⁎, H, and Pd show a greater charge transfer to OH com-
pared to the planar film results listed above.

Next consider the larger pyramidal particle pyr13 for which the site
sbo (side-bridge-outer) is favored by 0.13–0.15 eV over sho (side-hol-
low-outer) and she (side-high-edge) sites, as shown in Table 4. Binding
energies for the remaining eight sites considered are found to be consid-
erably less, by 0.8 to 1.2 eV. As in the case of pyr5, the OH-in-gap refer-
ence state converges to a charged hydroxyl (O⁎H)−0.41 which
however, does not affect relative energy comparisons. The Pd2\O⁎

bond length of 2.06 Å is comparable to those of the smaller particle,
with the Pd\O substrate bonds of 2.13–2.27 Å again being typical, as
is the O⁎\H bond of 0.97 Å. The Bader charges of (–1.46, +1.0,−0.09
to +0.27 e) for O⁎, H and Pd again show net transfer of ~0.5 e from
bonded Pd to hydroxyl oxygen.

The 3 × 3 × 1 surface mesh with a hex10 particle provides the final
example presented here: the sht (side-high-tri: 3-fold hollow) site for
OH is favored by 0.13 eV over the sb (side-bridge) site; all other sites
are more than 0.5 eV higher in energy (Table 5). The Pd\O⁎ bond



Table 5
Atom andmolecule adsorption on supported hex10 cluster on TiO2 terminated STO(100) in 3 × 3 × 1 substrate model. Pd7 base is in registry to surface layer oxygen; adsorbate/molecular
coverage corresponds to 1/9 ML; see text. Binding energies (eV) are given with respect to atom/relaxedmolecule located at mid-gap between STO slabs with identical computational pa-
rameters. Site notation is: top–top (tt), top-bridge (tb), top-hollow (th), side-bridge (sb), side-bridge-high (sbh), side-hollow-quad (shq), side-hollow-tri (sht). Only stable sites are listed.

Site/energy H C O CO OH CH3

tt
Energy

2.49 5.52 3.82 2.1 1.7 1.72
Partially dissociated

Pd\X Pd\O 2.14–2.22
\H 1.54

Pd\O 2.15–2.23
\C 1.86

Pd\O 2.14–2.24
\O⁎ 1.80

Pd\O 2.14–2.24
\C 1.80

C\O 1.20

Pd\O 2.14–2.22
\C 2.04

O\H 1.00

Pd\O 2.14–2.22
\C 1.88
\H 1.73, 1.74

C\H 1.10, 1.11
QB Pd−0.07, +0.08

H −0.11
Pd −0.10, +0.10
C −0.13

Pd −0.05, +0.33
O −0.64

Pd−0.06, +0.07
O⁎ −1.87
C +1.70

Pd−0.01, +0.21
O⁎ −1.50
H +1.00

Pd −0.08, +0.14
C −0.22
H−0.11, +0.06

tb
Energy

2.78 6.55 4.15 1.64 1.92 2.25

Pd\X Pd\O 2.14–2.22
\H 1.85

Pd\O 2.16–2.29
\C 2.02

Pd\O 2.15–2.32
\O⁎ 1.95

Pd\O 2.15–2.32
\C 1.95

C\O 1.12

Pd\O 2.14–2.22
\O⁎ 2.06

O\H 1.00

Pd\O 2.15–2.31
\C 2.18, 2.22

C\H 1.10, 1.16
QB Pd−0.04, +0.10

H −0.16
Pd −0.06, +0.12
C −2.54

Pd −0.01, +0.28
O −0.74

Pd−0.06, +0.09
O⁎ −1.88
C +1.60

Pd−0.02, +0.17
O⁎ −1.56
H +1.00

Pd −0.07, +0.08
C −0.31
H−0.02, +0.10

th
Energy

2.8 7.81 4.14 1.77 1.94 2.08

Pd\X Pd\O 2.14–2.22
\H N3

Pd\O 2.17–2.24
\C 1.87, 1.90

Pd\O 2.18–2.23
\O⁎ 2.01, 2.06

Pd\O 2.18–2.24
\C 2.00, 2.07

C\O 1.20

Pd\O 2.14–2.22
\O⁎ 2.07, 2.16

O\H 1.00

Pd\O 2.19–2.20
\C 2.11

C\H 1.10, 1.12
QB Pd−0.05, +0.08

H −0.11
Pd −0.05, +0.09
C −0.31

Pd −0.02, +0.21 Pd−0.02, +0.09
O⁎ −1.94
C +1.58

Pd−0.02, +0.15
O⁎ −1.58
H +1.00

Pd −0.01, +0.16
C −0.35
H +0.02, +0.08

sb
Energy

2.42 8.67 4.89 2.42 2.51 2.8

Pd\X Pd\O 2.15–2.22
\H 1.81, 1.84

Pd\O 2.17–2.23
\C 1.87–1.92

Pd\O 2.16–2.26
\O⁎ 1.92, 1.93

Pd\O 2.16–2.24
\C 1.94, 1.98

C\O 1.19

Pd\O 2.14–2.22
O⁎ 2.06
O\H 1.00

Pd\O 2.15–2.24
\C 2.09, 2.24

C\H 1.11, 1.14
QB Pd−0.13, +0.11

H −0.16
Pd −0.15, +0.10
C −0.33

Pd −0.12, +0.36
O⁎ −0.72

Pd−0.14, +0.21
O⁎ −1.86
C +1.64

Pd−0.10, +0.27
O⁎ −1.52
H +1.00

Pd −0.13, +0.17
C −0.28
H−0.05, +0.11

sbh
Energy

3.42 7.13 4.16 1.63 2.51 2.44
Dissociated

Pd\X Pd\O 2.15–2.22
\H 1.81, 1.84

Pd\O 2.13–2.30
\C 1.82

Pd\O 2.15–2.32
\O⁎ 1.95

Pd\O 2.15–2.32
\C 1.94

C\O 1.20

Pd\O 2.15–2.22
\O⁎ 2.02, 2.06

O⁎\H 1.00

Pd\O 2.16–2.27
\C 2.05, 2.13
\H 1.57–1.75

C\H 1.10
QB Pd−0.13, +0.11

H −0.16
Pd −0.04, +0.10
C −0.30

Pd −0.02, +0.29 Pd−005, +0.10
O⁎ −1.85
C +1.57

Pd−0.10, +0.27
O⁎ −1.52
H +1.00

Pd −0.06, +0.19
C −0.46
H−0.12, +0.09

shq
Energy

2.07 8.76 4.20 2.15 1.91 1.96

Pd\X Pd\O 2.14–2.22
\H N3

Pd\O 2.17–2.26
\C 1.98–2.03

Pd\O 2.13–2.22
\O⁎ 2.14

Pd\O 2.17–2.20
Pd\C 2.15, 2.20
C\O 1.22

Pd\O 2.15–2.23
\O⁎ 2.32–2.43

O\H 0.97

Pd\O 2.13–2.28
\C 2.13, 2.28

C\H 1.11, 1.20
QB Pd−0.12, +0.10

H −0.05
Pd −0.15, +0.18
C −0.41

Pd −0.11, +0.24
O −0.77

Pd−0.14, +0.17
O⁎ −1.91
C +1.57

Pd−0.09, +0.23
O⁎ −1.49
H +0.99

Pd −0.10, +0.14
C −0.26
H +0.02, +0.04

sht
Energy

2.34 8.78 4.68 2.41 2.64 2.59
Completely dissociated

Pd\X Pd\O 2.14–2.22
\H N3

Pd\O 2.14–2.21
\C 1.89–1.98

Pd\O 2.16–2.24
\O⁎ 1.93

Pd\O 2.16–2.23
Pd\C 1.94, 1.98
C\O 1.19

Pd\O 2.16–2.26
O⁎ 2.11–2.13
O\H 1.01

Pd\O 2.17–2.35
\C 1.90–2.04
\H 1.65–1.74

C\H N3
QB Pd−0.11, +0.11

H −0.14
Pd −0.14, +0.21
C −0.32

Pd −0.12, +0.37
O −0.73

Pd−0.13, +0.20
O⁎ −1.87
C +1.65

Pd−0.05, +0.27
O⁎ −1.47
H +0.99

Pd −0.20, +0.30
C −0.29
H−0.26, −0.10

59S.E. Stoltz et al. / Surface Science 630 (2014) 46–63
length of 2.11 Å is a little larger than found for the 2-fold bridged sites
reported above. The Pd\O (2.16–2.26 Å) and O⁎\H (1.01 Å) bonds
are consistent with the preceding models. Bader charges of (−1.47,
+0.10, −0.05 to 0.27 e) for O⁎, H and Pd confirm the nature and size
of Pd to hydroxyl charge transfer in all cases studied.

4.3.2. CO molecular adsorption
Table 3 gives parameters of CO adsorption on Pd at 1/8 ML coverage

in the 2 × 2 surface model. In the favored Pd-atop configuration, a bind-
ing energy of 2.48 eV and C\Pd bond length of 1.85 Å is found; the Pd-
bridge state falls 0.07 eV higher in energy. A reasonable C\O bond
length of 1.16 Å is found. Bader charges of (+1.81, −2.05, +0.26 e)
for C, O⁎, and Pd show a polar CO group, with net charge of−0.24 e do-
nated almost exclusively by its bound Pd.

For 1 ML Pd in the 2 × 2 model (Table 3) we find the Pd2-bridge CO
site to be favored, similar to OH. The atop and 4-fold hollow sites are up-
hill in energy by ~0.4 eV. In the 2-fold bridge configuration, the Pd\C
bond length of 1.99 Å is somewhat larger than for the isolated Pd ad-
sorption as would be expected. The CO bond length of 1.18 Å is similar
to that of the atop case. Bader charges of (+1.66, −1.87, −0.07 to



Fig. 9. Lowenergymolecular adsorption sites on pyr13 cluster, supported on (3×3×1) STO(001) substrate: (a) CH3 atop, (b) COhollow, (c) OH bridge, (d) CH3 bridge+O hollow. Pd=gray,
carbon = black, oxygen = red, hydrogen = pink. (For interpretation of the references to colors in this figure legend, the reader is referred to the web version of this article.)
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+0.11) for C, O⁎, and Pd show the bridged CO to be slightly less polar,
and the component atoms to be noticeably less ionic compared to atop.

Adsorption of CO on the pyr5 cluster was modeled; energetics and
geometric data are given in Table 4. The Pd3-hollow site is found to be
most stable, lying 0.1 and 0.9 eV below the 2-fold bridge and 1-fold
atop sites. With increasing coordination, the Pd\C bond lengths again
increase, to 2.01–2.02 Å, while the CO bond remains at 1.18 Å. The
Bader charges (+1.52, −1.88, −0.04 to +0.22) for C, O⁎, and Pd
show CO to be more ionic in this configuration than either of the film
geometries discussed above.

The larger pyramidal particle pyr13 (Table 4) again reveals a strong
CO preference for 3-fold Pd3-hollow sites. The sho (side-hollow-outer)
site is favored by 0.75, 1.04 eV over the 2-fold sbo (side-bridge-outer)
and 3-fold shi (side-hollow-inner) sites respectively. Pd\C bond lengths
range over 2.02–2.17 Å, with CO relaxing a bit to 1.20 Å. Bader
charges of (+1.62, −1.92, −0.12 to +0.13) for C, O⁎, and Pd reveal
a charged CO−0.3 group, and with the larger electron reservoir of the
Pd13 particle, a less perturbed metal donor.

The hexagonal hex10 particle (Table 5) shows two sites with nearly
identical greatest binding: 2-fold sb (side-bridge) and 3-fold sht (side-
hollow-tri). 4-fold hollow and top-most atop sites followed by ~0.3 eV
in energy ranking. The sb site reveals Pd\C bond lengths of 1.94 and
1.98 Å, with a CO bond of 1.19 Å. Bader charges of (+1.64, −1.86,
−0.14 to+0.21 e) for C, O⁎, and Pd show the now familiar distribution,
with CO net charge of −0.22 e.
4.3.3. CH3 molecular adsorption
Table 3 gives parameters of CH3 adsorption on Pd at 1/8ML coverage

in the 2 × 2 surfacemodel. In the favored Pd–bridge configuration, bind-
ing energy of 2.37 eV and Pd\C bond length of 2.03 Å are found. The
C\H bond lengths of 1.10–1.11 Å and Bader charges of (−0.15,
−0.01 to+0.01,+0.22 e) for C, H, and Pd set reference values for com-
parison with adsorption on more dense Pd conformations. Table 3 also
gives comparable data for adsorption on 1 ML coverage; with binding
energy of 2.91 eV for the favored atop site, with the 2-fold bridge site
lying 0.15 eV higher. The 4-fold hollow site lies 0.9 eV above the atop
configuration. The atop Pd\C, and C\H bond lengths are 2.02, and
1.10 Å respectively, with Bader charges (−0.27, +0.01 to +0.14,
−0.06 to +0.22 e) for C, H, and Pd.

Adsorption on pyr5 is reported in Table 4; here the favored bridge
configuration has an energy of 2.35 eV, lying 0.1 and 0.3 eV below
atop and 3-fold hollow sites respectively. The bridge Pd\C and C\H
bond lengths are 2.05 and 1.10 to 1.13 Å, the 2-fold coordination to Pd
leading to slightly relaxed bonds. Bader charges of (−0.27, 0.0 to
+0.07, −0.05 to +0.18 e) for C, H, and Pd show the same general
characteristics and values as for planar adsorption discussed above.

Data for the pyr13 adsorption are also given in Table 4, showing the
3-fold sho site, with binding energy 2.63 eV, to be most favored. The
2-fold and alternate 3-fold sites follow, clustered ~0.3 eV higher, with
the 4-fold hollow being least favored of all. In sho, the Pd\C and C\H
bond lengths are 2.20–2.28 Å and 1.10–1.12 Å respectively, showing a
further relaxation with increasing Pd coordination. Bader charges
(−0.35, +0.03 to +0.10, −0.10 to +0.09 e) for C, H, and Pd report
an electronic distribution slightly more polar than found for 1- and
2-fold coordination.

The hexagonal hex10 particle (Table 5) shows the sb (side-bridge)
configuration at the lowest energy, followed by 3-fold sht 0.2 eV higher.
Following another bridging site sbh at 0.37 eV, the remaining configura-
tions fall at higher energy ranging from 0.6 to 1.0 eV. For sb the Pd\C
bond lengths are 2.09, 2.24 Å with C \H bonds at 1.11, and 1.14 Å.
Bader charges are (−0.28, −0.05 to +0.11, −0.13 to +0.17 e) for
C, H, and Pd following a trend seen for the other particles.

4.3.4. CH3 molecular co-adsorption with H and O
By considering the co-adsorption of methyl and H we may exam-

ine some of the ‘end points’ of the process by which CH4 dissociates
in interaction with Pd. Treating the full potential surface for incom-
ing methane upon the PdN overlayers and particles is well beyond
the scope of this work. However, insights may be gained by taking
snapshots of some possible initial, intermediate and final states. Sim-
ilarly, in view of the apparent activation of Pd metal as a catalyst in
partial oxidation, study of the methyl–oxygen interaction on Pd can
be revealing. Fig. 9d shows a typical relaxed geometry for CH3+O
on a low-energy sho site of the pyr13 particle. Due to its limited bond-
ing capability, H migrates to a staggered bridge site, while O prefers



61S.E. Stoltz et al. / Surface Science 630 (2014) 46–63
the nearby 3-fold hollow as shown. The energetics show that
coadsorption of CH3 and O, at 7.28 eV is not favored over indepen-
dent adsorption on separate, minimum energy sites (7.87 eV) so no
thermodynamic driving force is present. On the other hand, if oxygen
is already present (as is highly likely), methyl adsorption is still
highly favored.

As methane is believed to spontaneously dissociate in contact
with Pd, it is not surprising that attempts to form closely linked
CH3+H complexes generally failed. For the pyr13 model, only the
sho site was found to be stable relative to CH4 in the vacuum-slab
gap, and by only 0.22 eV. In this case the methyl Pd\C and C\H
bond lengths are reasonable (2.15–2.19, 1.10–1.14) Å while the
fourth hydrogen is loosely coupled to methyl with a C\H distance of
1.61 Å. The methyl H are positive (+0.08 e) while the weakly bound
H is anionic (−0.10 e). Of course, well-separated methyl and an addi-
tional H–Pd pair are quite stable. These data suggest that it would be in-
teresting to map out a static energy landscape for the CH3+H complex
on and around the metal particles. Such a study is however, beyond the
scope of the present work.

5. Summary and conclusions

The general state of knowledge is that particle topological features,
just like surface steps, edges, and kinks provide active metal sites for
chemisorption and subsequent catalytic reactions. The present work
has explored the structural stability and energetics of a number of PdN
particles with structure found experimentally upon STO(001) surfaces,
andwhich are known to exhibit catalytic response. By comparisonwith
low and moderate coverage 0D and 2D metal films on the oxide sub-
strate, we have been able to quantitatively compare and contrast fea-
tures of electronic structure and resulting chemical properties as
measured by adsorption of atoms and small molecules upon the 3D
particles.

In the following energy comparisons, it is good to bear in mind the
unavoidable differences between reference states in some cases, and
the limitations of the DFT potentials used in general.

Using the 2 × 2 × 2 surface model as an example of 2D configura-
tions, we find the lowest energies for 1/8-, 1/4-, 1/2-, and 1 ML Pd cov-
erages as 1.48 b 1.69 b 1.98 b 2.53 eV/Pd respectively. This clearly
demonstrates the cohesive attraction of Pd–Pd interactions on the sur-
face, stabilizing larger rafts and particles. A further indication of the rel-
ative importance of Pd–Pd interactions is found by comparing two
geometries of the 1/2 ML coverage: compact ribbon vs dispersed struc-
ture shows an advantage of 0.36 eV/Pd for the compact structure. The
Pd\O bond lengths follow a similar trend: 2.05 b 2.07 b 2.14 b 2.22 Å
indicating a qualitative weakening of the metal–substrate interaction
with increasing metal concentration. Pd Bader charges of 0.05, −0.04
to +0.04, −0.04 to +0.02, and −0.12 to +0.13 e reveal a steadily
increasing charge transfer between substrate and adsorbate with in-
creasing coverage; this along with increasing bond lengths suggests an
increasing ionic bonding characteristic.

Moving from 2D to 3D PdN supported particles, recall that the most
favored sites maximize Pd\O bonding, and that the surface oxygen
mesh is square with nearest O\O distance of a/√2= 2.761 Å. The sim-
plest pyr5 particle with square base relaxes (in the 2 × 2 × 2model) to a
Pd–Pd basal-plane distance of 2.65 Å and base-apex bond of 2.67 Å,
representing a compressive strain of 4% on the substrate surface-layer.
The surface O aligns with Pd; the cohesive energy of 2.35 eV/Pd is inter-
mediate between that of 1/2- and 1ML films, with Pd\O bond length of
2.14 Å identical to that of 1/2 ML. A notable difference is seen in the Pd
Bader charges, which increase in magnitude,−0.28 to +0.19 e.

Turning to a larger pyramid pyr13 in the (3× 3× 2)modelwe find an
expected increased stability, 2.78 eV/Pdwith a 9 atom basewhich is not
perfectly planar. Basal Pd\O distances range from 2.13 to 2.18 Å, slight-
ly relaxed compared to pyr5. The base–base Pd bond lengths, 2.64–
2.69 Å, the base-plateau lengths of 2.64–2.82 Å, and plateau–plateau
lengths of 2.79–2.81 Å all show a tendency to relax toward the Pd me-
tallic value with increasing size, and distance from the substrate. The
hex10 and hut8 particles confirm these trends, with minor quantitative
differences. Thus it is apparent that the so-called strongmetal–substrate
interaction is largely confined to the contact layer, weakening rapidly
for metal sites with distance from the interface. As measured by the
Bader partitioning, the magnitude of charge transfer between sub-
strate and particle, and within particle atoms reaches a few tenths
of e, with Pd closest to O becoming most positively charged as
would be expected.

Atomic adsorption onto relatively isolated Pd and onto PdN particles
shows systematic trends: let us turn first to oxygen, since it is known to
influence the catalytic activity of themetal. The calculated binding ener-
gy per O is 3.79 b 4.65 b 4.89 b 5.10 b 5.24 eV for 1/8 ML, pyr5, hex10,
1 ML, and pyr13 binding respectively. In general oxygen is found to pre-
fer 2-fold bridge sites, although obviously the geometries vary from one
case to another. The corresponding Pd\O⁎ bond lengths are 1.82, 1.92,
1.92, 1.98, and 1.94 Å with oxygen Bader charges of −0.69, −0.79,
−0.72, −0.70, and−0.75 e showing a moderate trend toward greater
bond length with greater binding energy, perhaps contrary to expecta-
tion. The adsorbate O⁎ has considerably less charge than that of sub-
strate oxygen — ranging typically from −1.1 to−1.3 e.

With its limited bonding capacity, H tends to prefer atop and stag-
gered bridge sites,while polyvalent C seeksmultiple Pd\C coordination,
choosing hollow sites where available. Thus, energies for H adsorption
are found to be 2.78 (hex10 top) b 3.25 (pyr5 hollow) b 3.78 (1/8 ML
top) b 4.16 eV(1 ML top), both particles calculated in the 3 × 3 × 1
model. The corresponding Pd\H bond lengths of 1.85, 1.73, 1.58, 1.61
Å suggest delocalized bonding, with H Bader charges of−0.16, −0.16,
−0.17, and −0.05 e showing formation of a weak anion. For carbon
we find 4.79 (1/8 ML top) b 7.31 (pyr5 hollow) b 7.81 (hex10 hollow) b
9.15 eV(1 ML top), with the unrealistically large values being due
to a charged C-slab reference state described previously. The corre-
sponding Pd\C bond lengths of 1.76, 1.89, 1.87, and 1.97 Å and C
Bader charges of −0.18, −0.32, −0.31, and −0.37 e suggest a mix-
ture of ionic and covalent bonding, with greater ionicity associated
with greater bond length, as seen in Pd–O⁎ interactions.

We summarize here the results and conclusions for adsorption of
CO, the experimental favorite, on pyr5, pyr13, and hex10 in the most
favored configurations. CO binding energies are respectively 2.01 b

2.42 b 3.40 eV for 5-, 10-, and 13-atom Pd particles in 3-fold, bridge,
and 3-fold hollow sites. The corresponding Pd\C and C\O⁎ bond
lengths are (2.01–2.02, 1.20), (1.94–1.98, 1.19) and (2.02–2.17, 1.20)
Å while the C, O⁎ Bader charges are (+1.52, −1.88), (+1.64, −1.86)
and (+1.62, −1.92)e respectively. A consistent picture thus arises
of binding increasing systematically with particle size, and thus
with variety of site topologies available. The shortest Pd\C bond
lengths of 1.94 to 2.02 Å and the net CO charges of −0.22 to −0.36
e are compatible with a moderately strong covalent bond to the
metal. The resulting CO dipole moment points from O⁎ toward C, as
would be expected.

Assaying the OH data presented in a previous section similarly, one
sees molecular cohesive energies of 8.62, 2.64 and 3.29 eV for 5-, 10-,
and 13-atom particles in bridge, hollow, and bridge sites respectively.
The anomalously large value for OH at pyr5 is due to a highly charged
(−0.54 e) OH-in gap reference state induced by Fermi statistics. A cor-
rection of that value to a common reference would pull it back into con-
formity with the general trend. The respective Pd\O⁎, and O⁎\H bond
lengths are pyr5 (2.04–2.12, 0.97), hex10 (2.11–2.13, 1.01) and pyr13
(2.06, 0.97) Å with corresponding O⁎, H Bader charges of (−1.58,
+1.0), (−1.46, +1.0) and (−1.47, +0.99)e respectively. The shortest
metal–O⁎ bonds of 2.04–2.11 Å and the net O⁎H charges of −0.46 to
−0.58 e lead to a characterization of the hydroxyl bond as being some-
what more ionic than that of CO.

In the same manner, we summarize methyl on PdN as follows: cohe-
sive energy 2.35, 2.80, and 2.63 eV on 5-, 10- and 13-atom supported
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particles, in bridge, bridge, and hollow configurations. CH3 reveals a num-
ber of partial or totally dissociated states at relatively low energies on
other sites; all of these are of higher energy than the stable sites justmen-
tioned. Pd\C bond lengths of pyr5 2.05, hex10 2.09–2.24, pyr13 2.10–2.28
Å and C\H bonds of 1.10–1.13, 1.11–1.14, and 1.10–1.12 Å are found, re-
spectively. The Pd\C bond is thus systematically longer in methyl
than in CO; the C\H bonds are likewise longer than the O\H
bonds, all as expected. Very limited studies of CH3 coadsorption
with O and H were made, to obtain some idea about cooperative ef-
fects. On pyr13 it was found that preadsorbed O reduces the binding
energy of close-by methyl by ~0.5 eV; on the other hand the
CH3+H interaction might be called repulsive at short separations.
Any CH3+H complex assembled on the Pd particle relaxed to a
weak association, or a dissociated state.

To summarize our results grosso modo: Relaxed chemical struc-
tures involving PdN:STO(001) show features expected on the basis
of ‘cartoon models’ developed from chemical intuition and limited
experimental data, now expressed in quantitative form. Model sys-
tems such as those presented here, in combination with atomic-
scale synthesis and analysis, may be expected to lead to more stable,
selective and highly reactive catalysts. In view of recent experimen-
tal measurements, showing variation in particle morphology, and
catalytic activity/selectivity with substrate chemistry, further stud-
ies of supported Pt and Ag nanoparticles are planned, using mixed-
perovskite substrates such as Sr1 − xBaxTiO3.
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