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Supported metal electronic structure: Implications for molecular adsorption
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Using ab initio methods, we examine the electronic structure of substrate-supported metal films. We predict
a coexistence between charge-transfer valence-bond states and bandlike metallic states. The role of the support
composition in determining the balance of bond and band states is elucidated for Pt on Al- and O-terminated
a-Al,O3, and we reveal how this coexistence evolves with metal film thickness. Using CO chemisorption as a
probe of metal film electronic structure, we demonstrate that this combination of bond and band effects leads

to significant changes in surface chemistry.

DOI: 10.1103/PhysRevB.72.081409

The electronic structure of thin metal films is sensitive to
boundary conditions, such as interactions with an oxide sup-
port. For sufficiently thin films, the electronic structure re-
sponse to the support material can qualitatively change the
physical and chemical properties at the surface of the film.
An understanding of how the support material alters the
properties of the metal can suggest alternate methods for
tuning the activity at the metal surface. Such knowledge will
allow for the creation of more efficient catalysts for manu-
facturing processes, fuel combustion, and the treatment of
automotive exhausts and for the production of more sensitive
chemical sensors.

Numerous theoretical and experimental studies have sug-
gested that the support material plays an important role in
tuning the reactivity at the surface of the metal
nanoparticles.'"® For example, early studies of Pt on ZnO
showed that the support termination (Zn or O) has a signifi-
cant influence on the desorption of CO from the Pt surface.’
Later studies suggested that this change in desorption tem-
perature is due to differences in charge transfer at the differ-
ent metal-oxide support interfaces.® In addition, many studies
indicate that the size and shape of the nanoparticle as well as
direct adsorbate-support interactions are important contribut-
ing factors to the metal surface reactivity.>°~'4 However,
separating the effects of the support-metal interactions from
nanoparticle size and shape effects and direct adsorbate-
support interactions is not trivial. The first experimental
study to eliminate the latter two effects was recently per-
formed by Chen and Goodman,'3 in which they used a thin
film geometry to investigate the influence of a TiO, support
on the reactivity of Au. Their study showed that charge trans-
fer between the support and the metal catalyst significantly
affects the reactivity at the metal surface.

Adsorbate-metal interactions can be characterized by a
simultaneous transfer of electrons from the adsorbing mol-
ecule into unoccupied metal states (direct bonding) and a
back donation of electrons from occupied metal states into
the adsorbate orbitals. For transition metal surfaces, this ex-
change is achieved through interactions with the d orbitals of
the metal. Previous work of Hammer and Ngrskov showed
that molecular chemisorption can be predicted solely by ob-
serving shifts in the center of the total d-band density of
states (DOS) of the metal.'®!7 While this method has been
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successfully applied to a number of unsupported metal sur-
faces, it cannot describe complicated rearrangements in the
population and energy levels of the DOS of the surface d
orbitals which may result from covalent or metallic bonding
present at the metal-support interface. Such modifications of
the metal surface d orbitals can have a considerable influence
on molecular adsorption by altering the direct- and back-
bonding interactions at the surface.

In this paper, we present a systematic study of the elec-
tronic structure of Pt thin films, and its modification due to
interactions with two a-alumina substrates with different
electronic properties. We use density functional theory'®!
(DFT) calculations and orbital-projected DOS to demon-
strate how changes in the support affect each of the metal d
orbitals. We then apply these results to demonstrate how the
electronic structure trends of supported films give rise to
anomalous chemisorption trends with respect to film thick-
ness and substrate. The thin film geometry used in this study
excludes particle shape and direct support interactions, al-
lowing us to concentrate on the effect of the metal-support
interactions on the metal surface reactivity. We observe dra-
matic differences in the electronic properties at the metal
surface in Pt films of 1-5 atomic layers deposited on oxide
supports with different electronegativities, emphasizing the
importance of the underlying support. In particular, we show
that support-metal interactions can create localized covalent
bonds, whose character varies with the support surface.
These bond-valence states evolve with Pt film thickness dif-
ferently from the underlying metallic band states, leading to
a rich dependence of electronic structure on film thickness.

To elucidate this rich surface chemistry we constructed a
model based on second-order perturbation theory:

or ng (&)|V,]? = ng ()|Vof
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(1)

Here n, (¢) and n, (&) are the number of d states of eigenen-
ergy & and correct symmetry to interact with the CO 277" and
5o orbitals, respectively. The first term in this equation cor-
responds to the energy gained from the back donation of
electrons from the metal d,, orbitals to the CO 27" orbitals,
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while the second term measures the gain in energy from the
exchange of electrons from the CO 5¢ to the metal do or-
bitals. V. and V, represent the coupling matrix elements for
back donation and direct donation of electrons between the
metal surface and the CO 27" and 5o orbitals, respectively.
Similar to the arguments presented by Hammer and
Narskov,'%17 this model allows us to correlate trends in the
metal’s DOS to changes in the chemisorption energy of a
molecule to the metal surface. The important differences are
as follows: the integrals are only over filled or empty states
(as appropriate for the particular interaction), only the spe-
cific metal d orbital involved in bonding at a particular site
with a specific CO orbital is considered, and the integral
reflects the bonding strength of each part of the DOS. CO o
bonding is due to interactions with empty d.2 states at the top
site and empty d,, and d,>_> states at the hollow site. CO
bonding at both sites is with the filled metal d,, and d,,
states. y

We examine metal-oxide interfaces of different electro-
negativities by considering two variants of the a-alumina
surface: the Al-terminated surface (Al;), which is the most
stable clean surface,”® and the strongly polar O-terminated
surface (O7), which is stable when hydrogen or a supported
metal is adsorbed.?! We use a slab geometry with an in-plane
(V3 X y3)R30° unit cell and periodic boundary conditions to
model the alumina surface.?> The layer stacking can be rep-
resented by the formula (Al-Os-Al),-Al-O5-Al,-(Pt3),,
where m=0 or 1 for the O; and Al surfaces, respectively,
and n is the number of Pt layers. For both terminations, the
interfacial Pt atoms are in the energetically preferred registry,
directly above the surface O atoms, forming a Pt(111) film.
All calculations were performed using DFT with the gener-
alized gradient approximation?® for the exchange correlation
functional, as implemented in the dacapo code,* with a
plane-wave cutoff of 30 Ry, ultrasoft pseudopotentials,? and
a 2X2X 1 Monkhorst-Pack k-point mesh.?® All slab calcu-
lations were performed with at least 12 A of vacuum be-
tween periodic images in the [0001] direction. Total energies
were tested to ensure that there were no surface interactions
through the slab or the vacuum. The theoretical a-Al,O3
in-plane lattice constant of 4.798 A was used [experimental
=4.759 A (Ref. 27)]. In order to eliminate strain effects, all
adsorption energies were compared to unsupported Pt(111)
calculations at the same in-plane geometry as the supported
metal. [This corresponds to the experimental Pt(111) in-plane
lattice constant of 2.77 A] For our simulations, we fixed the
ions in the bottom two alumina layers to their theoretical
positions, relaxed the third layer perpendicular to the surface,
and fully relaxed the remaining alumina layers, Pt layers, and
adsorbates until the remaining force on each atom was less
than 0.01 eV/A. We correct for known DFT CO chemisorp-
tion errors”®2° using the extrapolation method of Mason and
coworkers® and have estimated chemisorption error bars of
0.02 eV.

Figure 1 shows the projected DOS of the surface Pt atoms
for one and two layers of Pt deposited onto an Al;-alumina
surface. The Al; surface is slightly electropositive, so when
metal is deposited onto the oxide support, the metallic bands
formed at the interface are affected by charge transfer from
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FIG. 1. The orbital-projected DOS plots for the surface Pt atoms
for the Pt/Al;-alumina system. The shaded regions represent the
Pt(111) surface, the solid (—) lines are for the monolayer and the
dashed (--) lines are for the bilayer.

the surface Al atoms into the metal atoms. For a single layer
of Pt atoms on the Al surface, this charge transfer reduces
the number of free states in all five d orbitals, relative to
unsupported Pt(111), increasing the electron-electron repul-
sions within these orbitals and shifting the filled DOS up-
ward in energy. Table I shows the changes in binding energy
due to 7 and o bonding at top and hollow sites as predicted
by a fit of our model to DFT calculations. Here, our model
shows that the upward shifts in the filled DOS of the d,, and
d,, orbitals results in strong 7 bonding at both top and hol-
low sites. This greatly enhances the bonding of CO to the Pt
surface, relative to Pt(111). On the other hand, changes in the
number of unoccupied states of the remaining orbitals weak-
ens o bonding at the hollow site (d,, and d,»_,» states)
[relative to Pt(111)] more than at the top site (d.2).

To form the bilayer Pt/Al; system, the second layer Pt
atoms occupy hollow sites of the interfacial Pt layer. This
arrangement allows for interactions between the d orbitals of
the surface and interfacial Pt atoms. The resulting metallic
bands still show some influence of the interface. The charge
transfer from Al atoms decreases the number of free second-
layer d,., d,., d,,, and d,»_» states and causes an upward
shift in the energy of the occupied states relative to Pt(111)
[Figs. 1(b) and 1(c)], but these effects are smaller than for
monolayer Pt/Al; Our model indicates that the shifts in
unoccupied d,, and d,2_,2 results in relatively little change in
the o bonding at the hollow site, while the upward shift in
the energy of the d,, and d,, states strengthens bonding at
both top and hollow sites. The d orbital points into the
hollow site and therefore does not interact strongly with the
underlying interfacial Pt atoms. In response to increased
electron-electron repulsion due to greater population of the
other d orbitals, the d > orbital loses a fraction of an electron,
resulting in more free d2 states. This population reduction
results in the formation of stronger o bonds with CO. In this
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TABLE 1. Changes in ¢ and 7 bonding relative to Pt(111), and total Ecy.,,, for CO adsorption to top and
hollow sites for the Pt/ a-Al,O5 system. Al-terminated (Al;) and O-terminated (O7) supports are considered,
and various Pt layer thicknesses are studied. The model of equation (1) [o- and #-bonding contributions and
total (Ref. 33)] is compared with first-principles calculations for all systems. All energies are in eV (Ref. 31).

Top site Hollow site

Model DFT Model DFT

System T T Ehem Epem o T Echem Ehem
1L Pt/Aly -0.04 1.28 2.53 2.55 -0.16 1.19 2.26 2.28
2L Pt/ Aly 0.05 0.31 1.66 1.61 0.02 0.24 1.48 1.33
3L Pt/Aly 0.00 0.06 1.37 1.47 -0.07 0.03 1.16 1.36
4L Pt/ Aly 0.00 0.01 1.32 1.30 0.03 0.01 1.27 1.21
SL Pt/Aly -0.01 0.02 1.32 1.30 0.00 0.01 1.24 1.25
1L Pt/Op 0.79 -0.13 1.95 1.97 -0.28 -0.13 0.82 0.74
2L Pt/Oyp -0.13 -0.14 1.05 1.09 0.24 -0.26 1.21 1.21
3L Pt/Oyp 0.05 0.01 1.37 1.35 0.03 0.04 1.29 1.32
4L Pt/Op -0.02 0.04 1.34 1.32 0.00 0.04 1.27 1.29
5L Pt/Oy 0.00 0.02 1.34 1.35 0.04 0.03 1.30 1.31
Pt(111) 1.31 1.28 1.22 1.24

case, the increase in d 2 o bonding explains the strong pref-
erence towards top site binding (Table I). For three or more
layers of Pt, the DOS of the surface atoms returns to the
Pt(111) values, and therefore adsorbate-metal interactions
will be similar to those on the unsupported metal.

Figure 2 shows the projected DOS of the surface Pt atoms
for one and two layers of Pt deposited onto an O -alumina
surface. The absence of Al atoms on this surface leaves the
surface oxygen ions electron deficient. When a layer of Pt
atoms is deposited onto this electronegative surface, partially
ionic covalent bonds are formed between the oxygen p or-
bitals and the Pt d orbitals. Since the Pt atoms are deposited
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FIG. 2. Same as Fig. 1, for Pt/O7-alumina system.

directly on top of oxygen ions, valence-bond states (hybrid
orbitals) are formed with metal d orbitals with components
perpendicular to the oxide surface (d.2, d,., and d,.). In the
case of the d» DOS [Fig. 2(a)] the creation of hybrid orbitals
in the monolayer system causes a splitting of these states,
producing a higher energy unoccupied antibonding orbital
(~1 eV above the Fermi level) and a much lower energy
occupied bonding orbital (~6 eV below the Fermi level).
This splitting greatly increases the number of free d» states,
while shifting the energy of the occupied states downward.
As a result, there is an increase in o bonding with the d,> at
the metal surface, which corresponds to the large increase in
the CO top site chemisorption energy. The d,, and d,,
orbitals also form covalent bonds with the oxygen p orbitals.
These new valence-bond states are manifested in the de-
crease in states with energies between 0.0 and —2.5 eV rela-
tive to the Fermi level and an increase in states with energies
below —5.0 eV, with little or no change in the number of free
states in these orbitals. While the d,, and d,2_,2> do not form
hybrid orbitals with the oxygen orbitals, the loss of electrons
in the other d orbitals reduces the electron-electron repul-
sions with these states. This shifts their filled DOS down-
ward relative to Pt(111), while shifting the free states to
higher energies. In this system, both 7 bonds with the Pt d,,
and d,, and o bonds with the metal d,, and d,>_,> are dra-
matically weaker. These effects are manifested in the huge
site preference for the single layer Pt/O; system (Table I).
Similar to the bilayer of Pt/ Aly, the second layer Pt atoms
on the Oy surface occupy hollow sites of the interfacial Pt
atoms as in a (111) fcc surface. This again allows the d
orbitals of the interfacial Pt atoms to directly interact with
the d,;, d,., d,,, and d,>_,> orbitals of the second layer atoms,
forming metallic bands. Here, the d,, and d,, orbitals exhibit
a slight downward shift in the metal DOS relative to Pt(111),
thereby weakening 7 bonding at top and hollow sites. The
shifts in the d,, and d,>_,» orbitals increase the number of
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free states while having no effect on the center of occupied
states. This will result in stronger direct o bonding with these
orbitals. The combination of ¢ and 7 bonding at the hollow
site results in little change in the CO chemisorption energy,
relative to Pt(111). In response to decreased electron-electron
repulsion due to smaller population of the other d orbitals,
the d> orbital gains a fraction of an electron, resulting in a
dramatic reduction in free d 2 states. This charge transfer into
d> also causes an upward shift in the filled d,2 DOS due to
strong electron-electron repulsions within the d,2 orbitals.
These changes weaken o bonds with CO. The large weaken-
ing of top site binding and the small difference in hollow site
binding result in a change to the hollow site being preferred
for Pt/Oy bilayers. For three or more layers of Pt, the DOS
of the surface atoms returns to Pt(111) values, and therefore
we expect the adsorbate-metal interactions will resemble
those of the unsupported metal.

We have shown how metallic and covalent bonding at the
metal-support interface affect the orbital-specific electronic
structure of the surface Pt layer. Furthermore, we show how
a simple second-order perturbation theory model can be used
to interpret how these changes will affect the metal’s inter-
action with molecular adsorbates. Our results present a the-
oretical basis for understanding the interactions between an
oxide support and a supported metal film. We show that the
oxide terminations of different electronegativities result in
different bonding mechanisms at the metal-support interface,
and that a mixture of both covalent and metallic bonds pro-
duces interesting surface chemistry in subsequent layers. The
very different CO adsorption behavior as a function of Pt
film thickness for the two surface terminations confirms the
idea that the balance of charge-transfer valence-bond states
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and bandlike metallic states is sensitive to the surface polar-
ization of the oxide. The fact that these results are greatly
diminished at four or five layers indicates that this is a nano-
scale effect. Preliminary investigations on Pd and Rh
supported on the Al; and Oy surfaces show similar
modifications of the electronic structure, indicating that these
changes may be general for transition metals on electronega-
tive and electropositive surfaces.

While it is known that low-coordinated sites greatly en-
hance the reactivity of metal particles,'®!! these results dem-
onstrate the importance of metal-support charge transfer in
predicting the properties at the metal surface, offering further
support for the recent work of Chen and Goodman.!> In ad-
dition, our findings suggest that increased reactivity at the
perimeter of metal particles with diameters below 5 nm
(Refs. 5, 6, 13, and 32) may be partially attributed to the
strong metal-oxide coupling accessible at these boundaries.
These concepts may be useful for applications as diverse as
chemical sensors, fuel cells, and photochemical reactions.
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