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Bimetallic core-shell nanoparticles are a class of near-surface alloy catalyst for which there is a high
degree of control over size and composition. A challenge for theory is to understand the relationship
between their structure and catalytic function and provide guidelines to design new catalysts that
take advantage of material properties arising at the nanoscale. In this work, we use density
functional theory to calculate the energetics of oxygen dissociative adsorption on 1 nm Pd-shell
nanoparticles with a series of core metals. The barrier for this reaction and the binding energy of
atomic oxygen is found to correlate well with the d-band level of the surface electrons. Noble metal
cores lower the barrier and increase the binding, reducing the activity of the Pd-shell as compared
to Pt. Reactive core metals such as Co and Mo, on the other hand, lower the d-band of the shell with
respect to the Fermi level, giving the Pd-shelled particles oxygen reduction kinetics similar to that
of Pt. While both ligand and strain effects determine the d-band center of the Pd shell, a greater
surface relaxation reduces the strain in nanoparticles as compared to single-crystal near-surface
alloys. Charge redistribution between core and shell then becomes an important factor for lowering
the d-band center of Pd-shelled particles and increasing their activity for the oxygen reduction

reaction. © 2009 American Institute of Physics. [DOI: 10.1063/1.3134684]

I. INTRODUCTION

Fuel cells are attractive power sources because they have
the potential to convert chemical to electrical energy with
high efficiency. There are, however, several limitations of
current proton-exchange membrane fuel cells. The most im-
portant issues are related to the catalyst at the cathode. The
use of Pt makes fuel cells very expensive, and even the best
commercial Pt cathodes have a high overpotential from slow
oxygen reduction kinetics, resulting in roughly 30% energy
loss." Better and less-expensive catalysts are needed to make
the widespread use of low temperature fuel cells viable.

The oxygen reduction reaction (ORR) is a complex re-
action involving intermediate states and the transfer of four
electrons and protons. Our goal here is not to understand this
reaction in detail. Instead, our focus is to understand reactiv-
ity trends on model nanoparticle catalysts by looking at a
single elementary step—the dissociative adsorption of O,.
This is an important step in the ORR, and we expect that the
calculated trends based on this reactivity descriptor will be
relevant to more realistic conditions.”” The approach of us-
ing reactivity descriptors has been used to successfully char-
acterize new c::ttalysts.6’7 We should note that the energetics
of O, dissociative adsorption is not the only possible reac-
tivity descriptor for the ORR or even nessecarily the most
important step. Calculations done in the Mavrikakis group
indicate that the release of OH is the rate limiting step on Pt
and Pt alloys.g’9 Nevertheless, trends in O and OH binding
are similar on transition metal surfaces so that either can be
used as a measure of reactivity.5
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The adsorption of chemical species on metal surfaces
can be understood in terms of a model by Hammer and
Ngz)rskov.IO In this model, the interaction between an adsor-
bate and a metal surface is based on only a few parameters,
including the filling, average energy and width of the local-
ized d-band of the metal surface, the adsorbate energy levels,
and the geometric overlap between the surface and adsorbate
orbitals.”"" This model is particularly useful for predicting
binding energies of an adsorbate in the same binding geom-
etry on different metal surfaces. For this case, the Hammer—
Ngrskov model predicts a linear relationship between the
center of the d-band and the binding energy of the adsorbate
to the surface.'” If the d-band center is far below the Fermi
level, the adsorbate binding is weak. As the d-band center
approaches the Fermi level, the interaction with the adsor-
bate increases and it binds more strongly. This model has
been verified for oxygen adsorption on a variety of noble and
transition metals and alloys.'o‘13 4

Another important trend that holds for catalysts of simi-
lar structure is the Brgnsted—Evans—Polanyi (BEP)
relationship.ls’16 This relationship describes an observation
that the energy barrier of an elementary reaction is linearly
related to the reaction energy. In the case of oxygen, reactive
metals such as Co and Mo bind oxygen very strongly with
little or no barrier for dissociative adsorption, whereas noble
metals such as Au bind oxygen weakly and have high barri-
ers for dissociative adsorption.17 When this linear trend be-
tween the energy barrier and product binding energy is put
into a kinetic model of the surface chemistry, a peak in cata-
Iytic activity is found at an optimal compromise between a
low reaction barrier and a weak product binding energy.z’4
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Such a peak in activity as a function of reaction energy is
called a volcano plot. In the extremes, catalysts with very
weak binding have insurmountable barriers and those with
strong binding become irreversible covered with reaction
product. Effective catalysts provide a balance between these
two extremes.

Bimetallic alloys provide a particularly exciting possibil-
ity for tuning the reactivity of catalysts. In certain cases, a
small amount of one metal can be introduced to a second to
form a near-surface alloy (NSA) with catalytic properties
that are different and not intermediate to either metal.*'® A
combination of theoretical and experimental works, particu-
larly in the groups of Mavrikakis and Adzic, have shown that
Pt-rich overlays can result in ORR catalysts that are more
reactive than Pt.*'*' The general principles governing the
reactivity of metal surfaces and applications to catalysis have
been reviewed by GroB*** and in a recent comprehensive
survey by Ngrskov et al**

The models that have been established for bulk systems
are now being tested at the nanoscale, such as in the recent
work on particles with Pt-rich skins by Stamenkovic
et al.™* and Alayoglu et al.”’ The catalytic properties of
metal nanoparticles can be very different from bulk
metals,z&29 and the factors which determine the activity of
nanoparticles are not well understood.

Here we carry out calculations to determine how the
electronic structure of nanoparticles is related to their cata-
Iytic activity, and, in particular, if the factors which describe
crystal surfaces apply equally to nanoparticles. Tensile strain,
for example, is known to play a significant role in determin-
ing shifts in the d-band of metallic overlayers on crystaxls,'z'I3
but this is not necessarily the case on small nanoparticles
where a greater surface relaxation is possible. Core-shell
nanoparticles are of particular interest because of their well-
defined NSA geometry and because such particles can be
synthesized.30’31

In this work we compare the energetics of O, dissocia-
tive adsorption on two model Pd monolayer surfaces: one
supported on a slab and the other forming the shell of a 1 nm
nanoparticle in the shape of a truncated-octahedral crystal-
lite. Pd was chosen as the catalytic surface because it is
electronically similar to Pt, less expensive, and has the po-
tential to be optimized for the ORR through alloying. Pd is
less noble than Pt so we have focused on the least-reactive
(111) nanoparticle facet. By testing a set of supporting met-
als, we determine how the ORR energetics and the electronic
properties of the Pd surface change and the primary factors
which determine the reactivity of the particles.

Il. METHODS

Our calculations of oxygen dissociative adsorption on Pd
surfaces were done with density functional theory (DFT),
using the generalized gradient approximation with the PW91
functional ™ as implemented in the VASP code.”* Valance
electrons were treated explicitly in the Kohn-Sham
equations35 and core electrons were described by pseudopo-
tentials with the projector augmented-wave method.***" A
plane-wave basis set with an energy cutoff of 274 eV was

J. Chem. Phys. 130, 194504 (2009)

used for all calculations. Spin polarization was tested in all
cases and used as needed, for example, in surfaces contain-
ing Co.

Single-crystal surfaces were modeled with four layer
slabs containing nine atoms per layer in a p(3 X 3) unit cell
of the (111) surface. A surface of this size and a vacuum gap
of at least 10 A between slabs were used to sufficiently iso-
late adsorbed O atoms from their periodic images. A 3 X3
X1 Monkhost—Pack k-point mesh was used to sample the
Brillouin zone.*® The same slab was used to model supported
monolayers of Pd on host metal crystals. In two cases a
smaller p(2 X 2) cell was used: Pd supported on Co (denoted
as Co/Pd) to prevent buckling of the highly strained Pd sur-
face and Pd on body centered cubic Mo. This smaller cell
was not used for any oxygen adsorption calculations.

Nanoparticles were modeled as a face centered cubic
(fcc) crystallite in the shape of a truncated octahedron. The
particles were contained in a cubic box of side length 20 A.
Since the particles were isolated by a vacuum gap in all
directions, a single I'-point sampling of the Brillouin zone
was used. The 79 atoms in each particle are a magic number
for the truncated octahedron shape, which was the lowest
energy structure that we found for a pure Pd particle. Core-
shell particles were formed by changing the 19 core metal
atoms inside the 60-atom Pd shell. For the example of a Pd
shell and Co core, the nanoparticle is denoted Co@Pd (using
the notation of Ref. 27). For these core-shell particles, the fcc
truncated octahedron is not necessarily the lowest energy
structure. Our focus here is to consider trends in reactivity
due to changes in composition; we have not systematically
evaluated the stability of different particle geometries. Such
an analysis would be necessary to predict if the nanoparticles
could be used as real catalysts.

Stable structures were calculated using force-based en-
ergy minimization. The bottom two layers of the slabs were
held frozen in their lattice positions, and all atoms in the
nanoparticles were relaxed. Geometries were considered op-
timized when the force on each atom was less than 0.003
eV/A. Reaction pathways for O, dissociative adsorption
were found using the climbing-image nudged elastic band
method.*”*

A Bader analysis was used to quantify the charge around
each atom in our calculations.*'** Using this analysis, we
determined the charge redistribution between the subsurface
and the Pd surface and correlated this to the d-band center of
electrons in the surface.

lll. RESULTS
A. Energetics of O, dissociative adsorption

The dissociative adsorption mechanism for oxygen on
the Pd(111) facet of a Mo@Pd core-shell particle is shown in
Fig. 1. The reaction mechanism is similar for each core and
slab metal tested. Molecular oxygen binds in the fcc hollow
site on a (111) facet aligned in a top-hollow-bridge (t-h-b)
geometry. Both oxygen atoms cross bridge sites as the mol-
ecule dissociates into adjacent hexagonal close packed (hcp)
hollow sites. Energies along the minimum energy path are
taken with respect to the gas phase O, molecule.
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FIG. 1. (Color online) Oxygen dissociation reaction on the (111) facet of the
Mo@Pd core-shell particle. Energies are with respect to O, in the gas phase.
O atoms are red, Pd are gray, and Mo are yellow.

Figure 2 shows the linear correlation between the saddle
point energy for O, dissociative adsorption and the final state
energy with the molecule dissociated on the surface. The
Pd-shelled nanoparticles follow the same BEP relationship as
single-crystal (111) transition metal surfaces. An ideal cata-
lyst would have both a low barrier and weak product binding
(lower right in Fig. 2), but the BEP relationship does not
allow this. Instead, there is an optimal trade-off between the
dissociation barrier and product binding near Pt(111). Au
binds oxygen weakly but the dissociation barrier is prohibi-
tively high. Cu and Pd have low dissociation barriers but
bind oxygen too strongly for efficient reduction to water. The
same is true for Co and Mo; those points are off the lower-
left corner of the plot.

Figure 2 also shows that the core metal inside a Pd shell
can be used to tune its interaction with oxygen. The mono-
metallic Pd particle is a little more noble than the Pd(111)
surface since it is shifted toward Pt and Au along the BEP
relationship. With Au and Ag noble metal cores, the Pd-shell
particle becomes less noble, binding oxygen more strongly
than the monometallic Pd particle. It is the reactive metal
cores, Cu and particularly Mo and Co, which make the Pd
shell more noble, closer to Pt(111) on the BEP relationships.
These particles are expected to have high ORR catalytic ac-
tivities.

1.0
Alio,
< 05f .-
9, -
S oo Co@Pd .7 BEP
& Mo@ pd. e -° relationship
€ | -
£ -05 .
o Cu@Pd .~
3 10} e -7 Op
& Ag@Pd -~ Pd@Pd
Cy Pd O crystal surface (111)
151 2" Fau@pd _
e @ core@shell nanoparticle
1 1 |
.3 _2 -1

Binding energy of dissociated O, [eV]

FIG. 2. The saddle point energy for oxygen dissociation on Pd-shelled par-
ticles and single-crystal surfaces plotted as a function of the dissociated
binding energy of the molecule. The linear trend is a BEP relationship.
Particles with barriers and binding energies near Pt(111) are promising cata-
lysts for the ORR.
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FIG. 3. The binding energy of the dissociated O, molecule is linearly related
to the average d-band energy of electrons in the Pd shell. The same rela-
tionship holds for core-shell particles and single-crystal surfaces.

B. Stability of the core-shell nanoparticles

Stability of the core-shell particles is an important issue.
There is a serious concern that easily oxidizable cores will
dissolve over time in an oxidizing environment. To test par-
ticle stability, we exchanged a shell atom with a core atom to
see if the binding energy of the particle increased or de-
creased. Only the Co@Pd particle energy increased, by 0.5
eV, indicating that Co prefers to be in the core. An atom in
the Mo core was roughly isoenergetic with the shell; ex-
change resulted in an energy increase of only 0.15 eV. Mov-
ing noble metal atoms (Au and Ag) to the shell decreased the
energy by as much as 0.5 eV, showing that these particles are
relatively unstable. Fortunately, it is the Co and Mo cores
which are the most promising for ORR that are also the most
stable. These stability trends are consistent with the surface
segregation energy calculations of bulk overlayers by Ruban
et al.

Another concern is that the adsorption of O (or OH) on
the surface could induce core metal atoms into the shell. This
is not a problem for Au and Ag which bind O more weakly
than Pd. O binds strongly to Co and Mo, however, so that
bringing one of these metal atoms from the core to the sur-
face next to an adsorbed O atom is energetically favorable by
0.18 and 1.4 eV, respectively. The Mo@Pd and Co@Pd par-
ticles are not thermodynamically stable in an oxidizing envi-
ronment, but they may be kinetically stable on an experimen-
tal time scale at low temperature.

C. Correlation of reactivity with the surface d-band

The average d-band energy level of the Pd-shell of the
core-shell nanoparticles is plotted against the binding energy
of dissociated O, in Fig. 3. As expected, a lower d-band
reduces oxygen binding. Furthermore, since the bonding ge-
ometries and the surface metal are the same for different core
metals, the trend is linear. The same trend is found for single-
crystal surfaces showing that oxygen binding is similar be-
tween metals and that the d-band level is a good single indi-
cator of the surface reactivity. This is consistent with many
other calculations.”'*"?
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FIG. 4. Plot of the average surface bond length between Pd atoms on the
surface of particles and slabs and the center of the surface d-band.

D. Strain and ligand effects

The linear trend between the surface d-band level and
oxygen binding is expected, but it does not provide an ex-
planation for why different core metals shift the d-band level
of the shell. Two types of effects are used to describe the
properties of NSAs, those involving strain in the surface
layer,13 and those involving modifications to the electronic
structure of the surface—the so-called ligand effect.”* An
excellent discussion of the distinction between these effects
on single-crystal metal surfaces is provided by Kitchin
et al.™*° Strain in the surface layer modifies the reactivity of
the surface by changing the width of the d-band. A compres-
sion of the metal leads to a greater overlap between electrons
and a widening of the band, whereas expansion reduces the
d-orbital overlap and the d-band narrows. In order to main-
tain a constant filling, a widening of band shifts its mean
away from the Fermi level, and a narrowing brings the
d-band center closer. The width of the d-band and the d-band
center is also changed by bonding interactions with alloy
metals, which is the ligand effect.

To determine if the strain or ligand effect is causing the
change in binding energy in our core-shell particles, we have
looked for a correlation between these factors and the d-band
center. Figure 4 is a plot of the strain in the Pd surface as a
function of the d-band center. Strain is measured as the av-
erage bond length between Pd surface atoms. With the ex-
ception of Pd supported on Mo, there is a correlation be-
tween the compression of a Pd monolayer on crystals and the
lowering of the d-band center. For the core-shell nanopar-
ticles, the Pd shell is able to relax to an interatomic spacing
that is much closer to bulk Pd (filled circles in Fig. 4). This is
expected both because the crystal facets are not constrained
laterally, and also because there are 60 Pd shell atoms and
only 19 core atoms. Since the Pd—Pd distances in the shell
deviate by only a few percent of the monometallic Pd par-
ticle, the correlation between strain and the d-band center is
essentially lost.

Mo and Co are most stable as body centered cubic (bcc)
and hexagonal close packed (hcp) structures, respectively. In
all calculations, we imposed a fcc lattice for both the slab
subsurface and nanoparticle cores. To see if this was biasing
our calculations, we did slab calculations in the bcc and hep
structures for Mo and Co, respectively. Figure 4 shows that
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FIG. 5. (Color online) DOS of the Pd surface d-band with three core metals.
The small vertical marks above the x-axis indicate the center of the d-bands.
The Au core raises the d-band level of the Pd shell and Mo lowers it.

our results are insensitive to the crystal structure and that the
fcc structure does not explain why Mo deviates from the
linear trend between strain and the d-band level.

Figure 5 shows the d-band density of states (DOS) of
three Pd-shelled particles. The pure Pd@Pd particle is shown
for reference; the Au@Pd particle has the highest d-band
center and Mo@Pd has the lowest. By inspection, one can
see that the width of the d-band increases as the d-band
lowers. It also appears that the DOS of Mo@Pd is shifted to
lower energy as compared to Au@Pd, so we tested the con-
stant filling model by quantifying how much the d-band cen-
ter is lowered due to band broadening and band filling from
charge redistribution.

Figure 6 shows the linear correlation between the rms
d-band width and the d-band center. To check that the rms
width matched the apparent width, we also measured the
points at which the DOS crossed a low value of 20 states/eV.
This DOS value was chosen to be where the distributions
have high slopes so that the widths are well defined. To com-
pare these calculations, we scaled the apparent widths by
27% so that the rms widths most closely matched the appar-
ent widths of the d-band. In a rectangular model of the
d-band, following Ref. 46, the correlation between the rms
d-band width w and center €, is a simple function of the
d-band filling f,,
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FIG. 6. Correlation between the d-band center and width. The d-band width
was measured in two ways: as the rms width and as a multiple of the DOS
value of 20 states/eV.
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FIG. 7. (Color online) (a) The d-band DOS of the shells in monometallic Pd
and Co particles. The vertical dashed and solid lines indicate the d-band
center and Fermi level, respectively. (b) When the Co core and Pd shell are
combined, the Fermi level of Co aligns with that of Pd through charge
transfer and the d-band center of the Pd shell is lowered by AE,.
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Substituting an average filling of f;,=0.91 for our Pd shells
gives an expected slope of —0.70. The rms data in Fig. 6
have a slope of —0.32, significantly smaller in magnitude
than expected from the rectangular band model, indicating
that there is another factor affecting the d-band center.

E. Charge redistribution

We also considered charge redistribution as a factor con-
tributing to the shift in the d-band of the Pd shell. By charge
redistribution, we mean a shift in charge density between the
core metal and the surface rather than the transfer of any
single electron in the particle. As two metals with different
Fermi levels are brought together, charge will flow from the
metal with a higher Fermi level to the lower (or alternatively
from the metal with a lower to a higher electronegativity).
The Fermi energies of the metals Au, Ag, Pd, Cu, Co, and
Mo are calculated by Sigalas et al. to be 7.25, 7.48, 7.69,
9.03, 10.52, and 11.36 eV, respectively.’” The d-band levels
of the Pd shells follow the same order as the Fermi level of
the core metals. Since Au has a lower Fermi energy than Pd,
charge is transferred from the Pd shell to the Au core,
whereas Cu, Co, and Mo cores donate charge to the Pd sur-
face.

An illustration of how alloying affects the electronic
structure of the Pd shell is shown in Fig. 7. In (a) the d-band
DOSs of Pd and Co shells in monometallic particles are
compared. The Fermi level of the Co particle is 0.58 eV
above that of the Pd particle. When Co is introduced into the
core of the Co@Pd particle (b), the Pd shell accepts electrons
from the Co core, lowering the d-band of the shell with re-
spect to the Fermi level so that it is uniform throughout the
particle.

The possibility of charge transfer has been considered
for NSAs in terms of the d-band ﬁlling.lo In the work of
Kitchin et al. charge transfer was considered negligible, in
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FIG. 8. The amount of charge transferred to the Pd shell is determined by
the change in d-band filling (open large circles) and the total valance charge
within Bader volumes around the Pd atoms (filled large circles). The trend
for the core-shell particles, and to a lesser extent Pd monolayers on crystal
surfaces (filled small circles), is that as the Pd surface accepts charge from
the subsurface metal, the d-band center of the surface is lowered.

part because the d-band filling was found to be nearly con-
stant, and in part because it is difficult to measure the charge
of an atom accurately in a unique way.45’46 These authors
calculated the local DOS projected onto a sphere around the
atom, and then integrated the fraction below the Fermi level.
We have also done this, choosing a sphere with a volume
equal to the volume per atom in bulk Pd. The problem with
this approach is that the integrated charge is sensitive to the
integration radius, and it is not clear how to choose an opti-
mal or consistent value for nanoparticles and alloys. To avoid
this ambiguity, we have also used a Bader amalysis,41 em-
ploying a grid-based method that is well suited to plane-
wave based DFT calculations.**** The strength of the Bader
partitioning is that charge is uniquely divided into volumes
based on the charge density; there are no free parameters or
dependencies on the representation of the wave functions.
Figure 8 shows that the Bader charges are consistent with the
d-band filling calculation in that there is a correlation be-
tween the charge transferred to the shell and the lowering of
the d-band center for core-shell particles. This trend is also
present for Pd monolayers although with a greater scatter,
perhaps because strain is more important for crystal surfaces.

IV. DICUSSION AND CONCLUSIONS

We have found that both the d-band width and filling
correlate with the position of the center of the d-band and
that the d-band center can in turn be used as a reactivity
indicator for the oxygen dissociation reaction. We can then
ask which factor, the width or filling of the d-band, is more
important for shifting the d-band center of the core-shell par-
ticles. To address this question, we can decompose the over-
all shift of 0.5 eV in the d-band center of the Pd shell be-
tween the particle with the highest value, Au@Pd, and the
lowest, Mo@Pd. The widening of the d-band is known to be
caused by strain. The increase in the rms d-band width in the
Pd shell between Au@Pd and Mo@Pd is 0.17 eV, which
should lower the d-band center by 0.24 eV using the rectan-
gular d-band model of Eq. (1). This is only half of the ob-
served 0.5 eV shift.
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The lowering of the d-band center due to band filling can
be estimated from the amount of charge transfer and the
density of d-states at the Fermi level. The average difference
in charge in the Pd shell atoms between Au@Pd and Mo@Pd
is 0.15 e/atom. Figure 5 shows that the DOS at the Fermi
level is between 50 and 100 states/eV; the average is 75 or
1.25 states/eV/atom for each of the 60 atoms in the shell.
Using this value, charge transfer reduces the d-band center in
the Pd shell by 0.12 eV. So while the d-band width is an
important factor for determining the d-band level of overlay-
ers on crystals, it is less important for core-shell nanopar-
ticles where strain in the shell is relaxed. For these particles
charge redistribution is also important and provides an alter-
native view of how to tune nanoparticle reactivity. In the
case of Pd-shelled particles, cores such as Co and Mo which
transfer charge to the shell are good candidates for ORR
catalysts.
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