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ABSTRACT: Bimetallic surfaces have been found to greatly improve the performance
of numerous chemical processes due to synergistic interactions between the metal
components. To be able to tailor the adsorption of aromatic molecules of these surfaces,
the synergistic interactions within the surface and their effects on adsorbates must be
elucidated. In this work, we examine the energetic and electronic interaction between
benzene and several model PdFe bimetallic surfaces, with low and high Pd coverage
limits, using density functional theory and compare our results with the adsorption of
benzene on a pure Fe (110) surface. The adsorption energy trends on these model
surfaces show that the interactions between the Pd and Fe significantly decrease the
strength of benzene’s adsorption on surface Pd without significantly weakening its adsorption on the adjacent surface Fe. From
the electronic analyses, the decreased adsorption strength of benzene on the model PdFe surfaces is due to the shift in the Pd’s d-
band center away from the Fermi level. These results show that aromatic compounds will preferentially adsorb onto any exposed
Fe in a PdFe surface due to the greater availability of electronic states near the Fermi level. Therefore, under typical catalytic
conditions, the strength of the adsorption of benzene can be tailored on the basis of the amount of Pd added to an Fe surface
because increasing the concentration of Pd in the surface will increase the amount of interaction between the adsorbate and the
modified surface Pd.

1. INTRODUCTION

The application of bimetallic surfaces has been found to greatly
improve the performance of numerous chemical processes.1

Interest in the synergistic interactions within bimetallic systems
has grown rapidly since its humble beginning in petroleum
refining. Researchers discovered that combining platinum and
iridium, rhenium, or tin provided a superior catalytic perform-
ance over the pure platinum catalyst.2−8 Combining the
platinum and rhodium metals was found to improve the
oxidation of hydrocarbons, carbon monoxide, and nitrogen
oxides, and this combination of metals is currently used in
catalytic converters in automotives.9−11 The application of an
iron−cobalt alloy to the traditional formation of hydrocarbons
from syngas using the Fischer−Tropsch reaction was studied
and resulted in a catalyst that exhibited a strong resistance to
carburization and a higher selectivity to the water gas shift
reaction.12−16 Further studies have shown that bimetallic
systems can be applied to improve the oxidation of methanol
by combining platinum and ruthenium which has applications
in direct methanol fuel cells.17−20

Recently, a novel PdFe catalyst was developed for the HDO
of phenolic compounds.21 The reaction activity for a model
compound of guaiacol was studied, and it was shown that this
catalyst had a higher guaiacol conversion and benzene
selectivity than either of the pure Pd or pure Fe catalysts.
Results from scanning transmission electron microscopy along

with electron dispersion microscopy, temperature programmed
reduction, extended X-ray adsorption fine structure, and density
functional theory (DFT) demonstrated that the surface Pd was
modified by the PdFe interaction. These surface interactions
between the metal components clearly work together in a
synergistic manner to improve the catalytic activity. The further
elucidation of the interactions between the metal components
upon the adsorption of a model compound is needed so as to
better understand the nature of catalytic sites and optimize the
bimetallic system.
The structure of a bimetallic surface is often nonhomoge-

neous due to the metals’ relative surface segregation tendency
and surface energy, and these nonhomogeneous structures can
have a large effect on the behavior of that surface.22−26 The
above experimental work on the PdFe catalyst showed two
dominant structures of a Pd host with Fe layers and an Fe host
with Pd layers. These different structures can have vastly
different effects on the surface−adsorbate interactions and are
important for providing a deeper understanding of the
interactions within the surfaces.
In this work, we present a study on the adsorption of

benzene on the Fe (110) facet and several model PdFe surfaces
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composed of host Pd (111) and Fe (110) surfaces. These facets
were chosen as they are the closest packed facets of the face
centered cubic (fcc) and body centered cubic (bcc) unit cells.27

Benzene was chosen as a model molecule because it contains
the minimum number of atoms possible in an aromatic
compound, and it has a high level of symmetry.28 The
adsorption preference of this model molecule on the PdFe
surface will show us which metal acts as the active catalytic
phase of the novel PdFe catalyst.
The surface adsorption of benzene has been thoroughly

studied on the Pd (111)29−33 and the Fe (100)34,35 surfaces
using DFT. A comparison of these pure surfaces without van
der Waals corrections shows that benzene adsorbs more
strongly onto the Pd (111) facet while the molecule’s distortion
is more pronounced on the Fe (100) surface. However, the
differences in these measures of the strength of the adsorption
of benzene are not significant and therefore do not provide
substantial evidence upon which to speculate about the surface
interactions within a PdFe bimetallic surface. To elucidate these
surface interactions, we will characterize the adsorption
strength of the model compound on each surface and then
compare the resulting changes in the density of states upon
adsorption of the model compound at the most favorable site.
The first surface examined will be the pure Fe (110) surface
followed by a PdFe surface within a host Pd (111) surface, a
PdFe surface within a host Fe (110) surface, and a Fe (110)
surface with a single Pd atom impurity. These model PdFe
surface will provide the upper and lower energy bounds for
benzene’s adsorption on surfaces with varying Pd concentration
and, together with detailed electronic analyses of the surface−
adsorbate interactions, will allow us to quantify the effect that
the bimetallic surface has on this system. In section 2, the
methods employed to model these systems are described in
detail. The results and discussion for the adsorption of benzene
on all model surfaces are presented in section 3. Finally,
conclusions will be drawn in section 4.

2. COMPUTATIONAL DETAILS
The DFT calculations presented here were all performed using
the Vienna ab initio simulation package (VASP) code.36,37 The
implementation of VASP’s projector augmented waves
(PAW)38,39 for the electron−ion interactions along with the
generalized gradient approximation (GGA) for exchange-
correlation effect are widely used methods for the adsorption
of aromatic molecules onto metal surfaces.40 However, a recent
study showed that the inclusion of van der Waals corrections
can have a large effect upon the adsorption strength of even the
chemisorption of benzene on noble metal surfaces.28,29 To
determine if these corrections would have a similarly large
impact on the adsorption of benzene on the Fe (110) surface,
adsorption results from VASP’s newly developed optB8841

exchange-correlation functional was compared with those
obtained using the Perdew, Burke, and Ernzerhof (PBE)42,43

functional.
To minimize the interaction between benzene adsorbates

due to VASP’s periodic boundary conditions, the systems with
surfaces that did not buckle upon benzene adsorption and
remained flat were studied using p(4 × 4) supercells. Surfaces
that underwent buckling due to the adsorption of benzene were
modeled using p(5 × 5) supercells, and all systems were
modeled with the substrates composed of four atomic layers.
These supercell sizes were chosen to model the low coverage
limit of benzene on each surface since increasing the supercell

size from p(4 × 4) to p(5 × 5) only varied the adsorption
energy by 0.03 and 0.06 eV for the Pd/Fe/Pd (111) and
buckled Pd/Fe (110) surfaces, respectively. Additional details
on the supercell size tests for the buckled Pd/Fe (110) surface
are presented in the Supporting Information. The bottom two
layers were kept fixed in their bulk positions, and all other
atoms were allowed to relax, including the adsorbate.
Due to the periodic boundary conditions employed in VASP,

all calculations were performed with ∼10 Å vacuum present
between the benzene adsorbate and the repeated supercell. A
(3 × 3 × 1) k-points Monkhorst−Pack44 mesh was employed
to sample the unit cells, and the plane waves were expanded to
a kinetic energy of 400 eV. This k-points mesh was extended to
a (7 × 7 × 1) and (5 × 5 × 1) grid for the calculation of the
density of states with the p(4 × 4) and p(5 × 5) supercells,
respectively. The Methfessel−Paxton45 (N = 1) smearing
method was used with a smearing width of 0.1 eV to improve
convergence, and the total energy was extrapolated to 0 K. It is
well-known that the amount of spin polarization in Pd can be
highly sensitive to the smearing width.46,47 Therefore, the
adsorption of benzene on one of the model PdFe surfaces was
tested with a smearing width of 0.2 eV, and it was found that
the adsorption energy varied by 0.04 eV and the Pd’s magnetic
moment 0.02 μB, confirming that the sensitivity of Pd toward
spin polarization is not a concern in this case. Due to the
ferromagnetic nature of Fe, spin polarization was found to be
significant and was accounted for in all calculations. In addition
to the spin polarization, the effect of dipole interactions
between the consecutive supercells was considered to be
significant and dipole corrections were imposed in each
calculation performed.48 The total energy was converged to
10−4 eV for all systems, and the systems were considered to be
optimized when the forces between atoms were less than 0.03
eV/Å.
Three Fe surfaces and one Pd surface were examined as the

PdFe metal substrate; a pure Fe (110) surface, a host Pd (111)
with the first subsurface layer replaced with pure Fe, a host Fe
(110) with the surface layer replaced with Pd, and an Fe (110)
surface with a single Pd surface impurity. The Fe (110) and Pd
(111) facets were chosen because they are the closest packed
facet in the bcc Fe and fcc Pd.27 The Fe and Pd layered surfaces
examined here within the Pd (111) and Fe (110) host were
determined to be the most favorable configuration of these
systems by Sun et al.21 These results are supported by the
results of Ruban et al.,49,50 who showed that a Pd impurity in
host Fe (110) has the strong tendency to surface segregate
while an Fe impurity within a host Pd (111) was shown to have
a strong antisegregation tendency. This behavior is further
supported by the surface energy of the two metals. Pd has a
lower surface energy than Fe and will therefore preferentially
segregate to the surface.51 The lattice constants of both Pd and
Fe were determined theoretically by minimizing the total
energy of a Pd fcc and Fe bcc unit cell. This resulted in a Pd
and Fe lattice constant of 3.957 and 2.827 Å, respectively.
These results agree well within the range of other theoretical
results and the experimental values and remained constant with
the addition of van der Waals corrections.52−54

In addition to the surfaces above, the segregation behavior
within the two energetically stable Pd and Fe alloys,55 PdFe and
Pd3Fe, was investigated. The trend of the segregation of Pd to
the surface established in our previous work21 was also
observed for these bulk alloy surfaces. It was therefore assumed
that the trends found here for benzene’s adsorption on these
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surfaces would be nearly identical to its adsorption on the Pd
(111) host surface with Fe impurity and was not studied in this
work. The details of these segregation calculations are
presented in the Supporting Information.
The surfaces and adsorption sites were evaluated using the

adsorption energy. This was calculated as the difference in the
energy of the molecule adsorbed on the surface and the energy
of the individual surface and adsorbate molecule according to

= − −+E E E Eads surface molecule molecule surface (1)

Another method of comparing the effect of the various
adsorption sites and surfaces on the benzene adsorbate is the
distortion energy. This is the energy the adsorbate molecule
gains due to its geometric distortion from the interaction with
the metal surface.56 This energetic information will be
calculated according to

= −E E Edist molecule
distorted geometry

molecule
free gas geometry

(2)

This energy difference allows for a second evaluation of the
strength of the interaction between the adsorbate and the
surface. For a chemisorbed system, the adsorbed molecule will
be distorted from its free gas geometry due to its electronic
interaction with the surface. The surface−adsorbate interaction
will increase as the distortion energy increases. However, this
does not necessarily result in a most favorable adsorption site
because the distortion can outweigh the interaction between
surface and adsorbate.35

3. RESULTS AND DISCUSSION
3.1. Benzene Adsorption on the Fe (110) Surface. On

the Fe (110) surface, benzene can adsorb in the top, short
bridge, long bridge, and 3-fold sites with a ring orientation of
either 0 or 30° with respect to the vertical Fe rows. When the
ring has an orientation of 0 or 30°, two of the C−C bonds
within the benzene adsorbate are perpendicular or parallel to
the vertical Fe rows. These possible adsorption sites are shown
in Figure 1.
To determine the effect of van der Waals forces on this

adsorption system, all sites were examined using both the PBE
and optB88 functionals. In both cases, the long bridge 30°, long
bridge 0°, short bridge 0°, 3-fold 30°, and 3-fold 0° sites were
all found to have stable adsorption configurations while the
short bridge 30°, top 0°, and top 30° positions were unstable
and shifted to a more favorable site. The adsorption energy and
geometric distortion results are shown in Table 1.
The five stable adsorption sites have similar adsorption and

distortion energies with the 3-fold 30° being the most favorable
location for benzene adsorption. All stable sites show a similar
increase in both the C−C bond length and C−H dihedral angle
of the benzene ring due to surface interactions. The ring
stretches during adsorption as the carbon atoms within the ring
form partial bonds with the Fe (110) surface. The inclusion of
the van der Waals corrections with the optB88 functional in this
system increases the adsorption energy of all sites by ∼0.72 eV
while the structural deformations remain largely unchanged.
Overall, there is a slight decrease in the distortion energy of
each site with the addition of van der Waals corrections. The
addition of these corrections also increased the energy
difference between the long bridge 0° and long bridge 30°
sites which were nearly identical in strength with only the PBE
functional. From the van der Waals corrected results, it is clear
that the 3-fold 30° site is the most energetically favorable

adsorption site for benzene on the Fe (110) surface. The
overall adsorption energy increase with the inclusion of van der
Waals corrections is in agreement with Liu et al.32,33 who
observed similar, significant increases in adsorption energy
when benzene adsorbed onto both noble and transition metal
surfaces. Because van der Waals corrections have a significant
effect upon the adsorption of benzene on Fe (110), all the
following calculations were performed using the optB88
functional.
The electronic nature of the interaction between the benzene

adsorbate and the Fe (110) surface was investigated through
the differential charge density. The differential charge density
shows the movement of electrons in the system as the benzene
molecule adsorbs onto the Fe (110) surface and was calculated
according to

ρ ρ ρ ρΔ = − −+molecule surface molecule surface (3)

The 3-fold 30° site was chosen for further examination because
it was found to have the strongest adsorption on the Fe (110)
surface. This shift of electrons during adsorption for this site is
shown in Figure 2. When benzene adsorbs on the surface, the
surface and adsorbate exchange electrons, creating the partial
covalent bonds characteristic of chemisorption. The creation of
these bonds comes at the cost of a loss of electrons around the
Fe surface and the bottom of the aromatic ring.
These electronic exchanges can be further elucidated by an

examination of the local density of states (LDOS) for both an
adsorbed ring carbon and a carbon-bonded Fe atom. These
comparisons were made using the most favorable adsorption

Figure 1. All possible adsorption sites for benzene on Fe (110). The
white spheres represent hydrogen, the black spheres represent carbon,
and the gold spheres represent iron. Each carbon atom in the aromatic
ring can be classified based on its configuration relative to the Fe (110)
surface. These configurations have been labeled according to the
number of identical configurations found in a given benzene
adsorption site (e.g., C4 refers to a configuration with four identical
carbon atoms). The addition of the prime and double prime is used to
separate different configurations that contain the same number of
carbons.
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site of 3-fold 30°. In this adsorption site, there are two
configurations of the aromatic ring carbons with respect to the
bonding Fe atoms, as shown in Figure 1. The LDOS for both
configurations (C3 and C3′) were examined, showing almost no
difference between the LDOS of the bonded carbon atom. The
LDOS of the bonded Fe atom shows an increased distortion in
the case where one carbon atom was bonded directly to a single
Fe atom (C3). Figure 3 shows the LDOS for this adsorbed
carbon atom and its associated carbon-bonded Fe atom both
before and after adsorption.
Here, we show both the spin up and spin down states for the

bonded Fe atom along with the spin up states for the ring

carbon. The spin down states for the ring carbon were also
examined, and the difference in the LDOS between the two
cases was found to be negligible. Previous calculations have
shown that the peaks above the Fermi energy in the LDOS for
the benzene molecule before adsorption correspond to the
antibonding π* orbitals while those below that value represent
the bonding σ and π orbitals of the benzene molecule.57 As
benzene adsorbs onto the Fe (110) surface, the energy of the
adsorbate’s molecular orbitals shift to higher binding energies,
as shown in Table 2. Also shown in Table 2 are the shifts in
benzene’s molecular orbitals due to adsorption on the other
surfaces examined in this work.
These shifts to higher orbital binding energies are similar to

those seen on Ni (111),57 where the highest three orbitals shift
by approximately 1.2, 0.7, and 1.9 eV, respectively, on the Fe
(110) surface. Such shifts could also, in principle, be compared
to the measured ones as obtained with ultraviolet photoelectron
spectroscopy (UPS) techniques, as done in the case of the Ni
(111) surface,57 although such experiments have not yet been
performed on Fe single crystal surfaces. The highest occupied
orbital peaks also broaden due to their overlap with the 3d
orbital of the Fe atom. These shifts in the binding energies of
the benzene’s orbitals show that the highest occupied orbitals
are most affected by the adsorption. This is due to the larger
degree of overlap between the 1e1g and 3e2g orbitals and the
electronic states of the Fe surface, which can be seen more
clearly in the px, py, and pz decomposition shown in Figure S7
of the Supporting Information. The overlap between the
adsorbate’s highest occupied orbitals and the Fe surface was
further studied by calculating the partial charge density for each
orbital labeled in Figure 3 and are shown in Figure S8 of the
Supporting Information. From these charge densities, it is clear
that the majority of electron exchange between surface and
adsorbate occurs with the adsorbate’s HOMO and LUMO
levels.
In addition to the changes observed in the benzene LDOS,

the electronic structure of the bonded Fe atom, as seen in its
LDOS, is also affected by the adsorption of benzene. The spin
up states have shifted toward the Fermi level, and several
smaller peaks have appeared in these states in the energy range
of −8.0 to −6.0 eV. The appearance of these peaks is due to the
overlap with the 3e1u and 1a2u orbitals of the adsorbate. These
changes in the electronic structure of the bonded Fe atom cause
the magnetic moment of this atom to decrease to 1.786 μB from
2.477 μB. This effect is similar to that seen on the Fe (100)
surface.35

Table 1. Energetic and Geometric Results for Benzene Adsorbed on Fe (110) in All Possible Sitesa

site Eads (eV) Edist (eV) dC−C (Å) θC−H (deg) dC−M (Å)

free benzene 1.40 0
short bridge 0° −1.11 (−1.82) 1.20 (1.14) 1.45 (1.45) 19, 25 (18, 24) 1.98 (2.00)
short bridge 30° unstable, shift to 3-fold 30°
long bridge 0° −1.17 (−1.88) 1.13 (1.07) 1.44 (1.44) 20, 25 (19, 25) 2.05 (2.07)
long bridge 30° −1.16 (−1.91) 1.19 (1.12) 1.45 (1.44) 19, 27 (19, 26) 2.03 (2.03)
3-fold 0° −1.20 (−1.95) 1.19 (1.12) 1.45 (1.45) 21, 25 (20, 23) 2.04 (2.06)
3-fold 30° −1.21 (−1.97) 1.16 (1.08) 1.44 (1.44) 18, 21 (18, 22) 2.04 (2.05)
top 0° unstable, shift to 3-fold 0°
top 30° unstable, shift to long bridge 30°

aAdsorption energy, Eads; distortion energy of the molecule, Edist; C−C bond length, dC−C; dihedral angle of hydrogen atoms, θC−H; and the
perpendicular distance from adsorbate to surface, dC−M. The values outside (inside) of the parentheses are the results obtained using the PBE
(optB88) exchange-correlation functional.

Figure 2. Differential charge density of the adsorption of benzene in
the 3-fold 30° site on Fe (110). The isosurface level was set at 0.005
electrons/Å3, and the green or blue areas represent a gain or loss of
electrons. These calculations were performed with the optB88
functional.

Figure 3. LDOS for the adsorption of benzene on Fe (110) in the 3-
fold 30° position for both the spin up and spin down states of a
carbon-bonded Fe atom before (dotted line) and after (solid line)
adsorption and the spin up states for a benzene ring carbon both
before (dotted line) and after (solid line) adsorption. These
calculations were performed using the optB88 functional, and EF has
been set to zero.
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Overall, these results show that there is a strong electronic
interaction between the benzene adsorbate and the Fe surfaces.
The donation and backdonation of electrons to and from the
surface and adsorbate create the partial covalent bonds
characteristic of chemisorption and verify the strong adsorption
energy observed for this system.
3.2. Benzene Adsorption on a Pd/Fe/Pd (111) Surface.

The first PdFe surface examined was a host Pd (111) system
where the first subsurface layer is composed entirely of Fe. In
our previous work,21 this surface was found to be the most
favorable near-surface structure by comparing various config-
urations of pure Fe and mixed PdFe layers within the first three
layers of the Pd host. On the (111) facet, benzene can adsorb
onto the bridge, hcp, fcc, and top sites with the ring oriented at
either 0 or 30° with respect to the horizontal rows of Pd. These
adsorption sites are shown in Figure 4.

The strength of the adsorption and the relative geometric
distortions in the adsorbate were calculated, and these results
are presented in Table 3.
The majority of the adsorption sites examined were found to

be stable with only the top 30° shifting into the more favorable
fcc 30° site. Overall, the most favorable adsorption site was the
fcc 30° site with an adsorption energy of −1.10 eV, but the
largest difference in adsorption energies is 0.09 eV, making all
of the stable sites nearly identical. To illustrate the significant
effect that van der Waals corrections have on the adsorption of
aromatic compounds on transition metal surfaces, the
adsorption energy of this most favorable site was calculated
without these corrections. The resulting adsorption energy was
found to be −0.23 eV with negligible changes in the distortion
of the molecule itself. The addition of the van der Waals

corrections increased the adsorption energy by ∼0.9 eV, which
is a larger effect than that observed on the pure Fe (110)
surface in the preceding discussion. By comparison with the
optB88 results from benzene’s adsorption on Fe (110) in Table
1 (values shown in parentheses), it is clear that the adsorption
of benzene on this surface is much less favorable than on the
pure Fe (110) surface. This decrease in the observed
adsorption strength between benzene and the Pd/Fe/Pd
(111) surface is echoed in the adsorbate’s distortion energy
and geometric deformations due to surface interactions. The
average distortion energy for all stable sites is ∼0.04 eV, and the
aromatic rings are barely deformed as seen in the 0.01 Å
increase in the C−C bond length and the average C−H
dihedral angle increase of 3°. In addition to this minimal
distortion in the adsorbate, the distance from the surface to the
adsorbate has increased by ∼0.6 Å as compared to the Fe (110)
surface. This decreased adsorption energy and minimal
molecular distortion suggests that the adsorption of benzene
on this model surface is dominated by physisorption.
We have also examined the possibility that the Fe in this

surface will surface segregate upon the adsorption of benzene
due to the increase in binding strength between the adsorbate
and Fe in the Pd/Fe/Pd (111) surface. This reversed
segregation behavior was found to be energetically unfavorable,
even with benzene adsorbed on the surface. These results show
that even under adsorption conditions, the surface will be
enriched in Pd. This work is presented in more detail in the
Supporting Information.
The nature of the electronic interactions between the

adsorbate and the Pd/Fe/Pd (111) surface appears to be
significantly weaker that those observed on the pure Fe (110)
surface. These weak electronic interactions can be visualized by

Table 2. Orbital Binding Energies (eV) for Benzene Both in the Free Gas Form and in the Adsorbed Form onto the Most
Favorable Sites on the Surfaces Fe (110), Pd/Fe/Pd (111), Pd/Fe (110), and Fe (110) with a Pd Impuritya

orbital free Fe (110) Pd/Fe/Pd (111) Pd/Fe (110) Fe (110) with Pd (1st/2nd sites)

1e1g (π) −2.55 −4.49 −3.24 −3.91 −4.30/−4.19
3e2g (σ) −4.56 −5.24 −4.71 −4.71 −5.37/−5.26
1a2u (π) −5.25 −6.40 −5.45 −5.14 −6.28/−6.24
3e1u (σ) −6.49 −7.06 −5.94 −6.01 −7.26/−7.06
1b2u (σ) −7.18 −7.55 −6.68 −6.73 −7.68/−7.56
2b1u (σ) −7.26 −8.05 −7.42 −7.38 −8.00/−7.97
3a1g (σ) −9.11 −9.45 −9.22 −9.05 −9.48/−9.37

aCalculations were performed with the optB88 functional and EF has been set to zero.

Figure 4. All possible adsorption sites for benzene on a model Pd/Fe/
Pd (111) surface. The host material is the Pd (111) facet. The Fe
placed as a pure layer in the first subsurface layer of the system is the
most favorable configuration for this system. The white spheres
represent hydrogen, the black spheres represent carbon, the silver
spheres represent palladium, and the gold spheres represent iron. The
labeling of ring carbons is as in Figure 1.

Table 3. Energetic and Geometric Results for Benzene
Adsorbed on Pd/Fe/Pd (111) in All Possible Sitesa

adsorption
site Eads (eV) Edist (eV) dC−C (Å) θC−H (deg) dC−M (Å)

free benzene 1.40 0
bridge 0° −1.02 0.03 1.41 3, 4 2.75
bridge 30° −1.07 0.04 1.40, 1.41 3 2.65
hcp 0° −1.04 0.04 1.40, 1.41 2, 3 2.71
hcp 30° −1.01 0.04 1.40, 1.41 2, 4 2.67
fcc 0° −1.07 0.04 1.40, 1.41 3, 4 2.68
fcc 30° −1.10 0.04 1.40, 1.41 2, 4 2.67
top 0° −0.91 0.01 1.40 0 3.01
top 30° shift to fcc 30°
aAdsorption energy, Eads; distortion energy of the molecule, Edist; C−C
bond length, dC−C; dihedral angle of hydrogen atoms, θC−H; and the
perpendicular distance from adsorbate to surface, dC−M. Calculations
were performed with the optB88 functional.
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inspecting the differential charge density for the adsorption of
benzene on the fcc 30° site on this surface, as shown in Figure
5.

From this side view of the adsorption site, it is clear that the
adsorbate is minimally distorted by the surface interaction and
sits well away from the surface. Also, the strong, partial covalent
bonds formed between benzene and the pure Fe (110) surface
is nonexistent between the adsorbate and the Pd/Fe/Pd (111)
surface.
To further elucidate the nature of the adsorbate−surface

interactions, the LDOS for the bonded carbon and surface
palladium atoms were calculated and are shown in Figure 6.

These comparisons were made using the most favorable
adsorption site of fcc 30°. In this adsorption site, there are two
configurations of the aromatic ring carbons with respect to the
bonding Pd atoms (C3 and C3′), as shown in Figure 4. The
LDOS for both configurations were examined, showing almost
no difference between the LDOS of the bonded carbon atom.
Both carbon configurations are bonded to the same Pd atom,
meaning that there is no difference in the metal’s LDOS with
the change in ring carbon configuration. As the C3′
configuration results in the bonded carbon atop the surface
Pd, this situation was plotted in Figure 6. Here, we show both
the spin up and spin down states for the bonded Pd atom along
with the spin up states for the ring carbon. The spin down
states for the ring carbon were also examined, and the
difference in the LDOS between the two cases was found to be
negligible.

Because the benzene adsorbs onto the Pd/Fe/Pd (111)
model surface, the energy of the adsorbate’s bonding orbitals
shift away from the Fermi level to higher binding energies. This
shift is minor compared to the Fe (110) surface results, shown
in Table 2, and the interaction between the surface and
adsorbate orbitals is greatly reduced. This is evident from the
increase in the size of the 1a2u and 1e1g bonding orbital peaks
with respect to the Fe (110) surface, and there are still a
number of states present in the area of the e2u antibonding
orbital above the Fermi level. Finally, the partial charge density
for the benzene’s HOMO and LUMO levels show almost no
electronic interaction with the surface (Figure S9 of the
Supporting Information). In addition to these minimal changes
in the bonded ring carbon, there is almost no change in the Pd
LDOS. The Pd atom’s states do not shift due to the interaction,
and no peaks appear in the energy range of −8.0 to −6.0 eV as
seen in the Fe (110) LDOS.
The abrupt transition of the adsorption mechanism of

benzene on the Pd surface from chemisorption to physisorption
with the addition of a subsurface layer of Fe is similar to the
electronic effects observed in the Pd within PdZn alloys.54,55 In
these PdZn alloys, the LDOS of the Pd in the alloy has shifted
by ∼2.0 eV to below the Fermi level as compared to pure Pd.
This shift brings the electronic structure of the alloy into close
alignment with a noble metal structure, such as Cu, and
therefore accounts for the impeding of the adsorption of CO
on the surface of the alloy. This shift in the Pd’s LDOS was
accounted for on the basis of a partial filling of the 4d band due
to donation of electrons from the alloyed Zn. To compare with
the PdZn alloy result, the Pd’s LDOS from both a pure Pd
(111) surface and the Pd/Fe/Pd (111) surface are shown in
Figure 7.

In the Pd/Fe/Pd (111) surface, the LDOS of the Pd has
shifted to further below the Fermi level relative to the Pd (111)
surface. This shift of the LDOS can be quantified by comparing
the d-band center and d-bandwidth58,59 for Pd in each surface
in Figure 7. These parameters, along with the number of
electrons on the surface element (integrated d-states), are
shown in Table 4 along with the d-band center and width for
the other surfaces examined in this work.
The resulting d-band center for Pd in the Pd (111) surface is

consistent with previous work.60 For the Pd/Fe/Pd (111)
surface, the surface Pd’s d-band center shifts by 0.5 eV away
from the Fermi level relative to the Pd (111) surface. This shift

Figure 5. The differential charge density of the adsorption of benzene
in the fcc 30° site on Pd/Fe/Pd (111). The isosurface level and color
coding are as in Figure 2. Calculations were performed using the
optB88 functional.

Figure 6. LDOS for the adsorption of benzene on the Pd/Fe/Pd
(111) in the fcc 30° position for a carbon-bonded Pd atom and the
associated ring carbon both before (dotted line) and after (solid line)
adsorption. Calculations were performed using the optB88 functional,
and the EF has been set to zero.

Figure 7. LDOS of Pd in a pure Pd (111) surface (black solid line)
along with the spin up states of Pd in the Pd/Fe/Pd (111) surface (red
dotted line). The calculations were performed using the optB88
functional, and EF has been set to zero.
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in the d-band center accounts for the significant decrease in the
absorption energy of benzene and is consistent with previous
work on bimetallic, sandwich structure surfaces.61 The shift in
the d-band center due to bimetallic interactions has been
attributed to either a transfer of electrons between the metal
components or due to a hybridization of the metal’s orbitals
due to the overlap between the d-orbitals.62 It is clear from
Table 4 that while the number of electrons on the surface Pd
does not significantly change between the Pd and Pd/Fe/Pd
(111) surfaces, the width of Pd’s d-band increases by ∼2.0 eV2.
This suggests that the shift in the d-band center that prevents
adsorption is caused by the hybridization of the Pd’s 4d-band
with that of the subsurface Fe’s 3d-band and not due to a partial
filling of Pd’s 4d-orbital as seen in the PdZn surfaces. Overall,
these electronic interactions cause the surface to be
unconducive to the adsorption of aromatic molecules.
3.3. Benzene Adsorption on a Pd/Fe (110) Surface.

The second PdFe surface examined was a host Fe (110) system
with the surface layer composed entirely of Pd. This surface was
found to be the most favorable near-surface structure in our
previous work21 which compared various configurations of pure
Pd and mixed PdFe layers within the first three layers of the Fe
host. Upon the adsorption of benzene, the previously flat, stable
surface spontaneously buckled and the Pd layer formed a
pseudostepped surface where a row of Pd atoms comes out of
the surface as shown in Figure 8.
As the benzene is removed, the surface remains buckled and

the energy difference per surface atom between these two
systems is 0.35 eV/atom, with the buckled surface being the
more favorable surface. This shows that, overall, the most stable
Pd/Fe (110) surface is where the Pd buckles into a
pseudostepped surface. The possibility that this surface was
artificial was tested by removing the Pd adatom row (Figure S2
of the Supporting Information), but it was determined that the
buckled surface with the adatom row had a lower relative
surface energy and was not an artificial system (see Supporting
Information). The buckling of the Pd in this surface could be
due to the changes in the Pd−Pd bond length. In a pure Pd
system, the Pd−Pd bond length is 2.80 Å. This bond length on
the Pd/Fe (110) flat surface has been decreased to 2.45 Å while
the buckling of the surface increases the bond length to 2.77 Å.
This increase in the Pd−Pd bond length decreases the stress in
the top layer, accounting for the increased stability of the
buckled surface.
The adsorption of benzene on this buckled surface was

studied in the bridge 0°, bridge 30°, step, and top sites, where
the 0 and 30° notations represent the aromatic ring orientation
with respect to the vertical rows of Pd. These adsorption sites
are shown in Figure 9.

The strength of the benzene’s adsorption on these various
sites and the resulting relative geometric distortions in the
adsorbate are presented in Table 5.
The adsorption of benzene on this buckled surface shows a

significant increase in the adsorption strength as compared to
the Pd/Fe/Pd (111) surface while all sites have an adsorption

Table 4. d-Band Center (Spin Up/Spin Down Components), d-Band Width (Spin Up/Spin Down Components), and Number
of Electrons on the Surface Elements for the Surfaces Pd (111), Fe (110), Pd/Fe/Pd (111), Pd/Fe (110), and Fe (110) with a
Pd Impuritya

surface element d-band center (eV) d-bandwidth (eV2) Nelectrons

Pd (111) Pd −1.8 4.7 8.9
Fe (110) Fe −2.1/−1.2 5.6/2.2 6.7
Pd/Fe/Pd (111) Pd −2.3/−2.3 7.0/6.7 9.0
Pd/Fe (110) Pd1 −1.5/−1.5 3.2/3.3 8.8
Pd/Fe (110) Pd2 −2.4/−2.4 7.4/7.1 8.7
Fe (110) Pd impurity Pd −2.9/−3.1 10.6/10.6 9.1
Fe (110) Pd impurity Fe −2.1/−1.3 5.7/2.4 6.8

aNumber of electrons on the given surface element in the given surface, Nelectrons. These calculations were performed with the optB88 functional.

Figure 8. Comparison of the buckled and flat surface of Pd/Fe (110).
The color coding of the spheres are as in Figure 4 with the dark gray
spheres representing the Pd adatom row.

Figure 9. Favorable adsorption sites for benzene on a model Pd/Fe
(110) surface. The host material is the Fe (110) facet. The Pd placed
as a pure layer on the surface of the system is the most favorable
configuration for this system. The color coding of the spheres and
labeling of ring carbons are as in Figure 4.
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strength less than that found on the pure Fe (110) surface. The
step site had the highest adsorption energy of −1.87 eV with a
distortion energy of 0.29 eV. While the adsorption strength of
benzene on this most favorable site is only 0.04 eV less than
that found for the Fe (110) surface, the molecule is only slightly
deformed and shows a significant decrease of 0.83 eV in the
distortion energy of the molecule. This suggests that the
adsorbate−surface interactions that occur within this system are
significantly weaker than those found on the pure Fe (110)
surface.
The increased strength of the electronic interactions between

the adsorbate and the Pd/Fe (110) surface as compared to the
Pd/Fe/Pd (111) surface can be further understood by
comparing the changes to the differential charge density and
the LDOS between the two surfaces. The differential charge
density for the adsorption of benzene of the step site of the Pd/
Fe (110) surface, as shown in Figure 10, shows an increase in
the charge transfer between surface and adsorbate.

Because the Pd atoms in the step are further removed from
the subsurface Fe layers, as opposed to the Pd/Fe/Pd (111)
case above, these atoms begin to exchange electrons with the
aromatic ring which increases the adsorption strength of this
system. Here the geometric distortion is still weak because only
a fraction of the ring carbons are bonding with the surface. Due
to the angle of the buckled surface, the adsorbate cannot lie flat
along the step without significant interaction between the

benzene hydrogen and Pd surface which is highly unfavorable
due to the increase in the C−H dihedral angle upon adsorption
on pure Pd surfaces.30,32

These electron transfers were further examined by calculating
the LDOS for the bonded carbon and surface palladium atoms
for the Pd/Fe (110) surface. From the differential charge
density (Figure 10), it is clear that there are two configurations
of the aromatic ring carbons bonding with the Pd surface (C2
and C2′, from Figure 9). The LDOS for both configurations
were examined, showing almost no difference between the
LDOS of the bonded carbon atom. Both carbon configurations
are bonded to the same Pd atom, meaning that there is no
difference in the metal’s LDOS with the change in ring carbon
configuration. As the C2 configuration results in the higher
interaction between bonded carbon and the surface Pd, this
situation was plotted in Figure 11.

Here, we show both the spin up and spin down states for the
bonded Pd atom along with the spin up states for the ring
carbon. The spin down states for the ring carbon were also
examined, and the difference in the LDOS between the two
cases was found to be negligible. Upon adsorption, the carbon’s
orbital peaks shift to the binding energies between those found
for the Fe (110) and the Pd/Fe/Pd (111) surfaces (Table 2).
This agrees with the adsorption energy results which place
benzene’s adsorption strength on the Pd/Fe (110) surface
between the Pd/Fe/Pd (111) and Fe (110) surfaces.
Before adsorption, both the Pd’s d-band center and charge

state for the adatom row (Pd1 in Figure 9) in the Pd/Fe (110)
have not significantly shifted relative to the Pd (111) surface
while the d-bandwidth has decreased by ∼1.5 eV2. These results
suggest that the increased distance between the Pd adatom row
and the subsurface Fe is large enough for the effect of the
rehybridization of Pd’s 4d band to be minimal and that strong
electronic interactions will occur between the benzene
adsorbate and the adatom row. We find that this is indeed
true as the shift in Pd’s peak energies after adsorption is
significantly more substantial than that seen on the Pd/Fe/Pd
(111). In addition to this energy shift, the interaction with the
benzene adsorbate causes several peaks to appear in the energy
range for −8.0 to −4.5 eV while the overall number of Pd’s
states directly below the Fermi level have significantly

Table 5. Energetic and Geometric Results for Benzene
Adsorbed on Pd/Fe (110) in All Possible Sitesa

adsorption
site Eads (eV) Edist (eV) dC−C (Å) θC−H (deg)

dC−M
(d1/d2) (Å)

free
benzene

1.40 0

bridge 0° −1.75 0.20 1.41, 1.43 1, 10 2.39/4.32
bridge 30° −1.77 0.28 1.42, 1.43 1, 14 2.12/4.06
top unstable, shift to bridge 0°
step −1.87 0.29 1.42 12, 13 2.06/3.13
aAdsorption energy, Eads; distortion energy of the molecule, Edist; C−C
bond length, dC−C; dihedral angle of hydrogen atoms, θC−H; and the
perpendicular distance from adsorbate to surface, dC−M. Calculations
were performed using the optB88 functional.

Figure 10. Differential charge density of the adsorption of benzene in
the step site on Pd/Fe (110). The isosurface level and color coding are
as in Figure 2. Calculations were performed using the optB88
functional.

Figure 11. LDOS for the adsorption of benzene on Pd/Fe (110) in
the step position for a carbon-bonded Pd atom and the associated ring
carbon both before (dotted line) and after (solid line) adsorption. The
surface LDOS, both before and after adsorption, presented here is for
the Pd in the buckled surface, and EF has been set to zero. Calculations
were performed using the optB88 functional.
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decreased. These changes show that electrons have been both
donated from the adsorbate to the surface and backdonated
from the surface to the adsorbate, which is shown in more
detail through the partial charge density of the HOMO and
LUMO levels as seen in Figure S10 of the Supporting
Information. These electronic interactions account for the
increased adsorption energy for benzene on this surface relative
to the Pd/Fe/Pd (111) surface and the small distortion energy
for benzene on this surface relative to the Fe (110) surface.
The above analysis would seem to suggest that the Pd/Fe

(110) surface is as conducive to benzene adsorption as either
the pure Fe or Pd surfaces. However, an electronic analysis of
the surface Pd adjacent to the adatom row and in direct contact
with subsurface Fe (Pd2 in Figure 9) shows that the d-band
center has shifted by ∼0.6 eV below the Fermi level (Table 4).
In addition to this shift, the Pd’s d-bandwidth has increased by
∼2.6 eV2 with no corresponding change in the number of
electrons on said surface atom. These changes to the Pd
electronic structure are nearly identical to those observed for
the Pd/Fe/Pd (111) surface. This suggests that the adsorption
of benzene on an Fe (110) surface coated with one layer of Pd
will result in a physisorbed system equivalent with the Pd/Fe/
Pd (111) result and that any additional surface Pd will be far
enough from the subsurface Fe to prevent Pd’s hybridization
and cause benzene to chemisorb onto the surface.
3.4. Benzene Adsorption on an Fe (110) Surface with

a Pd Impurity. From the above results, it is clear that the
complete coverage of an Fe surface with Pd results in a decrease
in the interaction strength of benzene with that surface. These
studies show that surfaces composed of bulk Fe will result in a
higher adsorption favorability. However, PdFe surfaces that are
composed of bulk Fe with a small amount of Pd can exist as
opposed to the pure layered systems examined above. To
address these surfaces, the effect of the addition of a single Pd
into an Fe (110) surface on the adsorption of benzene was
modeled using the 3-fold 30° site which was found above to
have the most favorable adsorption of all sites on a pure Fe
(110) surface. The distance from the adsorbate to the surface
Pd atom was varied as shown in Figure 12, and the adsorption
energies and structural deformations are reported in Table 6.

These results show that the interaction between benzene and
the Pd atom significantly decreases the adsorption energy of the
system. The greatest decrease in adsorption occurs in the first
case where a C−C bond adsorbs directly over the Pd atom,
resulting in the highest interaction between the carbon and Pd.
As the adsorbate moves away from the Pd impurity, the

calculated adsorption energy and molecular distortion approach
that found on the pure Fe (110) surface. From these results, it
is clear that benzene preferentially adsorbs on the Fe surface
away from the surface Pd.
The decrease in the adsorption energy of benzene on the Fe

(110) surface near Pd impurity atoms can be related to
observed changes in the differential charge density and LDOS
for the various systems. The differential charge densities for the
adsorption of benzene on the Fe (110) surface with a Pd
impurity in the first and second positions are shown below in
Figure 13.

A comparison of the partial bonds formed between the
surface and adsorbate around the Pd atom shows that direct
interaction with the surface Pd atom decreases the strength of
the adsorption of benzene. As the benzene adsorbate is shifted
to a lesser degree of interaction, the electron interaction
between the Pd and bonded carbon atom increases. However,

Figure 12. Adsorption of benzene on an Fe (110) surface with a Pd
impurity with increasing distance from the adsorbate to the impurity
atom. The color coding of the spheres and labeling of ring carbons are
as in Figure 4.

Table 6. Energetic and Geometric Results for Benzene
Adsorbed on Fe (110) with a Pd Impuritya

surface Eads (eV) Edist (eV) dC−C (Å) θC−H (deg) dC−M (Å)

Fe (110) −1.97 1.08 1.44, 1.45 18, 22 2.05
1st Pd
position

−1.55 0.91 1.42, 1.45 14, 19 2.10, 2.33

2nd Pd
position

−1.80 0.97 1.44, 1.45 17, 23 2.09, 2.15

3rd Pd
position

−1.90 1.03 1.43, 1.45 20, 22 2.02, 2.09

aAdsorption energy, Eads; distortion energy of the molecule, Edist; C−C
bond length, dC−C; dihedral angle of hydrogen atoms, θC−H; and the
perpendicular distance from adsorbate to surface, dC−M. The distance
between adsorbate and Pd impurity increases from position 1 to
position 3, and calculations were performed using the optB88
functional.

Figure 13. Differential charge density for the adsorption of benzene on
an Fe (110) surface with a Pd impurity. The isosurface level and color
coding are as in Figure 2, and calculations were performed using the
optB88 functional.
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this interaction is still considerably weaker than the interactions
between the remaining ring carbons and the Fe surface atoms.
The exact bonding nature between the ring carbons and

bonding Pd or Fe atoms were investigated with the LDOS for
each species of interest. This was done for the first and second
positions. These positions were chosen because they had the
highest interaction between the Pd impurity and adsorbate, and
the resulting plots are shown in Figure 14.
From the adsorption configurations for each position, it is

clear that there are several configurations of the aromatic ring
carbons with respect to the surface Pd. For example, the first Pd
position has three possible configurations (C2, C2′, and C2″) of
the ring carbons with respect to the bonding surface Pd and Fe
atoms while the second Pd position has four possible carbon
configurations (C1, C1′, C2, and C2′). The LDOS for all
configurations were examined and showed almost no difference
between the LDOS of the bonded carbon atom and the bonded
surface atom, be it Fe or Pd. Therefore, the LDOS shown in
Figure 14 are for the carbon-bonded Pd atom along with the
carbon-bonded Fe atom opposite of the Pd atom along with the
associated Pd-bonded ring carbon (C2″ for the first position and
C1 for the second). Here, we show both the spin up and spin
down states for the bonded transition metal atoms along with
the spin up states for the ring carbon. The spin down states for
the ring carbon was also examined, and the difference in the
LDOS between the two cases was found to be negligible.
The first obvious change is in the Pd LDOS which shows

that the electronic structure has been significantly modified by
its interaction with the Fe surface with a decrease in the spin up
and down states near the Fermi level and the appearance of a
large peak at −3.5 eV in the spin down states. These changes
are evident by comparing the LDOS for the Pd in this surface
with the previous PdFe surfaces and with a pure Pd (111)
surface29 along with the calculated d-band parameters. For the
clean PdFe surface, the Pd’s d-band center was found to shift by
∼1.1 eV below the Fermi level relative to the Pd (111) surface
while the d-bandwidth was found to increase by ∼5.9 eV2.
These changes show that the greater the amount of Fe in
contact with the surface Pd, the larger the hybridization of the
Pd’s 4d-band leading to weaker electronic interactions with the
benzene adsorbate. Indeed, the adsorption of benzene on the

surface Pd in this PdFe surface produces a minimal effect on
Pd’s states just below the Fermi level, reducing the strength of
the surface’s backdonation into the adsorbate’s antibonding
states. However, the appearance of a peak in the Pd’s spin down
LDOS at ∼−4.5 eV shows that this surface atom readily accepts
electrons from benzene’s HOMO level, suggesting that the
decrease in benzene’s adsorption strength due to interaction
with the surface Pd is caused by a weakening in the
backdonation of electrons from the surface.
Besides this change in the overall structure of the Pd LDOS,

the adsorption of benzene on this surface produces results
which are similar to the pure Fe (110) surface in the LDOS of
the bonded carbon and Fe atoms. In the carbon’s LDOS, the
HOMO and LUMO levels have nearly disappeared upon
adsorption due to similar electron transfer as seen in the pure
Fe (110) surface. For the adjacent bonding surface Fe, peaks
appear in the LDOS of the bonded Fe in the energy range from
−8.0 to −6.0 eV which are caused by the overlap of the surface
atom’s orbitals with the higher energy orbitals of the adsorbate
while the decrease in the Fe’s available states below the Fermi
level show that backdonation is occurring from this surface
metal. These electronic interactions between the surface Fe and
benzene’s HOMO and LUMO levels were visualized, and the
resulting partial charge densities are shown in Figure S11 of the
Supporting Information. Finally, the change in the calculated d-
band center and width for the surface Fe adjacent to the Pd
impurity is negligible, suggesting that the Fe’s electronic
structure remains relatively unchanged due to the overlap with
the Pd’s 4d band and that benzene will strongly adsorb to the
Fe surface away from surface Pd.
Overall, the results from these electronic comparisons

support the conclusion formed from the trend in the adsorption
energy, that the adsorption of benzene on an Fe (110) surface
with a Pd impurity favors the Fe surface due to the
rehybridization of the Pd’s 4d band.

4. CONCLUSION

The adsorption of benzene on a pure Fe (110) surface and
several model PdFe surfaces was investigated using density
functional theory. The examination of benzene adsorption on

Figure 14. LDOS for a carbon-bonded Pd atom, carbon-bonded Fe atom, and the associated ring carbons both before (dotted line) and after (solid
line) adsorption for the adsorption of benzene on the Fe (110) surface with a single Pd impurity at the first (left) and second (right) positions. The
EF has been set to zero, and the calculations were performed using the optB88 functional.
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the pure Fe (110) surface resulted in an adsorption strength
similar to that found on noble metals, such as Pt and Pd.32 Such
a high adsorption energy was attributed to the strong electron
donation and backdonation between surface and adsorbate as
shown in the LDOS and charge densities.
The PdFe surfaces examined were a Pd (111) host with the

first subsurface layer replaced with Fe, a Fe (110) host with the
first layer replaced with Pd, and an Fe (110) host with a single,
surface Pd impurity where the first two surfaces represent the
high Pd coverage limit and the third surface represents the low
Pd coverage limit. The resulting adsorption energies, molecular
distortions, LDOS, and charge densities showed that the
benzene adsorbate interacts more strongly with any exposed
surface Fe, despite the similar adsorption strength of benzene
on the pure Pd and Fe surfaces. This is likely due to the shift in
the Pd’s d-band center away from the Fermi level which was
found to be caused by a hybridization of Pd’s 4d-band with the
adjacent Fe’s valence states. While the electronic structure of
Pd in the PdFe surfaces was shown to drastically change relative
to the Pd (111) surface, the Fe electronic structure remains
largely unaffected by the Pd−Fe interactions. Overall, these
results show that benzene will preferentially adsorb onto any
exposed Fe in a PdFe surface.
Our results show that the adsorption strength of benzene on

PdFe surfaces can be tailored by varying the composition of Pd
atop Fe surfaces through the variation of two parameters; the
Pd:Fe ratio and benzene surface coverage. First, variation in the
surface Pd composition will alter the degree to which the Pd
and benzene adsorbate interact and allow us to tune the
adsorption strength of benzene. Second, increasing the benzene
coverage to that expected under typical catalytic conditions will
also increase the degree to which the surface Pd and adsorbate
interact, decreasing the adsorption energy and allowing the
average adsorption strength of benzene to be tuned. Therefore,
the adsorption of benzene on PdFe surfaces can be effectively
tailored by varying the surface Pd concentration.
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