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Role of the surface–subsurface interlayer interaction in
enhancing oxygen hydrogenation to water in Pd3Co
alloy catalysts

Dhivya Manogarana and Gyeong S. Hwang*b

Based on density functional theory calculations, we present mechanisms underlying the improvement in the

catalytic performance of Pd-based alloys for oxygen hydrogenation to water. As a model case, we consider

the Pd/Pd3Co system where one or two Pd overlayers are located on top of the bimetallic substrate. Our

calculations clearly demonstrate that the subsurface Co atoms assist in facilitating the oxygen reduction

reaction by lowering the activation barriers for O/OH hydrogenation with a slight increase in the O2 scission

barrier; however, we also find that the Co atoms lying below the subsurface have no significant contribution

in altering the surface reactivity towards oxygen hydrogenation. The analysis of intra- and interlayer orbital

interactions in the near-surface region elucidates the synergetic interplay between the surface electronic

structure modification due to the underlying Co atoms (interlayer ligand effect) and the compressive strain

caused by the Pd3Co substrate. This result also brings to light the significant contribution of the out of plane

(dxz and dyz) states in altering the surface reactivity towards O hydrogenation.

1. Introduction

The growth and progress in the widespread use of polymer
electrolyte membrane fuel cells (PEMFCs) calls for a significant
reduction in the amount of expensive and scarce platinum (Pt)
used with the need for improving the sluggish kinetics of the
oxygen reduction reaction (ORR) at the cathode. Palladium (Pd) is
considered as a viable replacement for Pt because it is more
abundant and less expensive, in addition to showing similar
catalytic behavior and long term durability in acidic media.1 In
the past few years, studies have been dedicated towards employing
Pd alloys as electrocatalysts for the ORR.2–5 For example, alloying
Pd with transition metals such as iron (Fe), cobalt (Co) and nickel
(Ni) has been shown to improve the catalytic activity of Pd.6–8 In
particular, PdCo alloys with a Pd : Co atomic ratio of 3 : 1 (Pd3Co)
have been reported to exhibit significantly enhanced ORR activity
relative to pure Pd.9,10 However, Co atoms can be dissolved into the
electrolyte under PEMFC operating conditions, thereby causing the
gradual loss of catalytic activity.11 The Co-leaching may lead to the
formation of Pd-skin layers on Pd–Co alloy cores.12,13

Numerous theoretical studies using density functional
theory (DFT) have been performed to understand how the
bimetallic core affects the surface reactivity of the monometallic
skin layer (or overlayer).14–16 It is now well accepted that the
electronic and chemical properties of the monolayer skin can be
modified by two primary mechanisms; firstly, the strain effect
caused by the bond length difference between the atoms in the
skin layer and those in the alloy substrate, and secondly the
ligand effect due to heterometallic bonding interactions with
the underlying alloy. DFT has been used successfully to demon-
strate the combined strain and ligand effects on the electronic
structure modifications of bimetallic surfaces, and also in turn
their catalytic activity towards various reactions. However, most
previous studies have focused on Pt-based alloys,17–19 so the
understanding of Pd-based alloys remains relatively limited.
Moreover, in many cases, a detailed analysis of interlayer
orbital interactions in the near-surface region is missing
despite their potential importance in understanding the alloying
effect on the surface properties.

In this paper, we examine the Pd3Co system where one or
two Pd overlayers are located on top of the bimetallic substrate,
with particular attention to the synergism and the relative
contributions of the strain and ligand effects to the change in
catalytic activity towards the ORR. We use DFT to first calculate
the binding energies of main reaction intermediates (O and
OH), which can be important descriptors of ORR activity,1 and
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then the reaction energetics and activation barriers of the key
steps constituting the ORR. Next, we look at alloying-induced
modifications in the surface electronic structure, through care-
ful analysis of intra- and interlayer orbital interactions and
charge redistributions in the near-surface region. Based on the
results, we also briefly discuss how the surface reactivity
of Pd3Co is correlated with the alloying-induced electronic
structure modification.

2. Computational details

The calculations reported herein were performed on the basis
of spin polarized density functional theory (DFT) within
the generalized gradient approximation (GGA-PW91),20 as
implemented in the Vienna Ab initio Simulation Package
(VASP).21 The projector augmented wave (PAW) method22 with
a planewave basis set was employed to describe the interaction
between core and valence electrons. An energy cutoff of 350 eV
was applied for the planewave expansion of the electronic
eigenfunctions. For the Brillouin zone integration we used a
(5 � 5 � 1) Monkhorst–Pack mesh of k points to determine the
optimal geometries and total energies of the systems examined,
and increased the k-point mesh size up to (10 � 10 � 1)
to reevaluate corresponding electronic structures. Reaction
pathways and barriers were determined using the climbing-
image nudged elastic band method23 with eight intermediate
images for each elementary step.

The model systems considered in the study are Pd/Pd3Co(111)
(hereafter referred to as Pd1Co; one Pd overlayer on the Pd3Co
substrate), Pd/Pd/Pd3Co(111) (Pd2Co; two Pd overlayers on
the Pd3Co substrate), Pd(111) with a compressive strain of
1.77% (s-Pd; the strain imposed is equivalent to the strain
imposed by the Pd3Co substrate on Pd(111)), and pure Pd(111)
(p-Pd), as illustrated in Fig. 1. For a model surface we used a
supercell slab that consists of a rectangular 2 � 2 surface unit
cell with five atomic layers, each of which contains 4 atoms.
A slab was separated from its periodic images in the vertical
direction by a vacuum space corresponding to seven atomic
layers. While the bottom two layers of the five-layer slab were
fixed at corresponding bulk positions, the upper three layers
were fully relaxed using the conjugate gradient method until

residual forces on all the constituent atoms became smaller
than 5 � 10�2 eV Å�1. The lattice constant for bulk Pd is
predicted to be 3.96 Å, which is virtually identical to previous
DFT-GGA calculations and also in good agreement with the
experimental value of 3.89 Å.24

3. Results and discussion

First we calculated how the binding energies of isolated O, H,
and OH (which are key intermediate species in the ORR) are
affected by the alloying-induced modification of the surface
electronic structure in Pd1Co, Pd2Co, s-Pd, and p-Pd
(see Table 1). The binding energy (Eb) is given by: Eb = EX +
EM � EX/M, where EX, EM, and EX/M represent the total energies
of the gas phase X (= O, H, OH), the slab, and the X/slab system,
respectively. The O/H/OH binding energies in Pd1Co are pre-
dicted to be lower than p-Pd by 0.21/0.06/0.13 eV. The reduction
in the binding strength can be attributed to the compressive
strain effect caused due to the different lattice parameters of
Pd–Co and Pd–Pd. In addition, the subsurface hetero atom Co
may alter the surface electronic structure; this is hereafter
referred to as the ‘interlayer ligand’ effect to distinguish it from
the ‘lattice strain’ effect. The O/H/OH binding energy values in
Pd2Co and s-Pd are very close to each other, implying that the
presence of Co atoms in the layers below the subsurface layer
may have a little effect on the surface reactivity towards O/H/OH
adsorption. This result suggests that the interlayer ligand effect
would be restricted to the first subsurface layer in the PdCo
alloy catalysts. It is also noteworthy that O/H/OH adsorption
might induce Co surface segregation,25 but the segregation
effect is beyond the scope of this work and we limit the analysis
to Pd skin surface layers.

Fig. 2(a) shows the d-electron density of states (DOS)
projected onto the surface Pd atoms of the Pd1Co, Pd2Co,
s-Pd, and p-Pd systems; the Fermi level is set at zero eV. The
DOS comparison between Pd1Co and p-Pd demonstrates how
the surface electronic structure is modified by the presence of
Co atoms in the underlying layers and the compressive strain is
induced by the Pd3Co(111) substrate. Note that the calculated
lattice parameter of Pd3Co (= 3.88 Å) is smaller than that of Pd
(= 3.96 Å), imposing compression on the Pd surface layer. The
compressive strain may lead to an increase in the d-orbital
overlap, which in turn broadens the d-valence band while
lowering its average energy.26,27 Due to the strain effect, we
can see that the Pd DOS curves of Pd1Co become somewhat

Fig. 1 Model systems used in this work. (a) Pd/Pd3Co(111) which consists of one
Pd overlayer on the Pd3Co substrate (referred to as Pd1Co), (b) Pd/Pd/Pd3Co(111)
which has two Pd overlayers on the Pd3Co substrate (Pd2Co), (c) Pd(111) with a
compressive strain of 1.77% (s-Pd; the strain imposed is equivalent to the strain
imposed by the Pd3Co substrate on Pd(111)), and (d) pure Pd(111) (p-Pd). The
cyan and blue balls represent Pd and Co atoms, respectively.

Table 1 Calculated surface binding energies (in eV)

Pd/Pd3Co(111) [Pd1Co] 4.52 2.73 2.41
Pd/Pd/Pd3Co(111) [Pd2Co] 4.64 2.80 2.51
Strained Pd(111) [s-Pd] 4.64 2.76 2.50
Pure Pd(111) [p-Pd] 4.73 2.79 2.54
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wider and display a slight downshift in energy; note the drastic
increase in the calculated d-band center for Pd1Co to �1.64 eV
from �1.40 eV for p-Pd. In addition, there is a noticeable
reduction in the DOS peak intensity near the Fermi level, and
the extent of downshift in energy is more than that in s-Pd
(which displays a d-band center of �1.46 eV). This suggests that
the subsurface Co atoms have a significant influence on the
surface electronic structure. On the other hand, the surface Pd
DOS curves of s-Pd and Pd2Co are similar, as shown in Fig. 2(b);
this indicates that the interlayer ligand effect becomes insig-
nificant when Co atoms exist below the first subsurface layer;
consistently, the calculated d-band centers for Pd2Co (�1.50 eV)
and s-Pd (�1.46 eV) turn out to be comparable.

Next, we attempted to understand the surface activity of the
Pd1Co, Pd2Co, s-Pd, and p-Pd systems towards the ORR. The
ORR mechanism considered in this study consists of oxygen
scission reaction followed by O/OH hydrogenation. In Table 2,
we summarize the calculated total energy changes (DE) and
activation barriers (Ea) for (A) O–O bond scission [O2 - O + O],
(B) O hydrogenation [O + H - OH] and (C) OH hydrogenation
[OH + H - H2O]. Although the ORR is a complex process and
its detailed mechanisms are still under debate, the compar-
isons of the reaction energetics would give important insight
into the activity of different catalyst surfaces towards the ORR.
Perhaps, O2 hydrogenation [O2 + H - O–OH] and subsequent
O–O bond cleavage [O–OH - O + OH] would also occur.
However, a previous study28 demonstrated that their relative

contributions to the H2O formation kinetics are likely less
important than the aforementioned elementary reactions on
the Pd surfaces considered; according to the DFT calculations,
the energy barrier for O2 dissociation was predicted to be about
0.38 eV lower than the O2 hydrogenation barrier on Pd(111).

Our calculations predict a significantly reduced DE for O2

scission on the Pd1Co surface, compared to the p-Pd case.
This can be related to the relatively weak O adsorption on
Pd1Co (see Table 1), leading to an increase of potential energy
in the product side which lowers the reaction exothermicity. In
addition, the activation barrier of 0.89 eV on the Pd1Co surface
is about the same as (or even slightly lower than) 0.90 eV on the
s-Pd surface, while it is noticeably higher than 0.83 eV on the
p-Pd surface. This may imply that the kinetics of O–O scission
could be affected mainly by the compressive surface strain
which causes an increase in the activation barrier.

For the O/OH hydrogenation reaction, our calculations pre-
dict a substantial reduction in the activation barrier on the
Pd1Co surface (Ea = 0.94/0.60 eV) compared to the p-Pd case
(Ea = 0.98/0.74 eV). Although the predicted barrier on Pd1Co is
only slightly lower than that on s-Pd (Ea = 0.95/0.61 eV), the
higher exothermicity on Pd1Co (by 0.06/0.12 eV) may imply that
the subsurface Co atom, along with the compressive surface
strain, could play an important role in promoting the hydro-
genation of O and OH in Pd1Co. The notable enhancement in
O/OH hydrogenation is, as expected, related to the change in
relative binding strengths of reaction intermediates (O/OH/H)
when alloying Pd with Co. As summarized in Table 1, the OH
binding strength on Pd1Co is reduced by 0.13 eV compared to
that on p-Pd, which is less than 0.21 eV for the reduction of O
binding energy [4.73 eV (p-Pd) - 4.52 eV (Pd1Co)]; a reduction
is also observed in the H binding energy, i.e., Eb(H) = 2.79 eV
(p-Pd) and 2.73 eV (Pd1Co). As a result, for the O + H - OH
reaction, there is an increase of potential energy in the reactant
side (O + H) in comparison to the product side (OH), leading to
enhanced exothermicity in O hydrogenation. Similarly, for the
OH + H - H2O(g) reaction, the reduced binding strengths of
OH and H on Pd1Co may contribute to the increase of potential
energy in the reactant side and consequently results in the
enhanced exothermicity in OH hydrogenation.

The above results suggest that the presence of Co atoms in
the subsurface layer may contribute to lowering the activation
barriers of O/OH hydrogenation reactions, at the cost of a
relatively small increase in the O–O scission barrier. Thus,
the interlayer ligand effect also has a significant effect on the
ORR activity in addition to the effect of induced compressive
strain. Then, how does alloying Pd with Co lead to such surface
reactivity modifications towards O2 scission and O/OH hydro-
genation? In the following section, we attempt to address this
question by examining alterations in the surface–subsurface
interaction induced by the presence of heteroatoms.

First, we looked at hetero-atom induced charge redistribu-
tion in the Pd1Co, Pd2Co, and s-Pd systems using grid based
Bader charge analysis.29 As listed in Table 3, the average surface
charge per atom (q1) is predicted to be �0.067 in Pd1Co, which
is substantially greater than �0.027 in s-Pd. This is mainly

Fig. 2 (a) Density of states (DOS) projected onto the surface Pd atoms in s-Pd
(shaded region), p-Pd (red solid line) and Pd1Co (blue solid line). For comparison,
the DOS plot of Pd2Co is also shown in (b). The position of the Fermi level is
indicated by the dotted line.

Table 2 Calculated total energy changes in eV (DE) and activation barriers (Ea in
parentheses) for (A) O2 scission, (B) O hydrogenation, and (C) OH hydrogenation
reactions. The energetically favorable adsorption sites are top-fcc-top for O2, fcc
sites for O/H, and bridge sites for OH

(A) O2 - O + O (B) O + H - OH (C) OH + H - H2O(g)

Pd1Co �1.38 (0.89) �0.24 (0.94) �0.37 (0.60)
Pd2Co �1.50 (0.88) �0.15 (0.99) �0.20 (0.64)
s-Pd �1.44 (0.90) �0.18 (0.95) �0.25 (0.61)
p-Pd �1.55 (0.83) �0.10 (0.98) �0.18 (0.74)
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attributed to the donation of electrons from subsurface Co,
leading to a substantial charge depletion in the subsurface
layer (q2 = +0.06 per atom); the Co charge state in the subsur-
face layer is predicted to be +0.48. We therefore, find that the
charge separation (per atom) between the surface and subsur-
face layers (D B 0.13) is significantly greater than the s-Pd case
(D B 0.05). We also find that the surface–subsurface interlayer
distance of 2.29 Å in Pd1Co is smaller than 2.34 Å in s-Pd,
implying a Co-induced enhancement in the surface–subsurface
binding. In contrast to the Pd1Co case, both the surface and
subsurface in Pd2Co are found to have excess electrons (with
charge states of �0.03 per atom and �0.01 per atom), and the
surface–subsurface distance (d1) is relatively enlarged (2.38 Å),
indicating a comparatively weak surface–subsurface binding.
This computational analysis predicts an average charge of
+0.04 per atom in the second subsurface layer of Pd2Co (with a
charge state of +0.46 for Co) and the interlayer distance between
the subsurface and second subsurface layers (d2) is found to be
2.28 Å, which is lower than 2.31 Å in s-Pd. Therefore, we
can expect an enhanced subsurface–2nd subsurface binding in
Pd2Co. Our study suggests that in addition to the surface charge
distribution, the near-surface charge distribution would also
influence the surface stabilization, as also demonstrated by
Ramirez-Caballero et al.30

To better understand the nature of surface–subsurface inter-
actions, we analyzed the electronic structure of the Pd1Co,
Pd2Co, and s-Pd systems. Fig. 3 shows the DOS projected onto
the d orbitals of surface Pd atoms in the systems considered.
The in-plane dxy+x2–y2 (= dxy + dx2–y2) DOS (shaded region) shows
no distinct difference among the systems, indicating their
relatively insignificant contribution to the changes in the
surface reactivity. Looking at the out-of-plane dz

2 and dxz+yz

(= dxz + dyz) DOS, Pd1Co exhibits a significant downshift in
energy with reduced peak intensity near the Fermi level, compared
to the Pd2Co and s-Pd cases (which display similarity). This
suggests that the change of the out-of-plane d states could be a
major contributor to the altered surface reactivity.

Then, how does the modification of the surface electronic
structure affect the reactivity? For O adsorption, for instance, it
is well known that metal dxz+yz orbitals are majorly involved;31

hence, the O binding strength is mainly determined by the
extent of coupling between the O 2p and metal d states.32 This
could help explain why the O binding energy is noticeably
reduced in Pd1Co, compared to the cases of Pd2Co and s-Pd
(as reported in Table 1); that is, the reduction can be attributed

to the stabilization of dxz+yz states that may lead to weakening of
the Pd 4d and O-2p coupling.

We also turned to examining how the surface dz
2 and dxz+yz

states are altered by the electronic interaction with the subsur-
face layer. Fig. 4 shows the orbital-decomposed d-band DOS of
the subsurface Pd atoms. In Pd1Co, the dxy+x2�y2 DOS near the
Fermi level are relatively suppressed and shift towards lower
energies, in contrast to the densely populated in-plane states in
Pd2Co and s-Pd; the enhanced in-plane d-state interactions are
apparently attributed to the presence of subsurface Co atoms.
We also see a distinct downshift in energy of the dxz+yz DOS
from the Fermi level, which is due in part to the overlap with
the stabilized in-plane dxy+x2�y2 states. It can also be expected that
the stabilized subsurface dxz+yz states contribute to stabilization of
the surface dxz+yz states, to a certain degree. Similarly, the
subsurface dz

2 DOS peak near the Fermi level tends to be
suppressed and downshifted, but not as significantly as in
the dxz+yz case; this may imply that the subsurface dz

2 states
would have a relatively weak effect, compared to the dxz+yz states,
on the surface stabilization and thus reactivity. This electronic
structure analysis clearly demonstrates that the subsurface Co
induces surface stabilization via enhanced surface–subsurface
dxz+yz interaction, which has a significant effect on the surface
reactivity, while Co atoms lying below the subsurface have an
insignificant contribution in altering the surface reactivity. The
enhanced surface–subsurface interaction is also evidenced by
the reduction in the interlayer distance in Pd1Co relative to the
Pd2Co and strained p-Pd cases, as shown earlier.

Table 3 Calculated charge per atom in the surface (q1) and subsurface (q2)
layers and the vertical surface–subsurface (d1) and subsurface–2nd subsurface
(d2) distances in Å

Pd1Co Pd2Co s-Pd

q1 �0.067 �0.030 �0.027
q2 +0.060 �0.010 +0.025
d1 2.29 2.38 2.34
d2 2.22 2.28 2.31

Fig. 3 Density of states (DOS) projected onto the d orbitals of the surface Pd
atoms in (a) Pd1Co, (b) Pd2Co, and (c) s-Pd. The position of the Fermi level is
indicated by the dotted line.
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4. Summary

DFT calculations were performed to investigate the alloying-
induced modifications in the surface electronic structure of
Pd–Co alloys and its influence on the activity towards the oxygen
reduction reaction. We considered Pd/Pd3Co(111) (referred to as
Pd1Co throughout this paper), Pd/Pd/Pd3Co(111) (Pd2Co), Pd(111)
with a compressive strain of 1.77% (s-Pd), and pure Pd(111) (p-Pd)
as model systems. Due to the modification of the surface electro-
nic structure, the binding energies of O and OH on the Pd1Co
surface are predicted to be lower by 0.21 eV and 0.13 eV,
respectively, than those on the p-Pd surface. Moreover, we find
that the presence of subsurface Co atoms causes a substantial
reduction in the activation barriers of O/OH hydrogenation reac-
tions (Ea for Pd1Co = 0.94/0.60 eV; Ea for p-Pd = 0.98/0.74 eV), while
the O–O scission barrier only slightly increases (Ea = 0.89 eV; Ea =
0.83 eV). This can be attributed to the synergetic interplay between
the imposed compressive strain due to the Pd3Co substrate and
the interlayer ligand effect of Co atoms, as demonstrated by a
thorough analysis of intra- and interlayer orbital interactions. In
addition, similar O/OH binding energies for Pd2Co and s-Pd
may suggest the insignificant contribution of the interlayer
ligand effect towards surface reactivity modifications, when
Co atoms are present below the first subsurface. Through
our electronic structure analysis, we also bring to light the
possibility of an enhanced interaction between the surface and
subsurface out of plane dxz and dyz states in Pd1Co that has a
major contribution in altering the surface reactivity. Finally, our

calculations of Co induced surface and near surface charge
redistribution predict an enhanced surface–subsurface charge
separation and hence an enhanced surface–subsurface binding in
Pd1Co; the enhanced surface–subsurface interaction is evidenced
by the reduction in the interlayer distance in Pd1Co relative to the
Pd2Co, s-Pd and p-Pd cases. The improved understanding of the
alloy substrate-induced modification of surface reactivity of
metal overlayers may be helpful in designing better alloy
catalysts for the oxygen reduction reaction in fuel cells.
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