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ABSTRACT: The high cost of proton exchange membrane fuel cells (PEMFCs) comes
largely from the use of platinum-containing electrocatalysts. Despite significant progress made
the past decade on reducing the platinum catalyst loading in the PEMFC electrodes, further
substantial cost reductions require the replacement of platinum with less expensive
nonplatinum electrocatalytic materials. In this study, PdCu alloys have computationally been
investigated as possible non-Pt catalysts for oxygen reduction reaction (ORR) in PEMFCs.
We used density functional theory (DFT) calculations to determine the structural preference
and ORR activity as a function of the composition and structure. Five PdCu alloy surface
structures, B2, L12, L10, L11-nonlayered, and L11-layered, were considered, and the layered
L11 surface structure was found to exhibit significantly improved ORR kinetics compared to
that of pure Pd.
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1. INTRODUCTION

The high cost of proton exchange membrane fuel cells
(PEMFCs) is largely due to using platinum-containing electro-
catalysts in this type of fuel cell. There is great interest in
searching for advanced and cheaper cathode catalysts for a
PEMFC that will maintain or even improve the performance of
the ORR exhibited by Pt.1−4 In the past decade, significant
progress has been made in reducing the platinum metal loading
in the PEMFC electrodes (see, for instance, ref 5). However, any
further substantial cost reductions will require the replacement of
platinum with a less expensive electrocatalytic material. A
possible way to reach this goal is development, characterization,
modeling, and fuel cell testing of nonplatinummetal-based alloys
with the emphasis on achieving high ORR activity and material
stability.
Catalytic metals with the highest stability in strongly acidic

conditions are noble metals, such as rhodium, platinum,
palladium, iridium, and gold.6 Of these, platinum has the highest
activity for the ORRwith palladium being the second most active
metal.7 Nørskov et al. assumed that the reactivity of the transition
metals correlates with the corresponding electronic structures (in
particular, with the position of the d-band center) and forms a
volcano-type plot.8−11 From this model, it was predicted that
only materials with the d-band center position, falling into a
relatively narrow interval around the d-band center of Pt, may
provide a high ORR catalytic activity. The electronic properties
of the transition metals, including the d-band center position,
can be modified by alloying them with metals that will shift the
d-band center toward the desired position. Using density
functional theory (DFT) calculations, Nørskov et al.12 calculated
the expected shift of the d-band center of an “impurity”metal on
the surface of a bulk comprised of another metal. According to
the d-band center hypothesis, PdCu alloys may have an improved

ORR activity compared to pure Pd.13 In our paper, we will
discuss various crystal and surface structures of PdCu alloys and
predict ORR rates for these systems.

2. COMPUTATIONAL METHODS
To study ORR, surfaces of PdCu catalyst systems are modeled as a slab
infinite in two directions, a and b, and finite in the third direction c. We
consider a 2 × 2 supercell-slab of the (111) surface (4 atoms per layer)
composed of six layers (24 atoms). The top four layers, which represent
the active surface, were allowed to relax, whereas the bottom two layers,
representing the bulk, were fixed. The same model was applied in our
previous calculations of pure Pt and Pt-based binary alloys.14−18

We used the SeqQuest code19 with an optimized double-ζ plus polar-
ization Gaussian type basis set contracted from calculations on the most
stable unit cell of the pure elements. Small core angular-momentum-
projected norm-conserving nonlocal effective core potentials20−23

(pseudopotentials) were employed to replace the core electrons.
Thus, the neutral Cu atom was described with 17 explicit electrons (six
3p, one 4s, and ten 3d in the ground state), whereas neutral Pd included
16 electrons of the 4p and 4d orbitals. In all calculations, we employed
the kinetic and exchange-correlation DFT functional developed by
Perdew, Burke, and Ernzerhof (PBE).24

The real space grid density was 5 points per Angstrom, while the
reciprocal space grid was 5 × 5 × 0 for slab calculations. All calculations
allowed the up-spin orbitals to be optimized independently of the down
spin orbitals (spin-unrestricted periodical DFT).

For the solvated phase, we employed a continuum model14 based on
the Poisson−Boltzmann approximation.25−28 All reaction pathways
were determined using the nudged elastic band (NEB)29,30 method, and
solvent effects were included for each point along the path.
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For the ordered bulk structures, we used fcc and bcc cubic unit cells
with 4 and 2 atoms per cell, respectively, relaxing both the atoms and cell
parameters. The reciprocal space grid was 12 × 12 × 12. For the solid
solution (disordered) bulk structures, we randomly placed Pd and Cu
atoms in a 2 × 2 × 1 fcc unit cell with 16 atoms. The atoms and volumes
of the unit cells were allowed to relax. The reciprocal space grid was 6 ×
6 × 12. Although we will further call these phases as fcc- and bcc-type,
strictly speaking, they are not really fcc or bcc but rather have Pd and Cu
atoms distributed over the fcc- or bcc-type lattice.

3. RESULTS AND DISCUSSION
3.1. Bulk Structures and Energetics. Figure 1 shows a

phase diagram for the Pd−Cu binary system. The following three
unique phases can be identified:

(1) a distinct PdCu phase with the B2 (CsCl) bcc-type
structure which is stable below 598 °C. The composition
ranges from 34 to 47 at% Pd at 400 °C

(2) a PdCu3 phase with the L12 (AuCu3) fcc-type structure
which is stable below 508 °C for alloys with Pd less than
∼20 at%. Compositions with 20 to 27 at% Pd at 400 °C
have a distorted L12 structure with a face-centered
tetragonal atomic arrangement,32 while compositions
with 27 to 29 at% Pd at 400 °C have another distorted
L12 structure with orthorhombic symmetry below
490 °C33

(3) an fcc-type solid solution phase with Cu randomly
replaced by Pd can be found when the temperature and
composition are outside of the two ranges mentioned
above.

To compare the stability of different configurations, we used
DFT calculations to optimize the structures described above. It is
difficult to study the solid solution fcc structure because of the
numerous possible structural configurations. Instead, we
consider the two most common fcc-type binary alloys, L11 (the
CuPt-type) and L10 (the AuCu-type). The L11-type alloy is
layered along the [111] direction of the fcc cell, while the L10-
type is layered along the [001] direction. L11 can be further
deformed along the [111] direction and transformed to a B13
structure. These two structures are especially important for PdCu
alloys as ORR catalysts, because the active surfaces are
simultaneously close-packing and most stable.

The random solid solution phase is of less importance, because
it has a short-range order or even a completely nonperiodic
structure. Besides, there is little experimental evidence suggesting
its existence for acid-treated catalysts.13

For the PdCu3 composition, we consider the L12 ordered
phase in which Cu is at the faces and Pd is at the corners of a cubic
cell. We will not examine the distorted L12 structures, because
they do not principally differ from the L12 structure. We also
consider the random alloy. The L12 fcc-type structure is the only
one that keeps all Pd atoms separated from each other. Hence, we
consider an alternative structure with Pd appearing in pairs. The
L12 structure is more stable (by 0.20 eV per PdCu3 unit) than the
random structure. This agrees with the fact that at low
temperature L12 is a stable phase, while at higher temperature
the alloy becomes a solid solution.
The 1:1 PdCu composition is of particular interest. The

experimentally reported structure for this composition at
temperatures lower than 598 °C is the B2 (or CsCl) structure,
in which the cubic unit cell has Pd at the corners and Cu at the
center. Thus, each atom has 8 neighbors instead of 12. At
temperatures higher than 600 °C, Cu and Pd form a continuous
fcc solid solution phase varying from pure Cu to pure Pd. It is
difficult to generalize the catalytic activity for a solid solution
because of the numerous possible structures. Taking into account
that the PdCu3 alloy has the ordered fcc structure, we assume that
PdCu may also have a stable ordered phase related to fcc.
Consequently, instead of a random PdCu structure, we
optimized two fcc-like ordered phases for the PdCu composition.
We considered the L10 structure (Figure 2) in which the Cu and

Pd atoms are ordered along the [100] direction of the fcc unit cell
and the L11 structure in which the Cu and Pd atoms are ordered
along the fcc [111] direction. L11 can be deformed along the
[111] direction and becomes a B13 structure, which is observed
experimentally.34 As shown in Table 1, we find the L11 and L10
phases are less stable (by 0.26 eV per PdCu unit) than the B2
structure.
We consider that the L11/B13 phase of PdCu could be a

potentially interesting catalyst, because it has a layered structure
in the close-packing direction. The L10 structure is also layered,

Figure 1. Phase diagram of the PdCu system.31 Three unique phases can
be identified: (1) bcc- type phase at around 45% atomic ratio, (2) fcc-
type PdCu3, and (3) fcc-type solid solution (Cu, Pd) phase.

Figure 2. Possible structures for the PdCu systems.
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but its close-packing surface would always have half Cu and half
Pd and hence is subject to much faster corrosion in the PEMFC
acid environment. The L11 structure is layered in the close-
packing direction. Thus, we can expect that the Cu plane could
be oxidized off the surface, leaving the close-packing Pd surface
exposed to the reactants at the PEMFC cathode.
Table 1 shows the DFT-predicted lattice parameters of Pd, Cu,

Pt, and PdCu binary alloys compared to the experimental values
and corresponding cohesive energies. For the pure Cu, Pd, and Pt
phases, the lattice parameters are in general systematically larger
(1.23%, 1,37%, and 1.45%, respectively) than the experimental
values. For the PdCu binary alloys, lattice parameters of PdCu
(B2), PdCu3(L12), and PdCu (L10 and L11) are 1.40%, 1.21%,
and 1.58% larger, respectively, than the experimental values.
Therefore, all above DFT-calculated lattice parameters are in
good agreement with experiment.
In the next section, we will use the computationally optimized

structures to examine the ORR.
3.2. Surface Structures and Energetics. It is well-known

that the (111) surface is preferable for the fcc structure. For the
PdCu3-L12 structure, it is a close-packing (111) surface with 25%
of the surface atoms being Pd. For the PdCu L10-structure, it is a
close-packing (111) surface where one surface Pd connects to
two subsurface Cu and one subsurface Pd (Figure 3). For PdCu-
L11/B13, there are two unique close-packing surfaces, one with
the surface Pd connecting to two sublayer Pd atoms and one Cu
atom, and the other with the surface Pd connecting to a pure Cu
subsurface. This surface is of particular interest, because it is less
vulnerable to loss of Cu as compared to the case of the solid
solution, L10 and nonlayered L11, where Cu can easily be leached
out of the surface. It should be noted that due to technical issues,
we do not compare here the relative stability of the facets
considered for the L11 and L10 phases. In particular, for the
layered PdCu-L11 surface structure, one side of the slab should be
pure Pd and the other pure Cu to keep the 1:1 ratio. This would
generate a net dipole along the c direction as result of the
opposing charges of Cu and Pd (Cu has a positive charge,
whereas Pd has a negative charge). The dipole would impose
unrealistic interactions between the slabs arising due to the
periodic boundary conditions, in particular along the c axis.
There is no such problem for the nonlayered PdCu-L11 surface
structure. Thus, the direct comparison of these two cases would
be inappropriate, and therefore, we consider both cases in this
paper.

To avoid this dipole problem for the layered PdCu-L11 surface
structure, we applied the five-layer PdCuPdCuPd slab for our
further ORR adsorption and barrier calculations, where only
relative energies are considered.
For the B2-type structure, it is not clear which surface is

preferred. Hence, we carried out a surface cleavage study of all
possible low index surfaces and calculated the corresponding
surface energies. The six most stable surfaces are shown in Table 2.

The most preferable surfaces are (320) and (110). Including
higher index surfaces leads to a group of surfaces with stability and
structures similar to those of (320) and (110). All such high index
surfaces can be viewed as (110) tilted with even smaller angles.
Among all low index surfaces, (320) and (110) are most similar to
the close-packing surface. This leads to the smallest surface area
per atom and hence the highest stability. The (320) surface can be
considered as the tilted (110) surface, or in other words, the (110)
surface with steps as shown in Figure 4. Thus, we will focus on the
(110) surface of the B2-type PdCu alloy.
A top view of five above-mentioned surfaces is shown in Figure 3.
3.3. ORR on Cu, Pt, PdCu, and PdCu3. 3.3.1. Binding of

ORR Intermediates.We have studied the preferred binding sites
of the ORR intermediates, such as Oad, Had, O2ad, OHad, H2Oad,
OOHad, H2O2ad, on all surfaces of interest. Tables 3 and 4 show
the binding energies of the ORR intermediates on the PdCu alloy
surfaces in gas phase and solution. We also included the
corresponding numbers for pure Pt, Pd, and Cu for comparison.
All adsorbates prefer one of the four binding sites available on the
(111) surface (Figure 5). These sites are denoted as μ1 (top),

Table 1. CalculatedDFT Lattice Parameters (Å) Compared to
Experimental Data (Values in Parentheses) and
Corresponding Cohesive Energies (eV)

material lattice parameter
cohesive energy
per atom, QM

Pt 3.980 (3.9736) 5.58
Cu (fcc) 3.66 (3.61535) 3.63
Pd (fcc) 3.954 (3.9036) 4.27
PdCu3 (L12, fcc) 3.734 (3.67634) 3.96
PdCu3 (fcc solid solution) N/Aa (3.7637) 3.91
PdCu (B2, bcc) 3.020 (2.9838) 4.17
PdCu (L10, fcc) 3.820b (N/A) 4.04
PdCu (L11/B13, fcc) 2.706c (2.70038) 4.04
PdCu (fcc solid solution) N/Aa (3.76538)

aLattice constant for the solid solution is unavailable as it allows
numerous possible structures. bFor the L10 structure, we use the fcc-
type unit cell instead of the tetragonal for easier comparison. cFor the
L11 structure.

Figure 3. Top view of five alloy surfaces and the preferred binding sites
for the ORR intermediates: H, O, OH, OOH, H2O, O2, and H2O2.

Table 2. Six Most Stable Surfaces of the B2-Type PdCu Alloy

surface (hkl) energy (eV/A2) energy (erg/cm2)

PdCu(320) 0.135 2.16 × 103

PdCu(110) 0.136 2.17 × 103

PdCu(100) 0.145 2.32 × 103

PdCu(210) 0.147 2.36 × 103

PdCu(310) 0.151 2.41 × 103

PdCu(332) 0.152 2.43 × 103
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μ2 (bridge), μ3-fcc (fcc hollow), and μ3-hcp (hcp hollow),
according to the number of surface atoms to which the adsorbate
binds.
In gas phase, Had prefers to bind to the μ3-fcc sites on Pd,

PdCu3, B2-type PdCu, PdCu-L10, and nonlayered PdCu-L11

alloy surfaces, whereas for Cu and layered PdCu-L11, the μ3-hcp
site is slightly better. For pure Pt, the μ1-top site is preferable for
the Had binding.
Solvation greatly stabilizes the μ1-top site, which becomes the

most favorable site for L10 and nonlayered PdCu-L11, in addition

Figure 4. Side view of two most stable surfaces, PdCu-B2 (320) (left) and (110) (right).

Table 3. Binding Energies (eV) for the Intermediates Involved in ORR on Pt, Pd, Cu, and PdCu Alloys in Gas Phase

reaction intermediate binding site Pt Pd Cu PdCu3-L12
e PdCu-B2e PdCu-L10

e PdCu-L11-nonlayered
e PdCu-L11-layered

H μ1 −2.90 −2.37 −2.03 −2.03 −2.24 −2.63 −2.81 −2.06
μ2
a −2.76 −2.68 −2.40 −2.49 −2.79 −2.61 −2.72 −2.52

μ3-fcc −2.76 −2.79 −2.50 −2.60 −2.82c −2.65 −2.79 −2.65
μ3-hcp −2.75 −2.77 −2.51 −2.58 N/Ac −2.63 −2.58 −2.68

O μ1 −2.70 −2.52 −2.79 −2.54 −2.46 −2.27 −2.40 −2.05
μ2
b −3.33 −3.39 −4.05 −3.99 −3.93 −3.79 −3.76 −2.90

μ3-fcc −3.90 −3.83 −4.40 −4.43 −3.93c −3.75 −3.96 −3.35
μ3-hcp −3.38 −3.63 −4.29 −3.98 N/Ac −3.94 −3.82 −3.19

OH μ1 −2.39 −2.32 −2.64 −2.42 −2.52 −2.22 −2.27 −1.95
μ2 −2.44 −2.54 −3.05 −2.68 −2.76 −2.53 −2.70 −2.16
μ3-fcc −2.40 −2.50 −3.07 −2.69 −2.72c −2.41 −2.67 −2.12
μ3-hcp −2.50 −2.52 −3.05 −2.68 N/Ac −2.81 −2.55 −2.12

O2 μ2 −0.62 −0.74 −0.57 −0.45 −0.63 −0.45 −0.71 −0.36
μ3-fcc −0.75 −0.81 −0.72 −0.61 −0.71c −0.36 −0.62 −0.25
μ3-hcp −0.58 −0.76 −0.71 −0.47 N/Ac −0.31 −0.54 −0.26

OOH μ1b −1.20 −1.10 −1.27 −1.03 −1.18 −0.95 −0.94 −0.76
μ1f −1.07 −1.05 −1.20 −0.90 N/Ad −0.91 −0.95 −0.77

H2O2 μ2 −0.30 −0.36 −0.22 −0.24 −0.30 −0.26 −0.30 −0.28
H2O μ1 −0.29 −0.26 −0.19 −0.24 −0.16 −0.24 −0.22 −0.25

aH is unstable at the μ2 bridge site on Cu; the energy is for the saddle point between two 3-fold sites. bO is unstable at the μ2 bridge site, which
serves as a transition state for the surface diffusion. cFor the PdCu-B2 surface, there are actually no such sites as fcc or hcp, because none of the sites
has any atom beneath it. On the other hand, these two sites differ from each other, because one of them has two Pd adjacent atoms, while the other
has two Cu adjacent atoms. For simplicity, we denote both sites as fcc and only show the better one. dThe μ1f site for OOH (one O atom is at the
on-top position, while the second one is shifted toward the fcc position) is unstable for the PdCu-B2 alloy surface. The corresponding intermediate
occupies the μ1b site with the second O atom shifted toward the bridge position. eFor these four structures, there are more sites than listed in the
table due to the subsurface atom distribution. We calculated all possible sites, but since this table focuses on comparison between different alloys, for
simplicity we only included the preferred sites of each type.

ACS Catalysis Research Article

dx.doi.org/10.1021/cs4009623 | ACS Catal. 2014, 4, 1189−11971192



to pure Pt. The μ2-bridge and μ3-hcp sites are preferable for
PdCu-B2 and layered PdCu-L11, respectively.
Oad prefers binding to the μ3-fcc site for Pd, Cu, Pt, and for all

alloys, except for PdCu-B2 and PdCu-L10. For the B2-type PdCu,
the smaller distance between surface atoms, 2.62 Å as compared
to 2.70 Å in pure Cu, helps improve the stability of the μ2 site. For
L1- type PdCu, the preferred site is μ3-hcp in gas phase and
μ3-fcc in solvent. For all mixed-metal surfaces (B2, L10, and

nonlayered L11), sites with more adjacent Cu atoms are always
more preferable, mostly due to stronger Oad binding to Cu.
OHad prefers to bind to the μ2, μ3-fcc and μ3-hcp sites with

similar binding energies. This leads to a flat surface energy on the
metals and high mobility of OHad given that the OHad can
migrate through the μ2 site. Similar to the case of Oad, OHad
prefers to bind to Cu on the surface than to Pd. Hence, for the
striped L10 and L11 nonlayered structures, the migration is
limited to the Cu line.
In gas phase, O2ad prefers to bind to the μ3-fcc site for Pt, Pd,

Cu, PdCu3, and PdCu-B2, while for PdCu-L10 and PdCu-L11,
the μ2-bridge site is preferable.
In solvent, the strongest binding energy of O2ad corresponds to

the μ3-hcp site for PdCu-L10 and to the μ2-bridge site for
nonlayered PdCu-L11 and layered PdCu-L11. For Pt, Pd, Cu,
PdCu3, and PdCu-B2, O2ad prefers the μ3-fcc site. Again, the
strong bond energy between O2ad and Cu makes all sites
connected with more Cu atoms preferable.
OOHad and H2Oad can only bind to the μ1-top site for all

materials studied. In all phases, except for PdCu-L11, OOHad
prefers to have the O−O bond along a surface metal−metal
bond.

Table 4. Binding Energies (eV) for Intermediates Involved in ORR on Pt, Pd, Cu, and PdCu Alloys in Solution

reaction intermediate binding site Pt Pd Cu PdCu3-L12
e PdCu-B2e PdCu-L10

e PdCu-L11-nonlayered
e PdCu-L11-layered

H μ1 −2.97 −2.47 −2.05 −2.25 −2.71 −2.90 −3.22 −2.22
μ2
a −2.88 −2.82 −2.43 −2.61 −3.23 −2.87 −2.92 −2.67

μ3-fcc −2.88 −2.94 −2.54 −2.67 −2.85c −2.74 −2.88 −2.77
μ3-hcp −2.87 −2.90 −2.54 −2.64 N/Ac −2.77 −2.85 −2.87

O μ1 −3.28 −3.13 −3.35 −3.04 −2.46 −2.90 −2.96 −2.77
μ2
b −3.96 −3.88 −4.51 −4.92 −4.40 −4.60 −4.18 −3.56

μ3-fcc −4.60 −4.36 −4.90 −5.58 −4.37c −4.77 −5.10 −4.03
μ3-hcp −4.02 −4.15 −4.78 −4.90 N/Ac −4.55 −4.31 −3.89

OH μ1 −2.92 −2.79 −3.08 −2.87 −2.37 −2.69 −2.80 −2.58
μ2 −2.83 −2.90 −3.36 −3.04 −2.69 −2.95 −3.18 −2.69
μ3-fcc −2.75 −2.81 −3.33 −3.02 −2.68c −2.92 −3.19 −2.55
μ3-hcp −2.86 −2.82 −3.31 −3.16 N/Ac −2.91 −2.87 −2.57

O2 μ2 −0.95 −0.89 −0.83 −0.70 −0.39 −0.73 −0.92 −0.61
μ3-fcc −1.16 −1.05 −1.10 −1.16 −0.70c −0.65 −0.88 −0.52
μ3-hcp −0.93 −0.97 −1.09 −0.99 N/Ac −0.80 −0.81 −0.57

OOH μ1b −1.66 −1.50 −1.73 −1.44 −1.13 −1.36 −1.36 −1.31
μ1f −1.54 −1.48 −1.68 −1.38 N/Ad −1.29 −1.38 −1.35

H2O2 μ2 −0.64 −0.66 −0.51 −0.58 −0.17 −0.53 −0.61 −0.67
H2O μ1 −0.67 −0.60 −0.52 −0.61 −0.14 −0.56 −0.58 −0.70

aH is unstable at the μ2 bridge site on Cu; the energy is for the saddle point between two 3-fold sites. bO is unstable at the μ2 bridge site, which
serves as a transition state for the surface diffusion. cFor the PdCu-B2 surface, there are actually no such sites as fcc or hcp, because none of the sites
has any atom beneath it. On the other hand, these two sites differ from each other, because one of them has two Pd adjacent atoms, while the other
has two Cu adjacent atoms. For simplicity, we denote both sites as fcc and only show the better one. dThe μ1f site for OOH (one O atom is at the
on-top position, while the second one is shifted toward the fcc position) is unstable for the PdCu-B2 alloy surface. The corresponding intermediate
occupies the μ1b site with the second O atom shifted toward the bridge position. eFor these four structures, there are more sites than listed in the
table due to the subsurface atom distribution. We calculated all possible sites, but since this table focuses on comparison between different alloys, for
simplicity we only included the preferred sites of each type.

Figure 5. Four binding sites available on the (111) surface.

Table 5. Barriers for the Reaction Steps Involved in ORR in Gas Phase

reaction barrier Pt Pd Cu PdCu3-L12 PdCu-B2 PdCu-L10 PdCu-L11-nonlayered PdCu-L11-layered

H2 dissociation 0.00 0.00 0.16 0.66 0.19 0.29 0.24 0.42
O2 dissociation 0.51 0.72 0.12 0.17 0.42 0.32 0.39 0.88
OH formation 0.82 0.27 0.00 0.37 0.46 0.01 0.07 0.00
OOH formation 0.34 0.50 0.37 0.37 0.76 0.26 0.30 0.39
OOH dissociation 0.01 0.32 0.49 0.32 0.05 0.17 0.24 0.65
O hydration 0.24 0.36 0.37 0.60 0.01 0.58 0.56 0.52
H2O formation 0.12 0.53 0.84 0.86 0.82 0.60 0.56 0.41
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3.3.2. Barriers for the Essential ORR Steps. In this section, we
will discuss seven important steps involved in ORR:14−18,38 (1)
H2 dissociation, (2) O2 dissociation, (3) OH formation, (4)
OOH formation, (5) OOH dissociation, (6) O hydration, and
(7) H2O formation. Tables 5 and 6 show corresponding barriers
for these steps in gas phase and solution, respectively.
H2 dissociation is easy on most surfaces with a barrier of 0.00−

0.29 eV, except for PdCu3 and layered PdCu-L11 with a barrier of
0.66 and 0.42 eV, respectively, in gas phase. The higher H2
dissociation barriers are mostly due to the lower Had binding
energy. This is worth noting as it shows how alloying with Cu
dramatically changes the ORR activity, especially for the layered
PdCu-L11 phase which has a pure Pd surface. Solvation generally
makes the H2 dissociation easier for all surfaces examined in this
study.
O2ad dissociation is easy on the PdCu3 surface with a low

barrier of 0.17 eV in gas phase, mostly due to stable Oad. On
PdCu surfaces of the B2 and L10 types, the reaction has a higher
barrier of 0.42 and 0.32 eV, respectively. Layered PdCu-L11 has a
high barrier of 0.88 eV due to the weak binding of Oad (3.35 eV as
compared to over 3.83 eV for the other alloys). Water solvation
significantly decreases the barrier for both metals and metal
alloys leading to the barrierless O2ad dissociation for Pt, Cu,
PdCu3, PdCu-B2, and a low barrier of 0.14 eV for PdCu-L10 and
0.08 eV for nonlayered PdCu-L11. Pd and layered PdCu-L11 also
have a much lower barrier of 0.31 and 0.26 eV, respectively.
OHad formation from Oad + Had is easier on Cu, PdCu-L10,

nonlayered PdCu-L11, and layered PdCu-L11 alloy surfaces as
compared to the pure Pd surface. In gas phase, the barrier is 0.01
and 0.07 eV for PdCu-L10 and nonlayered PdCu-L11,
respectively, which is lower comparing to 0.27 eV for Pd. For
Cu and layered PdCu-L11, the reaction is barrierless in gas phase.
In solution, the barrier becomes 0.14, 0.07, 0.17, 0.38, and 0.42
eV for Cu, PdCu-L10, nonlayered PdCu-L11, layered PdCu-L11
surfaces, and pure Pd, respectively. The OHad formation is harder
on the Pt, B2, and L12-type PdCu surfaces with a barrier of 0.83,
0.46, and 0.37 eV in gas phase and 1.23, 0.96, and 0.81 eV in
solution.
H2Oad formation from OHad + Had is very difficult on the Cu,

PdCu-L12 and PdCu-B2 alloy surfaces with a barrier of 0.84, 0.86,
and 0.82 eV in gas phase. PdCu-L10, nonlayered PdCu-L11, and
pure Pd have lower barriers of 0.60, 0.56, and 0.53 eV,

respectively. The reaction is easier on the layered PdCu-L11
surface with a barrier of 0.41 eV, which is significantly higher than
that on Pt (0.12 eV). In solution, the barrier increases as solvation
stabilizes OHad (see Table 6).
OOHad can be formed on the Pt, Cu, PdCu3- L12, PdCu-L10,

nonlayered PdCu-L11, and layered PdCu-L11 with barrier ranges
from 0.26 to 0.39 eV in gas phase and 0.25−0.54 eV in solution
(Tables 5 and 6). The reaction is more difficult for Pd and PdCu-
B2 with a barrier of 0.50 and 0.76 eV in gas phase and 0.65 and
1.10 eV in solution, respectively.
The barrier for OOHad dissociation lies in the range of 0.01−

0.65 eV in gas phase and 0.00−0.31 eV in solution. The highest
barrier, 0.65 eV, in gas phase is for the layered PdCu-L11
structured surface and the lowest, 0.01 eV, is for Pt. In solution,
the highest barrier is 0.31 eV for the OOH dissociation on the Cu
surface, while it is barrierless for pure Pt.
For metals with high OHad formation barriers, Oad can react

with a surface H2Oad to form two OHad directly. This is especially
important for surfaces like Pt(111), where the direct OHad

formation is relatively difficult. The barrier ranges from 0.01 to
0.58 eV in gas phase. Solvation makes the reaction extremely
difficult, because the barrier becomes higher than 0.83 eV for all
surfaces except for PdCu-B2, where the barrier is 0.42 eV.

3.3.3. Possible ORR Mechanisms and Rate-Determining
Steps. Analyzing the ORR steps, we can find the rate-
determining step (RDS) for possible ORR mechanisms. Here,
we assume that the reaction step with the highest barrier is the
RDS. It should be noted that to really determine the RDS, a
thermodynamic and kinetic analysis needs to be performed, but
this would require additional information about the adsorbate
surface concentration and distribution and some other special
factors, which can hardly be found in the literature. We do not
consider the influence of the electrode potential on the ORR
steps either. The problem of calculating barriers for a redox
reaction in electrochemical systems is that the actual electron
transfer process is not explicitly included in the barrier. Some
researchers (see, for instance, refs 39 and 40) made several key
physical assumptions to justify that their DFT calculated barriers
can be used to estimate the redox barrier. To avoid such
disputable physical assumptions, we estimated the general
energetics of the ORR at zero external potential. Such a

Table 6. Barriers for the Reaction Steps Involved in ORR in Solvated Phase

reaction barrier Pt Pd Cu PdCu3-L12 PdCu-B2 PdCu-L10 PdCu-L11-nonlayered PdCu-L11-layered

H2 dissociation 0.00 0.00 0.04 0.56 0.00 0.22 0.06 0.19
O2 dissociation 0.00 0.31 0.00 0.00 0.00 0.14 0.08 0.26
OH formation 1.23 0.42 0.14 0.81 0.96 0.07 0.17 0.38
OOH formation 0.25 0.65 0.43 0.44 1.10 0.40 0.41 0.54
OOH dissociation 0.00 0.04 0.31 0.13 0.00 0.00 0.06 0.17
O hydration 0.89 0.86 0.83 1.15 0.42 1.26 1.23 1.00
H2O formation 0.24 0.76 0.94 0.86 0.99 0.60 0.59 0.45

Table 7. RDS Barriers for Four Possible ORR Mechanisms in Gas Phasea

reaction barrier Pt Pd Cu PdCu3-L12 PdCu-B2 PdCu-L10 PdCu-L11-nonlayered PdCu-L11-layered

O2 dissociation 0.821c 0.721b 0.841d 0.861d 0.821d 0.601d 0.561d 0.881b

OOH formation 0.822d 0.532e 0.842e 0.862e 0.822e 0.602e 0.562e 0.652c

O2 dissociation-hydration 0.513b 0.723b 0.843d 0.863d 0.823d 0.603d 0.563d 0.883b

OOH formation-hydration 0.344b 0.534e 0.844e 0.864e 0.824e 0.604e 0.564e 0.654c

overall 0.34 0.53 0.84 0.86 0.82 0.60 0.56 0.65
aSuperscripts indicate reaction steps corresponding to the barriers.
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simplified approach provides a consistent way to estimate the
energetics of this reaction.
As discussed in our earlier published paper,16 there are four

feasible mechanisms for ORR on Pt surface: (1) O2 dissociation,
(2) OOH formation, 3) O2 dissociation-hydration, and (4) OOH
formation-hydration. Tables 7 and 8 include the corresponding
RDS barriers in gas phase and solvent, respectively.
O2-Dissociation Mechanism. In this mechanism, O2ad

dissociates into two Oad, which further react with 2Had to form,
first,OHad, and thenH2Oad. The steps involved in thismechanismare

→O O2g 2ad (1a)

→O 2O2ad ad (1b)

+ →O H OHad ad ad (1c)

+ →OH H H Oad ad 2 ad (1d)

The RDS barrier for this mechanism varies from 0.56 eV for
nonlayered PdCu-L11 to 0.88 eV for layered PdCu-L11 in gas
phase (Table 7). For most surfaces, such as Pd, Cu, PdCu3-L12,
PdCu-B2, PdCu-L10, and nonlayered PdCu-L11, the RDS is the
H2O formation (step 1d), while for Pd and layered PdCu-L11,
the RDS is the O2 dissociation (step 1b). Only for Pt, the RDS is
the OH formation reaction (step 1c) with a barrier of 0.82 eV.
In solvent, for almost all surfaces, the RDS is the H2O

formation reaction (step 1d) with a barrier ranging from 0.45 eV
for layered PdCu-L11 to 0.99 eV for PdCu-B2 (Table 8). Only for
Pt, the OH formation reaction (step 1c) with a barrier of 1.23 eV
remains the RDS for the O2-dissociation mechanism.
OOH-Formation Mechanism. When it is difficult for O2 to

directly dissociate on the surface (for example, Pd and layered
PdCu-L11 in gas phase), this species could react, first, with Had to
form OOHad, and then OOHad dissociates into Oad and OHad.
The reaction steps for this mechanism are as follows

→O O2g 2ad (2a)

+ →H O OOHad 2ad ad (2b)

→ +OOH OH Oad ad ad (2c)

+ →O H OHad ad ad (2d)

+ →OH H H Oad ad 2 ad (2e)

In gas phase, the RDS for the OOH-formation mechanism
varies from 0.53 eV for Pd to 0.86 eV for PdCu3-L12 (Table 7).
For most surfaces, the RDS is the H2O formation step 2d, except
for layered PdCu-L11 and pure Pt, where the RDS is the OOH
dissociation (step 2c) with a barrier of 0.65 eV andOH formation
(step 2d) with a barrier of 0.82 eV, respectively.
In solvated phase, the RDS for Pt remains the OH formation

reaction with a barrier of 1.23 eV, the same as in the O2-
dissociation mechanism (Table 8). For PdCu-B2 and layered
PdCu-L11, the OOH-formation step 2b is the RDS with a barrier

of 1.10 and 0.54 eV, respectively. For all other surfaces, the RDS
is the H2O-formation reaction (step 2e) with a barrier ranging
from 0.59 eV for nonlayered PdCu-L11 to 0.94 eV for Cu.
Overall, this mechanism still includes the OH formation and

H2O formation steps, similar to the O2-dissociation mechanism.
O2-Dissociation-Hydration Mechanism. As we proposed in

our earlier publication,16 an alternative mechanism might be
considered for surfaces like Pt(111), where the direct OH
formation step is energetically unfavorable. OH can be formed
via a hydration step, in which Oad reacts with a surface H2O to
form 2OH with a much lower barrier.

→O O2g 2ad (3a)

→O 2O2ad ad (3b)

+ →O H O 2OHad 2 ad ad (3c)

+ →OH H H Oad ad 2 ad (3d)

In this mechanism, the RDS in gas phase is the O2 dissociation
reaction (step 3b) for Pt, PdCu-B2, and layered PdCu-L11
surfaces with barriers of 0.51, 0.72, and 0.88 eV, respectively
(Table 7). For all other surfaces, the RDS is the H2O formation
reaction (step) with a barrier that varies from 0.56 eV for
nonlayered PdCu-L11 to 0.86 eV for PdCu3-L12.
In water solvent, the RDS is the hydration reaction (step 3d)

for most of the surfaces with a barrier ranging from 0.86 eV for Pd
to 1.26 eV for PdCu-L10 (Table 8). Only Cu and PdCu-B2 have
the H2O formation reaction (step 3d) as the RDS with a barrier
of 0.94 and 0.99 eV, respectively.

OOH-Formation-Hydration Mechanism. The OOH-forma-
tion mechanism can also involve the hydration reaction to form
OHad. Here, the reaction steps are

→O O2g 2ad (4a)

+ →H O OOHad 2ad ad (4b)

→ +OOH OH Oad ad ad (4c)

+ →O H O 2OHad 2 ad ad (4d)

+ →OH H H Oad ad 2 ad (4e)

In gas phase, for the Pt and layered PdCu-L11 surfaces, the
RDS is the OOH formation reaction (step 4b) and OOH
dissociation reaction (step 4c) with barriers of 0.34 and 0.65 eV,
respectively (Table 7). For all other surfaces, the RDS is the H2O
formation reaction (step 4e) with a barrier ranging from 0.53 eV
for Pd to 0.86 eV for PdCu3-L12.
In solution, the RDS is the hydration reaction (step 4d) for

most of the surfaces with a barrier ranging from 0.86 eV for Pd to
1.26 eV for PdCu-L10 (Table 8). Only Cu and PdCu-B2 have the
H2O formation reaction (step 4e) and the OOH formation
reaction (step 4b) as the RDS with a barrier of 0.94 and 1.10 eV,
respectively.

Table 8. RDS Barriers for Four Possible ORR Mechanisms in Solvated Phasea

reaction barrier Pt Pd Cu PdCu3-L12 PdCu-B2 PdCu-L10 PdCu-L11-nonlayered PdCu-L11-layered

O2 dissociation 1.231c 0.761d 0.941d 0.861d 0.991d 0.601d 0.591d 0.451d

OOH formation 1.232d 0.762e 0.942e 0.862e 1.102b 0.602e 0.592e 0.542b

O2 dissociation-hydration 0.893c 0.863c 0.943d 1.153c 0.993d 1.263c 1.233c 1.003c

OOH formation-hydration 0.894d 0.864d 0.944e 1.154d 1.104b 1.264d 1.234d 1.004d

Overall 0.89 0.76 0.94 0.86 0.99 0.60 0.59 0.45
aSuperscripts indicate reaction steps corresponding to the barriers.
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Summarizing this section, we can conclude that for Pd, Cu, and
all PdCu alloys, the predicted ORRmechanism is O2-dissociation
with the H2O formation reaction as the RDS. In gas phase, Pd
and nonlayered PdCu-L11 have similar, relatively low RDS
barriers of 0.53 and 0.56 eV, respectively. In water solvent, the
layered PdCu-L11 alloy has the lowest RDS barrier of 0.45 eV,
followed by the nonlayered PdCu-L11 and PdCu-L10 alloys with
the similar RDS barriers of 0.59 and 0.60 eV. The small difference
in the barriers can be explained by the structural similarity
between these two surfaces, both of which have alternating Pd
and Cu lines in each layer. We can expect that the above-
mentioned PdCu alloys may have a better catalytic performance,
while Cu, PdCu3-L12, and PdCu-B2 with the RDS barriers of
0.94, 0.86, and 0.99 eV, respectively, will show a worse
performance, than pure Pd with the RDS barrier of 0.76 eV.
Overall, three PdCu alloyslayered PdCu-L11, nonlayered
PdCu-L11, and PdCu-L10show a significant improvement in
the RDS barriers relative to pure Pd.
Comparing pure Pt and Pd, we would like to note that the 2 ×

2 lattice surface structure used in this work predicts a better
performance of Pt in gas phase but worse in water solvent. The
latter contradicts the experimental results observed. However,
using the 3× 3 lattice surface structure dramatically decreases the
O hydration barrier to 0.50 eV for Pt and 0.49 eV for Pd in
solution. This is due to the fact that the O hydration step requires
a lower coverage because of the longer reaction path. On the
other hand, the H2O formation reaction step generally does not
depend on the choice of the lattice surface structure. The H2O
formation barrier using the 3 × 3 lattice surface structure is 0.24
eV for Pt and 0.78 eV for Pd, practically the same as those
calculated using the 2 × 2 lattice surface structure. Thus, only Pt
significantly (0.4 eV) benefits from the decrease of the barrier for
the oxygen hydration step so that the O2-dissociation-hydration
mechanism becomes favorable for Pt.16 The inclusion of the
hydration step in the ORR mechanisms for Pd, Cu, and all PdCu
alloys studied here does not improve the situation, because the
RDS for these materials is the H2O formation reaction, unlike Pt
where the RDS is the OH formation.
3.4. Comparison to Experimental Results. Figure 6 shows

the experimental mass activity of various PdCu colloidal
catalysts13 compared to Pt. As expected, the mass activity of Pt
is much higher than Pd, ∼1450 and 200 mA/mg, respectively.
However, the mass activity of PdCu alloys is significantly higher
than pure Pd, ∼800 mA/mg for PdCu and ∼600 mA/mg for
PdCu3. This result is consistent with our computational findings.

From the X-ray diffraction patterns of the PdCu catalysts,13 the
structure was determined as disordered fcc rather than the bcc-
like (B2), which was earlier observed experimentally to be the
stable phase for this composition.37 This is probably due to the
heat treatment above the order/disorder phase transition
temperature performed in the former case. Indeed, as we showed
in sections 3.3.2 and 3.3.3, the bcc-type structure would have a
poor performance, whereas the ordered L11 phase is predicted to
have a much better performance. This suggests that the heat
treatment might facilitate the formation of the phase favorable for
ORR. The acid treatment probably helps this process by
removing the disordered components.

4. CONCLUSIONS
Using DFT calculations, we have computationally studied PdCu
alloy catalysts as possible non-Pt catalysts for ORR. The
structural preference and ORR activity as a function of the
composition and surface structure were determined. Five PdCu
alloy surface structures (i.e., B2, L12, L10, L11-nonlayered, and
L11-layered) were considered, and the layered L11 surface was
found to exhibit a significant improvement of the ORR barriers in
solvated phase, compared to those for pure Pd. The RDS for
ORR on the layered PdCu-L11, nonlayered PdCu-L11, and
PdCu-L10 surfaces in solution is theH2O formation reaction with
a barrier of 0.45, 0.59, and 0.60 eV, respectively. Our
computational result is generally consistent with the exper-
imental data.13
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