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ABSTRACT: We carry out first-principles simulations to assess the potential of Pd—
Cu—Si metallic glasses as catalysts for oxygen reduction reaction (ORR) using oxygen
adsorption energy (Eg) as a descriptor. We find that the substitution of Cu on
crystalline Pd(111) surface improves the ORR activity while the substitution of Si on
the surface is in general detrimental to the ORR activity. Compressive strains are
found to weaken oxygen binding on the surface and thus enhance the ORR activity.
On the basis of the analysis of Eq distribution on the Pd metallic glasses surfaces, we
find that for Si-deficient adsorption sites, the local ORR activity could exceed that on
pure Pd surface, while Si-rich sites exhibit a rather poor ORR activity. The Pd metallic
glasses can sustain a much higher compression than the crystalline counterpart, thus
their ORR activity can be improved substantially under a large compression. It is
predicted that low-Si Pd metallic glasses could be excellent ORR catalysts under

compression.

B INTRODUCTION

Oxygen reduction reaction (ORR) is a key chemical reaction
underlying diverse applications in energy conversion, metal
corrosion and biology. Significant recent interest has been
devoted to ORR in electrochemical devices such as proton
exchange membrane fuel cells (PEMFC) and metal-air
batteries."™* Essential to these devices is the development of
superior ORR catalysts that have high catalytic activity, large
surface area and excellent durability. The conventional Pt/C
catalysts in PEMFC, despite their high catalytic activities, suffer
from substantial loss of electrochemical surface area (ECSA)
owing to the formation of carbides and coarsening of Pt
nanoparticles during the operation of the fuel cells.>® Although
nanostructured materials could potentially overcome this
problem,” ' their fabrication processes are often too
complicated to allow for highly scalable applications. Recently,
Pt-based metallic glasses (Pt-MGs) have emerged as promising
catalysts for ORR'' thanks to their high strength, excellent
castability and superior resistance to corrosion and wear.">”'®
In particular, Pt-MG nanowires can be fabricated in an
economical and scalable manner leveraging the excellent
castability of the metallic glasses;'' the Pt-MG nanowires
have large surface area and exhibit outstanding durability—the
total ECSA loss is only 4% after 1000 cycles, much lower than
60% loss in the conventional Pt/C catalysts.

Inspired by this progress, we carry out first-principles
simulations to explore the potentials of other metallic glasses
as ORR catalysts. In this paper, we focus on Pd—Cu—Si
metallic glasses (Pd-MGs in short) because they were among
the first metallic §lasses fabricated in millimeter scales with low
cooling rates.'””~*° Moreover, by replacing more expensive Pt
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with Pd, the Pd-MGs could significantly reduce the cost of the
fuel cells if their catalytic activity remains high. Nanostructured
Pd-MGs could possess exceptional mechanical stability and
large surface area—both are desirable properties for ORR
catalysts. Finally, recent experiments have shown that the
addition of Cu to pure Pd could lead to much enhanced ORR
activity,”"** laying the groundwork for our investigation. Here,
we show that Pd—Cu—Si metallic glasses can offer superior
ORR activities than pure Pd. More importantly, the catalytic
activities can be tuned by applying surface strains to them,
offering an avenue to further improve their ORR activities. It
has been known for a long time that active straining can change
molecular adsorption energies on a metal surface and modify its
catalytic activity.”> However, this principle has not been
exploited in practice owing to low yield strains of metal
surfaces (~0.2%). For example, in order to change the ORR
activity on Pd or Pt substantially, it is necessary to shift the
oxygen adsorption energy by a few tenth of an electronvolt
(0.2—0.4 V). This corresponds to a surface strain on the order
of a few percent (2—4%), which is 1 order of magnitude greater
than the typical yield strain of metals. Such a large strain would
cause the metal surface to deform plastically, generating
dislocations and other lattice defects that would relax the
elastic strain. As a result, the metal surface loses its ability to
tune the catalytic activity. In contrast to crystalline metals,
metallic glasses have no dislocations or grain boundaries and
the normal plastic deformation channels are absent thanks to
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their amorphous nature.”* Hence, metallic glasses possess high
elastic limits and can sustain much larger strains than their
crystalline counterparts.”>™> Tt is therefore of great scientific
and technological interest to examine whether and how surface
strains can substantially enhance the ORR activity of metallic
glasses.

It has been well established that oxygen adsorption energy
Ey is a good descriptor for ORR activity. For example, it has
been shown that the well-known “volcano” relationship can be
obtained by plotting experimentally measured ORR activities as
a function of Eg, which lends strong support to Eg as an ORR
descriptor.”* " Note that these measured ORR activities are
from different experimental groups on a variety of catalysts. To
establish E5 as an ORR descriptor theoretically, one has to
resort to first-principles density functional theory (DFT)
calculation in conjunction with microkinetic models as
pioneered by Norskov et al*® Central to electrochemical
reactions such as ORR is the free energy diagram as a function
of electrode potential including all intermediates. Norskov et al.
have determined such free energy diagrams for ORR in the
presence of water and pH values using DFT calculations
although they did not find these effects to be important for
obtaining qualitative trends.”® On the basis of the free energy
diagrams, it is concluded that for metals that bind oxygen too
strongly, the reaction rate is limited by the removal of adsorbed
O and OH species. For metal surfaces that bind oxygen too
weakly, the reaction rate is limited by the dissociation of O,, i.e,,
the transfer of electrons and protons to adsorbed O,. More
importantly, it was recognized that both rate-limiting
mechanisms can be characterized by Eq.*° In particular, it
was shown that the overpotential of ORR could be linked
directly to the proton and electron transfer to adsorbed oxygen
or hydroxide at the electrode potential where the overall
cathode reaction is at equilibrium, thus directly linked to Eq.>®
The general validity of Eg as an ORR descriptor has been
demonstrated for dozens of transition metals and their
alloys.*®**** The universal relationship between Eq and ORR
activity stems from the similarity among the transition state
structures® and the scaling relations between Eq and Eqy,(the
adsorption energy of OH species);** the latter justifies the use
of Eq as a descriptor in multiple-electron reduction of oxygen.
However, owing to limitations of DFT and approximations in
the kinetic models, E, is only expected to provide semi-
quantitative predictions, such as general trends in ORR
activities. Indeed, Eg has been used successfully to screen and
design ORR catalysts with experimental confirmations.***> For
instance, Norskov et al. calculated E, on the closest-packed
surfaces of 13 metals using DFT calculations with the plane-
wave pseudopotential method. They have successfully repro-
duced the “volcano” plot with Pt and Pd being the best ORR
catalysts. Using the similar first-principles simulations and QM/
MM multiscale modeling, Zhang et al. have examined the effect
of strain on ORR activity in core/shell nanoparticles based on
the analysis of E as a function of strain.>®

In this paper, we assess ORR activities of the Pd-MGs using
Ey as a descriptor. First, we perform DFT calculations to
evaluate Eg on crystalline Pd—Cu and Pd—Si (111) surfaces,
providing a basic understanding of the ORR activity on
chemical compositions. The results on Pd—Si alloys are
consistent with experimental observations. We then apply
strains to these surfaces and examine how strain influences the
ORR activity. Subsequently we move to the Pd-MGs and
explore the composition- and strain-dependence of ORR

activity on a large number of metallic glass surfaces. On the
basis of analysis of Eq distribution as a function of strain and
chemical composition, we predict that low-Si content Pd-MGs
could be excellent ORR catalysts under large compressive
strains.

B MODELS AND METHODOLOGY

The atomic structures of Pd-MGs are generated by molecular
dynamics (MD) simulations with LAMMPS package36 and
EAM potentials.>”** Two alloy compositions, Pd,Cu,,Sig (Sis)
and Pd,;CugSi;; (Sij;), are chosen as examples to represent a
relatively low and high Si-content Pd-based metallic glasses
(Pd-MGs). The dimensions of the MD supercell are 62 X 62 X
62 A® with 13310 atoms randomly arranged therein. The
amorphous alloys are first heated up to 4000 K and then
annealed to 300 K with a cooling rate of 10"* K s™" and finally
equilibrated at 300 K for 200 ps by employing with the Nose—
Hoover thermostat.*® The radial distribution function (RDF),
g(r) of both Sig and Si;; Pd-MG are displayed in Figure 1. Two
g(r) peaks are present for Sij; Pd-MG, corresponding to the
first and second nearest neighbor (NN) distance of 2.44 and
2.72 A, respectively. Experiments on Pd,s;Cug¢Sis; metallic

(a) Pd, Cu,Si,
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Figure 1. Radial distribution function g(r) of (a) Sig Pd-MG and (b)
Sij; Pd-MG in the absence and the presence of hydrostatic pressures.
Inset shows a typical MD snapshot of the atomic structure. Blue, pink,
and yellow spheres represent Pd, Cu, and Si atoms, respectively. (c)
Stress—strain relationship for Sig Pd-MG under a uniaxial tension in
the z direction.
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Figure 2. (a) Atomic structure of Pd(111) surface. An oxygen atom (small red sphere) is adsorbed on an fcc hollow site. Blue spheres with numerical
labels indicate the substitutional sites considered in the calculations. (b) E as a function of surface strain with different Pd atoms substituted by Cu.
The results for the pure Pd surface are shown in the solid black line. (c) E as a function of surface strain with different Pd atoms substituted by Si.
(d) Eg as a function of dg;_o; the horizontal black line represents the E, value on the pure Pd(111) surface. The positive (negative) strain indicates
tension (compression). The red solid line in parts b—d represents the optimal E value.

glass*® have also found two g(r) peaks with the first and second
NN distance as 2.42 and 2.80 A, respectively. The excellent
agreement between the simulation and the experiments
suggests that the MD simulations can provide a reasonable
description for the atomic structure of the Pd-MGs.

In this paper, Eg is defined as follows:

Eo = E(Surf + O) — E(Surf) — p, (1)
Here E(Surf+O) and E(Surf) is the total energy of the surface
slab with and without an adsorbing O atom, respectively, and
Ho = Ep /2 = —4.887 eV. A more negative Eg value indicates a

stronger chemisorption. Eq values are calculated based on the
DFT using PBE exchange-correlation functional*"** and
projected augmented wave approach®’ as implemented in the
VASP package.**** The energy cutoff is 400 eV, and only I'
point is considered in the calculations owing to the amorphous
nature of the metallic glasses. We have also sampled the
Brillouin zone using 2 X 2 X 1 Monkhorst—Pack k-point
mesh*® for 13 different oxygen adsorption sites, but find the
changes in Eg less than 0.05 eV for each of them. Hence the I'-
point is adequate for obtaining converged results. The atomic
geometries are optimized until the forces on all unconstrained
atoms are less than 0.03 eV A™".

B RESULTS AND DISCUSSION

Crystalline Pd(111) Surface. We first determine the
optimal Eq value to be —1.09 eV, which corresponds to the
maximal ORR activity on metal surfaces as established in
previous works.”® We next examine oxygen adsorption on
crystalline Pd(111) surface with substitutional Cu and Si atoms.

28611

As shown in Figure 2a, a 4-layer 3 X 3 slab model (72 atoms) is
employed to represent the crystalline surface with the lattice
constant a 3.953 A, which is 1.6% larger than the
experimental value of 3.891 A. The bottom two atomic layers
are fixed at their equilibrium bulk structure during the atomic
relaxation. An oxygen atom is placed at an fcc-hollow site which
is the most stable adsorption site. Seven substitutional sites
labeled from 1 to 7 are considered at which the Pd atoms are
replaced by either Cu or Si. The oxygen adsorption energies E
are calculated in the absence and presence of biaxial strains and
the results are displayed in Figure 2b—d. The horizontal redline
in the figures represents the optimal Ey for ORR, serving as a
target (or standard) for designing (or ranking) ORR catalysts.
In the absence of the surface strain, the substitutional Cu shifts
E slightly toward the optimal value depending on the local
adsorption structure. This result agrees with experimental
observations”** and can be attributed to the change of d-band
center due to the charge transfer between Pd and Cu.*’

The effect of Si substitution is more complicated and
strongly dependent on the local adsorption structure. As shown
in Figure 2c¢, in general Si is detrimental to ORR because it
bonds too strongly to oxygen and E is 1.0 to 1.4 eV lower than
the optimal value. The general detrimental effect of Si on ORR
activities has also been observed experimentally on a series of
Pd—Si thin films with varying Si contents. As shown in Figure
S1 (Support Information), the cyclic voltammetry (CV) curves
of the Pd—Si alloys exhibit a monotonic decrease of ORR
activity as Si content is increased. There are, however, some
exceptions where E, is actually higher than the optimal value.
To understand the exceptions, we plot Ej as a function of Si—
O distance, dg;_o, on Pd(111) surface. As shown in Figure 2d, a
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damped oscillation of Eg is observed as a function of dg_o.
Beyond the second NN, Si substitution has a negligible effect
on Ey and thus can be ignored. Although the second NN Si
atoms have a weaker bonding to oxygen, their effect on ORR is
overcompensated by a much stronger chemisorption of oxygen
to the first NN Si. However, if Si concentration is low, the first
NN Si atoms could be exhausted or fully covered by oxygen. As
a result, the remaining oxygen would have to bond with the
second NN Si, which could lead to an enhanced ORR activity.
To see this effect more clearly, we present the bonding charge
density distribution p(r) on the Pd(111) surface with an O
atom placed at the first NN (Figure 3a) and second NN

-0.050 . 0.10

Figure 3. Bonding charge density distribution p(r) on the Pd(111)
surface. (a) a Si atom is at the Ist NN to the O atom. (b) Si atom is at
the 2nd NN to the O atom.

(Figure 3b) to a Si atom. The positive (negative) value of p(r)
indicates charge accumulation (depletion) when the atoms are
brought together to form the solid. When Si is the first NN to
O, a strong ionic bonding is formed between them; hence, E, is
much lower than that on the pure Pd surface. When Si is the
second NN to O, however, there is no apparent Si—O bonding.
Rather, O bonds to nearby Pd atoms. To a less extent, Si also
bonds to some of these Pd atoms. In other words, there is a
competition between Si and O to bond with the Pd atoms. As a
result, the Pd—O bonds are weakened (i.e, Eq is higher) as
compared to the pure Pd surface. This explains the change of
Ey in Figure 2d as well as the beneficial effect on ORR due to
the second NN Si.

To examine the strain effect on ORR, we apply +2% biaxial
strain to the Pd(111) surface with either Cu or Si substitution.
Consistent to the pioneering work of Mavrikakis et al.** we find
that the compressions weaken the oxygen adsorption on the
surface while the expansions strengthen it. Therefore, a
compressive strain could enhance the ORR activity, and the
combination of the substitution with straining offers a
promising route to achieving superior ORR activities.

Pd—Cu-Si Metallic Glasses. In the following, we turn to
the calculations of Ey on the Pd—Cu—Si metallic glasses to
assess their potentials as ORR catalysts. This is a challenging
task. On the one hand, the lack of crystalline symmetry in the
glasses requires many more nonequivalent oxygen adsorption
sites be considered. A distribution of Ey, P(Ey), therefore has
to be determined as opposed to a single E, value on the
crystalline surface. On the other hand, surface structures are not
well-defined in the metallic glasses. Hence, in this work we first

identify a local chemical environment of interest in the glass,
and then cut the Pd-MG to create a surface with such local
environment. For each Pd-MG, ~70 surfaces are generated in
this way and then relaxed to their local equilibrium structures.
On each of the surfaces, one or two (deformed) fcc adsorption
sites are randomly selected for Eq calculations. Thus, for each
Pd-MG, ~100 E, energies are calculated to obtain the
distribution function P(Eg). In each of the calculations, there
are 227-256 atoms in the DFT supercell. Figure S2
(Supporting Information) presents two atomic structures of
Pd-MG surfaces as examples.

Figure 4 presents P(Ey) for both Sig and Sij; Pd-MGs. To
analyze the results, we classify the local environments around
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Figure 4. E, distribution P(E,) for (a) Sig Pd-MG and (b) Si;, Pd-
MG. The solid (red), dashed (green), and dot-dashed (blue) curves
represent P(Ey) at Si deficient sites (0Si), single-Si sites (1Si) and
multi-Si sites (>1Si), respectively. The solid and dotted vertical lines
represent the optimal E, value and the Eq value on the Pd(111)
surface, respectively. Some typical atomic structures around the
adsorption site are shown.

an adsorption site in terms of the number of Si atoms present.
If there is no NN Si atom surrounding the oxygen, the
adsorption site is classified as Si-deficient (0Si); if there is only
one NN Si atom to the oxygen, the adsorption site is classified
as single-Si (1Si); if there are more than one NN Si atoms to
the oxygen, the site is classified as multi-Si (>1Si). The P(E,)
distributions are displayed in solid (red), dashed (green), and
dotted-dash (blue) curves in Figure 4. P(E) represents the
probability of finding a given local environment on the glass
surfaces with Eq — dEq < Eq < Eg + dE. The area under each
curve corresponds to the total probability of finding such local
environment on the glass surfaces. Some of the typical local
environments are also shown in the figure. One immediately
notices that Si is detrimental to ORR since the curves move
away from the optimal Eg (solid vertical line) as the local Si
content is increased, consistent with the result on the crystalline
surface and the experiment. In general the most stable
adsorption sites are still the fcc-hollow positions, same as
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those on the crystalline Pd(111) surface. More importantly, for
Sig Pd-MG, the Si-deficient sites, which account to 31% of all
adsorption sites considered, exhibit higher ORR activities than
pure Pd, suggesting that low-Si metallic glasses are promising
ORR catalysts. The reasons that the Si-deficient sites are more
active than pure Pd are 2-fold: (1) as shown in Figure 2b, the
substitution of Cu on the Pd surface could increase E,. Hence
the Pd-MG with 17% Cu exhibits a higher ORR activity than
the pure Pd. (2) in the Pd-MG, the average NN Pd distance is
2.44 A (Figure 1), which is smaller than that on the crystalline
(111) surface (2.82 A). In other words, there is a built-in
compression in the Pd-MG which increases Eg, endowing it
with a higher ORR activity than the crystalline Pd. For Si;; Pd-
MG, we find that the number of the Si-deficient sites
diminishes drastically (a 10-fold reduction) and the number
of the Si-rich sites increases significantly. Owing to the low Eq
values on these Si-rich sites, Sij; Pd-MG would not be a good
ORR catalyst. Therefore, in developing Pd-based metallic
glasses for ORR catalysts, one should minimize Si content if
possible.

Effect of Strain. As alluded to in the introduction, metallic
glasses can sustain very high elastic strains and stresses, thus
opening an avenue to tune their catalytic activity via active
straining. To confirm this, we compute the stress—strain
relationship for Sig metallic glass under a uniaxial tension. The
simulation is performed on a supercell of 53 X 53 X 214 A’ inx,
y and z direction, respectively. Three-dimensional periodic
boundary conditions are used with an NPT ensemble*** at T
=30 K. The dimensions of the supercell in x and y direction are
free to change but the dimension in z direction is fixed. For
each strain increment in z direction, the system is thermalized
in 50 ps, and then stress is calculated at every S ps. A total of 13
such stress values are averaged to arrive at a o,, for each strain
increment; the stress—strain relationship is displayed in Figure
lc. We estimate that the tensile yield strain is 3.8%
corresponding to a theoretical yield stress of 2.28 GPa.
Therefore, we confirm that the Pd-MGs can indeed sustain
very high elastic strains (~10 times higher) compared with the
crystalline counterparts. More importantly, since there is no
dislocation in the glasses, the plastic deformation mechanism by
which the metallic glasses relax the elastic strain is very different
from that in a crystalline. It is thus expected that the elastic
strain in metallic glasses cannot be as effectively relaxed as in
the crystalline. As a result, the elastic strain on the metallic glass
surface could be even higher than the yield strain as estimated
here. However, more work needs to be done to understand the
relaxation mechanism of elastic strain on the metallic glass
surfaces and to provide more accurate estimate of the maximum
elastic strain which can be harnessed for catalysis. Following the
finding on the crystalline surface, we also apply compressions
on the metallic glasses to drive E upward. To this end, we
carry out NVT MD simulations with T = 300 K to estimate the
maximum hydrostatic compression that the Pd-MGs can
sustain. We monitor the change of the RDF g(r) of the Pd-
MGs under the strain, and estimate the maximal compression
as 6%. As presented in Figure lc, for both Pd-MGs, g(r)
displays similar characteristics under the compressions with the
peaks shifting toward shorter distances. There is no sudden or
drastic change to g(r), suggesting that the metallic glasses
maintain their structural integrity under the strains. In addition,
we have carefully examined the MD snapshots, but have not
noticed the formation of any extended defects.

In order to examine the general behavior of strain-
dependence of E,, we apply a biaxial compression of 3%,
4.5%, and 6% to the Pd-MGs and the results are shown in
Figure 5. Although these compressions are greater in value than
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Figure 5. P*(Eg) of (a) Sig Pd-MG and (b) Si;; Pd-MG under
different biaxial compressions. Note the different vertical scales
between part a and b.

the tensile yield strain estimated from the simulations, they
could be potentially harnessed owing to the lack of dislocations
in the metallic glasses. Here we only focus on the Si-deficient
sites because they are the active sites for ORR; the Si-rich sites
are considered “poisoned” and cannot contribute substantially
to the ORR activity even under strains. For both glasses, we
find the strain dependence to be bimodal. For Siz Pd-MG, if the
compression is not overly large (~4.5%), it raises E, consistent
with the known trend. However, if the compression is too large
(6%), it reverses the trend and lowers E. The fact that the
P(E,) peaks become higher (ie., with more active sites) and
shift toward to the optimal Ey suggests that the ORR activity
on the Siy MG would increase substantially under a
compression of 3 to 4.5%. Hence a low Si-content Pd-MG
under compression could surpass the ORR activity of pure Pd
and approach the ORR activity of Pt. For Sij;, Pd-MG, the
compressions do not appear to improve its ORR activity: a
compression of 3.0% overshoots the optimal value and a
compression of 4.5% moves the energy to the opposite
direction, away from the optimal value. Therefore, the high Si-
content Pd-MG remains as an inferior ORR catalyst despite the
stress. To understand the bimodal strain dependence, we return
to the crystalline Pd surface and calculate Eg as a function of
compression. The results are shown in Figure 6. Since the
surface model contains only four atomic layers, it is too thin to
nucleate dislocations. As a result, a large strain up to 8%
compression can be accommodated in this unrealistic model.
But here we are only concerned of chemistry, ie., Eg
dependence on strain, not of the mechanical responses of the
surface. We note that Eg rises monotonically as the strain is
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Figure 6. E, as a function of biaxial surface strain for the pure Pd(111)
surface. The small red sphere represents the O atom.

increased. However, as the compression exceeds 6%, Eq starts
declining (beyond 8% compression, no relaxed atomic structure
can be obtained). This explains the bimodal behavior observed
in the metallic glasses and provides an estimate for the optimal
compression on the metallic glasses. Since the NN Pd—Pd
distance in the crystalline surface is larger than that in the Pd-
MGs (2.82 vs 2.44 A), the optimal compression (5%) for the
metallic glass surfaces would be proportionally smaller than that
for the crystalline surface (6%).

B CONCLUSION

In summary, we have performed first-principles calculations to
assess the ORR activity of Pd-MGs based on the oxygen
adsorption energy E. It is found that the substitution of Cu for
Pd on the crystalline Pd(111) surface enhances the ORR
activity. Although there exist local adsorption structures where
the substitution of Si for Pd could render more active ORR, in
general Si is poisonous to ORR because it bonds too strongly to
oxygen, consistent with the experimental observations.
Compressive strains are found to weaken oxygen binding on
the surface and to enhance the ORR activity. With two Pd-
based metallic glasses as examples, we explore the potential of
Pd—Cu—Si metallic glasses as ORR catalysts based on the
analysis of Eq distribution. We find that for the Si-deficient
adsorption sites, the local ORR activity could exceed that of
pure Pd, while the Sirich sites render a rather poor ORR
activity. Si in Pd-MGs is detrimental to the ORR activity and
thus should be minimized. The Pd-MGs can sustain a much
higher compression than the crystalline counterpart and under
an optimal compression (5%), the ORR activity on the Si-
deficient adsorption sites could exceed that of pure Pd. We
predict that Pd-MGs with low Si contents are potential
candidates for Pt-free ORR catalysts.

B ASSOCIATED CONTENT

© Supporting Information

Cyclic voltammetry experimental details and cyclic voltamme-
try curves for the ORR for Pd—Si binary alloys, atomic
coordinations of Pd(111), and metallic glass surface and
segregation energy of Si in metllic glasses. This material is
available free of charge via the Internet at http://pubs.acs.org.
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