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ABSTRACT: The structural as well as electronic properties of PtPd
nanoparticles (NPs) were investigated by using molecular dynamics
simulations and density functional theory calculations. A wide range of
NPs of different sizes (from 1.5 to 4 nm), structures (core−shell, alloy,
Janus), and compositions were taken into consideration. It was shown
that PtPd NPs of less than ∼2.0 nm are prone to structural
transformations to icosahedral (Ih) shape, regardless of their initial
structure and composition. On the other hand, for NPs of size ∼2.5 nm,
the increase of temperature up to 700−900 K leads to structural changes
only for compositions close to 40% Pt, which corresponds to energetic
minimum for Pt@Pd NPs. The Ih form of Pd@Pt NPs with monolayer
thickness of Pt on the surface appears to have the most negatively
charged surface which makes this kind of NPs the best candidate for
catalysis application.

1. INTRODUCTION

The discovery of gold nanoparticles (NPs) catalytic properties
has attracted much research attention to the study of NP-based
catalysts.1 Although the main attention was paid to the search
for correlation between the catalytic activity and particle size
for a long time, the atomic and electronic structure of NPs
plays a significant role in determining their catalytic activity.2

Tuning of NP parameters like faceting, size, composition, and
phase can improve their catalytic properties.3

Platinum is known to be the most commonly used material
for catalytic application for the hydrogen oxidation reaction
and oxygen reduction reaction (ORR).4,5 However, vast
research activity is devoted to the search for a cheaper but
still effective alternative for this expensive material. As a
solution, platinum-based multicomponent NPs have been also
proposed. Bimetallic NPs like PtAu, PtCu, PtCo, and PtRh
demonstrate higher electrocatalytic activity and longer lifetime
in CO oxidation reaction and ORR than monometallic Pt NPs
do.6−10 Mass-specific activity of PtAu/C was reported to be
3.1−4.9 times larger than that of commercial Pt/C.11 Among
the number of platinum-based nanocatalysts, PtPd nanoalloys
exhibit outstanding performance in both high catalytic activity
and selectivity and cost reduction. Besides that, they are
perspective to improve the oxidation reactions and can be used
in low-temperature fuel cells (proton exchange membrane fuel
cells and direct methanol fuel cells).12

There are four possible structures bimetallic platinum−
palladium NPs can form: core−shell Pt@Pd and Pd@Pt
(Figure 1a,b), Janus Pt|Pd (Figure 1c), and homogeneous

bimetallic alloy Pt−Pd (Figure 1d) NPs. Up to date, only
core−shell (Pt@Pd and Pd@Pt) and bimetallic alloy Pt−Pd
NPs have been synthesized experimentally.13−17 The evidence
of Janus-type Pt|Pd NPs has not been reported yet.
The catalytic activity of PtPd NPs is affected not only by

their size but also their Pt/Pd ratio, structure, and shape. In
particular, Wu et al.18 described the nonmonotonic nature of

Received: May 2, 2018
Revised: July 13, 2018
Published: July 13, 2018

Figure 1. Possible structures of bimetallic NPs: (a) Pd core/Pt shell
(Pd@Pt), (b) Pt core/Pd shell (Pt@Pd), (c) Janus (Pt|Pd), and (d)
bimetallic alloy (Pt−Pd).
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PtPd alloy NPs catalytic activity in ORR dependence on
atomic composition. While Pt atoms are the active sites for the
oxygen adsorption, density functional theory (DFT) calcu-
lations, and X-ray photoelectron spectroscopy measurements
exhibited that the Pt-poor nanoclusters showed better activity
because of the electron transfer from Pd to Pt atoms, whereas
the Pt-rich NPs have inferior performance because of the
opposite electron transfer. The role of the structure of
bimetallic NPs is indicated by enhanced performance of
core−shell NPs and even higher boost of catalytic activity in
crown-jewel structured nanocrystals compared with disordered
alloy NPs.19,20 The introduction of palladium affects not only
the charge on Pt but also the ability of Pt atoms to displace to
accommodate O adsorption, which is important for ORR
catalysis.21,22 Besides this, the shape of the NPs also affects
their properties with icosahedral (Ih) and decahedral (Dh)
shape showing greater catalytic potential than cubic-symmetry
forms for both pure Pt,23,24 Pd@Pt,25,26 and crown-jewel
NPs.27

Thus, all structural features like the diameter of particles, size
of the core, and shell, Pt/Pd ratio, and surface atom
distribution should be taken into account when synthesizing
highly active nanocatalysts. Another critical issue is the thermal
stability of NPs because most catalysts are usually exposed to
high temperatures.28 Previously, Huang et al.29,30 investigated
the thermal stability of large (6.2 nm) PtPd NPs consisting of
8247 atoms with different structures (core−shell, alloy). It was
determined that melting processes in NPs proceed in two
stages and depend on the ratio of core and shell sizes.
However, it was shown that small NPs (<2−3 nm) can
undergo structural changes at much lower temperatures
because of the surface effects.31,32 For example, bimetallic
Pd147@Pt162 NPs of about 2 nm were synthesized by a
homogeneous route.32 The detailed characterization by in situ
extended X-ray absorption fine structure spectroscopy showed
that the real composition is in fact inverted with respect to the
originally proposed: Pt atoms concentrated in the core, and Pd
formed the shell resulting in Pt147@Pd147Pt15 particles. This
transformation was explained in terms of size effects, in
particular, a large number of edge and corner sites. The effect
of the size and shape on the stability and activity of Pd@Pt
NPs on the ORR was studied by An et al.33 It was found that
with an increase of the size from 1 to 3 nm, the catalytic
activity in ORR varies in different ways for NPs of various
shapeincrease for sphere-like truncated octahedron and
decreases for tetrahedron type.33

In this work, molecular dynamics (MD) simulations were
used to explore the temperature impact on various PtPd NPs
with different sizes (D = 1.5; 2; 2.5; 3; 4 nm) and structures
(Pt@Pd, Pd@Pt, Pt|Pd, and Pt−Pd alloy). At the same time,
DFT was applied for investigations of their electronic
properties and charge redistribution, which is crucial for the
catalytic activity.

2. SIMULATION METHODOLOGY
Simulation of PtPd NPs annealing was performed by MD
modeling using a large-scale atomic/molecular massively
parallel simulator (LAMMPS).34 The MD method is widely
used for investigation of structural phase transitions in metals
and alloys because it allows computing dynamical character-
istics of the simulated system.35−37 According to the literature,
thermodynamic properties and interaction between atoms in
metallic NPs can be successfully described by various many-

body potentials, namely, Sutton−Chen, Cleri−Rosato, and
embedded atom method (EAM) model.38−40 EAM potential
proposed by Zhou et al.41 was chosen to determine the
interaction energy of platinum and palladium atoms, as it
proved its ability to describe Pt−Pd NPs.42,43

A Nose−́Hoover thermostat was employed to simulate PtPd
NPs heating. The velocity Verlet scheme was used for solving
the equations of motion with the constant time step h of 1
fs.44−46 The PtPd NPs structures, created by cutting from face-
centered cubic (fcc) lattices, were first optimized and then
heated in four steps up to T = 300 K, T = 500 K, T = 700 K,
and T = 900 K to test their stability. The lattice parameters for
Pt and Pd were 3.92 and 3.89 Å, respectively.41 For each
temperature, simulation time t was set to 5 ns, and heating
from one temperature to another took t = 1 ns. Core−shell
Pt@Pd particles contained from 10 to 70% Pt atoms, and Pd@
Pt particles contained from 30 to 90% platinum atoms. The
platinum content in Janus and bimetallic alloy NPs was in the
range of 10−90%. In total, for each size, 32 different NPs were
considered.
To determine the structural stability of NPs, the energy gain

of NPs formation was calculated as the difference between
binding energy of NPs and the bulk counterparts.

Δ = − − +E E E N E N N N( )/( )NPs Pt Pt Pd Pd Pt Pd (1)

ENPs is the potential energy of the particle, NPt and NPd
correspond to the number of Pt and Pd atoms, and EPt and EPd
stand for the potential binding energy for the bulk platinum
and palladium, respectively. Potential binding energy for bulk
materials was calculated for different temperatures within the
NPT ensemble using the same embedded atom potential (see
the Supporting Information, Table S1).
The contribution of configurational entropy to the free

energy for the Pt−Pd alloy NPs was also considered. The
maximum possible entropic contribution per atom was
calculated under the assumption that all configurations have
the same statistical weight using the following expression47

= − [ + ]T S k T N N N Nd ln lnB Pt Pt Pd Pd (2)

where kB is Boltzmann’s constant. However, different atomic
configurations have different potential energy values, especially
if differences concern the surface of the NP. Therefore, the
configurations have different statistical weights, and as a
consequence, the actual value of entropic contribution is lower
than the calculated dS.48

To study the electronic properties of the investigated Pt−Pd
NPs, the structures were optimized and charge redistribution
was calculated within the framework of DFT using OpenMX
software.49 The core Coulomb potential in OpenMX is
replaced by a tractable norm-conserving pseudopotential
proposed by Morrison, Bylander, and Kleinman,50 which is a
norm-conserving version of the ultrasoft pseudopotential by
Vanderbilt.51 Small PtPd NPs (321 atoms, D = 2 nm) with
different structures (core−shell, alloy, Janus) and compositions
were chosen for electronic properties analysis. We used the
Bader52 approach to calculate atomic charge based on the
OpenMX results. Energy cutoff for the numerical integration
grid was 180 Ry. The results of calculations were
postprocessed and visualized using the Open Visualization
Tool (OVITO)53 and VESTA54.
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3. RESULTS AND DISCUSSION

Because heating can cause significant structural changes in
small size NPs,55 the question of thermal stability is very
important for the nanocatalyst design. The difference between
binding energy of NPs and the bulk was calculated to study the
thermodynamical stability of NPs as a function of temperature.
For all NPs of the same composition, according to this eq 1,
lower total energy inevitably leads to lower ΔE and thus
determines better structural stability. According to the results
of various Pt−Pd NPs thermal stability estimations, the ones
with D = 1.5 nm are the most structurally unstable amongst all
considered. All four possible structures undergo structural
transition to the Ih phase (see Figure 2) even at 500−700 K.
This can be explained in terms of pentagonal symmetry as the
most stable for small Pt−Pd clusters according to the first-
principle calculations.56,57 Only 4 of 32 particles with D = 2 nm
NPs transformed from fcc to Ih and Dh phase. Pd@Pt NPs
with a Pt content less than 50% changed their structure.

According to our calculations this structure of a particle (Pd
core, Pt shell) is more energetically unstable. Figure 3 shows
the dependences of ΔE for D = 2 nm NPs on Pt percentage at
different temperatures (see the Supporting Information for D =
1.5, 2.5, 3, 4 nm). Possible contribution of configurational
entropy for Pt−Pd alloy NPs is also shown as a shaded area
under the corresponding graph (because the T dS value from 2
is a maximum estimate, the actual free energy lies inside the
shaded region). As can be clearly seen, Pt@Pd is the most
stable at room temperature, in agreement with previously
reported MD30 and DFT58 results. Increase of the temperature
from 300 to 500 K leads to the structural changes in less
energetically favorable Pd@Pt particles in the first place.
Pd225@Pt96 undergoes fcc → Dh transition at T = 500 K
(Figure 3b, Pd@Pt, Pt30%) which leads to significant
decrease of ΔE. Thermally activated structural transition to
icosahedra is observed at 700 and 900 K for Pt@Pd NPs with
40% platinum content (Figure 3c,d), and the resulting
structure corresponds to the lowest ΔE. This agrees well

Figure 2. Thermoactivated fcc → Ih structural transition in Pt−Pd NPs, D = 1.5 nm. (a) Pd core/Pt shell, (b) alloy Pt−Pd, (c) Pt core/Pd shell,
(d) Janus Pt−Pd. The Pt and Pd atoms are shown by light and dark gray balls, respectively.

Figure 3. Difference between binding energies in NPs and in the bulk (ΔE, eV) versus platinum percentage in core−shell (Pd@Pt and Pt@Pd),
Janus-type (Pt|Pd) and alloy (Pt−Pd) NPs with D = 2 nm at (a) T = 300 K, (b) T = 500 K, (c) T = 700 K, and (d) T = 900 K. Possible
contribution of configurational entropy for Pt−Pd alloy NPs is shown as a shaded area under the magenta line.
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with previous Pt−Pd NPs calculations performed by Paz-
Borbon et al.,56 where the energy minimum was shown to
correspond to the Pt content of 43% in Ih clusters with Pd
atoms on surface. In general, Pt@Pd core−shell particles
appear to be the most stable ones. Despite that at higher
temperatures, alloy NPs with a low Pt content seem to be more
favorable in terms of free energy, there was no transformations
from Pt@Pd to disordered alloy Pt−Pd or dissolution of Pt
core in surrounding palladium shell. No isomorph transitions
were observed for D > 2.5 nm, regardless the structure and Pt/
Pd ratio.
Detailed investigation of structural changes in PtPd NPs

showed that core−shell Pd@Pt and Janus Pt|Pd particles are
significantly rearranged at temperatures more than 700 K.
Platinum is then concentrated in the center of the particle,
whereas palladium atoms are predominantly localized on the
surface, as can be clearly seen in Figure 4 at T = 700 K and T =

900 K. The tendency of Pd atoms diffusion from the bulk to
the surface can be explained in terms of the difference in
surface energies for platinum and palladium which was
experimentally observed by Bernardi et al.59 for PtPd NPs
with D from 3.8 to 4.8 nm at different temperatures. Average
surface energy values (2.49 J/m2 for Pt and 2.00 J/m2 for Pd)60

show that Pd coverage of NPs surface is more thermodynami-
cally favorable than Pt. This corresponds well to the ΔE values

of bare platinum and palladium NPs (ΔE = 0.679 eV for Pt,
ΔE = 0.489 eV for Pd).
Different scenarios were determined for Pt and Pd atoms

redistribution in NPs with different structure. For instance,
bimetallic alloy (Pt−Pd) and Pd@Pt NPs are changed because
of Pd atoms diffusion from the bulk to the surface and Pt
diffusion from the surface to the bulk (see Figure 4a). In
contrast, Pd atoms migrate along the whole surface of Janus
particles gradually moving to the platinum hemisphere and
forming a palladium shell (see Figure 4b). Janus NPs with D >
2.5 nm transform to the nonsymmetric Pt@Pd NPs with the
core center being displaced from the shell center. Similar
effects of Pd atoms diffusion into the shell were experimentally
observed in the Pd@Pt NPs. Paes et al.61 synthesized Pd@Pt
NPs with sizes from 4 to 5 nm and all of the synthesized core@
shell NPs were proven to have the structure of Pd@PtPd.
Pt@Pd NPs with D > 2.5 nm do not undergo any significant

structural changes at four temperatures studied (300, 500, 700,
and 900 K). To investigate higher temperatures close to the
melting point, the particles were gradually heated from T = 100
K to T = 2000 K for t = 20 ns. Pt@Pd structures are the most
interesting to describe. The diffusive rearrangement of atoms
and facets formation at the surface of Pt249@Pd306 particles at
T = 1090 K was observed. The particle shape changes at T =
1150 K becoming polyhedral and decreasing the potential
energy because of the decrease of its surface contribution.
Polyhedral core−shell NPs were also observed experimen-
tally.62,63 Pd@Pt and bimetallic alloy Pt−Pd are different from
the previous ones when heated. In Pd55@Pt500 and Pt733Pd226
NPs similar to Pt249@Pd306 cluster, potential energy and heat
capacity fluctuations were observed at ∼850 K because of the
internal rearrangements in NPs. However, it did not lead to the
change of the structure and shape of the particles below the
melting temperature. Nevertheless, Pd atoms diffuse actively to
the surface after the melting and decrease the potential energy.
The process of PtPd NPs melting was described in detail in our
recent work.64

To investigate the influence of the NP structure on its
electron density distribution, a series of DFT calculations were
performed using OpenMX software followed by the Bader
charge analysis.52 Figure 5 shows the dependences of average
surface charge on the Pt percentage for three different NPs

Figure 4. Temperature dependence of the number of surface atoms in
2 nm Pt−Pd NPs: (a) Core−shell Pd177@Pt144 and (b) Janus Pt156|
Pd165. The Pt and Pd atoms are shown by light and dark gray balls,
respectively.

Figure 5. Average surface charge of the Pt−Pd NPs vs Pt content.
The Pt and Pd atoms are shown by light and dark gray balls,
respectively (white and cyan balls in color version).
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structures. Because the DFT calculations are computationally
demanding, small PtPd NPs (321 atoms, D = 2 nm) with
different structures were chosen for electronic properties
analysis. Several Pt core/Pd shell clusters were studied (from
10 to 50% Pt). NPs with higher Pt percentage of 60 and 70%
were excluded because palladium atoms do not cover the
whole NPs in those cases. Similarly, the Pt content varied from
90 to 50% for the Pd core/Pt shell structure. Five different
bimetallic alloy Pt−Pd NPs with random atom distribution
were considered (from 90 to 10% Pt).
The difference between surface charge of pure Pt and Pd

NPs which is equal to 0.015e is shown in Figure 5. This value
agrees well with the work function difference of these types of
atoms.65 In all considered cases, negative charge is localized on
the surface of NPs, except for the cubic structured Pt@Pd
particles with small positive surface charge of +0.0015e (see
Figure 5). Pt@Pd and Pd@Pt NPs demonstrate the opposite
trend because of the moving of Pt−Pd (Pd−Pt) boundary
from the center to the particle surface. Indeed, the decrease of
Pt layers covering Pd core leads to the increase of the number
of electrons on the surface for Pd@Pt and vice versa. From our
results, it can be concluded that covering of Pd NPs with
monoatomic layer of Pt atoms can increase the surface charge
by a factor of two with respect to the pure Pt particle or it is
three times higher than pure Pd NPs surface. These results
correspond well with previous finding of charge transfer in
core−shell Pd@Pt NPs is directed from Pd to Pt.18,58 While
the explanation of enhanced catalytic activity of the Pt atoms in
NPs, for example, in oxygen adsorption reaction is related to
the ability of Pt to donate electrons to oxygen,16 the
localization of excess electronic density on the surface of
NPs can lead to enhancement of its catalytic activity.66,67 The
opposite situation is observed when Pt NPs are coated with a
monoatomic layer of Pd. Considering that Pd tends to occupy
a position predominantly on the surface of the NPs under
heating, one must carefully select the application areas of such
NPs because palladium in this case acts as a shield leading to a
decrease surface charge in the NPs.
The investigation of electronic properties of Ih PtPd NPs

showed an increase of the average surface charge compared
with fcc PtPd NPs. According to our calculations, the increase
of the average surface charge for Ih monodisperse NPs of Pt
and Pd in comparison with the fcc structure is 27% (from
−0.0357e for Ptfcc to −0.0454e for PtIh) and 39% (from
−0.0208e for Pdfcc to −0.0289e for PdIh), respectively. Among
all of the investigated NPs, the largest electronic density excess
on the surface was observed in the Ih particle where the core of
Pd was covered by a monolayer of Pt, the average surface
charge increased by 18% (from −0.0635e for Pd@Ptfcc to
−0.0749e for Pd@PtIh) (see Figure 5). For the Ih particles
with Pt core covered by the Pd monolayer, the charge changes
from +0.0015e for Pt@Pdfcc to −0.0001e for Pt@PdIh (Figure
6).

4. CONCLUSION
The MD simulations and DFT calculations were used to
investigate the equilibrium structures, thermal stability, and
electronic properties of Pt−Pd NPs. Small Pt−Pd clusters less
than ∼2.0 nm in diameter tend to form Ih structures,
regardless their initial structure and composition. This may
increase the catalytic efficiency of NPs, as we show that Ih Pt-
based NPs are known to be more catalytically active in
comparison with fcc structures. The number of structural

transitions to the Ih form decreases significantly with the
increase of the NP size and vanishes as it reaches 2.5 nm.
However, another kind of structural changes, namely, the
redistribution of Pd atoms from the bulk to the surface, was
observed at the temperatures higher than 700 K. This effect
may be explained in terms of the surface formation energy
difference for platinum and palladium. Core−shell Pd@Pt and
Janus Pt|Pd NPs were found to be the least stable amongst all,
even for the temperatures much lower than their melting
temperature. Janus Pt|Pd NPs transform to Pt@Pd ones with
the temperature increase through Pd atoms diffusion along the
surface of the particles. Investigation of the electronic
properties of PtPd NPs with various structures showed that
the highest electron density on the surface is formed in an Ih
particle where Pd core coated with a monolayer of Pt. Fixed
notion about direct relation between catalytic activity and
surface charge lead us to claim that Pd@PtIh NPs will be the
most promising candidate for catalytic applications from the
whole range of considered NPs.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcc.8b04177.

Difference between binding energies in NPs and in the
bulk (ΔE, eV) versus platinum percentage in Pt−Pd
NPs with different structures and diameters (1.5, 2.5, 3,
and 4 nm) and at different temperatures (300, 500, 700,
and 900 K) (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: ilyachepkasov@gmail.com.
ORCID
I. V. Chepkasov: 0000-0001-8376-2999
M. A. Visotin: 0000-0003-2265-9394
A. M. Manakhov: 0000-0003-4517-1682
Notes
The authors declare no competing financial interest.

Figure 6. Difference electron density for Ih structure of Pd@Pt(left)
and Pt@Pd (right) taken from superposition of atomic densities of
constituent atoms. The Pt and Pd atoms are shown by light and dark
gray balls, respectively. a0 equals to Bohr radius.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b04177
J. Phys. Chem. C 2018, 122, 18070−18076

18074

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.8b04177
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b04177/suppl_file/jp8b04177_si_001.pdf
mailto:ilyachepkasov@gmail.com
http://orcid.org/0000-0001-8376-2999
http://orcid.org/0000-0003-2265-9394
http://orcid.org/0000-0003-4517-1682
http://dx.doi.org/10.1021/acs.jpcc.8b04177


■ ACKNOWLEDGMENTS
The authors are grateful to Vladislav A. Kalyuzhny for the
assistance with the computational resources. The research is
carried out using the equipment of the shared research facilities
of HPC computing resources at Lomonosov Moscow State
University and resources of the Center for the Information and
Computing of Novosibirsk State University. The work was
supported by the Russian Foundation for Basic Research
(RFBR no. 17-42-190308-r) and Foundation for Assistance to
Small Innovative Enterprises (FASIE) (Project no. 0033625).
E.A.K. would also like to thank the Ministry of Education and
Science of the Russian Federation (the government contract to
Siberian Federal University, grant no. 16.1455.2017/PCh) and
the Foundation for Assistance to Small Innovative Enterprises
(FASIE) (Project no. 0033639).

■ REFERENCES
(1) Haruta, M.; Yamada, N.; Kobayashi, T.; Iijima, S. Gold Catalysts
Prepared by Coprecipitation for Low-Temperature Oxidation of
Hydrogen and of Carbon Monoxide. J. Catal. 1989, 115, 301−309.
(2) Zhang, C.; Shen, X.; Pan, Y.; Peng, Z. A Review of Pt-Based
Electrocatalysts for Oxygen Reduction Reaction. Front. Energy 2017,
11, 268−285.
(3) Cao, S.; Tao, F. F.; Tang, Y.; Li, Y.; Yu, J. Size- and shape-
dependent catalytic performances of oxidation and reduction
reactions on nanocatalysts. Chem. Soc. Rev. 2016, 45, 4747−4765.
(4) Lu, S.; Zhuang, Z. Investigating the Influences of the Adsorbed
Species on Catalytic Activity for Hydrogen Oxidation Reaction in
Alkaline Electrolyte. J. Am. Chem. Soc. 2017, 139, 5156−5163.
(5) Nie, Y.; Li, L.; Wei, Z. Recent Advancements in Pt and Pt-Free
Catalysts for Oxygen Reduction Reaction. Chem. Soc. Rev. 2015, 44,
2168−2201.
(6) Luo, L.; Duan, Z.; Li, H.; Kim, J.; Henkelman, G.; Crooks, R. M.
Tunability of the Adsorbate Binding on Bimetallic Alloy Nano-
particles for the Optimization of Catalytic Hydrogenation. J. Am.
Chem. Soc. 2017, 139, 5538−5546.
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