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Abstract. The bimetallic alloys often outperform their single-component counter-
parts due to synergistic effects. Being widely known, the Au-Pd alloy is a promising
candidate for the novel heterogeneous nanocatalysts. Rational design of such sys-
tems requires theoretical simulations under ambient conditions. Ab initio quantum-
mechanical calculations employ the density functional theory (DFT) and are limited to
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the systems with few tens of atoms and short timescales. The alternative solution im-
plies development of reliable atomistic potentials. Among different approaches ReaxFF
combines chemical accuracy and low computational costs. However, the development
of a new potential is a problem without unique solution and thus requires accurate
validation criteria. In this work we construct ReaxFF potential for the Au-Pd sys-
tem based on ab initio DFT calculations for bulk structures, slabs and nanoparticles
with different stoichiometry. The validation was performed with molecular dynam-
ics and Monte-Carlo calculations. We present several optimal parametrizations that
describe experimental bulk mechanical and thermal properties, atomic order-disorder
phase transition temperatures and the resulting ordered crystal structures.

Keywords:  Au-Pd alloy, ReaxFF, molecular dynamics, Monte-Carlo method,
nanoparticles

1. Introduction

Accelerating chemical reactions is crucial for sustainable economic development and
production of pharmaceuticals, fuels, consumer chemicals, etc. In this respect
heterogeneous catalysis is of primary importance, since it allows for facile separation
of the product and the catalyst. In most industrial applications, e.g., COs reduction,
water splitting, or methane activation, metals or metal oxides are used as catalysts.
Thus, much effort is focused on research of catalytic properties of various metal alloys,
e.g., Ni-Co for methane reforming [1], Heusler alloys for selective hydrogenation of
alkynes [2], Pt—Co for water splitting [3], [r-Cu for oxygen evolution reaction [4], Ag—
Au for oxidation and reduction catalysis [5, 6], and Pd-Sb for ethanol oxidation [7].

Pd-based catalysts acquire special attention due to their impressive performance
in many reactions [8]. It turns out, that bimetallic Pd-based catalysts (Pd—M) allow
optimization and tunability of the number, activity, and selectivity of active sites — the
determining factors of the catalytic reaction performance. Among different bimetallic
Pd-M variants, the gold-palladium alloys take their prominent role [9]. For example,
colloidal solution based on gold-palladium nanoparticles is a promising catalyst for
selective methane to methanol oxidation at mild temperatures [10]. Decoration of
Au nanoparticles by Pd atoms providing bimetallic Pd—Au surface results in improved
CO; electroreduction [11], whereas the performance of AursPdss nanoparticles for
cyclohexane oxidation was found to strongly depend on their form, being higher for
icosahedral nanoparticles, than for octahedral ones [12].

Computational approaches have become very helpful for targeted design of catalysts
as they may provide atomic-level details of catalytic processes and assist in development
of new catalysts with improved performance [13]. Many techniques have been developed
that treat the system at different length and time scales. Despite tremendous progress
in available computational power and achieved accuracy of various methods like density
functional theory (DFT) for solving the Schrédinger equation, such methods are still
limited to small systems containing ~100-200 atoms and short time scales in molecular
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dynamics. Therefore, treatment of larger systems mostly relies on the use of atomistic
potentials that can be fitted to, e.g., DFT calculations. Given that reliable interatomic
potentials have been obtained, they can serve as input for larger scale calculations using
the molecular dynamics or Monte-Carlo methods.

ReaxFF atomistic potentials have become increasingly useful for studies of different
properties of large systems including organic chemical reactions, studies of the chemistry
of interfaces and catalytic properties, because such potentials have been specially
designed for the treatment of bond breaking and creation [14, 15]. In the past ten
years the ReaxFF model has been successively applied to the studies of, e.g., Fe/Al/Ni
alloys [16], oxidation of Pd surfaces and clusters [17], catalytic conversion of C/H/O
molecules on Cu-metal and Cu-oxide surfaces [18], ethanol oxidation [19], and Pt-Ni
alloy catalyst [20].

In view of the importance of Au-Pd alloy for catalytic applications, in this work
we develop a ReaxFF potential valuable for both bulk phase and small nanoparticles.
Earlier, separate Au and Pd ReaxFF potentials were developed for the Au-S-C-H [21]
and Pd/O [17] systems, respectively, however no combined Au—Pd potential is currently
available. The force field parameterization was performed against density functional
theory calculations of different bulk phases of the binary alloy, Au—Au, Au-Pd, and
Pd-Pd dimer energies, as well as different slabs and nanoparticles (NP). We found
several successful parametrizations and verify their validity on the calculations of bulk
moduli, thermal expansion coefficients, melting temperature, and atomic order-disorder
phenomena.

2. Methods

2.1. QM calculations

The reference data for potential development was obtained from density functional
theory (DFT) calculations using the Vienna ab initio simulation package (VASP) [22,
23, 24]. Atomic core regions were represented with the projector augmented waves
method [25]. The exchange correlation potential functional was treated by the
generalized gradient approximation (GGA) in Perdew-Burke-Ernzerhof form [26]. The
valence electron configurations for Pd and Au atoms are s'd!? and s'd?, respectively.
The plane wave basis cut off was 500 eV for all calculations. Calculations were
performed with the 0.2 eV Methfessel-Paxton [27] smearing of order 1. The Brillouin
zone was sampled with the 2x2x2 Monkhorst-Pack [28] mesh for bulk systems with
3x3x3 fcc cells. Calculation of (001) slabs was performed with 4x4x1 I'-point mesh
for 3x3x3 fce cells with ~38 A vacuum spacing between the images in z direction
corresponding to supercell size of approximately 12.5x12.5x50 A. Nanoparticles with
diameters ~ 17 A (~200 atoms) were simulated in 42 A cubic cells with the gamma
point only.
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Figure 1. Schematic illustration of the training set for the ReaxFF Au-Pd potential
development.

2.2. Force field optimization

Force field parameters were optimized with covariance matrix adaptation evolution
strategy (CMA-ES) [29] algorithm as implemented in the AMS modeling package [30,
14, 31]. The optimization is stopped when the step-size becomes smaller than 107°
for every parameter or optimization exceeds 10000 steps. In total 72 parameters were
simultaneously fitted to training data with 100 samples in population. Since CMA-ES
algorithm is stochastic, 80 runs were performed to find best force field parameters.
Training data consisted of 1014 DFT calculations as shown in Fig. 1 and contain
equations of state (EOS) for face-centered cubic (fcc), body-centered cubic (bec),
hexagonal closed-packed (hcp), and simple cubic (sc) structures, fec and bee structures
with different atomic displacements and permutations of Au and Pd atoms among the
lattice sites, Au—Au, Au—Pd, and Pd-Pd dimer energies, slabs, and nanoparticles. The
structures included Au-Pd alloys with 0, 25, 50, 75, and 100 at.% Pd, which we in the
following denote as AuPd0, AuPd25, AuPd50, AuPd75, and AuPd100, respectively.

2.3. Molecular dynamics and Monte-Carlo calculations

Molecular dynamics (MD) and Monte-Carlo (MC) simulations with developed ReaxFF
potential were performed in LAMMPS package [32, 33]. MD simulations were carried
out in 10x10x10 fecc cells systems with Nose-Hoover thermostat and barostat with 3 fs
damping constant. The timestep was set to 0.1 fs.

Monte-Carlo atom swaps were employed to investigate ordering of Au—Pd systems.
The simulation box contained 2048 atoms for bulk systems (8x8x8 fcc cells) and 2214
atoms for spherical nanoparticles. During the study of the order-disorder processes the
temperature was lowered from 800 K (for bulk) or 1200 K (for nanoparticles) down to
20 K in steps of 10 K. After each step MC calculations were performed with 150 swap
attempts per atom.
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3. Results and discussion

3.1. ReazFF force field development

In the development of the ReaxFF interatomic potential we follow the approach of
Shin et al. [34] who have included three-body interactions in the treatment of Ni-Cr
alloys, which helped achieving higher accuracy in description of their mechanical and
thermal properties. The importance of three-body interactions is also supported by
the failure of the Cauchy relation for elastic constants of Au and Pd, which should
hold for centrosymmetric structures with only pair atomic interactions [35, 36], as well
as by DFT-based cluster expansion calculations [37]. In fact, we have tried training
and developing the ReaxFF potentials for the Au—Pd system without these three-body
interactions, but obtained poor results. Therefore, the system energy was written as

E = Ebond + Eover + Eangle + EvdW + ECoula (1)

where Epong is the bond energy, Foyer is the over-coordination penalty energy, Fange is
the three-body valence angle strain, and E,qw and Fcoy are van der Waals and Coulomb
interactions, respectively [15]. The ReaxFF force field parameters were optimized
against the DFT data as described in Sec. 2. In total 80 different ReaxFF potentials were
obtained during the training, many of which showed good performance with respect to
the training set. Final selection of the potentials was done by assessing their performance
against a validation set of DFT data. The validation set included 225 and 100 fcc and bee
structures, respectively, as well as 42 nanoparticles, which had different permutations
of Au and Pd atoms among the lattice sites and different displacements from ideal
positions. Thus, we have selected four ReaxFF potentials that have similar performance
against both the training and validation sets of DFT data. In the following we denote
these ReaxFF potentials as RF1, RF2, RF3, and RF4. The obtained potentials are
compared in Tables 1 and 2 and Figs. 3-5.

Figure 2 shows the variation of the energy per atom as function of the uniform
compression a/ay of the lattice parameter a around the equilibrium value ao. RF1
ReaxFF potential shows excellent agreement with DFT calculations for fcc and bcc
structures with different concentrations of Pd. The performances of other ReaxFF
potentials RF2, RF3, and RF4 are similar to that of RF1. Table 1 reports relative energy
differences between different bulk phases for various Pd concentrations. As expected,
the most stable structure is fcc and the energy differences are sufficiently well described
by the four obtained ReaxFF potentials.

Figure 3 shows the performance plots of RF1-4 potentials for fcc structures in
the training set with (i) different random atomic displacements and (ii) various Au
and Pd permutations over the lattice sites, whereas ReaxFF predictions for slabs and
nanoparticles is shown in Fig. 4. The R? coefficient of determination for the fcc
structures exceeds 0.99, while the performance for slabs and NP’s by ReaxFF potentials
is lower, which is due to smaller percentage of these structures in the training set.

The second step in construction of the model potential is the validation. The
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Table 1. Comparison of relative stability between different bulk phases of Au-Pd
alloys: face-centered cubic (fcc), body-centered cubic (bcc), simple cubic (sc), and
hexagonal closed-packed (hcp).

Energy difference,
kcal/(mol-at.) DFT  RF1 RF2 RF3 RF4

AFhce—fee AuPdo 0.3888 0.4834 0.5014 0.4225 0.4381
AuPd50  1.1281 0.7733 0.7226 0.3883 0.9224
AuPd100 0.8257 0.8975 0.7716 0.9325 0.9814
AFEgsc_fec AuPdo 9.9999 15.863 10.998 17.389 15.606
AuPd50  10.038 17.780 16.186 18.471 18.700
AuPd100 11.044 17.250 19.630 16.701 15.091
AFEhcp—fec AuPdo 0.3835 0.3679 0.3782 0.3718 0.3722
AuPd100 0.8183 0.7121 0.3351 0.3451 0.4618

structures and their energies in the validation set were not included in the training
procedure. The assessment of the performance of ReaxFF potentials against the
validation set is shown in Fig. 5. The R? coefficients of determination are above 0.99
for the bulk structures, which is similar to the performance with respect to the training
set. The obtained ReaxFF potentials perform quite well even for large distortions of the
lattice when the energy difference per atom relative to the undistorted structure reaches
4.5 kcal/(mol-at.). The mean error of ReaxFF prediction of the DFT data for both the
training and validation sets is of the order of 0.1 kcal/(mol-at.), which correspond to
the uncertainties ca. 50 K in the simulations of temperature dependent properties.
The four selected ReaxFF potentials describe the Au—Pd bulk alloys and small
particles with a similar quality. However, their parametrizations are quite different as is
clear from Table 2. One can note that the sigma bond covalent radius r§ for Au is slightly
higher than that of Pd in agreement with the relation between the atomic radii of these
elements. These radii vary however from one potential to another by up to ~0.15 A.
The Au-Pd (off-diagonal) sigma bond covalent radii fall inside the range of r§ for Pd
and Au for all potentials except RF2, where the radius of Au-Pd interaction r{ is lower
than that of Pd-Pd interaction (1.8685 vs 1.9163 Acorrespondingly). The sigma bond
dissociation energy D? for the Pd-Pd interaction also shows large variations between the
potentials. Despite their different parametrization we show in the next section that all
four ReaxFF potentials provide similar quality in macroscopic properties calculations.

3.2. Molecular dynamics and Monte-Carlo studies

Figures 6(a-e) show thermal expansion studies of 10x10x 10 fcc structures. The thermal
expansion coefficient at room temperature was determined by the linear fitting of the
temperature dependence of the lattice constant. The fit results in the temperature
range 200 — 400 K are given in Table 3. The linear expansion coefficients calculated in
molecular dynamics are 10 to 40% lower than the experimental values with lower error
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Figure 2. Comparison of the ReaxFF calculations (blue dots) using the RF1 potential
with the DFT data (red lines) for the (a) — (e) fcc and (f) — (j) bee structures.

for Au-rich alloys. The equation of state was probed by compression and expansion
of 10x10x10 fce structures at 300 K. Figs. 6(f-j) show the dependence of pressure
P on the unit cell volume V. The bulk moduli B of bulk alloys with different Pd
concentrations were determined by fitting the resulting P(V') curves using the Birch-
Murnaghan equation and are given in Table 3. The calculations reproduce the trend
on decreasing lattice constant along with increasing Pd content. The larger value of
the bulk modulus for pure Pd is obtained both in theory and experiment. However,
ReaxFF calculations show systematic differences. For example the lattice parameters
are overestimated by 2 %. This fact is explained by limitations of parent GGA-PBE
DFT approximation as was demonstrated in [38].

Another type of validation criteria is related to the lattice dynamics. To determine
the melting temperature the heating and cooling simulations of 8x8x8 unit cells
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Figure 3. Performance of the ReaxFF calculations for different fcc structures for (a)
- RF1, (b) - RF2, (¢) - RF3, and (d) — RF4. Red line is guide to the eye.
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Figure 4. Performance of the ReaxFF calculations for different slabs and NP’s for
(a) — RF1, (b) - RF2, (¢) - RF3, and (d) — RF4. The insets show enlarged areas of
the parent graphs. Red line is guide to the eye.

fce structures are performed. The resulting representative temperature dependencies
of the density p are shown in Fig. 7. These data allow estimating the melting
temperature using the approach of Luo et al. [39] by determining the temperatures 7',
and T_ of anomalies (jumps) in the densities during heating and cooling, respectively.
The melting temperature T,, can then be calculated by T,, = T\ + T- — T, T_.
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Figure 5. Validation set performance of the ReaxFF calculations for different fcc
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for (a) - RF1, (b) — RF2, (c¢) — RF3, and (d) — RF4. Red line is guide to the eye.

Table 2. Selected parameters of ReaxFF potentials. r§ — sigma-bond covalent radius,
rodW — van der Waals radius, v — EEM shielding, x — EEM electronegativity, n —

EEM hardness, D? — sigma-bond dissociation energy.

ReaxFF Au

potential rg TodW gl X n
RF1 2.1338 1.9474 1.1211 3.0465 6.9417
RF2 2.0344 1.9825 0.9667 1.0681 8.9770
RF3 1.9907 1.8688 0.4869 5.2454 9.5167
RF4 2.1175 1.9391 0.4571 2.5850 9.3557

ReaxFF Pd

potential rg TydW vy X n
RF1 1.8631 2.6145 1.1143 5.4385 7.7107
RF2 1.9163 2.4185 1.1583 3.1622 7.4564
RF3 1.8359 2.3963 0.6400 5.4262 6.5508
RF4 1.8299 2.4460 0.7770 4.0514 8.5398

ReaxFF Au-Au Pd-Pd Au-Pd  Au-Pd

potential D? D? D? rg
RF1 128.7211  79.3679  102.5095 1.8968
RF2 137.7658  74.2573  102.4355 1.8685
RF3 129.3974  92.8535 112.2529 1.9391
RF4 136.6124 132.1784 110.6473 1.8936
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Figure 6. (a) - (¢) Temperature dependencies of the lattice constant. Red lines
represent linear fit. (f) - (j) The dependencies of pressure P on unit cell volume V.
Red lines represent fits according to the Birch-Murnaghan equation.

Calculated melting temperatures are collected in Table 3 for all parameterized potentials.
The molecular dynamics overestimates the melting temperatures, whereas the smaller
thermal expansion coefficient for larger Pd concentration corresponds to the experiment
and correlates with increasing melting temperature.  Such deviations from the
experimental values reflect the tendency of the GGA approximation to overestimate
the lattice parameters and underestimate the bulk modulus [40].

One of the most important phenomena is the atomic ordering in alloys that can
appear below a certain phase transition temperature. The ordering is a nonlocal process
and, thus, represents another challenge for validation of the ReaxFF potentials. In the
Au—Pd alloys in bulk form no long-range atomic ordering is observed experimentally
arguably due to rather low phase transition temperatures. In bulk AuPd50, for example,
the atomic ordering phase transition temperature was estimated to be about 100 °C from
the temperature evolution of x-ray diffuse scattering, which reflected local short-range
ordering [44]. In contrast, in thin films of AuPd25 and AuPd75 atomic ordering phase
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transition to the L1, structure (CugAu type) is observed at ~850 °C [45, 46]. Such a
high phase transition temperature in films is likely a consequence of the in-plane strain.
Theoretically, the atomic ordering phase transition in Au-Pd has been studied in
several works using DFT, DFT-based cluster expansion, and Monte-Carlo methods [47,
37, 48, 49, 50, 51]. The analysis of these data reveals that the chosen level of
approximation influences the features of the temperature — concentration phase diagrams
and the resulting ground state phases for different Au—Pd compositions. One can
conclude that (i) the order-disorder phenomena can occur in the temperature range
~250 — 400 K, (ii) the ground state for AuPd50 is the chalcopyritelike (CH) structure
(E1; CuFeS, chalcopyrite type without sulfur atoms or equivalently the UPb type [52]),
(iii) the ground state of AuPd75 is the L1y structure, and (iv) the ground state of
AuPd25 is either of the D09y, D093, or L1y structures with subtle energy differences
between these structures making it difficult to determine the true ground state.

In our calculations the systems with 8x8x8 fcc unit cells of AuPd25, AuPd50,
and AuPd75 were gradually cooled down from 800 to 20 K in steps of 10 K using
constant pressure MD simulations. After each cooling step a Monte-Carlo atom-swap
stage was performed. In each MC step 150 swap attempts per atom were made. The
temperature dependencies of the relative ratios of successive swaps to the number of
attempted swaps are shown in Figs. 8(a)-(c). Rapid decrease of the ratio of successive
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Table 3. Molecular dynamics calculated lattice parameters a at 300 K, thermal
expansion coefficients «, bulk moduli B, and melting temperatures T}, for different
ReaxFF potentials. Experimental values are provided for comparison [41, 42, 43, 36].

ReaxFF  at. % a, a, B, T,
potential ~Pd A 107K~ GPa K
RF1 0 418 134 122 1731

25 412 114 130

50 4.07 9.3 141

75 4.02 7.8 153

100 3.95 7.0 167 2275
RF2 0 418 136 120 1391

25 412 121 125

50  4.07  10.2 133

75 4.02 8.6 143

100 3.96 7.9 153 2367
RF3 0 418 137 122 1694

25 412 114 127

50  4.07 9.1 140

75 4.02 7.8 153

100 3.96 7.9 166 2330
RF4 0 418 129 122 1582

25 413 115 131

50 407 108 140

75 4.02  10.0 149

100 3.96 9.0 158 1940
exp. 0  4.0782 144 167 1337

25 4.0272 125
50 3.98 12.0
75 3.9389 11.6
100 3.8896 11.9 190 1828

swaps upon cooling corresponds to quenching of atom swaps upon reaching local energy
equilibrium. The quenching appears in the temperature range 250 — 400 K, which
corresponds to the temperature range of order-disorder phase transitions found by
previous theoretical calculations. The analysis of the temperature dependence of the
lattice constants or unit cell volume shown in Figs. 8(d)-(f) confirms the presence of
order-disorder phase transitions in bulk AuPd25, AuPd50, and AuPd75. In AuPd25
the phase transition occurs from cubic (sp. gr. Fm3m) to the tetragonal D0y, structure
(sp. gr. I4/mmm), and is accompanied by the splitting of the a = b and c¢ lattice
parameters as shown in Fig. 8(d) below 7.(AuPd25)=320 K. Here the lattice parameters
are calculated by dividing the simulation box sizes in each direction by the number of
unit cells in the simulation box along these directions. In AuPd50 the phase transition
is to the tetragonal CH structure with sp. gr. I4;/amd reflected by splitting of the
temperature dependence of the lattice parameters below T.(AuPd50)=300 K shown in
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Figure 8. (a)—(c) Temperature dependence of the ratio of successive atom swaps in
MC calculations normalized to the number of swap attempts. Blue and green dots
are for bulk and nanoparticles, respectively. (d) and (e) Temperature dependence
of the lattice constants of AuPd25 and AuPd50, respectively, during MD+MC
cooling. Different colors correspond to lattice constants along different directions. (f)
Temperature dependence of the unit cell volume of AuPd75 during MD+MC cooling.

Fig. 8(e). In our MD+MC simulations the AuPd50 system easily splits into domains,
which results in complete splitting of a, b, and ¢ in Fig. 8(e), however a smaller system
with size 6xX6x6 shows a phase transition to a single domain state with CH structure.
The AuPd75 alloy upon ordering experiences a phase transition to the L1y structure
with cubic symmetry Pm3m below 7,(AuPd75)=340 K, which is better observed in the
temperature dependence of the unit cell volume V' = a® shown in Fig. 8(f). Thus, the low
temperature structures of AuPd25, AuPd50, and AuPd75 after MD+MC calculations
are the D04, CH, and L1, structures as shown in Fig. 9. This result is in agreement
with the earlier theoretical predictions using cluster expansion methods [48].

The ordering and distribution of atoms in spherical nanoparticles with diameter
~4 nm (2214 atoms) were studied using similar combined MD+MC calculations. The
temperature dependence of the ratio of successive swaps is shown in Figs. 8(a-c) for
AuPd25, AuPd50, and AuPd75 NPs by green dots. This ratio gradually decreases
with decreasing temperature indicating either some ordering or the freezing of atomic
swapping processes. Similar to the bulk studies, complete quenching of swaps occurs at
~250 K. Figures 10(a)-(c) show the structure of spherical nanoparticles at different Pd
concentrations and temperatures. In AuPd25 the Pd atoms are uniformly distributed
over the volume of the nanoparticle in the whole temperature range. On the contrary,
AuPdb0 NPs the atomic distribution of Au and Pd over the volume is uniform at 1200 K,
whereas Au atoms tend to the surface of the NP upon decreasing the temperature, as
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Figure 9. Low temperature structures of AuPd25 (a), AuPd50 (b), and AuPd75 (c).
Gold and blue spheres represent Au and Pd atoms, respectively.

follows from the cross-section at 20 K. In AuPd75 already at 1200 K the Au atoms
prefer the sites closer to the surface.

4. Conclusions

We present accurate ReaxFF potentials for the Au—Pd system valid for both bulk phase
and nanoparticles. The task of potential parametrization has nonunique solutions.
Assessment of potential performance against the validation set of DFT data allowed
isolating four different potentials out of eighty that perform equally well both on
the training and validation sets. Selected potentials have different parameters for
the sigma bond covalent radii for Au and Pd as well as for sigma bond dissociation
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Figure 10. Structures of spherical nanoparticles and of their equatorial cross-sections
at 1200 and 20 K after MD+MC cooling calculation for AuPd25 (upper row), AuPd50
(middle row), and AuPd75 (bottom row). Gold and blue spheres represent Au and Pd

atoms, respectively.

energies. Despite the differences all potentials perform well in molecular dynamics and

Monte-Carlo studies of various static and thermal physical properties. Selecting the

unique solution requires additional validation criteria. We believe that the developed

potentials will not be limited to the Au-—Pd system. Future extension to the interactions

with organic molecules will make them capable of simulating heterogeneous catalytic

reactions.
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