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Abstract: The formation of the ternary PtsNiAu and Pt3CuAu nanostructures are examined
using molecular dynamics simulations in the context of free (i.e. unsupported) cluster growth
in an unreactive atmosphere. The role of Au segregation towards the cluster surface on the
final composition and structure of the nanoparticles is highlighted, as well as the effect of
temperature on the growth and structure of the ternary nanocatalysts. Indeed, while a
PtsNiAu nanoparticle consisted in core of PtsNi alloy surrounded by an Au sub-monolayer, a
Pt3CuAu particle consisted in a PtxCu core alloy (x < 3) surrounded by a sub-monolayer of AuCu
alloy. The predicted atomic structures are enlightening the experimental results obtained
from low temperature syntheses of ternary nanomaterials and their electrochemical

behaviors.
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1. Introduction

The activation of oxygen is of paramount importance for electrocatalytic processes in

general and for fuel cells in particular to make this technology marketable. Because the oxygen
reduction reaction (ORR) is occurring at the cathode of fuel cells with very low kinetics, it has
been extensively studied for the last fifty years with the aim at enhancing the catalyst and
cathode efficiencies [1]. Controlling the metal nanoparticle growth is essential for improving
particle size distribution, structure, morphology and, in the case of multi-metallic catalysts,
surface composition to further achieve high activity and selectivity. To obtain this control, the
understanding of the nanoparticle growth mechanism is a prerequisite.
It is indeed known that platinum-based ternary alloys are excellent catalysts for the electro-
reduction reaction of oxygen molecule, which occurs at the cathode of a PEMFC (proton
exchange membrane fuel cell) [2-10]. Beyond the lowering of the platinum loading in the
electrode catalytic layers, alloyed Pt-based materials display an improved catalytic activity
towards the ORR [11], a better tolerance towards poisoning species [12,13] and, for some
authors, an enhanced durability under fuel cell working conditions [14]. Addition of Au was
indeed proposed to improve the durability of Pt-based nanocatalysts [14-23]. Nevertheless,
only few fundamental studies on such kind of catalysts are available.

The present work aims at calculating and discussing the growth mechanism of such ternary
catalysts in order to predict their compositions and morphologies for direct comparison with
nanocatalysts synthesized by classical low temperature methods (wet chemistry or low
temperature plasma deposition). This dynamical point of view is intended to unravel the
variety (or not) of the generated nanoclusters and to clarify the link between nanocluster

composition, structure, morphology and electrochemical behaviors.



To this end, molecular dynamics (MD) simulations are suitable ways for addressing the
growth mechanism of nanoclusters, and especially nanocatalysts [24]. This simulation method
consists in calculating all the trajectories in a group of interacting atoms with only a restricted
number of assumptions: only the interaction forces and a set of initial conditions preferably
matching the experimental conditions are required.

In a previous work, we have been able to link results from DFT calculations and MD
simulations concerning the growth and structure of ternary catalysts based only on noble
metals (PtxPdyAu, materials) [20]. In the present work, molecular dynamics simulations will be
use to predict the growth mechanism and the final structure of PtsMe and PtsAuMe catalysts,
where Me corresponds to a non-noble metal. Indeed, there is no evidence that same results
could be a priori obtained by replacing a noble metal (Pd) by a non-noble one. The formations
of ternary PtsNiAu and Pt3CuAu materials are considered since they are well documented.
Pt3Ni, as a base bimetallic alloy [25-28], and PtsNiAu ternary system [21] exhibit very high
initial electrocatalytic activity towards the ORR, whereas PtsCuAu ternary system displays
higher stability [21].

Section 2 will present the simulation method and describe the chosen parameters, while
section 3 will present, compare and discuss molecular dynamics results in light of
experimental ones, with a special focus on electrochemical results in terms of activity towards
ORR and surface nanoparticles composition changes with ageing. [22].

2. Methods

For simulating free (i.e. unsupported) clustering, atoms are randomly distributed in a cubic
box with atomic ratios corresponding to the targeted composition. A neutral gas buffer is
added for describing the energy dissipation during collisions. This is mimicking free

nanoparticle growth in the context of a gas aggregation source (GAS) where atoms are



sputtered in such a gas at a pressure high enough for allowing clustering in the flight [29-33].
This approach is also likely mimicking the nanoparticle growth in a liquid, as it is the case for
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wet chemistry synthesis such as the “water in 0il” microemulsion method, where the reaction
takes place in water nanodroplets containing the metal salts in concentrations corresponding
to the targeted compositions of nanoparticles. In this latter case, the ratio between the metal
atom number and the liquid molecule number is smaller than the ratio between the metal
atom number and the gas atom number in the case of simulation experiment.

In the present work, the atomic vapor consists in Pt, Au and Me (Ni or Cu) atoms or Pt and
Me (Ni or Cu) immersed in an Argon bath, dedicated to the dilution of metal atoms and to the
dissipation of the energy generated during bond formation. The simulation box has a size of
64 X 64 X 64 nm? and is filled with Nar = 128000, Npt = 19200, Nme = 6400 and Nay = 6400

atoms. Periodic boundary conditions are applied in the x, y, z directions. Initial temperature is

300 K. The equations of motion used for describing the clustering process is:

aZ#i t 1 = . = a - - -
it = o fi withthe force f; = — L V(F (D, 75(8), -+, () (1)

where 7;(t) is the instantaneous position of atom i with mass m; at time t, and V is the
interaction potential function.

Embedded Atom Model (EAM) potential functions [34-36] are suitable for describing metal
atom interactions, i.e. Pt, Me (Ni or Cu) and Au in the present case. The EAM potential is a
many-body potential which is including the collective motions of electrons. Essentially, each
atom contributes to the overall charge density of the system, via a spherical electron charge,
centered at its nucleus. The binding between atoms is modelled considering that these atoms
are embedded in this “pool” of charge, where the energy gained by embedding an atom at
location ris a function of the local electron density.

The EAM potential energy Epo: of the system thus reads as:
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where E;jis the potential energy of an atom i, @(r;j) is the pair energy term as a function of the
interatomic separation rij between atoms i and j, and Fi(pi) is the many-body embedding
energy term, function of the local electron density, pi, at the position of atom i.

The local electron density is calculated as:

N
pi = Zi _fj(rij) (3)

J#i
where fj(r;j) is the contribution from atom j to the electron density at the site of the atom i.

The pair potential energy term is defined as:

o(r) = 7 \20 — 0 (4)

1+(=x) 1+(E_7‘)2
where re is the equilibrium spacing between nearest neighbors, A, B, a, and B are four
adjustable parameters, and k and A are two additional parameters for the cutoff distances [35,
36]. The electron density function is taken to have the same form as the attractive term in the
pair potential with the same values.

The electron density function is given by:

rese|-p(21)

1+(i—x)20

f(r) = (5)

The pair potential between atoms of two different elements (a and b) is built using the
mixing rule [37]:
ab — 1 [fb(r) aa ()  pb ]
The embedding energy function F(p) is represented by three equations defining it in

different electron density ranges and having matching values and slopes at the two junctions:
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F(p) = ¥3_, F; (pﬁ— 1)i, 0.85p. < p < 1.15p, (8)
F(p) = F, [1 —nln (i)] X (i)n' p = 1.15p, 9)

where 1, Fi, Fui, Fe, pe are adjustable EAM parameters [35, 36].

Ar atoms are interacting with metal atoms through repulsive Moliere potentials [38]. Initial
velocities of all atoms are sampled from a Maxwell-Boltzmann distribution at 300 K.
Calculations consider a constant number of metal atoms, constant volume and constant total
energy (NVE ensemble). This allows calculating the interaction between metal atoms without
any constraints. NVT ensemble (for which the temperature of Ar atoms is maintained
constant) calculation is chosen for mimicking cluster cooling via Ar collisions on clusters, as it
occurs in experiments. The time step for integrating the equation (1) is set to 1 fs and 40 ns
total simulated time. Simulations have been carried out using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) [39,40] and visualization using the

Visual Molecular Dynamics (VMD) program [41,42].

3. Results
3.1  Pt3Ni (+Au) growth

Figure 1a,c (full simulation box) display the snapshots from the simulations for the PtsNiAu
free nanocatalyst growth at 20 ns and 40 ns simulation time, respectively, when the cluster
coalescence is already well advanced. Two typical sizes are observed in Figure 1a, and this is
confirmed by the corresponding nearly bimodal size distribution presented in Figure 1b. The
two cluster families have mean diameters of 1.8 and 3.0 nm indicating that coalescence of
smaller clusters with similar size has already started. At the latter step (40 ns), the cluster
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density is low enough for avoiding further significant coalescence of clusters. The size
distribution remains bimodal, is broadened and shifted to larger sizes. The two cluster families

are centered at diameters of 2.6 and 3.8 nm, respectively.
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Figure 1: Snapshots of PtsNiAu at different simulation times a) t =20 ns and c¢) at t =40 ns. The
corresponding size distributions are reported in graphs b) and d). Pt atoms are blue, Ni atoms
brown, and Au atoms pink. Argon atoms are not displayed for clarity. Colors only online.

It is clearly visible that Au atoms predominantly cover the nanoparticle surface, indicating

the Au segregation towards surface is a major mechanism for the growth of such multi-

metallic catalysts. For comparison, Figure 2 displays PtsNi snaphots and corresponding
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diameter distributions for t = 20 ns (Figure 2a,b) and 40 ns (Figure 2c,d) simulation times. In
the case of PtsNi cluster growth simulation, the simulations conditions considers a box with a

size of 64 X 64 X 64 nm? filled with Nar = 128000, Npt = 19200, Nni = 6400.
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Figure 2: Snapshots of Pt3Ni at different simulation times a) t = 20 ns and c¢) at t = 40 ns. The
corresponding size distributions are reported in graphs b) and d). Pt atoms are blue and Ni
atoms brown. Argon atoms are not displayed for clarity. Colors only online.

Figure 2 shows that the growth of PtsNi clusters is very similar to that of the PtsNiAu ones.

Nevertheless the size distribution at 20 ns appears narrower for PtsNi than for PtsNiAu. When

looking to the change of the mean diameter with respect to time (Figure 3), the PtsNi mean
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diameter is always slightly smaller than that of PtsNiAu. The difference comes from the
additional Au atoms (25 % more atoms in the initial vapor compared with the case of Pt3Ni)
leading to larger particles and also to the different numbers of clusters formed. Indeed, less
metal atoms are involved in the PtsNi cluster growth simulation than in the PtsNiAu cluster
growth simulation, therefore, there is no reason for the number of clusters formed at a given
time to be the same in both cases. The similar diameter values at 40 ns can originate from
lower statistics since the growth and then the coalescence of clusters involves a decrease of
their number with time. The size distributions of PtsNiAu and PtsNi clusters for calculating the

mean diameters at different simulation times are given in supplementary information (Figure

51).
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Figure 3: Pt3Ni (®) and PtsNiAu (®) cluster mean diameters along simulation time. The error
bars are calculated assuming the error comes from cluster statistics. The decrease of cluster
number for larger times implies higher uncertainty (larger error bars). Color only online

The progress of the cluster coalescence process at 40 ns is depicted in Figure 4b for t = 40
ns, where the proportion of small clusters has decreased in comparison with that in Figure 1a.
The histogram presented in Figure 1d shows a shift towards higher cluster sizes and a
broadening of the corresponding size distribution. Due to coalescence, clusters present first

peanut-like shapes in the early stage of coalescence, and evolve towards spherical shapes

further into the coalescence process.
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Figure 4: Zoomed snapshots of PtsNiAu at a) t = 20ns, b) at t = 40 ns. Cross section of typical
clusters at c) t = 20 ns and d) t = 40 ns. A well and a less crystallized clusters are displayed. Pt
atoms are blue, Ni brown, and Au pink. Argon atoms are not displayed for clarity. Colors only
online.

PtsNiAu clusters at 20 ns mainly exhibit spherical not fully crystallized clusters (Figure 4a).
Au atoms are only present on the surface (Figure 4c) and do not fully cover the nanoparticle
surface leaving open access to the core catalytic sites.

Figure 4b provides a zoom at 40 ns. The clusters have mainly kept their spherical shape
during coalescence. Some of them (not shown on Figure 4b) have a peanut shape. Looking at
the clusters cross-section (Figure 4d), the peanut shaped nanoparticles exhibit a well

crystallized core while spherical ones remains not fully crystallized.
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Figure 5: Zoomed snapshots of PtsNi at a) t = 20ns, b) at t = 40 ns. Cross section of typical
clusters at c) t =20 ns and d) t = 40 ns. A well and a less crystallized clusters are displayed. Pt
atoms are blue and Ni brown. Argon atoms are not displayed for clarity. Colors only online.

Figure 5 displays zoom of Pt3Ni clusters at t = 20 and t = 40 ns and a cross section of typical
PtsNi clusters. They are identical to the PtsNi core of PtsNiAu. This means that the Au
segregation towards cluster outer surface does not affect the PtsNi core.

Concerning PtsNiAu cluster composition, it is worth to note that the individual cluster
composition calculated from snapshot data of Figure 1, is close to the PtsNiAu nominal one

(with a standard deviation within 10 % at t = 20 ns and within 6 % at t = 40 ns). All clusters
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display systematically a PtsNi crystalline core structure, similar to the one obtained without
Au, with an Au sub-monolayer covering this core structure as shown in cross-sections of
Figures 2c and 2d. This is consistent with the very lower surface energy of Au compared to
those of Pt and Ni as determined experimentally [43], as well as from theoretically determined
EAM interaction potentials (table 1). It was previously shown that Pt surface atoms remain
accessible for PtPd,Au catalysts [18] with Au atomic ratio lower than 25 at%; this is also
confirmed for PtsNiAu with Au atomic ratio of 20 at%, as Pt surface atoms can be observed on

snapshots in Figures 2a and 2b.

3.2 Pt3Cu (+Au) growth

MD simulations were also carried out for the growth of Pts3CuAu and Pt3Cu under the same
conditions as for PtsNiAu. Figure 6 provides a zoom at 40 ns on PtsCuAu typical clusters. At
this stage, there is peanut-like and spherical-like nanoparticles. As in the case of PtsNiAu
nanoparticles, the formation of a core PtCu alloy is predicted, as well as the segregation of Au
to the surface of nanoparticles (no PtAu alloy formation). But, the main important information
is that MD simulations predict the formation of AuCu alloys on the surface of the PtsCuAu
nanoparticles, which is not the case with PtsNiAu material. Moreover, contrary to PtsNiAu,
Pt3CuAu are well crystallized. Cuboctahedron are present as well as structure s corresponding
to two partially coalesced cuboctahedrons leading to peanut like shapes. Snapshots at 20 ns
and 40 ns as well as corresponding size distributions for PtsCuAu and Pt3Cu are presented in

Figures S2 and S3 of supporting information, respectively.
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Figure 6: Typical PtsCuAu nanoparticles at t=40 ns. a) Surface structure, b) cross-section. Pt
atoms are blue, Cu tan, and Au pink. Argon atoms are not displayed for clarity. Colors only
online.

Figure 7 provides the corresponding zoom of Pt3Cu at 40 ns. The Pt3Cu nanoparticle
structures are identical to the structure of the Pt3Cu core of PtsCuAu core. Moreover, Cu

segregation towards the Pt surface is clearly visible. This makes surface Au alloying with Cu

likely to occur.
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Figure 7: Typical Pt3Cu nanoparticles at t=40 ns. a) Surface structure, b) cross-section. Pt atoms
are blue and Cu tan. Argon atoms are not displayed for clarity. Colors only online.

The differences observed in the structures of PtsNiCu and Pt3CuAu, Pt3Ni and PtsCu, are
due to the different surface energies (table 1). The surface energy for Cu is lower than that for
Ni and not so far from that for Au. So surface alloying of AuCu is expected, while Cu
segregation to Pt surface is likely to occur, but to less extend than for Au. Moreover, EAM
potentials include electronic interactions which also play a role in the clustering process. It is
thus interesting to note here that Ni and Cu behave differently in the growth process of multi-

metallic nanoparticles.
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Table 1: Experimental [43] and EAM deduced surface energies [34] in Jm=.

Pt Ni Cu Au
EAM (111) face 1.44 1.45 1.17 0.79
EAM (100) face 1.650 1.58 1.28 0.92
EAM (110) face 1.750 1.73 1.40 0.98
Experimental 2.49 2.38 1.79 1.50

(average face)

4. Discussion

Mattei et al. [44] used gas-phase technique such as gas aggregation source (also called low
energy cluster beam deposition) for the synthesis of Au-Pt-Pd ternary systems (to provide
active sites for enhanced catalytic activity) and investigated the parameters that govern the
nucleation and growth of each element into monometallic clusters and alloy nanoparticles by
means of classical MD simulations. In agreement with theoretical calculations, they observed
that the element having the lower energy very often tends to segregate at the surface even
without post annealing. The trends were then a segregation of Pt atoms to the core of NPs
whereas Au atoms tended to segregate to the surface and to create a single-layer envelope
surrounding the particles. These experimental and theoretical results are in full agreement
with those presented in this article for PtsNiAu and PtsCuAu nanomaterials.

The phase diagrams of the Ni-Pt and Cu-Pt systems clearly indicate that the formations of
defined PtsNi and Pt3Cu alloy phases are possible at low temperatures [45, 46], and the
syntheses of PtyNiio.x and Pt,Cuiox alloys were already performed by wet chemistry at room
temperature [21, 47- 49]. Then, the formations of the PtNi and PtCu alloys predicted by MD

simulations are consistent with experimental results.
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The second important prediction of MD simulation concerns the formation of AuyCus.y alloy
at the surface of the nanoparticles, whereas AuNi alloys are not formed. This prediction agrees
with studies on AuCu and AuNi phase diagrams showing that the Cu-Au system forms ordered
compounds whereas Ni-Au system forms phase-separate compounds [50]. Indeed, for atomic
ratio of 1:1, as it is the case in the present study, the formation of AuCu alloy can occurin a
temperature range from ca. 0 °C to ca. 400 °C [51]. For AuNi, the formation of a FCC alloy
phase occurs only at very high temperatures, i.e. higher than 900 K; at lower temperature,
separate Ni-rich FCC and Au-rich FCC structures coexist [50,52].

The third important prediction from the MD simulations is that gold atoms are segregating
towards the surface of the nanoparticles forming a sub-monolayer. This result agrees with the
fact that Pt and Au are not or very slightly miscible at low temperatures. Indeed, according to
the Pt-Au phase diagram proposed by Okamoto and Massalski [53], for an atomic ratio of 20 %
in gold as in the case studied in this paper, the minimum temperature for the formation of a
Pt-Au alloy is higher than 900 K. Although the synthesis of materials at the nanoscopic level
may help to decrease the alloying temperature, it is expected that Pt and Au phase segregation
occurs at the temperature considered in the present work (300 K), in agreement with MDs
simulations.

At first glance, the formation of metastable state, as homogeneous Pt-Au nano-alloys or
Pt@Au nanoparticles, are generally difficult to achieve, or even impossible, by conventional
synthesis techniques. Pt-Au nano-alloys are generally synthesized by complex chemical
methods involving at the end of the synthesis processes high temperature treatments [54,
55], whereas the formation of NPs where Au is placed in the NPs core can be obtained by using

GAS when Au is sputtered with Ag or Co in specific conditions [56].
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However, a simple wet chemistry synthesis method allows producing Pt-Au alloys over a
large Pt/Au atomic ratio range, without any thermal treatment. Indeed, the “water in oil”
microemulsion method has been used for this purpose [22, 57], although no theoretical
information was given to explain this unexpected result. Yet, Lankiang et al. [22] have shown
that these Pt-Au alloys (and Pt3NiAu) underwent gold enrichment of their surfaces under
electrochemical stress (potential cycles between 0.6 V and 1.05 V [21] or 1.25 V vs. RHE [22]).
This enrichment was shown to be responsible of the decrease of the activity towards ORR,
gold being much less active than platinum for this reaction. Because the electrode potential is
directly related to the energy exchange (AG + nFAE = 0), the phase segregation (segregation
of gold atoms from the bulk of nanoparticles towards their surface) translates into a low
stability of the alloyed PtAu nanoparticles which tends towards the formation of a core shell
structure, in agreement with previous theoretical studies based on molecular dynamics
simulations [58], Monte-Carlo simulations [59] and density functional studies [19, 60]. These
results also confirm those of our MDs simulations showing that Au atoms preferentially
segregate at the ternary PtsNiAu nanoparticles.

In the case of PtsCuAu material, the nanoparticle surface did not undergo gold enrichment,
and it was shown that these catalysts were more stable upon potential cycling than PtsNiAu
[21]. This can be explained by the formation of an AuCu alloy close to the nanoparticle surface,
as predicted by the MD simulations in the present work, as well as by DFT calculations by
Jennings et al. [61]. These last authors concluded indeed that core atoms such as Cu having

preferential bonding to Au will improve the stability of the nanoparticle.
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5. Conclusion
Molecular dynamics simulations have been carried out for describing the growth process of
free (unsupported) PtsNiAu and PtsCuAu nanocatalysts. Starting from an initial random metal
vaporimmersed in a buffer argon gas, the cluster growth is evolving with systematic core shell
structure, with Au being segregated at the surface of the nanoparticles. At all steps of the
simulations, PtsNi and Pt«Cu (x < 3) bulk alloys are formed, consistently with PtsNi and Pt3Cu
growth in identical conditions. An important difference between both systems is the
formation of an AuCu alloy at the surface of the PtsCuAu nanoparticles, whereas in the case
of PtsNiAu the formation of an AuNi alloy is not predicted. The vapor/cluster temperature
evolution is revealing the different steps, nucleation, aggregation and coalescence of the
nanocatalyst growth. The growth, composition and structure are consistent with previous
finding on low temperature synthesis methods by wet chemistry and gas-phase technique

III

such as gas aggregation source. Although the “water in oil” microemulsion method allowed
synthesizing PtAu alloys, accelerated aging tests under potential cycling of PtsNiAu led to
segregation of gold at the nanoparticle surface pointing out the low stability of PtAu alloys. In
contrary, in the case of PtsCuAu catalyst, accelerated aging tests didn’t led to gold surface
enrichment of the particles and the stability of the catalyst was enhanced. This is likely related
to the formation of the AuCu alloy at the surface of nanoparticles that stabilizes them and
avoid the gold segregation to the surface. The convergence between MDs, DFT and

experimental results gives a consistent picture for linking electrochemical behavior with

structure and composition of PtsNiAu and PtsCuAu nanocatalysts.
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Supplementary information

Figure S1: a) Pt3NiAu size distributions at 10, 20, 25, 30, 35 and 40 ns,b) Pt3Ni size
distributions at 10, 20, 25, 30, 35 and 40 ns

Figure S2: Snapshots of PtzCuAu at different simulation times a) t = 20 ns and c) at t = 40 ns.
The corresponding size distributions are reported in graphs b) and d). Pt atoms are blue, Cu
atoms tan, and Au atoms pink. Argon atoms are not displayed for clarity.

Figure S3: Snapshots of Pt3Cu at different simulation times a) t =20 ns and c) at t = 40 ns.
The corresponding size distributions are reported in graphs b) and d). Pt atoms are blue and

Cu atoms tan. Argon atoms are not displayed for clarity.
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