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Experimental Methods

Figure S1: Cs-corrected STEM-HAADF image of Au25Pd75 NPs. (a) Low magnification
image showing many nanoparticles. Scale bar 50 nm. (b) Larger magnification image showing
the atomic structure of the nanoparticles. Scale bar 5 nm.

AuPd nanoparticles are synthesized by inert gas-aggregation sputtering deposition, using

a Nanogen-Trio source (Mantis Deposition Ltd, UK). This technique is based on the conden-

sation of an atomic vapor produced by DC simultaneous magnetron-sputtering of targets. As

described in detail in Ref.,1,2 the Nanogen-Trio source employs three separate circular 1′′ tar-

gets mounted on the same linear translator within one region of inert gas aggregation, called

aggregation zone. The sputtering current applied to the targets can be adjusted separately,

thereby providing control over the mole fraction of metals incorporated into the nanoparti-

cles. Here, two Au and Pd highly pure (99.99%) single metal targets are co-sputtered in an

Ar flux of 70 sccm (standard cubic centimeters per minute) which originates in a Nanogen

pressure of 2 ∼ 10−1 mbar. The deposition chamber has a pressure of PDC = 10−4 mbar in

standard operating conditions and can be further increased by flowing a controlled amount of

Ar in the deposition chamber. The difference of pressure causes the nanoparticle extraction

and acceleration from the aggregation zone to the deposition chamber where they soft land
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onto substrates held at ground potential.

As deeply described in Ref.3 the residence time in the aggregation zone (dwell time) can

be increased both by rising the length of the aggregation zone (LAZ) and by decreasing the

pressure difference ∆P between the source and the deposition chamber (PDC).

Here five growing conditions are tested: LAZ = 45, 70, 95 and 125 mm with PDC = 6 ×

10−4 mbar and LAZ = 125 mm with PDC = 4 × 10−3 mbar.

The applied powers are varied to obtain pure Pd distributions and three Pd-rich composi-

tions: Au15Pd85, Au25Pd75, Au35Pd65. These compositions are obtained setting respectively

the following powers: PPd= 4.1 W; PPd= 9.2 W, PAu= 4.5 W; PPd= 7.8 W, PAu= 5.8 W;

PPd= 4.1 W, PAu= 5.9 W.

To obtain these recipes we first calculated the theoretically the powers to be applied to

the targets to have the desired compositions of the atomic vapour. These are estimated

by dividing the power applied to the target by the cohesion energy of the specific element

(Ec,Pd=3.89 eV/atom and Ec,Au =3.81 eV/atom).

However the effective composition of the nanoparticle distribution deposited on the sub-

strate can be slightly different from the theoretical values. For this reason, at each compo-

sition several samples are fabricated and quantitatively characterised by performing EDX

analysis of the composition. In this way it is possible to gradually adjust the powers applied

to the targets so to obtain the desired compositions with an error inferior to 2%.

To unravel the features of the AuPd distribution, the nanoparticles are deposited directly

on amorphous carbon coated TEM grids to yield random arrays of binary nanoparticles.

The deposition time is varied so to have very low density of particles in the samples used

for characterising the structure of the nanoparticles. In these samples the depositions last

180 seconds to avoid coalescence phenomena due to overlapping of the nanoparticles on the

grid. The interparticle distances are at least 10 times their diameter. Larger densities of

nanoparticles are deposited on the samples that are used for evaluating the composition of

the AuPd distribution. In this case the depositions last at least 5 minutes; a result is shown
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in Figure S1a.

The average composition, size and morphology of the nanoparticles are examined using

an aberration-corrected scanning transmission electron microscopy (Cs-corrected-STEM),

JEOL JEM-ARM 200F (this was operated at 200 kV to ensure a safe interaction with the

nanoparticles). Scanning transmission electron microscopy combined with X-ray energy-

dispersive spectroscopy (STEM–EDX) is also used to study elemental mapping for the re-

spective elements.

Model and simulation methods

The atomistic potential has the form proposed by Gupta4 and by Rosato et al.5 This force

field can be derived from the second moment approximation to the tight-binding model.6

The potential energy E is the sum of one-atom contributions Ej containing a bonding (Eb
j )

and a repulsive part (Er
j ):

E =
∑
j

Ej =
∑
j

(Eb
j + Er

j ), (1)

where

Eb
j = −

√∑
i

ξ2sw exp

[
−2qsw

(
rij
r0sw
− 1

)]
, (2)

and

Er
j =

∑
i

Asw exp

[
−psw

(
rij
r0sw
− 1

)]
. (3)

rij is the distance between atoms i and j. s (w) refers to the chemical species of the atom i

(j). If s = w, r0sw is the nearest-neighbor distance in the corresponding bulk lattice, while for

s 6= w, r0sw is taken as the arithmetic mean of the distances of pure metals. Cutoff distances

on the interactions are imposed as follows. The exponentials in Eqs. (2-3) are replaced by

fifth-order polynomials, of the form a3(r−rc2)3+a4(r−rc2)4+a5(r−rc2)5, between distances

rc1 and rc2, with a3, a4, a5 fitted in each case to obtain a function which is always continuous,

with first and second derivative for all distances, and goes to zero at rc2.
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The parameters of the potential were taken from Ref.,7 where they have been favourably

tested against DFT calculations. They are reported in Table S1.

Table S1: Parameters of the interaction potential. From Ref.7

p q A (eV) ξ (eV) r0 (Å) rc1 (Å) rc2 (Å)
Au-Au 10.139 4.033 0.2096 1.8153 2.88400 4.07859 4.99523
Pd-Pd 11.000 3.794 0.1715 1.7019 2.75064 3.88999 4.76425
Au-Pd 10.569 3.913 0.2764 2.0820 2.82732 4.07859 4.76425

Global optimization simulations are made by the Basin Hopping algorithm, using our own

code.8 For each size we initially consider ten different compositions from pure Pd to pure

Au, increasing the Au content in the nanoparticle by steps of 10%. For each composition we

perform at least three full global searches, in which geometric structure and chemical ordering

are optimized simultaneously by combining brownian and exchange moves.9 By comparing

the results obtained at the different compositions we identify, for each size, the best structures

of the three considered geometric motifs (Ih, Dh and TO). These structures are then employed

in a new set of global optimization searches at fixed geometry, in which only the chemical

ordering is optimized. In this set we increase the number of intermediate compositions in

order to better analyse the region where the Ih motif is energetically favourable. All the

simulations are 106 steps long.

Free energies are calculated starting from the best structures obtained in the global op-

timization. First, a local minimization is carried out at high precision, so that each atom’s

position is well established. The vibrational frequencies are then calculated via diagonal-

ization of the mass weighted Hessian matrix associated with the SMATB potential used for

global optimizations. Second derivatives are numerically estimated with the four point for-

mula for finite differences, whereas diagonalization is achieved using LAPACK libraries.10

The geometric average of the principal inertia moments, Is, is (Ixxs Iyys I
zz
s )1/3. Finally hs, the

order of the symmetry group, is evaluated using SYMMOL.11
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Experimental data on the distribution of the different struc-

tural motifs

In Figure S2 we present the evolution of the percentage of FCC truncated octahedra (TO),

icosahedra (Ih), and decahedra (Dh) (shown in the y axis) in function of the length of the

aggregation zone (x axis). By increasing LAZ from 45 and 125 mm, and then decreasing ∆P

at LAZ=125 mm, one gradually increases the dwell time in the aggregation zone, so that

the growth becomes closer and closer to thermodynamic equilibrium conditions, because the

growing nanoparticles have more time to rearrange towards equilibrium structures during

their growth.12

Each image refers to a different composition of the AuPd distributions. We note that in

all the compositions the amount of Dh is by far lower than the other shapes, with very few

exceptions. In the pure Pd for fast growing conditions, the amount of Dh is slightly lower

than the one of TO. In Au15Pd85 at LAZ=70 mm, %Dh is equal to %Ih, within the error

range. In Au25Pd75 %Dh is always lower than 10%, making this motif almost negligible.

Finally, in Au35Pd65 %Dh is lower than the other two motifs at all growing conditions,

but the discrepancy of the three structures is not as remarkable as in the previous three

distributions.

Global Optimization results

In Figure S3 we show the best TO, Ih and Dh for each of the four considered sizes (N =

150, 200, 250 and 300), as obtained in the first set of our global optimization searches (see

the simulation methods above). We note that at size N = 150 and 300 Ih structures are

very close to the perfect Ih of 147 and 309 atoms, respectively. At size N = 200 and 250,

Ih structures are intermediate between the two perfect Ih clusters, with the presence of an

incomplete outer shell. As discussed in the main text, the effect of Ih stabilization by Au
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Figure S2: Evolution of the percentage of AuPd icosahedral (%Ih), decahedral (%Dh) and
FCC truncated octahedral (%TO) on the total of structures analysed. The shape percentages
are plot as a function of LAZ . PDC= 6x10−4 mbar for the first four LAZ values and 7x10−3
mbar for the last point marked as "125* mm". Each image refers to a different composition
as indicated in the image itself. Each curve refers to a different motif, as indicated in the
legends. Error bars correspond to the square root of the number of counts.

surface atoms is more evident for the almost perfect Ih of size N = 150 and 300, but still

present for the incomplete Ih structures of size N = 200 and 250.

In Figure S4 we show the results of the optimization of chemical ordering in the case of
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Au50Pd250. This composition corresponds to the lowest value of ∆F for N = 300 (see Figure

3d in the main text), but it is indeed representative of all the Pd-rich compositions analysed.

In each of the three geometric structures all Au atoms are placed on the nanoparticle surface,

which presents an intermixed arrangement.

Figure S3: Best TO, Ih and Dh for N = 150, 200, 250 and 300 obtained in the global
optimization searches. Here we show pure Pd clusters.
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Figure S4: Best chemical ordering for Au50Pd250. Au and Pd atoms are colored in yellow
and blue, respectively.

Free energy differences between Ih and Dh

In Figure S5 we report the free energy difference ∆F = FIh − FDh between the best Ih

and the best Dh structure for different sizes and Pt-rich compositions. We consider the

same sizes, compositions and temperatures at which the free energy difference FIh − FTO

is evaluated (see Figure 3 in the main text). By comparing the two figures, we notice that

the two free energy differences exhibit the same behaviour, taking minimum values in the

same composition range. This result further confirms the existence of an interval of Pt-

rich compositions in which Ih structures are stabilized, becoming competitive or even more

favourable with respect to the other two geometric motifs.

Global optimization for size 561

In order to understand whether the effect of Ih stabilization by Au atoms is still present in

larger nanoparticles, we calculate the energy difference ∆E between the perfect Ih of 561

atoms and the best TO structure of the same size, for different Pt-rich compositions. Results

are shown in Figure S6. For pure Pd nanoparticles ∆E is positive, but it decreases while

increasing the Au content and it takes negative values for a wide composition range. We

therefore observe the same inversion of the relative stability of Ih and TO already discussed
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Figure S5: Free energy differences ∆F = FIh − FDh between the best Ih and Dh structures
for different sizes and Pd-rich compositions. For ∆F < 0 the Ih is favored over the Dh at
the thermodynamic equilibrium, while for ∆F < 0 the opposite holds.

for nanoparticles of smaller sizes.

We point out that, in this case, we do not calculate the free energy difference between the

two structures but the difference between the energies obtained from our chemical ordering

optimization searches. Anyway, we expect the entropic contribution to further stabilize Ih

structures at higher temperatures, as already seen at smaller sizes.

Finally, we note that even in this case all Au atoms are placed in the surface of the
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Figure S6: Energy difference ∆E between the best Ih and TO structures for different Pd-rich
compositions at size 561 atoms.

optimized nanoparticles for all the considered compositions and for both geometric shapes,

therefore we can state that the TO→Ih transition is due to the same mechanism of surface

stress relaxation described in the main text.
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