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Abstract

The shape of AuPd nanoparticles is engineered by surface stress relaxation, achieved
by varying the Au content in nanoparticles of Pd-rich compositions. AuPd nanoparti-
cles are grown in the gas phase for several compositions and growth conditions. Their
structure is atomically resolved by HRTEM/STEM and EDX. In pure Pd distribu-
tions the dominant structures are FCC truncated octahedra (TO), while increasing the
Au content there is a transition to icosahedral (Ih) structures in which Au atoms are
preferentially placed at the nanoparticle surface. The transition is sharper for growth
conditions closer to equilibrium. The physical origin of the transition is determined
with the aid of computer simulations. Global optimization searches and free energy
calculations confirm that Th become the equilibrium structure for increasing Au con-
tent. Atomic stress calculations demonstrate that the TO—Ih shape change is caused

by a better relaxation of anisotropic surface stress in icosahedra.
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The fine details of atomic positions are often crucial in determining the properties of
nanoparticles and their interactions with the environment. For example, surface strain' has
a strong influence on the adsorption energy of atoms and molecules, with deep consequences
for surface-catalyzed chemical reactions.?

In a strained nanoparticle, interatomic distances are either contracted or expanded with
respect to the ideal lattice spacing of the bulk crystal. Strain is naturally present in non-
crystallographic structures. In fact, in elemental icosahedral nanoparticles, interatomic dis-
tances are contracted in the central part and expanded at the surface.” Moreover, the en-
vironment around an atomic site of a nanoparticle is strongly anisotropic in many cases.
As a consequence, strain can be anisotropic as well, and even of different types in different
directions.

The presence of strain is associated to stress at the atomic level.® Contraction and expan-
sion of distances correspond to compressive (positive) and tensile (negative) stress, respec-
tively, and, in general, anisotropic strain generates anisotropic stress. Stress has an energetic
cost, therefore its relaxation is beneficial to nanoparticle stability. From this line of reason-
ing, it follows that shape changes in nanoparticles might be obtained by using atomic stress
to stabilize or destabilize specific structural motifs, as suggested in Ref.? on the basis of
theoretical considerations concerning the relaxation of internal stress, i.e. in the inner part
of a nanoparticle. The results reported here show that these stress-induced shape changes
can indeed be experimentally achieved. At variance with Ref.,? here we consider a case in
which surface stress relaxation at the atomic level is the cause of the shape changes.

Specifically, in this Letter we demonstrate that the shape of AuPd nanoparticles can
be controlled by varying the Au content in nanoparticles of Pd-rich compositions. We ex-
perimentally show that the substitution of a relatively modest proportion of Pd atoms in
pure Pd nanoparticles by Au atoms causes a quite sharp shape change in the population of
grown samples, from FCC truncated octahedral (TO) structures to icosahedral (Ih) ones.

This morphology transition is obtained by growing the AuPd nanoparticles in the gas phase,



a method which takes advantage of a very clean growth environment. This allows a clear
analysis of the key physical driving forces causing the transition, which are determined with
the aid of computer simulations. In particular, our global optimization searches and free
energy calculations find that Au atoms are preferentially placed at the nanoparticle surfaces,
as experimentally confirmed by our EDX spectra. Moreover, the calculation of the atomic-
level stress shows that surface Au atoms produce a much more efficient stress relaxation
in the surfaces of icosahedra than in those of FCC truncated octahedra, especially for the
stress components lying in the surface plane. This better stress relaxation is associated to
an energy gain of icosahedra with respect to truncated octahedra, causing the TO—Ih shape
change for increasing Au content.

1017 mainly for their

AuPd nanoparticles are the subject of intense research activity,
applications to catalysis, since they have been found to enhance reactivity in several chemical
reactions, from the acetoxylation of ethylene to vinyl acetate, to alkene epoxidation, alcohol
oxidation, aerobic glucose oxidation, Suzuki-Miyaura cross coupling and many others. For
these reactions, the fine details of the arrangement of the two species in the nanoparticle
surface are often of great importance,* as well as the nanoparticle geometric shape. In fact,
it was shown that Th and FCC nanoparticles can present quite different catalytic properties,
as in the aerobic oxidation of cyclohexane, in which Ih nanoalloys presented a turnover
frequency larger by three times than FCC octahedra. 6

In our work, AuPd nanoparticles were synthesized by inert gas-aggregation sputtering
deposition. This technique is based on the condensation of an atomic vapor produced by DC
simultaneous magnetron-sputtering of Pd and Au targets, see Supporting Information (SI)
for details. The applied powers were varied to obtain different compositions of the metal
vapor, from pure Pd to three Pd-rich compositions: Aui5Pdgs, AussPd7s, AussPdgs. These
values indicate the effective composition of the distributions of nanoparticles deposited on

the substrates, and were quantitatively measured by performing EDX mapping on several

frames of multiple samples fabricated in the same conditions. More details are reported in



the SI.

For each composition, a series of different experiments was made, corresponding to dif-
ferent residence times of the clusters in the aggregation zone. The residence time can be
increased both by increasing the length of the aggregation zone (L 47) and by decreasing the
pressure difference AP between the source and the deposition chamber (Pp¢). Five growing
conditions were tested: Lsy — 45, 70, 95 and 125 mm with Ppe = 6 x 107* mbar and
Lz — 125 mm with Ppc = 4 x 1073 mbar. These growth conditions were chosen to avoid
coalescence phenomena which would render the analysis of the origin of the final structures
much more complicated.'® The resulting clusters are deposited on carbon grids and then
characterized by aberration-corrected HRTEM/STEM and by EDX.

A representative distribution of AuPd nanoparticles is presented in Figure S1. The
HAADF/STEM analysis allowed to identify most structures in the sample, distinguishing
three different structural motifs: crystalline FCC TO, and non-crystalline Th and decahedra
(Dh). Some examples of these structures are shown in Figure 1(a-d). For each composition
and growth conditions, a number of nanoparticles between 80 and 150 was analyzed. Since
in all samples the number of Dh structures was always much smaller than that of TO or Th
(see Figure S2 for complete data), in the following we focus on the analysis of the abundances
of TO and Ih structures. The quantity %Icosahedra will indicate the percentage of Th with
respect to the sum of Th and TO structures.

Let us analyze first how the relative abundance %Icosahedra evolves as a function of
composition. The data are reported in Figure 1(e) for the five different growth conditions.
In pure Pd distributions TO are by far dominant over Ih, being always between 5 and 20
times more abundant. But by increasing the Au content, Ih are observed more and more
frequently, to reach a maximum abundance for composition AussPd;5, where, depending
on the growth conditions, Ih can be up to four times more abundant than TO. A further
increase of the Au content to AussPdgs causes on average some decrease of %Icosahedra.

At this composition, also the number of Dh structures is somewhat increased (see Figure
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Figure 1: (a)-(d) Atomic-resolution HAADF-STEM image of AuPd nanoparticles with cor-
responding FFT data in the inset. The scale bar is of 5 nm. (a) Truncated-octahedral
FCC nanoparticle; (b) and (c) icosahedral particles oriented with a three- and two-fold axis
parallel to the electron beam, respectively; (d) decahedral nanoparticle along its five-fold
symmetry axis. The five twin boundaries join at the center of the nanoparticle in (d). (e)
Evolution of the percentage of AuPd icosahedral nanoparticles (%Icosahedra) on the total of
Ih+fcc structures, as a function of the chemical composition of the distribution. Each curve
refers to a different growth condition. The legend indicates the length of the aggregation
zone (Laz) at which the distribution is grown. The pressure in the deposition chamber is
Ppc = 6x107% mbar for the first four curves and Ppe = 7x1072 mbar in the last one. (f)
Evolution of %Icosahedra as a function of L. Ppo= 6x10~* mbar for the first four Ly
values and 7x107® mbar for the last point marked as "125* mm". Note that (e) and (f)
show the same data set plotted in two different ways to show the effect of changing the
chemical composition at fixed growth conditions (in (e)), and to show the effect of changing
the growth conditions at fixed composition (in (f)).



S2(d)).

In Figure 1(f), we report %Icosahedra as a function of the growth conditions at fixed com-
position. By increasing L 47 from 45 and 125 mm, and then decreasing AP at L 47=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 nanopar-
ticles have more time to rearrange towards equilibrium structures during their growth.!®
Two different types of behaviours are visible in Figure 1(f). For pure Pd distributions,
Y%lcosahedra decreases when growth becomes closer to equilibrium. On the contrary, for
the distributions containing Au atoms, %Icosahedra tends to increase when going towards
equilibrium. These results indicate that the dominance of TO over Ih in pure Pd and the
opposite dominance of Th over TO, which is especially evident for AussPdzs, are likely to
be related, at least to some extent, to the thermodynamic equilibrium abundances of these
structural motifs. This point will be discussed in the following with the aid of computer
simulations.

A further important aspect of the experimental characterization of our samples is the
determination of nanoparticle chemical ordering. Au and Pd are known to present a strong
tendency towards intermixing in their bulk equilibrium phase diagram.?° In nanoparticles,
equilibrium chemical ordering is expected to be influenced also by the tendency of Au to
some degree of surface segregation, as found by several simulations results, including calcu-
lations using atomistic interaction potentials and density functional theory (DFT).2!"23 The
tendency of surface placement of Au was observed in AuPd TO nanoparticles growth by wet-
chemistry techniques.!* Our EDX characterization of the grown nanoparticles is reported in
Figure 2. An overall inspection of the samples by EDX (see the images in Figure 2(a,b)
which show portions of a sample at different magnifications) unambiguously demonstrates
that true AuPd nanoalloys are grown, without evidence for the formation of separated Au
and Pd elemental nanoparticles. In addition, the EDX results confirm that the external part

of AuPd nanoalloys is enriched in Au, for both Ih and FCC structures, as shown in Figure



2(c-e) and (f-h), respectively.

In summary our experimental results show that a quite sharp TO—TIh transition takes
place because of the replacement of a relatively modest proportion of Pd atoms with Au
atoms, with the Au atoms preferentially distributed in the nanoparticle shell. The TO—Ih
transition becomes more evident when growth is closer to equilibrium.

What are the atomic-level driving forces of the TO—Th transition? In order to answer to
this question, here below we report the results of the computational analysis of equilibrium
free energies and of atomic stress.

In order to determine whether Ih or TO structures are favorable at equilibrium, we per-
formed global optimization searches and calculated free energy differences by the harmonic
superposition approximation (HSA).®2?* The nanoparticles were modeled by a force field of
the second-moment tight-binding type?> 27 taken from Ref.?! Details about the optimization
procedure and the interaction potential are given in the SI. Here we note that this approach
is the only available at present which allows a thorough exploration of the energy landscape,
including crystalline, non-crystalline and defective structures, for sizes of several hundred
atoms. For pure Pd clusters, for which some structures are precisely determined by the

2829 our force field correctly predicts that the most favorable structure at 55

experiments,
atoms is icosahedral, and that for size 147 Ih and TO are in close competition, with some
prevalence for the TO. On the other hand, the interaction potential predicts that Dh would
be in close competition with TO structures, therefore somewhat overestimating Dh stability.

Let us consider a local minimum s, which corresponds to a locally stable structure. In

the HSA, its free energy F; is given by the sum of translational, symmetry, vibrational and

rotational contributions added to the energy E, of the potential well bottom®

Fs = Es + Ftr,s + Fsym,s + F'mlb,s + Frot,s- (1)

The translational term Fj,., does not depend on the structure, so that it cancels in free
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Figure 2: Elemental mapping of AuysPd75 nanoparticles at different magnifications. The
colors are based on the chemical composition of the nanoparticles where Au is in yellow
and Pd in red. (a) Low magnification mapping showing that all the particles have a mixed
composition. The size distribution is 3.9 + 0.6 nm. Scale bar 50 nm. (b) Higher magnification
mapping showing that the Au tend to enrich the surface of the particles. Scale bar 5 nm. The
corresponding HAADF-STEM images are shown in Figure S1. C,corrected HAADF-STEM
images of AuPd particle with icosahedral (c¢) and truncated octahedral (f) structure. The
elemental mapping acquired on the same particles (d,g) and the composition profiles (e,h),
clearly show that Au atoms distribute at the surface of the particles. Scale bars 5 nm



energy differences. The other terms are given by

Fupms = kgTln(h,)

3N—6 -
Fovs = kgT Z In (2 sinh (m))

i=1

Fues = —okoThn (%) , )
where h; is the order of the symmetry group, w;, are the non-zero normal-mode frequen-
cies, and I, is the geometric average of the principal inertia moments. We considered four
nanoparticle sizes (N = 150,200, 250,300). For each size, we calculated the free energy
difference AF = Fp, — Fro between the best ITh and the best TO structure for different
Pd-rich compositions at different temperatures. Representative images of the best Ih and
TO structures are given in Figures S3 and S4, where it can be seen that Au atoms occupy
surface sites, in agreement with our experiments and other results in the literature.'4?? The
AF results are reported in Figure 3. AF is always positive in pure Pd nanoparticles, re-
flecting the stronger stability of TO structures with respect to Ih ones. But at increasing
Au content, AF becomes negative, showing a transition to Ih structures. This effect is very
strong for N = 150 and N = 300, which are close to magic Ih sizes (147 and 309), whereas
it is still present but weaker for N = 200, which is very close to the magic TO size 201. On
the other hand, for N = 250, which is far from all magic sizes, the effect is quite strong too.
Results for larger AuPd nanoalloys (size 561) can be found in Figure S6, showing that the
TO—Th transition is still present.

These results therefore show that Th structures become energetically favorable in Pd-rich
AuPd nanoalloys (see the results for 7' = 0 K) and that entropic contributions, mainly due to
the vibrational term, tend to further stabilize Ih structures for increasing temperature. This
confirms that the experimentally observed transition is mainly caused by thermodynamic
equilibrium driving forces.

The question which arises from these results is: why Ih structures become energetically

10
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Figure 3: Free energy differences AF = Fj;, — Fro between the best Ih and TO structures
for different sizes and Pd-rich compositions. For AF < 0 the Th is favored over the TO at
the thermodynamic equilibrium, while for AF < 0 the opposite holds.
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favorable when replacing surface Pd atoms with Au atoms? Our analysis will show that the
relaxation of atomic stress is the key to understand this point.
The atomic stress tensor on atom i is given by’
b
ab 1 OB TiiTs

o’ = —

¢ 3% gy 37“ij rij

(3)

with a,b = z,y, 2, E; and V; energy and volume of the i-th atom, and r;; distance between
atoms 7 and j. This symmetric 3 x 3 matrix can be diagonalized, to find the principal stress
components p;, (k = 1,2,3) whose sum gives the isotropically averaged atomic pressure.
In the following we consider atoms placed in the surface sites of Th and TO nanoparticles,
as those shown in Figure 4a and 4b, respectively. For these atoms, one component (p, in
the following) lies approximately in radial direction, while the other two components are
transverse, lying close to the surface plane for terrace sites. In the following p, indicates the
arithmetic mean of the transverse components.

The results for atoms in the sites of Figure 4 are given in Table 1. For pure Pd nanoparti-
cles, all stress components are negative, corresponding to tensile stress in all directions. The
absolute magnitude of the tensile stress is considerably larger in the Ih than in the FCC TO
nanoparticle, especially for terrace sites and some edge sites, due to the expanded distances
in the (111)-like Ih surfaces compared to ideal (111) surfaces. When a Pd atom is replaced
by a larger atom like Au, the strong tensile stress in the Ih relaxes very well, especially in
terrace sites where all stress components get close to zero: the sum of the moduli |p,| + 2|p;|
decreases from about 8 GPa to less than 1 GPa. On the contrary, in the TO structure, the
Au impurity well relaxes only the radial component p,, while the components in the surface
plane become strongly positive, so that |p,| + 2|p;| increases from 2-4 to 6-8 GPa. For this
reason, the energy gain due to the impurity is considerably larger in Th terraces than in
FCC(111) terraces. We note that in the FCC TO structure, placement of Au atoms is more

favorable at edges and vertices than on (111) terraces, in agreement with experimental ob-
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1422 while in the Ih terrace sites are slightly more favorable.

servations and DFT calculations,
The difference in energy gain of Au impurities in (111) terraces between Ih and TO tends to
become slightly larger for larger nanoparticle sizes. In summary, these results show that the
replacement of Pd atoms with Au atoms in surface sites is more effective in the Ih, so that

after replacing a sufficient number of atoms the Ih structure becomes energetically favorable

against the TO (and also against Dh structures, as shown in Figure S5).

a) b)

Figure 4: Sites at which Pd atoms are replaced by Au atoms in (a) the best 300-atom pure
Pd Th and (b) the best 300-atom pure Pd TO. Vertex sites are in cyan, edge sites in red,
(111)-terrace sites in yellow and (100)-terrace sites in orange. In these sites the data of Table
1 are calculated.

Our analysis therefore indicates that the main driving force for the TO—1Ih shape change
derives from the equilibrium energetics for varying composition. However, in nanoparticle
growth, kinetic effects are usually expected to occur to some extent.” Therefore, our finally
observed nanoparticles may in principle present some form of kinetic trapping, because the
time scale for attaining equilibrium becomes longer and longer as a nanoparticle grows in
size, so that it may happen that the growing nanoparticles equilibrate up to some critical
size (in our case of at least 2-3 nm, likely larger) and then they grow by a kind of template
growth.?! In template growth, the geometric structure is selected in the first part of the
growth (in which equilibrium shapes are formed) and then preserved as the nanoparticle

grows further. This point is currently under investigation.
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Table 1: Replacement of Pd Atoms with Au Atoms on Ih and FCC Surface Sites: Energy
Gain (AF) and Effect on the Radial and Transverse Strain Components (p, and p;)

structure | site AFE | bonds br b el + 2lp]
Pd® | Au® | Pd Au | Pd | Au | A°
111 | -0.537 9 -4.13 | -0.12 | -1.90 | 0.25 | 7.93 | 0.62 | -7.31
IH edge 1 |-0.518 8 -4.31 | -1.16 | -1.83 | -0.02 | 7.97 | 1.20 | -6.77
edge 2| -0.510 8 -3.25 | -0.54 | -1.47 | 0.67 | 6.19 | 1.88 | -4.31
vertex | -0.448 6 -2.19 | -0.65 | -1.39 | 0.05 | 4.97 | 0.75 | -4.22
111 1 | -0.411 9 -1.07 | 0.15 | -0.46 | 4.01 | 1.99 | 8.17 | 6.18
1112 | -0.402 9 -1.19 | 0.18 | -0.86 | 3.53 | 2.91 | 7.24 | 4.33
111 3 | -0.384 9 -1.77 | 0.16 | -1.13 | 2,99 | 4.03 | 6.14 | 2.11
FOC 100 | -0.459 8 -2.04 | -0.40 | -1.57 | 0.71 | 5.18 | 1.82 | -3.36
edge 1 |-0.457 7 -2.16 | -0.48 | -1.46 | 0.45 | 5.08 | 1.38 | -3.70
edge 2 | -0.453 7 -245 | 0.02 | -1.17 | 0.57 | 4.79 | 1.16 | -3.63
edge 3 | -0.448 7 -2.65 | 0.07 |-1.18 | 0.46 | 5.01 | 0.99 | -4.02
vertex | -0.441 6 -2.22 1 -0.50 | -1.41 | -0.04 | 5.04 | 0.58 | -4.46

Notes: values refer to the sites of Figure 4; energies are in eV and stress values in GPa
?stress values for the atomic sites in the pure Pd nanoparticle

bstress values after replacing the Pd atom with an Au atom

“variation due to the replacement

14



In conclusion our results show that atomic-level stress can be used to induce shape
changes in nanoparticles, by either stabilizing or destabilizing specific structural types. In
AuPd, the size mismatch between the larger Au atoms and the smaller Pd atoms is used
to very well relax the tensile stress of the expanded surfaces of Th nanoparticles, while size
mismatch induces a less efficient relaxation in the surfaces of FCC TO nanoparticles because
of compressive stress in the terrace planes. We believe that simple physical mechanisms of
this type can be effective for a wide class of binary and of ternary systems, for both gas
phase and wet chemistry synthesis methods. This opens up very interesting perspectives in
the fast developing fields of nanoparticle structure engineering and controlled growth,32:33

with foreseeable huge impact on their applications.
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