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Growth pathways of Cu shells on Au and AuCu
seeds: interdiffusion, shape transformations,
strained shells and patchy surfacest

*

The growth of AuCu nanoparticles obtained by depositing Cu atoms on starting seeds of pure Au and on
mixed AuCu seeds is studied by molecular dynamics simulations. Depending on the shape of the seed,
its composition and the growth temperature, different growth pathways are observed, in which several
types of structural transformations take place. The final growth structures comprise Au@Cu core@shell

arrangements as well as Janus-like structures with patchy surfaces. The results of the growth simulations

are rationalized in terms of the activation of different diffusion processes, both on the surface and inside
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the growing clusters. These diffusion processes regulate structural transitions between different motifs

and the occurrence of dewetting phenomena. The simulation results show that depositon of Cu atoms
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1 Introduction

Owing to its high conductivity, low cost and abundance, copper
has gained considerable popularity in several applications at
the nanoscale."* The use of Cu nanoparticles (NPs) in several
applications is hindered by the susceptibility of that metal to
oxidation when exposed to air, which eradicates plasmonic
properties and reduces catalytic activity. This major obstacle
can be overtaken by using a robust metal as an additive to Cu
NPs. To this end, several strategies have been attempted, mainly
by forming alloys or core@shell structures with robust mate-
rials. In particular, gold has been proved to be a good candidate
to mitigate the oxidation problems of copper NPs under harsh
conditions.’® Alloying these two metals not only ameliorates the
stability of copper but also pulls down the cost of gold.

AuCu NPs have been widely applied in heterogeneous
catalysis for many chemical reactions including oxygen reduc-
tion reaction, oxidation of carbon monoxide and other oxida-
tion reactions.® The catalytic performance of AuCu NPs can be
tuned to a significant extent by controlling their sizes,
morphology, compositions, and elements distribution within
the NPs. Many recent works showed that Au core and Cu shell is
often the desired chemical arrangement of these bimetallic
nanoparticles for several chemical reactions. In ref. 7, the
authors have shown that Au@Cu core-shell nanoparticles is
a good catalyst for the electrochemical reduction of carbon
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on pure Au or mixed AuCu seed can be an effective tool for producing clusters with uncommon surface
atom arrangements of potential interest for catalysis.

dioxide in a neutral medium. They observed that the activity
and selectivity of Au@Cu catalyst can be adjusted by controlling
the thickness of Cu shell. Clearly, Au@Cu with 7-8 copper layers
presented higher selectivity towards the formation of hydrogen
and ethylene, while Au@Cu with more than 14 copper layers
were more selective towards the formation of hydrogen and
methane. So far, (AuCu)@Cu core-shell with ultra thin Cu shell
has shown higher selectivity and activity for nitrogen reduction
reaction among other compositions.® These different trends in
reactivity and selectivity are linked to strain/electronic effects
induced by the core-shell arrangement that can be tweaked by
the composition of the shell.

AuCu system is highly miscible in bulk crystals® with the
formation of ordered phases at low temperatures, so that phase-
separated configurations, such as the core@shell ones, may be
expected to be out-of equilibrium. In addition, the large lattice
mismatch between these metals (the Au lattice is larger by
12.5% than the Cu lattice) and the associated misfit strain can
induce complex deformations in the shell.’ In fact, AuCu
nanoparticles with different chemical ordering arrangements
have been obtained in several experiments and simulations.**®

The growth of elemental nanoparticles and of nanocrystals is
a quite complex phenomenon'?" whose explanation is often
obtained by means of computer simulations.”*?*® Growth
phenomena are even more complex in binary nanoparticles,>*
so that simulations are even more useful to predict the relevant
growth pathways and understand the underlying atomic-level
mechanisms.***

In ref. 18, the growth of AuCu binary metallic clusters has
been studied by Molecular Dynamics (MD) simulations in
which Au atoms were deposited on pure Cu and mixed AuCu

© 2023 The Author(s). Published by the Royal Society of Chemistry
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seeds of three geometric shapes (icosahedra (Ih), decahedra
(Dh) and fcc truncated octahedra (TO)). The results of these
simulations showed that the shape and composition of the
starting seed have a significant effect on the growth pathways of
the nanoparticles. While Cu@Au chemical ordering with pure
Au surfaces was always obtained independently of the temper-
ature and of the structure of the seeds, the final geometric
shapes were quite different depending on whether the seed was
pure Cu or intermixed AuCu, and on the specific shape of the
seed. In particular a family of exotic structures was obtained
when growing on pure TO and Dh seeds, while regular struc-
tures were obtained when growing on mixed seeds of different
geometries.

In this paper, in contrast, we simulate using MD the growth
by deposition of Cu atoms on pure Au and intermixed AuCu
seeds in order to investigate the possibility of forming Au@Cu
core@shell structures. It has been shown in several previous
works*~*” that in AuCu equilibrium structures the surface of the
nanoparticles is very strongly enriched in Au; thus, the forma-
tion of a Cu outer shell may be prevented by the tendency of Au
atoms to segregate to the surface. Our aim in this work is to
determine whether kinetic phenomena may help the formation
of the Au@Cu out-of-equilibrium core@shell arrangement, also
unravelling the effect of shape and composition of the starting
seeds on the final structures. To elucidate this aspect, we adopt
the same growth procedure used in the previous work," in
which an atomistic potential was used to model the interactions
between the atoms. In this work we perform also Density
Functional Theory (DFT) calculations to validate some impor-
tant aspects of our model.

2 Computational details

In our MD simulations we deposit atoms one by one on a pre-
formed seed according to the procedure adopted in ref. 18 and
25. Different types of initial seeds are chosen (see Fig. 1):

e Truncated octahedron of 201 Au atoms.

e Truncated octahedron of 100 Au and 101 Cu atoms.

e Decahedron of 192 Au atoms.

e Decahedron of 96 Au and 96 Cu atoms.

e Icosahedron of 309 Au atoms.

e Icosahedron of 174 Au and 135 Cu atoms.

The composition of the mixed seeds has been chosen to be in
a range close to 50-50% because it represents the lowest energy
composition. The chemical ordering in mixed seeds corre-
sponds to the optimal chemical arrangement obtained by global
optimization runs with exchange moves (see Fig. S1 in ESIT). For
all mixed seeds, the surface is strongly enriched in Au. In the
inner part of Dh and TO seeds there is intermixing, while the
central part of the Th seed mostly contains Cu atoms to produce
a sort of Cu@AuCu core@shell structure. In all structures, Cu
atoms in surface prefer terrace sites on (111) facets.

Cu atoms are deposited on the seeds at time intervals of 10
ns, to reach the final size of 1000 atoms. The total duration of
the simulations is therefore in the range 7-8 ps. The classical
equations of motion are solved by the velocity Verlet algorithm
with a time step of 5 fs. The simulations are made at constant

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Shapes and compositions of the considered seeds. For mixed
seeds, also the cluster cross sections are shown.

temperature, which is kept constant by Andersen thermostat
whose collision frequency is chosen in such a way that diffusive
properties of atoms are not altered.*® For each seed, we run 5

E
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C
Shell 2
1
Shell 3 W
-

Fig.2 Sites for placing single Cu impurities in Au clusters. Left column:
shells of truncated octahedron of 201 atoms. Right column: shells of
icosahedron of 147 atoms. The rows show the different shells for each
geometry. For all clusters, site A is the central site of the cluster (not
shown). The energies related to the different placement of the
impurities are given in Table 1.
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Table 1 Energies (in eV) for single Cu impurities in truncated octa-
hedron and icosahedron Au clusters. The sites in which the impurities
are placed are shown in Fig. 2. For all clusters, the zero of the energy is
the cluster with the impurity placed in the central site A

Cluster geometry Position Gupta DFT-PBE
A center 0.000 0.000
B subvertex —0.055 —0.154
C subedge —0.044 —0.021

TO501 D subsubvertex —0.078 —0.018
E subsubedge —0.027 0.051
F subterrace —0.054 0.057
G (111) terrace 0.203 0.351
H (100) terrace 0.240 0.414
A center 0.000 0.000
B subsubsurf 0.556 0.677

Thy,; C subvertex 0.760 0.665
D subedge 0.834 0.858
E terrace 1.236 1.429

independent simulations at three different temperatures (300,
400 and 500 K), corresponding to a total of 90 simulations. We
believe that our time scale is in general shorter than in experi-
ments, but it is not very far from that of the experiments of gas-
phase synthesis, in which the growth process takes place on
total times that range from a fraction of millisecond to a few
milliseconds. We note that our simulation protocol has been
successfully used to interpret several growth experiments in the
gas phase,”***! so that we believe that our simulations are
informative.

The interaction between atoms are modeled by an atomistic
potential based on the second-moment approximation to the
tight-binding model (SMTB potentials, also known as Gupta
potentials).***® This potential for AuCu, whose form and
parameters are given in ref. 18 and 36, has been previously
tested against DFT calculations®® obtaining a good agreement.

DFT calculations were carried out by using the pseudopo-
tential method as implemented in the PWscf code of the

—_
Q
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QUANTUM ESPRESSO package.** For all calculations, we use
the generalized gradient approximation of Perdew-Burke-Ern-
zerhof (PBE)* for exchange-correlation energy functional. The
interactions between ions and core electrons for Au and Cu were
described by the ultrasoft pseudopotentials.** The convergence
thresholds for the total energy, total force, and for electronic
calculations were set to 10 * Ry, 10 * Ry au ' and 5 x 10~ ° Ry,
respectively. For each calculation, we set the size of the cubic
cell side to 30 A, which is large enough to avoid the interaction
between the cluster and its images. Furthermore, we used
a cutoff of 45 Ry for plane-wave energy cutoff and 364 Ry for
charge density.

3 Energetics of Cu impurities in Au
seeds

In this section we discuss the preferential placement of Cu
impurity in Au clusters. Two types of Au cluster are considered:
truncated octahedron of 201 atoms and icosahedron of 147
atoms. For each cluster, we place Cu atom in different sites as
shown in Fig. 2. In Table 1 we present the energies calculated by
DFT and Gupta. The energy of the central site is set to zero in
both structures.

The results of Gupta and PBE calculations are in good
agreement. The worst sites for the placement of the Cu atoms
are always those at the surface. As regards internal sites, there is
a clear difference between the TO and the Ih. In the TO, the
energy difference between internal sites are relatively small, and
the best placement is not at the center, but in the subsurface
layer or just below it. In the Ih, the central site is more favour-
able than any other site by large amounts of energy. This result
is due to the advantage of placing the small Cu atom in the
highly compressed central zone of the Ih to release the stress.*

In summary, both Gupta and DFT results indicate that there
is a driving force in favour of the incorporation of Cu atoms
inside an Au cluster. Therefore, on sufficiently long time scale,
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Fig. 3 MD evolution of single Cu atom on |h cluster of size 309 atoms with two different composition pure Au and mixed at equicomposition
with lowest energy chemical ordering. (a) Migration behaviour of Cu atom on Au and AuCu |h structures at 300 K during 100 ns (plot correspond
to one simulation). (b) Distance between geometric center of cluster and single Cu atom on Au |h Rgc for temperature range from 300 to 500 K.
(c) Jump number from (111) to (111) facets of Cu adatom on mixed AuCu lh structure for temperature range from 300 to 500 K. Values given in (b)
and (c) are the average of all the 10 simulations. The errors correspond to the standard deviations of the averages. Blue dot line in (b) shows the

distance in the initial configuration.
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Fig. 4 Diffusion behavior of an isolated Cu atom which starts on the surface of TO seeds of pure Au and AuCu mixed compositions. First and
second rows correspond to the diffusion of a Cu atom starting from sites on (100) and (111) facets, respectively. In (a) and (c) we report the
distance Rgc between the geometric center of the cluster and the Cu atom on Au and AuCu seeds at 300 K during 100 ns. In (b) and (d) we report
the ratio £ of Rgc at the end of the simulation and at the beginning of the simulation in the temperature range from 300 to 500 K. Values given in
(b) and (d) are averages over 10 simulations. Last column shows the initial position of Cu adatom on different facets.

deposited Cu atoms are expected to diffuse inside, with 4 Diffusion behaviour of a Single Cu

a tendency to stop in the subsurface region for the TO and t t tant t t
a tendency to go towards the center in the Th. The Dh is expected atom at constant temperature

to behave qualitatively as the TO, since it does not present
a highly compressed central region.** The tendency of Cu to
migrate inside is thus expected to destabilize outer shells of Cu,
unless temperature is sufficiently low to hinder migration.

Before analysing the growth process on the considered seeds
and the final outcomes of the growth simulations, we made
some simulations at fixed temperatures and fixed cluster size.
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Fig. 5 Final structures obtained during the growth of Cu atoms on Ih seeds. The structures are taken from simulations: (a) T = 300 K and
deposition on pure Au seed; (b) T = 500 K and deposition on pure Au seed; (c) T = 300 K and deposition on mixed AuCu seed; (d) T =500 K and
deposition on mixed AuCu seed. The deposition rate is of 0.1/ns. Brown and yellow spheres represent copper and gold atoms, respectively.
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Fig. 6 Surface view and composition of the different shells during the growth on pure Au |h seed at 500 K and deposition rate of 1 atom every 10
ns. Rows correspond the nanoparticle sizes from (a) 309 to (e) 923 atoms. Columns correspond the nanoparticle shells. Brown and yellow
spheres represent copper and gold atoms, respectively. The atoms belonging to fivefold axes are coloured in red. Ejected atoms to the surface of
the AuCu icosahedron of 923 atoms (a geometric magic number for the Ih) are shown by cyan spheres.

In these simulations, we aimed at understanding the evolution
of a single Cu adatom on the considered starting TO and Ih
seeds of sizes 201 and 309 atoms, respectively. For both struc-
tures, two different starting configurations were considered: Cu
adatom on pure Au and Cu adatom on intermixed AuCu cluster.
For each configuration, 10 independent simulations were per-
formed. The results are given in Fig. 3 for Ih and Fig. 4 for TO.

In Fig. 3(a), we present the effect of composition of the
icosahedral cluster on the migration behaviour of the Cu ada-
tom at temperature 300 K during 100 ns. Specifically, we plot the
evolution of the distance Rgc between the geometric center of
the nanocluster and the Cu adatom at 7= 300 K during 100 ns.

5842 | Nanoscale Adv., 2023, 5, 5838-5849

The data show that the behaviour of the Cu adatom on pure Au
and mixed AuCu Ih structures is different. On the pure Au
cluster, the Cu adatom tends to incorporate deeply towards the
inner part of the icosahedral matrix. On the contrary, on the
intermixed AuCu cluster, the Cu adatom diffuses by jumps on
the surface without incorporating in the cluster. This is due to
the combined effect of the presence of Cu atoms on the surface
and Dbelow the surface in the mixed TIh seed
(A3 o =273£0.03 A vs. drf =2.89+0.05 A), which

cause a contraction of the surface itself which renders incor-
poration much more difficult.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Growth pathway within the icosahedral motif starting from an
AuCu mixed icosahedron, at temperature T = 300 K. (@) Number of
atoms on the first and second growing shells on 309 AuCu seed.
(b)—(e) Surface views of the growing cluster at different sizes. Gray,
blue, and yellow spheres represent surface atoms of the seed, of the
first growing shell and of the second growing shell, respectively. Inset
snapshots show the stacking behavior of the first shell with respect of
those of the initial seed.

In Fig. 3(b) and (c), we show the effect of temperature on the
diffusion of the Cu adatom in simulations of 10 ns. The
considered temperature range is the same as in the growth
simulations of the following chapters. The time of 10 ns
corresponds to the interval between two successive depositions
in the growth simulations. In order to quantify the volume
diffusion of Cu inside Auzgy, we calculate Rgc (see Fig. 3(b))
whereas, to analyse interfacet mobility for Cu on AuCuszge, We
calculate the number of edge crossings between adjacent (111)
facets (see Fig. 3(c)). For each temperature, we show the average
value from 10 independent simulations. The effect of temper-
ature on Cu migration is evident; i.e. both the volume diffusion
for Cu incorporating in the Au seed and the surface diffusion for
Cu on the AuCu seed become faster by increasing the temper-
ature. On the time scale of 10 ns, interfacet mobility is truly
activated only at 500 K. Only at 500 K, a fast enough volume
diffusion achieved that allows the Cu atom to reach the center
of the cluster.

From these results, we expect that the final outcomes of the
growth process on icosahedral seeds can be strongly affected by
the growth temperature and composition of the starting seed.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In Fig. 4, we show the results of the evolution of isolated Cu
atoms on TO clusters. Truncated octahedra present both (100)
and (111) facets, so it would be useful to understand the effect of
the starting site of the Cu adatom on its diffusion behaviour. To
this end, we performed different simulation series. The series
differ according to the initial site of the Cu adatom which can be
on (100) or (111) facets, and the composition of the TO support
(pure Au or intermixed AuCu). The plots in the first column of
Fig. 4 provide the distance between the geometric center of the
cluster and the single Cu atom R on both pure and intermixed
TO clusters. The results are taken from simulations at temper-
ature 300 K during 100 ns. For all cases, no interdiffusion of the
Cu atom is observed and the diffusion is limited to the surface
layer. All the diffusion processes occur by exchanges, by swap-
ping the Cu adatom and a nearest neighbor surface atom. The
analysis of Rgc shows the following:

e Cu on (100) facet of pure TO: no change in Rgc which
means that there is no diffusion of the Cu atom.

e Cu on (100) facet of mixed TO: a sudden drop in Rg¢ at the
beginning of the simulation meaning that the Cu adatom
makes an exchange process with an atom of the (100) facet and
stay in this site until the end of the simulation.

e Cu on (111) facet of pure TO: a sudden drop in Rg¢ at the
beginning of the simulation signifying that the Cu adatom
exchanges with a nearest neighbor atom of the edge between
the (100) and (111) facets.

e Cu on (111) facet of mixed TO: Rg¢ presents two different
values indicating that also in this case the Cu atom makes an
exchange process with the edge atom of the TO mixed cluster.

The effect of temperature on Cu adatom diffusion on TO
seeds are presented in the second column of Fig. 4. In this
figure, we plot the ratio ¢ of Rg¢ at the end and at the beginning
of the simulations for the temperature range from 300 to 500 K.
Each value corresponds to the average over 10 independent
simulations. The plots show clearly that there is almost no
mobility of the Cu adatom at temperatures of 300 and 400 K,
whereas mobility is partially activated at 500 K, but it is limited
to the surface for the mixed seed and the subsurface for the pure
seed in this time scale of 10 ns.

Finally, comparing with the results of Cu on Ih clusters, we
note that the diffusion of the Cu adatom to the center of the Au
TO is almost absent. This result is understandable from the fact
in the TO there is no icosahedral strain facilitating diffusion of
Cu towards the center.

5 Growth on |h preformed seeds

Fig. 5 summarizes the most common structures obtained at 300
and 500 K from the growth on the Ih starting seeds. Depending
on temperature and composition of the seed, different struc-
tures are obtained. They can be classified into three classes: (a)
decahedra obtained at 300 K on the pure Au seed, (b) icosahedra
formed at 500 K again on the pure Au seed, icosahedra obtained
at 300 K on the mixed seed and (d) poly-icosahedra grown at 500
K when starting from Ih mixed seed. In order to identify our
structures, we use the common neighbor analysis which is
a useful tool to discriminate different geometric structures.*’

Nanoscale Adv., 2023, 5, 5838-5849 | 5843
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Fig.8 Growth pathway of Cu on Ih AuCu mixed seed. Snapshots are taken from simulation at T= 500 K and deposition rate of 0.1/ns. From (a) to
(9): gray spheres represent atoms of the initial Ih seed; pink spheres show atoms of the first growing islands on the initial seed; atoms in (111) and
(100) sites are shown by white and cyan spheres; the atoms of the newly formed fivefold axis are coloured in red. In the bottom row, the triple
icosahedron obtained at 831 atoms is shown, with Au atoms in yellow and Cu atoms in brown. The surface of the triple icosahedron is patchy,
with two Cu-rich patches at the extremities and an Au-rich patch in the middle.

The growth on pure Ih seed leads to the formation of deca-
hedra at low temperatures and of icosahedra at high
temperatures.

Even though the determination of equilibrium structures of
clusters is often an open problem," there is a quite clear
evidence that pure gold clusters in the gas phase are not ex-
pected to be Mackay icosahedra at equilibrium in our size
range. Gupta and DFT calculations for the magic size 147 (ref.
46) show that decahedra are much more favourable than
Mackay icosahedra, and icosahedra with rosette reconstruction
stay in between. The stronger stability of decahedra compared
to icosahedra is observed also in experiments on gas-phase
clusters of magic sizes 561 and 923.**® Icosahedra are ener-
getically unfavourable due to the large strain and corresponding
atomic-level compression in the innermost part of the struc-
ture.* Therefore, incorporation of small Cu atoms in the central
sites may release stress and make the icosahedral structure
more favorable. However, migration of Cu atoms towards the
center is possible only if these atoms are highly mobile, which
can happen only at sufficiently high temperatures. This means
that the final shape of the nanoparticles can be strongly influ-
enced by the mobility of Cu atoms throughout the volume of the
icosahedral structure.

At T = 300 and 400 K, the transformation from icosahedra
to the more energetically favourable decahedra is observed in
all growth simulations. This transformation takes place at the

5844 | Nanoscale Adv, 2023, 5, 5838-5849

initial stage of the growth; after depositing few tens of Cu
atoms. The size at which this transformation occurs depends
on temperature. Our analysis shows that, in the initial stages
of the growth, the diffusion of Cu atoms to the inner part is
partially activated but it is limited to the subsurface layers
(see the discussion in Section 4). Therefore, Cu atoms are not
able to reach the central sites of the icosahedron. As
a consequence, the inner stress is not released and the clus-
ters transform to decahedral shapes. The same results have
been previously obtained by Toai et al.'” for smaller sizes.
On the other hand, at T = 500 K, the growth continues
keeping the icosahedral shape till the end of the 5 simula-
tions. At this temperature, the mobility of Cu atoms is fast
enough to let them reach the central sites of the icosahedron,
which helps in releasing stress and makes the icosahedron
energetically favourable. Therefore, the driving force for the
transformation to decahedral shapes is not active anymore.
The representative growth mechanisms of these icosahe-
dral shapes are presented in Fig. 6. Each row shows the
composition of the different shells depending on the cluster
size. At T = 500 K, a rather regular shell-by-shell growth
within the icosahedral motif is observed up to size 923 atoms.
The initial incorporation of Cu atoms causes disordering of
the initial icosahedral structure by surface reconstruction, as
shown in the second row of Fig. 6(b). In the reconstructed
surface, some anti-Mackay patches appear. In anti-Mackay

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Evolution of gyration radius of Au atoms in the nanoparticle volume during the growth on pure Au seed. p is the ratio between the

gyration radius at a given time and the gyration radius at the beginning of the simulation. (b) Representative cross sections of the clusters grown
on pure Au seeds at different sizes. (c) Evolution of the difference (in A) between the geometric centers of Au and Cu atoms deviation during the
growth on a mixed AuCu lh seed. In each graph, we show the results at two different temperatures T = 300 and 500 K. For each temperature we
show the average over all performed simulations. (d) Representative cross sections of the clusters grown on mixed AuCu seeds at different sizes.

islands atoms are placed on hcp stacking on the surface of the
icosahedron.* However, when Cu atoms succeed in reaching
the central sites, the structure reorders to a good icosahedral
shape with unreconstructed surface and then continues its
growth towards the next magic icosahedron of size 561 atoms,
as presented in third row of Fig. 6(c). The further growth
towards the icosahedron of size 923 atoms takes place by the
same mechanisms (see fourth and fifth rows of Fig. 6),
passing through a surface reconstruction and then recovering
the Mackay Th symmetry. When analysing the inner part of
the growing clusters, the formation of some atomic vacancies
in the central site and in the innermost atomic shells is
observed. The formation of these vacancies causes the ejec-
tion of a corresponding number of atoms on the cluster
surface. Vacancy formation in central sites is a known stress
release mechanism in icosahedra.® It takes place by complex
diffusion mechanisms involving the concerted displacement
of many atoms at the same time,**** and as such, is expected
to be activated at high temperatures.

The main types of defects observed during the growth of
these icosahedra are summarized in Fig. S3 in the ESI.{ All these
defects are generated due to the interdiffusion which can break
the icosahedral symmetry.

Let us now discuss the shapes obtained in the growth on
mixed Ih seeds, which takes place by quite different mecha-
nisms than those observed for pure Au seeds and leads to
different structures. In fact, depending on temperature, we

© 2023 The Author(s). Published by the Royal Society of Chemistry

observe the formation of icosahedral motifs at T= 300 K and of
multiple icosahedra at 500 K.

In mixed icosahedral seeds, the surface is almost completely
made of Au atoms. Some Au atoms are presented in the
subsurface layer, but the core is fully occupied by the smaller Cu
atoms to release the stress in the structure. As a result, the
icosahedron is quite stable, for what concerns both shape and
chemical ordering. Therefore, deposited Cu atoms do not
incorporate easily in the seed, but keep on diffusing on its
surface instead (see the discussion in Section 4). Surface diffu-
sion of Cu atoms becomes faster and faster with increasing
temperature.

At T = 300 and 400 K, we observe the growth of icosahedral
shapes with pure Cu shell (Fig. 5(c)). The surface of these ico-
sahedra is irregular and does not adopt the Mackay stacking of
the initial seed. This may indicate that the nanoparticle does
not grow in a layer-by-layer mode. In order to further charac-
terise this growth pathway, we monitor the number of atoms in
the first and second growing atomic layers during the growth
process. The results are shown in Fig. 7 for one simulation over
five at temperature 300 K (see Fig. S4 in the ESI} for the growth
at 400 K). From Fig. 7(a), we observe that the evolution of atoms
in the first and second shells is quite different from the ideal
layer-by-layer growth. At size 561 atoms, the number of atoms in
the first growing shell does not match the ideal one, since the
second shell starts to grow before completing the formation of
the first shell. Rather surprisingly, at size 923 atoms, the
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Fig. 10 Final structures (at size 1000 atoms) obtained during the growth of Cu atoms on TO and Dh seeds. The structures are taken from
simulations at temperatures T = 300 and 500 K and deposition rate of 0.1/ns. (a) and (b) show the representative snapshots of nanoparticles
obtained from the growth on TO and Dh seeds at 300 K, respectively. (c) and (d) correspond the ones obtained at 500 K. For each temperature,
the left column represents the structures obtained from pure seeds, whereas the right column shows the ones grown from mixed seeds. Brown
and yellow spheres represent copper and gold atoms, respectively. In all cases, the same nanoparticle is shown in two different views. The first
view shows the nanoparticle surface. In the second view, all atom types are shown as small spheres in order to better show the crystalline planes

of the structures.

number of atoms in the first shell is higher than the ideal
number.

To explore the mechanisms behind this growth pathway, we
follow the growth process of the nanoparticle atom by atom. In
Fig. 7, we present snapshots from growth simulations at 300 K.
The snapshots show the main steps leading to this growth
pathway. The first step of the growth takes place by nucleating
faulted islands on different facets of the initial seed in order to
form anti-Mackay islands (see blue atoms in Fig. 7(b)). The
formation of several independent islands is due to the slow
interfacet mobility of Cu atoms at these temperatures.

Indeed, in lattice mismatched bimetallic nanoalloy, anti-
Mackay stacking is energetically favorable only at small sizes
and when the shell lattice is larger than the core lattice.*>® In our
case, we have the opposite, since the Cu shell lattice is smaller
than the lattice of the seed by 6.25%. This highly destabilizes
anti-Mackay arrangements, leading to a peculiar atomic pattern
of the growing copper shell as presented in Fig. 7(c); some anti-
Mackay facets transform to Mackay stacking and other stay in
an anti-Mackay arrangement (see inset lattice).

This arrangement causes the formation of some fourfold
adsorption sites on top of the growing Cu shell as shown by the
red rectangle in Fig. 7(c). These sites may accommodate new
atoms and start the formation of the second shell on the
incomplete first one (yellow atoms in Fig. 7(d)). As a result,
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nanoparticle with an irregular surface is formed as represented
in Fig. 7(e). As growth continues, Cu atoms can incorporate in
the first growing shell to increase its density. The density
increase is favored by the lattice mismatch, because the atoms
of the growing Cu shell are on the average smaller than those of
the underlying substrate.

At T = 500 K, we observe that Cu atoms tend to accumulate
on one side of the initial icosahedral seed, as presented in
Fig. 5(d), which looks like a kind of strain-induced dewetting.
To understand the mechanisms leading to this growth shape,
we analyse the atomic displacements step by step. The results
are reported in Fig. 8. In Section 4 we have shown that, at this
temperature, interfacet mobility of Cu atoms is activated, so
that Cu adatoms can quickly diffuse around the whole surface
of the starting seed and meet each other to form a large island
instead of the many small islands on different facets as
observed in the low temperature growth.

As the island grows larger, it becomes more and more
strained due to the lattice mismatch effect. Thus, ideal fcc (hep)
lattice sites are rarely observed (see Fig. 8(a) also Fig. S6 in ESIf).
This complex off-lattice configuration may boost one or more
Cu-island atoms to pop out the island layer as shown in Fig. 8(b)
(white and cyan atoms) to release the stress. We note that this
pop-up diffusion is not observed during the growth at 7 = 300
and 400 K, meaning that the frequency of pop-up events

© 2023 The Author(s). Published by the Royal Society of Chemistry
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strongly depends on temperature. The popped atoms may sta-
bilise the position of the lower layer atoms on hcp sites for
several time steps. This leads to the creation of fourfold
adsorption sites on top of the island, which act as traps for
further adatoms,**** which create further new adsorption sites
in a kind of autocatalytic process.> This process leads to the
growth of a new icosahedral part, finally to a double icosahe-
dron, and of a triple icosahedron if two large islands are initially
formed on opposite sides of the seed (see Fig. 8). The surface of
these nanoparticles is patchy, since it alternates Cu-rich and Au-
rich exposed regions.

Finally we note that, even though the structures grown at 7'=
500 K are quite elongated, they are lower in energy than those
grown at lower temperatures because the latter are more irreg-
ular and strained.

An analysis of the chemical arrangement in these clusters is
given in Fig. 9. On pure Au seeds, the central part of the cluster
is still rich in Au at 300 K and well intermixed at 500 K. The
calculation of the gyration radius of the ensemble of Au atoms
shows that they can diffuse towards the surface at 500 K, while
they remain in the central zone at 300 K (Fig. 9(a) and (b)). For
deposition on mixed seeds, we report in Fig. 9(c) the distances
between the geometric centers of the Au and Cu parts at 7= 300
and 500 K. While at 300 K the two parts are centered almost in
the same position, at 500 K, they are displaced to form a Janus-
like structure with patchy surface (Fig. 9(d)).

6 Growth on TO and Dh preformed
seeds

Here we analyze the outcomes of the growth on TO and Dh
seeds.

In Fig. 10 we report representative snapshots of the final
shapes obtained when growing on TO and Dh seeds, for both
pure Au and mixed AuCu seeds. For TO seeds (snapshots in
Fig. 10(a) and (c)), most clusters keep growing as fcc structures,
comprising octahedra and tetrahedra (with different degrees of
truncation), flat hexagons and triangles, as observed in simu-
lations of other systems.>**> At T = 300 K, we observe the growth
of some multi-twinned structures (see left column in Fig. 10(a))
in the same way as discussed in our previous work.' Only one
polydecahedron® is obtained, at T = 500 K.

The growth on Dh seeds (snapshots in Fig. 10(b) and (d))
leads to the formation of Dh or polydecahedra in most cases. An
icosahedral shape is grown in only one simulation, and also
other complex structures are produced in some simulations.

In the deposition of Cu on pure Au seeds, all growing
structures are irregular and strained. Their atomic rows present
an arc-like bending, which is especially evident at low temper-
ature. On the contrary, for Cu on AuCu, the structures are more
regular and much less strained, exhibiting aligned atomic rows
at any growth temperature.

The chemical ordering within the nanoparticle is core@-
shell: Au@Cu for pure starting seeds and (AuCu)@Cu for mixed
seeds. However, in all simulations we observe the migration of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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some gold atoms to the surface of the cluster which prevents the
formation of a perfect pure Cu outer shell.

Our results show that the degree of Au segregation and its
distribution within the nanoparticle depend on three parame-
ters — temperature, seed shape and composition. To character-
ise more deeply this effect, we calculate the number of Au atoms
in the surface and subsurface layers. The results are given in
ESI.} For each geometric shape of the starting seed, the amount
of Au on the surface and its distribution within the nanoparticle
depend both on the growth temperature and on the composi-
tion of the starting seed, being small for mixed seeds and for
low temperatures, and larger for pure seeds or high tempera-
tures. These results demonstrate that, at any temperature, the
atomic mobility of Au atoms is somewhat higher in the case of
Cu deposited on pure Au seeds than for deposition on AuCu
seeds. There is also some difference between TO and Dh seeds,
because the diffusion of Au towards the surface is easier in the
former.

7 Conclusions

The growth of AuCu nanoparticles occurs through different
pathways depending on the growth temperature, and on the
shape and composition of the initial structure (the seed).

We note that the results presented in this work show
completely opposite behaviours than those found in ref. 18,
where Au atoms were deposited on pure Cu or AuCu seeds. In
fact, when depositing Au atoms, growth on icosahedral seeds is
found to be regular and without any shape transformation,
while the transformations take place when growing on Dh or TO
seeds. On the contrary, when depositing Cu atoms, it is the
growth on Ih seeds that presents a more complex phenome-
nology. When starting from pure Au icosahedral seeds, we
observe the formation of decahedra with Au@Cu core@shell
arrangement at low temperatures and of icosahedra with
intermixed chemical ordering at high temperature. Deposited
Cu atoms tend to enter the Au seed at every simulation
temperature. At low temperatures, the mobility of Cu atoms
inside the Au seed is slow, so that they can incorporate only in
the surface and subsurface layers. This incorporation is not
sufficient to stabilize the icosahedral structures, which trans-
forms into decahedra because they are more energetically
favourable. At higher temperatures, Cu atoms are able to diffuse
towards the center of the icosahedron, thus being able to
release the atomic-level stress** and to stabilize the structure
against the transformation into a decahedron. This behavior is
an example of a rather counterintuitive effect: it shows that
accelerating the diffusion kinetics helps to avoid cluster
reshaping instead of promoting it. We note that icosahedral
structures in this size range are not unstable but metastable, so
that they can survive for long if temperature is sufficiently low
and change their structure to Dh or fcc only after annealing.*®
Our simulations show that the transformation of Au icosahedra
might be completely blocked by depositing Cu atoms on top of
them, at a temperature at which the kinetics of Cu incorpora-
tion becomes comparable to that of the structural
transformations.
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When starting from intermixed AuCu icosahedral seeds, the
diffusion of Cu atoms inside the seed is negligible. At low
temperatures, interfacet mobility of Cu adatoms is difficult, so
that several Cu islands are nucleated on the surface, on average
in an isotropic way. As the number of deposited Cu atoms
increases, the surface of the seed becomes fully covered by a Cu
shell, which is rough due to the low atomic mobility and
strained due to the lattice mismatch. At high temperatures,
interfacet mobility of Cu adatoms is activated. This causes a sort
of dewetting phenomenon in which Cu atoms accumulate in
large islands on one side (or on opposite sides) of the seed,
leading to the formation of elongated structures, i.e. of double
or triple icosahedra, where the initial seed is only partially
covered by the deposited Cu atoms. The surface of these
nanoparticles is thus finally composed by alternating patches
with Cu-rich and Au-rich compositions.

In TO and Dh seeds, the growth takes place within the initial
structural motif. At low temperature, some multi-twinned
structures are formed in the growth on the pure TO seed. In
general, low-temperature growth shapes are irregular, with
bending atomic columns for pure seeds, and regular with
aligned atomic columns for mixed seeds. The Au@Cu core@-
shell arrangement is formed. In all cases, the purity of the
surface layer is not perfect because of some surface migration of
Au atoms. Au migration is somewhat stronger for pure seeds
than for mixed ones, and for Dh seeds than for TO seeds.
Correspondingly, the analysis of the internal arrangement of
the nanoparticles indicates that in the growth process the
mobility of Au atoms is higher for pure seeds than for mixed
ones and for Dh seeds than for TO ones.

Our simulations therefore show that the deposition of Cu
atoms on Au and AuCu seeds can produce a rich variety of
nanoparticle shapes that very often presents strained shells
and, in some cases, patchy surface arrangements. These surface
arrangements can be of great interest for application to
catalysis.
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