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The growth pathways from tetrahedral to multiply twinned gold
nanoparticles in the gas phase are studied by molecular dynamics
simulations supported by density functional theory calculations.
Our results show that the growth from a tetrahedron to a multiple
twin can take place by different pathways: directly from a tetrahedron
to a decahedron (Th — Dh pathway), directly from a tetrahedron
to an icosahedral fragment (Th — Ih), and from a tetrahedron to an
icosahedron passing through an intermediate decahedron (Th —
Dh — Ih). The simulations allow to determine the key atomic-level
growth mechanism at the origin of twinning in metal nanoparticles.
This mechanism is common to all these pathways and starts from the
preferential nucleation of faulted atomic islands in the vicinity of facet
edges, leading to the formation and stabilization of twin planes and of
fivefold symmetry axes.

Among various types of nanomaterials, gold promises to play a
crucial role in the fields of photonic, catalytic, sensing, and
hydrogen storage devices, because of its optical properties,
enhanced catalytic activities and electrical conductivity."™®
These properties can be improved even more when the shape
of the gold nanoparticles is controlled to produce multiply
twinned morphology. Common forms of multiply twinned
structures are the 5-fold or 20-fold twinning of tetrahedra
(Th), which correspond to decahedra (Dh) and icosahedra
(Ih), respectively. Multiply twinned particles (MTPs) are found
in a wide range of materials’ > and they are particularly inter-
esting due to their crystallographically forbidden pentagonal
symmetry and concomitant lattice strain. Strain has been shown
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New concepts

Multiply twinned particles (MTPs) are nanoparticles composed of tetra-
hedra joined by twin planes. Well known types of MTPs are decahedra
and icosahedra, where the tetrahedra are arranged around fivefold axes.
These structures can develop by growth from a single tetrahedron, as also
shown by recent experiments in which the complete pathways from the
elementary unit to the different types of MTPs were observed. In spite of
the numerous experimental observations, the interpretation of the
growth pathways from tetrahedra to MTPs is a long-standing open
problem, since the atomic-level mechanisms responsible for twinning
and growth pathway differentiation are still unclear. Our molecular
dynamics simulations of the growth of gold nanoparticles reveal the
two key mechanisms at the origin of these processes. The first
mechanism is the formation of specific metastable defects on the
surface of the initial tetrahedron. The second mechanism is the
stabilization of those defects that cause the necessary symmetry
breaking and the subsequent nucleation of fivefold axes, around which
cyclic twinning develops. We demonstrate that twinning can take place in
the gas phase without the intervention of ligands or surfactants, by
mechanisms common to several metals besides gold.

to have a major effect on surface reactivity offering an exciting
opportunity to tailor the catalytic properties by surface strain
engineering."*™"”

Recently, the fabrication of MTPs with tailored structures
and properties has received great attention. However, in spite of
numerous experimental data, the physical mechanisms responsible
for the formation of twin boundaries and of particles with cyclic
fivefold twinning are still a controversial subject.'®" In ref. 18,
it was observed that these particles can form through succes-
sive growth twinning, in which a single crystalline tetrahedral
seed develops twin defects to yield an MTP structure. As noted
in ref. 21, this requires a symmetry breaking of the tetrahedral
structure whose atomic-level origin is still an open problem.
There are further steps in the growth of MTPs from tetrahedra
that are not yet understood at the atomic level. These steps
comprise the subtle mechanisms behind the nucleation of a
new fivefold axis, and the growth pathways of tetrahedra
around that fivefold axis.
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The objective of this Communication is to shed light on
these open issues, by unravelling the atomic-level physical
mechanisms at the origin of twinning in metal nanoparticles.
Our results show that:

(i) The growth of pure gold MTPs from an initial tetrahedron
can occur in the gas phase, without the action of surfactants or
passivating agents.

(if) The nucleation of a fivefold axis is triggered by the
stabilization of specific defects, i.e. two faulted (hcp stacking) islands
on the two sides of the same edge. Faulted islands form because of
the preferential adatom placement on hcp sites at facet edges.

(iii) The growth of the four new tetrahedra around that
fivefold axis to form a decahedron is simultaneous, but with
different growth mechanisms and rates depending on their
positions with respect to the first tetrahedron.

(iv) The concurrent stabilization of a third faulted island on
another facet can start the direct formation of an icosahedral
fragment instead of a decahedron.

Nanoparticle growth is simulated by molecular dynamics
(MD), which allow to monitor the process atom by atom??,
reproducing physical trajectories without any ad hoc assumption
about diffusion mechanisms and transition rates. Au nano-
particles are grown starting from tetrahedral seeds of sizes
N < 1000 atoms. New atoms are deposited one by one from
random directions, with deposition rates rqe, between 0.1 and
10 atoms per ns.**** Growth temperatures T are between 300
and 500 K, where nanoparticles are solid. MD simulations
results are supported by density functional theory (DFT) results
(see the ESIt). Au is modelled by the Gupta potential***® (see
the ESIt for details), which was used to simulate the growth of
gas-phase Au clusters up to ~900 atoms in very good agreement
with the experiments.”®
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In the initial growth stage, adatoms quickly diffuse on the
(111) facets of the tetrahedron. These adatoms may either
originate from deposition or from detachment of top atoms
from sharp tips, which are unstable at room temperature and
above, so that a perfect tetrahedron quickly transforms into a
slightly truncated tetrahedron. In our model, the diffusion
barrier on flat (111) terraces is of 0.12 eV,”® in excellent
agreement with recent DFT calculations and experimental
estimates.””*® The adatoms can meet each other and nucleate
islands. The most likely adsorption sites for island nucleation
are in the close vicinity of facet edges, where adsorption energy
is larger by ~0.1 eV than in the central sites of the facet. This is
similar to what was found for Pt/Pt(111).>>*°° The closest sites
to the sharp edges of the tetrahedron are the continuation of the
hcp lattice of adsorption sites, so that atomic islands nucleating
there are naturally placed on stacking fault.””> Preferential
adsorption at edges is the first key step causing symmetry
breaking. For this reason, we have checked adsorption energies
by DFT calculations (see the ESI,t Table S2), which confirm that
hep sites in the close vicinity of edges are the most favorable, in
good agreement with Gupta results.

The initial growth stages are better understood by means of
Fig. 1, where we report snapshots from a simulation starting
from a slightly truncated tetrahedron (Fig. 1(a)). As shown in
Fig. 1(b and c), faulted islands can grow on all facets. Between
two nearby faulted islands, a groove is formed along their
common edge, as between F1 and F2 in Fig. 1(b and c).
Adatoms that accumulate in the groove (in pink, Fig. 1(c)) are
in principle in the correct position for nucleating a new fivefold
axis along the edge. However, the faulted islands are metastable
and can easily revert to fec stacking (for example the island
on face F2 in Fig. 1(d)), eliminating the groove and thus
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Fig. 1 Symmetry breaking of tetrahedral gold nanoparticles. Snapshots are taken for a growth simulation at 350 K and rqep = 0.5 atoms per ns. The
simulation is started from a truncated tetrahedron (a) of 520 atoms without stacking faults and is followed up to sizes of about 1600 atoms. For each size,
the same structure is shown from two different perspectives. Atoms colored in yellow correspond to the fcc stacking of the tetrahedron, while blue
atoms are those of islands in stacking fault. Atoms in pink are those in the groove between faulted islands facing the same edge. The explanation of the
different stages of the growth, corresponding to snapshots (b—g) is given in the text.
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continuing tetrahedral growth without nucleating any fivefold
axis. In order to nucleate a five fold axis, faulted islands facing
the same edge need to be stabilized. Island stabilization occurs
when a new atomic layer nucleates on top of a faulted island, as
in F1 of Fig. 1(e), locking the island on hcp stacking and
starting the formation of a twin boundary. Island stabilization
is a second crucial step of the growth pathway. It is necessary
for both islands at a common edge, to avoid displacement to fcc
stacking (that happened to island F4 in Fig. 1(f)).

When both hcp islands are stable, as F1 and F3 of Fig. 1(g),
also the groove becomes stable so that adatoms can fill it and
start the formation of the fivefold axis, as shown in Fig. 2 (see
also Fig. S2, ESIt), which continues the simulation of Fig. 1.
The groove between islands F1 and F3 (Fig. 2(a)) acts as a trap
for adatoms that diffuse on the islands and cross their borders,
so that atomic columns begin to form there. These columns
(pink atoms in Fig. 2(b)) are parallel to the common tetrahedral
edge, and they are at the origin of two further key steps of the
growth pathway. First, an atomic column in the groove can
cover the edge of the original tetrahedron, which becomes
a local fivefold axis (whose end atom is colored in red). Corre-
spondingly, new twin boundaries begin to develop. Second, the
columns in the groove create fourfold adsorption sites at the
borders of F1 and F3. The fourfold sites are enclosed in the black
rectangles in the first and second rows of Fig. 2(b and c); their
position is also indicated by the arrows in the third row of
the figure. The fourfold sites are traps for adatoms, because
adsorption energy is larger than in three-fold sites by about

1618 atoms 1947 atoms 2420 atoms

Fig. 2 Emergence of fivefold axis on the tetrahedral seed. (a)-(c) show
the growing structure from three different perspectives. (a) A groove
between two adjacent stable islands on stacking faults (F1 and F3) is
formed. (b) An atomic layer (pink atoms) starts to grow in the groove
region, thus beginning to form a wider reentrance. At the same time,
fourfold adsorption sites of trg and trt types appear, indicated by black and
red arrows respectively in the third row of the figure, and also enclosed by
black rectangles in the first and second row. The fivefold axis (red atoms) is
stabilized in the groove position.

This journal is © The Royal Society of Chemistry 2022
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0.3 eV. These fourfold adsorption sites are of two types, i.e. sites
on the groove side (trg sites), and on the terrace side (¢7 sites).
In Fig. 2, trg and ¢t sites are indicated by black and red
arrows, respectively. Adatoms filling ¢rg sites nucleate further
atomic columns in the groove, creating at the same time new
tre sites on the nearby terrace. On the other hand, adatoms filling
trt sites start new layers on the terrace, and create new t¢rg sites.
This process is of similar nature to the autocatalytic process
causing the growth of tetrahedral Pt nanocrystals from
octahedra.”

The consequences of this autocatalytic process on further
growth steps are shown in Fig. 3, which shows the completion
of the Th — Dh growth pathway (see also Fig. S3, ESIt). The
initial tetrahedral unit is labelled T1, whereas the other four
tetrahedra that will complete the decahedron are labelled T2,
T3, T4 and T5. Twin boundaries are labelled from TB1 to TB5.
The initial part of the growth (not shown) takes place as in Fig. 1
and 2 up to the stage of Fig. 3(a), which is similar to that of
Fig. 2(c). Favorable adsorption sites in Fig. 3(a) are at the bottom
of the grooves, in correspondence of the twin boundaries. T2 and
T5 grow differently from T3 and T4, because T2 and T5 have to
grow only in height, while T3 and T4 have to grow both in height
and in width. Let us explain this point by comparing T2 and T3.
The completion of T2 takes place by growth in the direction of
TB2. When a column nucleates at the re-entrance corresponding
to TB2, a new atomic layer is grown on T2 by a step
flow mechanism, thus increasing the height of T2 along TB2
direction. On the other hand, the same column also causes the
growth of T3 along TB2 direction, but this means that T3
increases its width but not its height. In order to increase the
height of T3, growth must proceed along TB3 direction, a
process occurring when an atomic column is nucleated at TB3.
In this case, step flow takes place on both T3 and T4, since they
share the same twin boundary. Snapshots in Fig. 3(c-h) clearly
show the step flow mechanisms leading to the growth of the four
tetrahedra, in such a way that a well developed decahedron is
finally formed. The number of atoms in the four new tetrahedra
grows at comparable rates (see Fig. 3(i)), but T3 and T4 start their
growth later and, since they need to increase both height
and width, their heights grow slower than those of T2 and T5
(see Fig. 3(j))-

During the growth of the Dh, we observe the closing and
reopening of re-entrant grooves (see Fig. 3(b-c)) at the ends of
twin boundaries (a strain relaxation mechanisms®'). Another
frequent phenomenon is the capping of the decahedron by a
faulted island that cover several tetrahedra. In Fig. 3(d), the
faulted island (white atoms) almost completely covers the top
facets of T1 and T5, and half of the top facet of T2. The island is
one-layer thick, and as such, it is not stabilized, so that it may
shift to the correct stacking, as in Fig. 3(e). This hep — fcc
stacking transformation occurs by successive shifts of the parts
of the capping island, in the directions indicated by the arrows
in Fig. 3(d), starting from the piece on top of T2 and continuing
anticlockwise. As previously noted, faulted islands are stabi-
lized by the nucleation of a second layer on top of them.
A stabilized faulted island is present in Fig. 3(h).

Nanoscale Horiz., 2022, 7, 883-889 | 885
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Fig. 3 Growth pathway of a decahedral nanoparticle from a tetrahedral seed of 356 atoms. (a)—(h) Snapshots from a growth simulation at 500 K and
raep = 1 atom per ns, showing the top view of the growing decahedron at different sizes. T1-5 indicate the five growing tetrahedra. T1 (in yellow) is the
initial tetrahedron, T2 and T5 (in blue) are the tetrahedra growing on the sides of T1, while T3 and T4 (in pink) are growing in front of T1. Atoms of the
fivefold axis are colored in red. Atoms of islands capping the decahedron are colored in white and green for hcp (faulted) and fcc (unfaulted) stacking,
respectively. TB1-5 indicate the twin boundaries between tetrahedra. The arrows in (d) indicate how the different parts of the faulted island move to
revert to the unfaulted stacking. In (h) a two-layer faulted island is present. (i) Growth rates of tetrahedral units T2-5 of the growing decahedral gold
nanoparticle. (j) Variation with nanoparticle size of length of new twin boundaries.

In order to quantitatively monitor decahedral growth, in
Fig. 4 we report the size-dependent excess energy Eex?

AR AL (1)
Ey is the binding energy of the nanoparticle and e, is the
cohesive energy per atom in the Au crystal. E. of a growing
nanoparticle is compared to that of perfect Marks decahedra
and tetrahedra, the latter presenting high values of Ey. The
quick decrease of E. in the first part of the simulation
indicates that the structure is becoming more compact. At later
stages, E.y. can present oscillations, whose minima correspond
to the completion of atomic layers on the different facets. In
between the minima, E,. increases due to the presences of
steps in incomplete layers or of faulted islands on the Dh caps.

In Fig. 5 we show snapshots of the Th — Th pathway, directly
producing icosahedral fragments with several fivefold axes

886 | Nanoscale Horiz., 2022, 7, 883-889

without passing through a well developed decahedron (see also
Fig. S4, ESIt). The initial stages (Fig. 5(a and b)) are of the same
type as in Fig. 2: the growing tetrahedron develops two twin
planes simultaneously on two (111) facets, leading to the
formation of the first fivefold axis, with five tetrahedra growing
around it. During the formation of this fivefold axis, the
structure becomes more and more strained at the end of the
non grooved twin boundary. This strain is released by displa-
cing of some atoms from the sharp edge and tip to the nearby
(111) facet of the initial tetrahedron, where they form a third
faulted island, which grows by subsequent deposition of atoms
(white atoms in Fig. 5(b)) and triggers the fast growth of the
tetrahedral tip that has a border in common with it (see
Fig. 5(c)).>> The structure then undergoes a grooving process
again at this twin boundary through the migration of some low-
coordination atoms to the nearby facets. If by chance these
atoms move on top of the new faulted island, they may nucleate

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Full line: Excess energy E of the growing nanoparticles as a function
of NY3, Representative structures from growth simulations are shown. The
dashed and dash-dotted lines correspond to E,. for perfect Marks decahedra
and tetrahedra, respectively. All energies refer to locally minimized structures.

a second layer on top of it (as in Fig. 5(d)), thus stabilizing
this third faulted island. A third twin plane is thus formed,
together with a second and a third fivefold axis simultaneously

1020 atoms 1130 atoms

1720 atoms 1924 atoms 3497 atoms

9378 atoms

Fig. 5 Growth sequence of a truncated icosahedral nanoparticle from a
tetrahedral seed in a simulation at T = 500 K and rgep, = 1 atom per ns. Atoms of
twin boundaries, fivefold axes and faulted hcp islands are colored in light blue,
red and white, respectively. When visible, the initial tetrahedron is indicated by
T1. (a) Tetrahedral structure with two twin planes on two adjoining (111) facets;
(b) nucleation of the first fivefold axis on the twinned tetrahedral structure; (c) a
third island on hcp stacking has grown on the top of the tetrahedron; (d) a
second layer nucleates the hcp island, stabilizing it; (e and f) new fivefold axes
are formed at the twin boundaries of the initial tetrahedron at the edges of the
stabilized hcp island; (g) the as-formed truncated tetrahedral units grow
further in different domain directions (black arrows) and at different rates;
(h=j) final multiply twinned nanoparticle shown from different perspectives.
It is a half icosahedron consisting of ten tetrahedral units.

This journal is © The Royal Society of Chemistry 2022
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(Fig. 5(e and f)). These new fivefold axes promote the growth of
four new tetrahedra between the three twin planes (Fig. 5(f)),
leading to a multi-twinned nanoparticle comprising the first
tetrahedron plus nine truncated tetrahedral units (Fig. 5(g))-
This structure is a half icosahedron. The nine new tetrahedra
grow at different rates, since the tetrahedral units on the three
(111) facets of the initial tetrahedron grow faster (see Fig. 5(h-j)),
because of a large number of favorable adsorption sites at their
borders (see Fig. S4 in the ESIt for more details). These results
indicate that the direct formation of an icosahedral fragment
from an initial tetrahedron starts from the stabilization of three
faulted islands, instead of the two needed for the decahedron.
On the other hand, when only one faulted island is stabilized,
a double tetrahedron (dTh) is formed (Th — dTh pathway, see
Fig. S5, ESIY).

Finally we remark that the direct Th — Ih pathway is
different from that of ref.33 and 34 for Ag nanoparticles, where
icosahedra were formed by growing on pre-formed decahedra
(Dh — Ih pathway). A two-step Th — Dh — Ih pathway is
indeed observed also in our present simulations (see simula-
tions G5 and G9 in Fig. S6, ESIT).

To quantify the occurrence of the growth pathways, we
performed 10 independent MD simulations at rg.p= 1 and 10
atoms per ns, for T = 500 K. We deposited on a tetrahedron of
356 atoms up to a final size of 3500 atoms. The complete results
are reported in the ESIt (Table S3 and Fig. S6, S7). We find that
decahedral growth is favored by the slower deposition rate,
while the faster rate favors icosahedra. Structures without
fivefold axes are grown at both rqp,, but those at the faster rate
comprise also irregular shapes besides truncated dTh.

Conclusions

The overall picture arising from our simulations is that the
growth of MTPs from tetrahedra occurs via a sequence of key
steps. The first step is the nucleation of hcp islands on the (111)
facets of the initial tetrahedron, because of favorable adsorp-
tion on hcp sites in the closest vicinity of tetrahedral edges.
Therefore, the nucleation of small hcp islands is energetically
favored, as in the growth of Pt nanocrystals.>” The hcp islands
become no longer energetically favorable when they grow big,
so that they may revert to the fcc stacking, which would
continue tetrahedral growth. On the contrary, if a second layer
nucleates on top of a faulted island, the island is locked on hep
stacking and starts the formation of a twin boundary. This is
the second key step: when two islands are stabilized, a new
fivefold axis may start to nucleate at their common edge where
their associated twin planes meet. This is the starting point of
the Th — Dh pathway. On the other hand, if three faulted
islands are stabilized, three fivefold axes can form along their
common edges. These axes meet at a point, so that they can
start the direct Th — Ih pathway. Icosahedra can also grow
from the stabilization of faulted islands on top of decahedra
(Th - Dh — Ih pathway). Our simulation pathways well
correspond to pathways experimentally observed in ref. 18,

Nanoscale Horiz., 2022, 7, 883-889 | 887
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with the exception of those in which tetrahedra are added one at
a time. In our simulations, Dh structures are always obtained by
five tetrahedra simultaneously growing around the fivefold axis.

In order to support the generality of the growth mechanisms
of MTPs from tetrahedra, we performed growth simulations for
silver and palladium nanoparticles, starting from the same type
of initial structures as in gold. Growth sequences from these
simulations are reported in the ESI,{ Fig. S8-S11. These
sequences show that both Ag and Pd nanoparticles qualitatively
present the same growth pathways as Au ones, and that these
pathways originate from the same type of atomic-level mechanisms.

In summary, our results reproduce different growth pathways
of multiply twinned decahedral and icosahedral Au nano-
particles from an initial tetrahedron, which closely resemble
the pathways observed in the liquid-phase experiments of ref. 18
for Au MTPs growth by successive twinning. Our results reveal
the basic physical mechanisms at the origin of the twinning
process. In addition, they show that multiple twins can form
from tetrahedra because of the growth kinetics of pure gold,
without the intervention of ligands or surfactants. We believe
that our identification of the key growth mechanisms for nano-
particles in vacuum is likely to be of great help also in the context
of metal nanoparticles grown by wet-chemistry techniques. In
fact, we note that the liquid-phase growth experiments of ref. 18
obtained the same type of growth pathways both in the presence
and without ligand CTAB. This indicates that the observed
growth pathways were likely to originate mainly from the
kinetics of pure Au, while other factors played comparatively a
minor role.
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