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Exploring AuRh Nanoalloys: A Computational Perspective
on the Formation and Physical Properties
Mirko Vanzan,[a] Robert M. Jones,[b] Stefano Corni,[a, c] Roberto D’Agosta,[d, e] and
Francesca Baletto*[b, f]

We studied the formation of AuRh nanoalloys (between 20–150
atoms) in the gas phase by means of Molecular Dynamics (MD)
calculations, exploring three possible formation processes: one-
by-one growth, coalescence, and nanodroplets annealing. As a
general trend, we recover a predominance of Rh@Au core-shell
ordering over other chemical configurations. We identify new
structural motifs with enhanced thermal stabilities. The physical
features of those selected systems were studied at the Density

Functional Theory (DFT) level, revealing profound correlations
between the nanoalloys morphology and properties. Surpris-
ingly, the arrangement of the inner Rh core seems to play a
dominant role on nanoclusters’ physical features like the
HOMO-LUMO gap and magnetic moment. Strong charge
separations are recovered within the nanoalloys suggesting the
existence of charge-transfer transitions.

Introduction

Most of the nowadays chemical production is based on
reactions catalysed by transition metals and their alloys. These
catalysts usually offer high activities and recyclability, but suffer
from poor selectivity and, usually, require a high amount of
energy to work properly.[1] A possible way to overcome these
problems is by considering nanoalloys. With their reduced
dimensions (less than 2 nm) and alloying metals with different
properties, such ultra-small systems are characterised by strong
quantum confinement effects. This is the reason for their
unique properties in terms of opto-electronic features, magnet-
ism and catalytic capabilities.[2–6] The adaptability and the

catalytic efficiency of these nanosystems can be further
enhanced by alloying two or more metallic species, which
structural and electronic properties are significantly different
from those of the individual constituents.[7–12] Furthermore, at
the nanoscale it is possible to alloy bulk-immiscible elements
giving rise to new unexplored compounds, as in the case of
gold-rhodium nanoalloys. According to literature, gold and
rhodium are almost immiscible in bulk: the dissolution of the
metals is below 1% even when the temperature reaches
1200 K.[13,14] This is likely related to the intensity of metal-metal
mutual interactions: homopolar interactions, especially for
Au,[15] are stronger than heteropolar Au� Rh interactions. This
favours metals segregation and prevents effective atomic
mixing, even in the liquid phase. However, at the nanoscale Au
and Rh form hybrid structures which were proved to be very
effective in catalysing light-induced reactions such as hydrogen
generation from water,[16] oxygen evolution,[17] H2O2 synthesis[18]

and NO reduction in presence of carbon monoxide.[19,20] AuRh
nanoalloys also show superb catalytic activity towards carbon-
based compounds, as in the case of tetralin hydroconversion
with H2S,

[21] alkenes reduction with gaseous hydrogen[22] and CO
oxidation.[23] Finally, it was recently shown that such systems
have strong bactericide action towards drug-resistant
bacteria.[24] Despite the extraordinary performances and adapt-
ability, AuRh alloys have been rarely investigated to date,
mostly because batch-synthesized AuRh particles are mildly
stable and tend to dissociate.[25] Most of the available data are
therefore related to surface-supported systems, using as
supporting materials TiO2 or Al2O3. However, it was shown that
such an experimental setting induces phase segregation,
affecting the catalytic potential that remains largely
unexpressed.[21,26] Thus, finding a feasible synthetic way to
obtain stable AuRh alloys that do not segregate is a crucial
point that must be addressed.

To date, the computational efforts spent on the study of
this nanoalloy mainly focus on the characterisation of the
systems, barely accounting for its dynamics. Several studies
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indicate how the most stable configuration for the isolated
nanoalloy seems to be the one with the rhodium encapsulated
inside gold, forming a core-shell structure, consistent with
arguments pertaining to the relative surface energy of the two
components.[27] Interestingly, this feature was recovered either
in small aggregates (few dozens of atoms) or in large systems
(more than 10000 atoms), using both ab-initio and classical
atomistic approaches.[28–31] Despite the evidence, there is no
general consensus among the theoretical and experimental
communities on which are the more favorable geometrical
arrangements, how these depend on variables as the relative
metal composition or the operating temperature[32–34] and what
is the relation between the structure and the photocatalytic
properties. Indeed, very recent studies seem to undermine the
net stability of core-shell pattern compared to others config-
urations, suggesting a hybrid mixed-Janus motif as the most
favorable arrangement.[35,36] While in parallel, other investiga-
tions started to shed light on the dynamics behind the synthetic
process of these nanoalloys in some particular cases.[37]

To date, what appears to be certain by mixing Au and Rh is
that the shapes and properties strongly deviate from the ones
of pure metal systems and this mismatch can be recovered
even in aggregates composed of a few atoms.[38] Moreover, it
seems that in these aggregates an odd number of atoms
stabilise the system and that the optimal Au :Rh ratio is around
50%.[39] This naturally prompts the question: do these pieces of
evidence still apply to larger system sizes? Understanding the
relative stabilities of the various isomers and homotopes[40] as a
function of their size and chemical composition is a fundamen-
tal step to deeply understand their catalytic activity. To do that,
it is necessary to study the formation process of the alloys using
atomistic resolution and correlate the geometrical properties of
the obtained structures with their physical features. We there-
fore conducted a computational study to investigate the
synthesis and the physical properties of AuRh nanoalloys in the
subnanometer regime, between 20–150 atoms, by means of a
multi-scale approach. We combine classical Molecular Dynamics
(MD) and Density Functional Theory (DFT) simulations. The
former method was applied to explore three different synthetic
routes commonly adopted in the nanoalloys gas-phase syn-
thesis, namely the one-by-one growth over a small metallic
seed, the collision between nanostructures with different
dimensions, and the annealing of liquid nanodroplets.[41] By
analysing the evolution of the energetics along the simulations,
we could identify the most favourable nanoalloy morphology
and their likelihood of being formed. The latter technique was
further exploited to study their physical properties and their
correlation with the nanoalloys shapes, obtaining interesting
connections between the nanocluster structures and features.

Results and Discussion

The first explored synthetic route was the one-by-one growth in
the gas phase. Here, a nanocluster of a certain species (Au or
Rh) acts as a nucleation site for the nanoalloy growth which is
performed by subsequent deposition of atoms of the other

species. We explored the growth of Au over three different Rh
seeds, namely the Rh19 double-icosahedron (Rh19-DI), Rh38

truncated cuboctahedron (Rh38� Co), and Rh55 icosahedron
(Rh55� Ih), while the growth of Rh atoms over gold was
performed only for a single seed, i. e. the Au20 tetrahedron seed
(Au20� Th). Graphical representations of these nanoclusters, as
well as the excess energy trend as a function of the alloy
composition and total number of atoms are collected in
Figure 1. The excess energy is defined as the energy loss with
respect the same number of atoms in the bulk, divided by an
estimate of the number of atoms at the surface (see Equation 1
in the Computational Methods section). The choice of such
particular seeds come from what is already known about the
structure of small metal clusters that tend to generate compact
aggregates with well-defined geometries. 38-Co and the 55-Ih
are configurations commonly assumed by many metal
aggregates,[32] while the Au20� Th and Rh19� DI are known stable
structures for these two particular metal species.[42,43] As visible
from the excess energy plots, the thermodynamic and the

Figure 1. Excess energy as a function of the composition (upper panel) and
total number of atoms (bottom panel) for the AuRh formation through one-
by-one growth in gas phase. Inset images at the beginning of the curves
represent the starting metal seeds, while the others are schematic
representations of notable structures. Blueish and yellow balls represent Rh
and Au atoms respectively. Plotted curves are averaged over 10 trajectories,
error bars are omitted, curves are given within �0.1 eV.
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stability of the systems strongly depend on the size and
composition. In particular, it appears that the larger the amount
of gold the lower the excess energy of the alloy. This is because
the bulk cohesive energy, which directly influences the excess
energy as reported in Equation (1), is remarkably lower for gold
compared to rhodium (c.a. 3.8 eV vs 5.9 eV)[44] and therefore
larger Au :Rh ratios are characterised by smaller excess energies.
The latter argument also explains why the growth of Rh over
Au20� Th (red line) seems to follow an opposite trend in the
bottom panel of Figure 1. Notably, each line in the graphs
presents a non-monotonic behavior and local energy minima.
This is particularly evident in the case of Au deposition over
Rh19-DI (black line) where 5 local minima can be identified.
These points correspond to the 5 morphologies, depicted at the
bottom panel of Figure 1. Those morphologies have an Rh19

core enclosed in a gold-shell which covering extension and
motif depend on the number of Au-atoms. Among these 5
structures, the ones with lower number of atoms are worth of
particular interest as they present very unusual and exotic
arrangements. The 39 atoms Au20Rh19 structure is composed by
an inner Rh19 core surrounded by an atomic gold stripe; the 55
icosahedral Au36Rh19 system presents a ball-cup arrangement
where an Rh tip emerges from the inner part of the icosahedron
and the 71 atom Au52Rh19 which shows a chiral core-shell motif.
For the sake of brevity from now on these clusters will be
named 39-GS (gold stripe), 55-BC (ball-cup) and 71-CM (chiral
motif).

At this stage of the investigation, it is worth noticing that
the configuration of the Rh19 seed seems to play a major role in
determining the formation process of those structures. While in
the case of 71-CM, the seed still shows a double-icosahedron
symmetry, in the case of 39-GS and 55-BC, the Rh19 seed
presents a fused icosahedron-decahedron geometry, as visible
from Figure 2. We never observed the Rh-seed assuming a
double-decahedron, but the Ih� Dh is similar to what recently
found in ab-initio MD of Al-nanoalloys.[45] This indicates that
geometrical modification can occur within the nanoalloy cores
during the formation process and that these changes directly
influence the stability of the whole nanoalloy and drive its
growth. We will refer to this seed configuration as Rh19� ID. The
role the seed geometry has on the whole structure stability,
together with a thorough analysis of the mentioned notable
structures is given in the following section, where DFT
calculations results will be presented and discussed.

The two morphologies corresponding to the other excess
energy minima in the one-by-one deposition of Au over Rh19

(black curve in Figure 1) corresponds to the 92 atoms Au73Rh19

and the 147 atoms Au138Rh19 respectively. These structures
present more predictable and less unique shapes compared to
the previous ones, since they possess complete (Au138Rh19) or
incomplete (Au73Rh19) icosahedral geometries.[46] Therefore,
despite these structures are marked by relative low-energy
geometries, we did not include them in our examinations. Our
analysis is indeed dedicated to the sole structures which, due to
their exotic shapes, could present notable and unique physical
and catalytical properties. The discarded nanoclusters will be
however considered in the simulations investigating nano-
droplets annealing, as we will discuss later.

Focusing on the growth over the other Rh seeds (Rh38-Co
and Rh55-Ih), the excess energy trend does not reveal any
particular structure corresponding to a given nanocluster size
or composition, except for the icosahedral Au92Rh55 147 atoms
nanocluster, coming from the growth of Au over Rh55� Ih which
is stable due to the geometrical closure of the shell enveloping
the inner seed. Lastly, the deposition of Rh atoms over a gold
seed does not produce any notable structures. The mild
variation of the excess energy trend in Figure 1 (red line) refers
to geometries in which the gold atoms of the seed migrate
toward the external surface of the nanocluster, locally smooth-
ening the monotonical growth of the excess energy. Obtained
Rh-rich systems do not produce high symmetry structures,
preferring to form aggregates reminding the FCC structures of
bulk rhodium. The remarkable propensity of Au atoms to
migrate towards the surface notwithstanding its small diffusion
coefficients[47] (it was estimated in the order of 10� 17 cm2/s)
suggests a strong tendency to form segregated phases with Rh
preferably confined within a gold shell, in line with what
observed in the previously discussed simulations where the
seed was made of Rh atoms. Despite the general consensus in
reputing the Rh@Au core-shell arrangement as the most stable
for AuRh arising from computational inspections,[28–31,48] this is
the first time the arising of this chemical order is directly
observed with atomistic accuracy in such small nanoclusters
through MD simulations. This tendency to form alloys with this
specific chemical ordering can be justified by the higher
cohesive of Rh atoms compared to Au, which naturally try to
rearrange in order to minimise the exposed surface and
saturate all pending bonds. Having in mind photocatalytic
applications where the strong plasmonic properties of gold are
combined with the catalytic capabilities of rhodium, this phase
segregation could heavily affect the device performances since
no Rh atoms are available to bond molecular species on the
surface of the nanosystems, and no plasmonic Au nucleus is
easily forming. Thus, searching for strategies that promote
synthesis of alloys rich in surface Rh content is currently a major
challenge that must be faced. Simply increasing the Rh content
of the alloy is not a viable solution, since the disordered
rearrangement of the gold atoms on the surface would
dramatically affect the optical properties of the system, which
would be in turn dominated by the poor optical response of
rhodium thus losing the main driver for the photocatalysis.[49]

Figure 2. Graphical representation of the two configurations assumed by the
Rh19 seed along the nanoalloys growth.
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Within this framework, the 39-GS and 55-BC systems could
present a concrete possibility for catalytic applications since
they expose Rh atoms on the surface while maintaining well-
defined structures and thus specific and well distinguishable
electronic transitions. For photocatalytic purposes, 71-CM could
also present as a valuable candidate due to its chiral superficial
texture that could bind molecules with a chiral configuration,
even though the shell is made of gold atoms.

The second explored synthetic route was the coalescence
between pure nanoclusters in the gas phase. The complete list
of structures we chose for these simulations is available in the
Computational methods section, while the excess energy of the
obtained alloys as a function of composition and dimensions
are given in Figure 3. As expected, the stability of the coalesced
nanoclusters directly depends on the ratio between the two
metals: the higher the Au :Rh ratio, the lower the excess energy.
Notably, regardless of the dimension of the gold counterpart,
the coalesced nanoclusters coming from the collision of Rh19

have the lowest excess energies and closely follow the trend
recovered in the case of the one-by-one growth, included in
Figure 3 as a reference to evaluate the coalescence efficiency.
We suspect that, due to its small dimension, the Rh nanocluster
can be fully enveloped within a gold shell and this rapidly
occurs to minimise the surface energy, similar to what is
observed in the one-by-one growth. Minor differences aside,
the structures obtained in this case have morphologies which
are surprisingly similar to the ones of the gold deposition over
Rh19 seed. An interesting exception is observed in the case of
the coalescence between Au20 and Rh19 which produce a
nanocluster where the Rh kernel is partially covered by Au
atoms, in a covering motif quite different from the one of the
39-GS case obtained during the deposition.

Despite the different structural arrangements, isomers
obtained through these two synthetic approaches have
sufficiently similar excess energy, indicating the same relative
stability compared to other possible shapes. This suggests that,
although coalescence can produce structures energetically
identical to the one of the growths over seeds in some specific
cases, this technique can be used to synthesise isomers of the
same nanocluster whose properties could be sensibly different
from its one-by-one growth counterpart. These considerations
are however valid only in some specific cases. As observable
from Figure 3, most of the coalesced alloys strongly deviate
from the ones of the metal deposition over a seed, either
considering the growth over Au20-Th and Rh19-DI (red and black
lines in Figure 3). Most of the simulations produce non-
symmetric shapes which often are energetically higher than
those obtained from the one-by-one growth at the same Au :Rh
compositions (see for example the results concerning the
coalescence of Au75). In general, they have energies higher than
the ones obtainable through metal deposition and nucleation
on a seed. At finite temperatures, it is likely that coalesced
morphologies will evolve to those shapes obtained from the
one-by-one growth. We do not consider asymmetric morpholo-
gies for further analysis. Before proceeding with the presenta-
tion of the results concerning the last explored synthetic
procedure, it is interesting to highlight the spontaneous
propensity to generate Rh@Au core-shell nanoclusters where
the Au atoms tend to cover the surface of the Rh counterpart as
is noticeable in the inset images reported in Figure 3, confirm-
ing the natural predisposition observed in the previously
analysed synthetic route.

Finally, we consider our tertiary formation process for AuRh
nanoalloys is the annealing of small nanodroplets. In these
simulations, some of the tested systems were collected from
the trajectories of the processes already discussed, while others
were specifically built for this purpose. A detailed list of the
tested systems is available in the Computational method
section. Compared to the previous synthetic approaches, this
process allows for the formation of the thermodynamically
stable isomer for a certain nanocluster and this highlight which
structures are more likely to be obtained in an opportunely
designed experimental setup. Indeed, our simulations focus on
the formation of individual nanoclusters but neglect the
coexistence or the assembly of several nanoparticles at finite

Figure 3. Excess energy as a function of the chemical composition (upper
panel) and the total number of atoms (bottom panel) for the AuRh formation
through coalescence (coloured symbols). For the sake of comparison, the
graphs include the excess energy trends of the one-by-one growth in the
case of Au20� Th and Rh19� DI seeds. Inset images represent the alloys
recovered from the coalescence simulations. Error bars are the standard
deviation of the excess energy calculated over 10 trajectories.
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temperatures. Our calculations should be treated as a reference
for gas-phase experiments where the concentration of nano-
alloys is low enough to prevent sensible clusters
interactions.[50,51] Furthermore, the size differences considered
here are so small that one can neglect Ostwald ripening.[52]

We calculate the meting temperature (Tm) of the inves-
tigated alloys, since the solid-liquid phase transition can be
directly observed from the trend of the excess energy as a
function of the temperature in both melting and subsequent
freezing processes. An example of this plot is given in Figure 4
where the excess energy for the 55 atoms core-shell Au42Rh13

icosahedral nanocluster is given as a function of temperature, in
both processes. In this case, the systems present a phase
transition that begins at 1000 K and terminates around 1200 K,
leading to a liquid nanodroplet. We define the Tm of the
nanocluster as the inflection point of the functions which in this
case falls around 1100 K. The overlap of the two lines referring
to the melting and freezing processes indicates that the
transition is thermodynamically reversible and that the geo-
metries recovered from the solidification, i. e. the thermody-
namically stable isomer of the alloy, coincide with the nano-
cluster initially melted.

As a general trend, we find that all investigated nanoalloys
present excess energy trends similar to the ones of Figure 3.
However, there were specific cases where the plots show
discontinuities and non-monotonical trends for the excess
energy dependence on the temperature. This is especially the
case for the systems we built to study the stabilities of Janus,
inverse core-shell, and randomly mixed chemical ordering.

The uncommon tendencies of their excess energy, which
are available as Supporting Information, indicate large instabil-
ities and testify to the presence of phase transition toward the
Rh@Au core-shell chemical order even below 300 K, thus
highlighting the high instabilities of these arrangement com-
pared to the core-shell one. Apart from these cases, most of the
investigated nanosystems present annealing patterns that

confirm the thermodynamical stability of the structures
annealed, presenting no mismatches between the excess
energy trends for the melting and freezing simulations and
well-defined Tm. Dynamically, it appears that the solid-liquid
transition is generally driven by the integrity of the gold shell.
In the case of the melting process, as the temperature
approaches Tm, the atoms constituting the Au shell start to
vibrate and diffuse, losing a coherent motif while the inner Rh
seed remains compact. As the temperature exceeds Tm, the
rhodium kernel starts to lose its structure and gradually melts.
This phenomenon, always observed in our systems, can be
interpreted on the basis of the following considerations. First,
Tm for gold is sensibly lower than the one of rhodium (1337 K vs
2237 K in the bulk phase[53]) indicating a weaker temperature
stability for gold structures. Secondly, the rhodium core is
usually enveloped within the gold shell in a compact shape
where the atom coordination numbers are generally higher
than the ones of the gold atoms constituting the shell.
Therefore, the binding energy per atom is higher for Rh than
Au. This does not mean the Rh kernel does not play an active
role in the process. In the case of 71-CM, for example, the
rotational motion of Rh19-DI seed is activated by the temper-
ature, allowing a continuous swap between Rh19-DI and Rh19-ID
shapes, whose graphical models are presented in Figure 2. A
plot showing the Tm as a function of the cluster sizes and metal
contents for the investigated nanoalloys is available in Figure 5.

Pure Au and Rh icosahedral structures made of 55 and 147
atoms were included in our analysis as a benchmark to evaluate
the features of the nanoalloys. As expected, the Tm of systems
owning the same number of atoms (e.g. when N=55, 147 in
Figure 5) is between the values identified for the pure nano-
clusters. This demonstrated that Tm is a multifactorial function
that depends on both system size and composition. Such
dependencies are however not so trivial as could be thought in
the first place.

Figure 4. Caloric curves for core-shell Au42Rh13 nanocluster for both melting
and freezing processes. Inset images represent the alloy conformation at
800 K and at 1400 K.

Figure 5. Melting temperatures of the investigated nanoalloys, as a function
of size and metal content. The images are graphical representations of the
particular systems. Tm are given within a confidence interval error of �50 K.
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It is indeed surprising how the Tm of 71-CM is 140 K higher
than the one of the 92 atoms structure Au73Rh19. Such a
temperature difference is too large to be justified on the basis
of the sole difference in metal content which is indeed quite
moderate (73% of Au content for 71-CM vs 79% in the case of
Au73Rh19) and anyway is not coherent with the fact that the 147
atoms Au128Rh19 present a higher Tm compared to Au73Rh19.
Furthermore, all those structures arise from the same synthesis,
and thus this peculiar Tm behaviour cannot be related to
differences in chemical ordering or nanoclusters inner morphol-
ogy. The explanation of this phenomenon must lie elsewhere.
Thinking about the relative structures stabilities it can be
noticed that the 71-CM and the Au128Rh19 nanoclusters possess
remarkable energetic stabilities given by the geometrical
closure of the gold shell surrounding the inner part of the
system. Being stacked within a well-defined texture, the gold
atoms have a high kinetic diffusion barrier and texture is less
affected by the enhanced thermal vibrations. Conversely, the
superficial atoms of Au73Rh19 are not constrained within any
particular motif and further suffer from low-coordinated Au
atoms, making them more sensitive to the temperature
changes. Generally speaking, symmetric isomers are likely to
show a higher melting point than less symmetrical structures,
because of a lower contribution to the vibrational entropy.[54] At
least from a qualitative point of view, we can argue that the
higher symmetry of 71-CM compared to the 92-atom structure
should justify the observed Tm differences.

Another interesting aspect that emerges from the analysis
of Tm is that all nanoalloys show remarkably high thermal
stabilities. There are nanoalloys such as 55-BC with remarkably
high Tm (around 1000 K), which is an outstanding value for a 55
atom aggregate. The case of 147 atom structures is even more
surprising. Even though some of them have a very low Rh
content (around 13% in the case of Au128Rh19), the Tm are still
surprisingly large, being located around 1000 K. This indicates
that even a small amount of Rh can heavily modify the physical
properties of these systems and influence their thermal
stabilities. This, in turn suggests that an Rh doping of gold
structures could effectively increase the thermal stability of the
system and extend the range of temperature in which gold-
nanostructured devices can be applied, potentially leading to
important improvements in technologically relevant applica-
tions.

These latter observations, which are here based on a
theoretical approach to the problem, follow what is experimen-
tally known about the thermal stabilities of these nanoalloys. In
a work from 2017, Shubin et al. studied the formation and
stability of gold-based nanoalloys exploring also the AuRh
system.[37] Despite the investigated sizes and compositions were
slightly different from the ones of our nanosystems, their
analysis reflects what we observed in our simulations. High
Temperature Synchrotron X-Ray Diffraction techniques revealed
that AuRh nanoalloys have a remarkable thermal stability (even
though smaller than the ones we observed) and the authors
suggested this is due to the slow kinetics of rearrangements
which require a large amount of thermal energy to be activated.
Our simulations are compatible with the experimental observa-

tions on the impressive thermal stabilities and the high kinetic
energy barriers, while highlighting the importance of the latter
and its connection with the geometrical arrangements of the
atoms. We indeed recover a non-monotonic trend in the size
dependence of Tm which we related to the structures of the
alloys themselves and their structural closure.

To conclude this section on the results of MD simulations,
we want to comment and integrate the synthetic mechanism
Shubin et al. proposed in their work. From the data obtained
through X-Ray Diffraction, they proposed the synthesis of AuRh
could occur through a conversion chemistry mechanism where
Au seeds act as nucleation spots for Rh growth, which gradually
migrates towards the inner part of the structure as the sizes
increase.[37]

The experimental conditions indeed forced the synthesis to
proceed that way and it was demonstrated to generate
thermally stable nanoclusters. However, the melting temper-
ature recovered by the authors are sensibly smaller compared
to the ones we predict in our simulations, being around 700–
800 K for nanoparticles with sizes around 5 nm. In our opinion
this is due to the chosen synthetic procedure (Rh nucleation
over Au seeds), which we demonstrated is not the most suitable
for these kinds of nanoalloys, leading to relatively unstable
systems. On the contrary, performing the growth the opposite
way i. e., by depositing Au onto Rh seeds could bring us to
structures with higher thermal stabilities, lower topological
disorder and could lead to a more accurate atomic species
distribution, selectively producing minimum energy alloy
isomers.

In the second part of this work we deepen our insight on
some specific AuRh structures and investigate their features by
means of DFT calculations, using a plane-waves basis and the
PBE exchange-correlation functional.[55] Geometrical coordinates
of the DFT-relaxed nanoalloys are available in the Supporting
Information. We focused our treatment on the formerly
described 39-GS, 55-BC and 71-CM nanoclusters since their
exotic shapes together with their remarkably relative stability
makes them good potential candidates for photocatalytic
applications. Each of the mentioned cases was studied in two
different shapes. As noticed in the one-by-one growth
simulations, the geometry of the inner Rh seed seems pivotal to
determine the structure and stability of the nanoalloys. We
therefore investigated the mentioned alloys taking into account
two different isomers, namely Rh19-DI and Rh19-ID. We further-
more extend the calculations on the pure forms of metal
structures, i. e. on Rh19, Au20-Th, Rh55-Ih and Au55-Ih. The data
recovered from the DFT calculations are collected in Table 1.
Starting from the systems energetics, the nanoclusters isomer
which resulted energetically favoured from the finite-temper-
ature MD simulations still resulted the most favourable
structures in the DFT simulations. This remains valid also for the
MD stabilities calculated at T=0 K as we are going to discuss
soon. The DFT estimated energetic trend is confirmed by the
values of the bonding energy Ebond, which estimates the
nanoalloys stability with respect to the isolated atoms case (see
Computational Methods for more details). Such values are
always higher for the isomers recovered through MD (marked
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with * in Table 1) compared to the counterpart (e.g. for 39-GS
Ebond is larger for ID configuration, while for 71-CM is larger in
the case of DI arrangement). However, the relative stability
between the two isomers is not constant and seems to increase
as the gold shell covers the inner seed. The total energy
separating the two isomers at the DFT level are 0.16 eV, 0.24 eV
and 1.36 eV for 39-GS, 55-BC and 71-CM nanostructures,
respectively. We calculated the relative stabilities between
isomers at the MD level, quenching the structures obtained
during the dynamics. We obtained energy differences between
DI and ID isomers of 0.66 eV, 0.80 eV and 1.08 eV for 39-GS, 55-
BC and 71-CM, respectively. Although the agreement with DFT
is only qualitative as expected, the energy ordering is the same,
suggesting with a larger gold envelop, it is less likely to
rearrange its core. Energetically speaking, there is also a net
energy gain in forming the alloy compared from the pure
nanoclusters, as confirmed by the positive values of the mixing
energy ɛmix. This indicates that the production of those systems
should be an exothermic process that occurs spontaneously
and could in principle catalyse the production of isomers with
similar energy, if the kinetic energy barrier for the isomer’s
transition is small enough.

The geometrical analysis of the DFT-relaxed nanoalloys
reveals interesting trends for the nearest neighbour interatomic
distances. At first, our analysis of the data demonstrates that as
the size of the system increases, the average Au� Au bond
length increases and approaches the bulk PBE estimated
reference value of about 2.95 Å.[56] This phenomenon is well
known to take place in small metal aggregates, where the
average bond length is shortened compared to the bulk
because of the lower coordination number of the superficial
atoms, which tend to compensate for the pending bonds by
reducing their relative distance. Even Rh� Rh couples follow the
same trend, especially if the average distances of the nanoalloys
are compared with the ones of the pure Rh19 seeds. This
however is not connected to a larger number of Rh constituting
the nanocluster, since the seeds always have the same number
of atoms; indeed this effect arises from the sole covering effect
given by Au, which stimulates an elongation of the Rh� Rh
bonds, allowing them to approach and reach the bulk PBE
calculated value of 2.72 Å.[56] To the best of our knowledge, this

is the first time this stimulated bond elongation given by the
shell enveloping is observed in AuRh nanosystems.

Finally, Au� Rh bonds are not sensibly affected by the size of
the nanoalloys since their values remain always within the same
error bars. The most remarkable differences involving DI and ID
isomers are the ones relative to the magnetic moment per
atom and to the energy gap between the frontier orbitals,
namely the HOMO-LUMO gap. Our simulations reveal that two
isomers, which we may recall differ for the sole rotation of the
Rh seed, can have different magnetic moments. According to
our simulations, 39-GS nanocluster in its ID form has an
impressive magnetic moment per atom and remarkable large
HOMO-LUMO gap compared to its DI shaped counterpart. This
suggests that small geometrical changes of the Rh seed could
reflect into massive changes in the systems physical features
and therefore, on its potential technological applications. Same
considerations can be applied to the other analysed alloys and
even on the Rh19 seed itself whose geometrical configurations
strongly affect its electronic properties (see Table 1).

Since we are interested in characterising the optical and
photophysical dynamics of these systems, we searched for the
existence of charge imbalances within the structures which
could allude to the existence of optically active charge transfer
transitions. The analysis of the charge distribution within the
most stable isomers is given in Figure 6.

The charge excesses and losses are given with respect to
the number of electrons possessed by the single atomic species,
as specified in the Computational methods section. By consider-
ing Figure 6, it can be clearly noticed the existence of a strong
charge separation between Rh and Au atoms become self-
evident.

In particular, gold atoms naturally withdraw electrons from
rhodium, resulting in a partially oxidised configuration where
Rh atoms can lose up to 0.2 electrons.

Such an important charge imbalance directly arises from the
electrochemical processes occurring at the Au� Rh interface
which leads to a net electron transfer from rhodium to gold
due to the difference in the electrochemical reduction
potential.

The presence of partially oxidised Rh atoms in the external
part of the clusters (in the case of 39-GS and 55-BC) could lead

Table 1. Data collected from DFT calculations performed on various pure and alloyed nanostructures. Here d indicates the average bond length between
nearest neighbour for the couple of species indicate as subscript, Ebond and ɛmix are the bonding and mixing energy, M is the average magnetisation per
atom and H� L indicate the energy of the HOMO-LUMO gap. Error bars associated to d indicate the standard deviation of the sets of bonds in each cluster. *
stands for the classically predicted lowest energy isomer.

Name Shape dAu� Au [Å] dRh� Rh [Å] dAu� Rh [Å] Ebond [eV] ɛmix [eV] M [μB] H� L [eV]

39-GS DI 2.80�0.02 2.72�0.17 2.77�0.10 3.419 0.297 0.07 0.03
ID* 2.88�0.07 2.71�0.07 2.82�0.07 3.423 0.255 0.64 0.14

55-BC DI 2.85�0.08 2.74�0.08 2.80�0.08 3.303 0.178 0.18 0.15
ID* 2.89�0.04 2.69�0.05 2.81�0.04 3.307 0.146 0.32 0.16

71-CM DI* 2.87�0.04 2.71�0.06 2.80�0.05 3.213 0.186 0.18 0.11
ID 2.85�0.04 2.70�0.06 2.79�0.05 3.194 0.181 0.22 0.08

Rh19 DI* – 2.67�0.04 – 3.888 – 0.55 0.08
ID – 2.63�0.08 – 3.876 – 0.41 0.18

Au20 Th 2.81�0.10 – – 2.360 – 0.00 1.79
Rh55 Ih – 2.65�0.06 – 4.489 – 0.54 0.10
Au55 Ih 2.84�0.07 – – 2.527 – 0.00 0.65
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to interesting photocatalytic processes. Indeed, simple Coulom-
bic interactions could favour the adsorption of electron rich
molecules on top of these sites. Then by optically stimulating
charge transfer transitions within the alloy, these adsorption
points easily take part to the optical activity and this in turn
would probably affect the vibrational and/or the electronic
structure of the adsorbed molecule, activating chemical reac-
tions. Such a mechanism could also involve the generation of
hot-carriers as already proposed for these nanoalloys.[16]

Conclusions

In this work, we studied the formation and the physical
properties of AuRh nanoalloys, between 20 and 150 atoms, by
means of a multiscale protocol involving molecular MD and
DFT simulations. Among the tested synthetic procedures, the
one-by-one growth produces the most favourable geometries,
especially when Au atoms are deposited over an Rh seed. Such
processes generate structures with exotic shapes, whose
growth is driven by the symmetry assumed by the Rh seed, and
were found to have extremely interesting physical features. All
simulations generate structures marked by a strong phase
segregation presenting an Rh@Au core-shell ordering. Any
other arrangement was found to be highly unstable, sometimes
even at room temperature (as in the case of randomly mixed
chemical ordering). All tested AuRh nanoalloys are characterised
by a remarkably high melting temperature, sometimes above
1000 K, even in cases where the Rh content is below 20%.
Moreover, we noted that structures presenting geometrical
closures were, in general, more stable at higher temperatures.
Ab-initio investigations performed on structures built from an
Rh19 seed revealed that the shape assumed by the inner parts
of the nanostructures plays a major role in determining the

system’s physical features, especially regarding the magnetic
moment and HOMO-LUMO gap. An analysis of the charge
distribution demonstrates the existence of a net charge
separation within the nanoclusters, with gold atoms attracting
electrons from rhodium. This suggests the existence of optically
active charge transfer transitions that could potentially play a
major role in the system’s photocatalytic capabilities. To date
these are nothing more than theoretical speculations, however
we believe this route deserves to be explored since it could
bring practical improvements in the use of AuRh nanosystems
as effective photocatalysts. Globally, our results represent a
solid step toward the comprehension of the dynamics and the
physical properties of these notable nanoclusters.

Computational Details

Classical Molecular Dynamics Simulations

All calculations were performed as implemented in the open-source
package LoDiS57, using a potential derived in the second moment
approximation to tight-binging theory to describe the interatomic
potential.[58,59] This force field was proved to give reliable results for
single and binary alloys at the nanoscale.[40,60,61] We consider the
parametrization as in ref. [31]. By means of MD we studied three
different synthetic mechanisms using the following methodologies:
1) One-by-one growth: we simulated the growth of Rh over a

tetrahedron Au20 seed (Au20� Th) and of Au over various Rh
seeds, namely double-icosahedron Rh19 (Rh19� DI), truncated
cuboctahedron Rh38 (Rh38� Co) and icosahedron Rh55 (Rh55� Ih).
These structures are visible in the bottom panel of Figure 1. All
simulation were conducted at 600 K, depositing one atom every
50 ns. The deposition stopped when the whole nanocluster
reaches the sizes of 150 atoms. The choice of simulating Rh
deposition on a gold seed in a single case comes from the
evidence that Au naturally tends to diffuse towards the surface
and constitute the external part of the particle, losing its role as
kernel.

2) Nanocluster’s coalescence: we simulated the collision and
further coalescence of the gold-based systems Au20� Th, Au38-
Co, Au55� Ih and Au75� Co with the rhodium Rh19� DI, Rh55� Ih and
Rh75� Co nanoclusters. This allowed us to obtain and analyze the
dynamics of formation of several alloyed structures that differ in
sizes and compositions. The collision always occurs along the
same cartesian axis, thus using the same nanoclusters impact
angle. All systems were simulated at 600 K for a total amount of
500 ns, allowing the system to relax after the impact which
always takes place within the first 50 ns. Snapshots showing
coalesced structures are reported within the graphs in Figure 2.

3) Nanodroplets annealing: we simulated the annealing process of
several Au, Rh and AuRh systems. In particular we tested the
following structures: Au55� Ih, Au147� Ih; Rh55� Ih, Rh147� Ih; Rh@Au
core-shell 55 atoms Au42Rh13� Ih and Au36Rh19� Ih, 71 atoms
Au52Rh19, 92 atoms Au73Rh19, 147 atoms Au92Rh55� Ih,
Au128Rh19� Ih and Au134Rh13� Ih; Au@Rh inverse core-shell 55
atoms Au13Rh42� Ih; randomly mixed chemical ordered 55 atoms
Au26Rh29� Ih; Janus ordered 55 atoms Au27Rh28� Ih. Notice that
most of the chosen nanoalloys come from the simulations
described in 1) and 2) while other structures were built ad hoc
to be tested in these simulations and to determine their Tm. The
systems were first melted by gradually increasing the temper-
ature and then cooled down using an heating (and cooling)
rate of 1 K/ns, which is small enough to consider the solid-liquid
transitions as a reversible process and was proven to give

Figure 6. Left panel: morphologies from the classical MD and then DFT-
relaxed. Au is coloured in gold, Rh in blue. Central and right panels:
distribution of charge imbalance, accordingly to the colour map. Right panel:
Au atoms are shrunk to ease the visualisation of the Rh charge imbalances.
Positive values in the colour map (white and yellow) indicate an excess of
electrons, while negative values (orange, red and black) suggest charges
loss. Au vertexes are positively charged, while Rh is more negative when
covered by Au. Details on the calculations are given in the Computational
methods section.
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reliable Tm within a �50 K range.[62] The initial and final
temperatures depend on each system, and are chosen in order
to make the solid-liquid transition clearly visible from the excess
energy data, as shown in Figure 3. Please notice that some of
the mentioned nanoclusters are not explicitly treated in the
discussion and not considered in the plot reported in Figure 4.
This is because, as mentioned in the text, some of the
considered 55 atoms structures (inverse core-shell Au13Rh42,
randomly mixed chemical ordered Au26Rh29� Ih and Janus
ordered Au27Rh28� Ih) are highly unstable and naturally assume
core-shell motifs during the initial heating, giving caloric
patterns and structure similar to the core-shell cases (e.g.
Au42Rh13� Ih or Au36Rh19� Ih). The caloric profiles of these
particular alloys are attached as Supporting Information.

Before performing the simulations, all nanoclusters were quenched
through a 5 ns long equilibration. The simulations were performed
via the Velocity-Verlet, using a time-step of 5 fs and imposing a
temperature control through an Andersen thermostat with a
stochastic collision frequency of 5 ·1011 Hz. This protocol has already
been assessed as reliable by other simulations involving metallic
nanoclusters.[60,63,64] All described simulations were repeated
10 times, randomly assigning the initial value of the atomic
velocities from a fixed-temperature Maxwell-Boltzmann distribution.
All results we reported in this work are averaged over the 10
trajectories, and thus minimise spurious contributions coming from
the initial conditions of the systems. Lastly, most of our calculations
are performed on geometrically closed shapes since they are the
most energetically favourable in the case of bare metallic
nanoclusters.[46]

Density Functional Theory calculations

As discussed in the Result and Discussion section, we performed
ground-state DFT calculations on the most favorable geometries
recovered along the MD simulations and relative isomers. These
calculations were conducted at the PBE level55 using plane-waves
basis sets, as implemented in the code Quantum ESPRESSO version
6.6.[65,66] To describe the core electrons of the metal species we
employed fully relativistic norm-conserving pseudopotentials. For
both Au and Rh, the kinetic energy cut-off for the wavefunction
and the electronic density were converged to 60 Ry and 300 Ry
respectively. The various structures were relaxed through spin-
polarized BFGS optimizations, assigning a non-null magnetization
to both Au and Rh species of 0.5 bohr/atoms and imposing a 0.01
Ry gaussian smearing to facilitate the convergence of the electronic
densities. Calculations were performed at Γ point using a system-
dependent cubic cell large enough to assure at least a 15 Å vacuum
layer among a nanocluster and its replica. A subset of the structures
relaxed with this approach are visible in Figure 5, while the
geometrical coordinates of all optimized nanoclusters are attached
as Supporting Information.

The effective atomic charges assigned on each atom of the
nanoalloys were calculated as Qeff ¼ ne � q where ne is the number
of accounted valence electrons for Rh and Au, while q is the Bader
charge calculated through the Bader partitioning charge
analysis.[67–69] Bader charges estimation were performed using a
code specifically developed by the Henkelman Research Group,
University of Texas at Austin (Texas, USA).[70]

Energetics and Characterisation

To characterise the thermodynamics of the trajectories and
estimate the stabilities of various isomers, we exploited some useful

quantities that allow a characterization of the processes and
systems energetics. These quantities are defined as follows:

* Excess energy: this represents the energy required to form a
certain alloyed structure starting from the Au and Rh bulk phases.
This quantity was proved to be a reliable descriptor for the relative
stability of alloys with different sizes and compositions.[32,46,71] It is
defined as:

Eexc ¼
NAuE

coh
Au þ NRhE

coh
Rh

� �
� Ealloy

NAu þ NRhð Þ2=3
(1)

where NAuand NRh are the number of Au and Rh atoms constituting
the alloy, EcohAu and EcohRh are the cohesive energy of bulk Au and Rh
and Ealloy is the total energy of the nanoalloy, estimated classically
by MD. In all cases we impose EcohAu =3.55 eV and EcohRh =5.75 eV
which are the values of cohesive energies predicted by the adopted
force field.

* Binding energy: the energy gained by the systems when the
atoms bind together starting from their gas phase, defined as:

Ebond ¼
NAuE

free
Au þ NRhE

free
Rh

� �
� Ealloy

NAu þ NRh
(2)

where EfreeAu and EfreeRh are the energy of single Au and Rh atoms in the
gas phases, estimated at the DFT level. In this case Ealloy refers to
the total energy of the relaxed nanoalloy, calculated at the DFT
level.

* Mixing energy: energy gained by the systems when alloys with
specific geometries are formed, compared to the pure metal
nanoclusters. It is defined as:

emix ¼

NAu

NAuþNRh
EalloyAu þ

NRh

NAuþNRh
EalloyRh

h i
� Ealloy

NAu þ NRh

(3)

where EalloyAu and EalloyRh are the DFT calculated energy of pure Au and
Rh nanoclusters at the geometry of the considered alloy. Even in
this case Ealloy is the total energy of the relaxed nanoalloy computed
at the DFT level.

The emix values collected in Table 1, are the mixing energy defined
in Equation (3) normalized by the number of atoms.

Finally, the graphical representations of all nanocluster structures
were obtained using the visualization code OVITO.[72]
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