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ABSTRACT: An evaluation of the performances of several known
low-cost methods for the reproduction of structural features of
differently sized Pt nanoparticles (NPs) is presented. The full
density functional theory PBE-dDsC functional (within the plane-
wave formalism) was employed to benchmark the semiempirical
tight-binding DFTB and GFNn-xTB (n = 0, 1, 2) and the reactive
force-field ReaxFF. Performances were evaluated by comparing
several size-dependent features (such as relative stabilities,
structural descriptors, and vibrational features) computed with
the different methods. Various structures (ordered and amorphous)
and sizes (from Pt13 to Pt561) were considered in the datasets.
ReaxFF molecular dynamics (MD) was employed to achieve the
amorphization of cuboctahedral Pt147, Pt309, and Pt561 geometries,
which were subsequently optimized with both the low-cost methods and the DFT reference, within a multilevel modeling approach.
The structures were further annealed with GFN0-xTB MD. While DFTB performs quite well over all the selected structures, GFN2-
xTB and the cheaper GFN0-xTB show a general predilection for amorphous geometries. The performances of GFN2-xTB are found
to worsen with the increasing size of the system, while ReaxFF and GFN0-xTB undergo the opposite trend. We suggest that the
semiempirical DFTB (and within certain limitations GFN0-xTB and ReaxFF) could be suited for fast screening through amorphous
big-sized Pt NPs.

1. INTRODUCTION
The importance of metal nanoparticles (NPs) in modern
technology has grown exponentially since scientists started
studying their properties and engineering during the last
century. Pt NPs display unique characteristics (resistance to
oxidation, biocidal activity, plasmon resonance, etc.), which
made them employable in a great variety of applications: from
biosensors to electronics, catalysis, and more.1,2 One of the
most interesting features of Pt NPs is their ability to activate
and sometimes dissociate many molecules of environmental
and industrial relevance, such as H2, CO, CO2 and organic
compounds.3,4 The activity enhancement gained by dispersing
metal nanoparticles of controlled size on support materials,
such as oxides or carbons, has indeed given heterogeneous
catalysts based on supported Pt NPs a central role in several
catalytic processes,5 like pollutant removal,6,7 hydrogenation/
dehydrogenation reactions,8−11 naphtha reforming,12,13 etc.
The fine understanding of the properties of Pt NPs is

challenged by their complex and ductile structure, which is
very sensitive to the chemical environment (reactants or nature
of the support). Usually, Pt NPs display a great variety of sites
whose coordination depends on the NP’s shape, size, and
structural disorder, giving birth to an overlap of contributions

and convoluted experimental responses strongly depending on
reaction conditions.14 Hence, the atomic scale determination
of these systems requires the use of cutting-edge character-
ization techniques in combination with state-of-the-art
computational chemistry methods.15−19 The advance of
density functional theory (DFT) and the development of
high-performance computing (HPC) facilities has led to
numerous progresses in the understanding of the properties
of Pt NPs through the last decades.20 For instance, a great
variety of shapes has been found for isolated Pt clusters,21−24

while the interaction of Pt NP’s with oxide supports25−29 and
various reactants (such as H2 or CO) has been investigated for
clusters ranging from 2 up to around 200 atoms.28,30,31

Nevertheless, one of the frontiers of the field arises from the
fact that DFT can be employed for accurate calculations on
simple systems featuring up to around a few hundred atoms,
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but it becomes rapidly too demanding when increasing the
number of metallic atoms involved.32,33 This aspect represents
a strong limitation to the development of realistic models,
often compelling researchers to rely on simplifications such as
reduction of system’s size and of nanostructure complexity.
The process of building reliable molecular models of metallic

NPs comprehends a preliminary step in which many candidate
structures have to be screened for a given NP size.34 During
this step, the potential energy surface (PES) has to be explored
in order to find the most stable minima that can be relevant
and populated at a given temperature.35,36 Even though various
algorithms, such as global optimization24,37−39 and simulated
annealing by ab initio molecular dynamics,21,40−43 can be used
to generate and explore candidate structures for metallic
clusters, the main bottleneck of this step is the computational
method employed to describe the PES. For example, an
exhaustive PES exploration within a full-DFT approach can be
carried out only for small and simple systems at a high
computational cost. Adopting a multi-level modeling scheme
often represents an efficient workaround, envisaging the
exploitation of low-cost approximated methods (semiempirical
(SE) functionals, force-fields (FF), neural network potentials,
etc.) instead of DFT for the exploration of the PES.23,44 Even
though this strategy can massively reduce the computational
cost of the process, the approximations on which these
methods rely always entail an accuracy loss to some extent.
Moreover, the stronger these approximations are, the weaker
the transferability of the method. Thus, the accuracy of
approximated low-cost methods must be thoroughly assessed
against reference methods that are proven to be trustable for
the systems at issue.
In this paper, we benchmark the performances of several

low-cost computational methods for the computation of
structural properties and size effects on Pt nanoparticles of
stoichiometry Pt13, Pt55, Pt147, Pt309, and Pt561. The semi-
empirical tested methods are density functional tight binding
(DFTB)45 and three methods belonging to the GFN extended
tight binding family: GFN0-xTB,46 GFN1-xTB,47 and GFN2-
xTB,48 where the acronym “GFN” stands for “geometries,
frequencies and noncovalent interactions”. The ReaxFF49,50

reactive force field was tested in the same fashion. DFTB and
the ReaxFF are well-known methods that have already been
frequently employed in heterogeneous catalysis.51−58 On the
other hand, the recently developed GFN methods were first
benchmarked against high-level DFT, wave function theory
(WFT), and experimental data mainly for organic and metal−
organic compounds.34,46−48 However, their promising appli-
cations reported in the past few years59−62 together with their
low computational cost and their atom-specific parametrization
make their accuracy worth to be assessed on metal NPs as well.
Due to the lack of clear insight from the literature, our

benchmark strategy for this study was built as follows. A small
structural dataset containing 14 different Pt13 NPs, divided into
amorphous and ordered structures, was considered to first test
the performances of all the listed methods. The benchmark was
performed by assessing their ability to reproduce relative
stabilities, thermochemical parameters and structural descrip-
tors (bond lengths, bond angles, and radii of gyration)
computed at the PBE-dDsC63,64 level for every NP of the
dataset. An analogous approach is adopted for two sets of
amorphous NPs of Pt13 (54 structures) and Pt55 (93
structures) stoichiometry, in order to evaluate the particle
size effect. The ultimate task of the work will be to propose a

cost-effective simulated annealing procedure combining
ReaxFF and GFN0-xTB to generate reliable amorphous
structures for large Ptx NPs (x = 147, 309, 561). In the last
section, this route is critically analyzed, pointing out its
advantages and limits to overcome.

2. METHODOLOGY
2.1. Computational Details. DFT calculations were

carried out within the plane-wave formalism, thanks to the
VASP65,66 code (version 5.4.4). The PBE exchange−
correlation functional63 was employed, setting an energy cutoff
of 400 eV for Pt13 and Pt55 and 300 eV for Pt147, Pt309, and
Pt561. The choice of the PBE functional is due to its
computational cost and general applicability,67 allowing us to
compute energies and geometries for the biggest NPs
considered in this work, coupled with its relevance for
simulating Pt and surfaces of transition metals in general.68

The dDsC correction,69 benchmarked for predicting molecular
adsorption at Pt surfaces by Gautier et al.,70 was added to take
into account dispersion interactions, while core electrons were
described with the PAW method.71 To motivate our reference
functional choice, we evaluated the performances of PBE, PBE-
dDsC and PBEsol72 on the Pt13small dataset (details about the
dataset are given in the next section). The comparison between
relative energies computed with the three functionals is
presented in Figure S1 of the Supporting Information. The
small deviations (below 0.03 eV/atom) observed between the
data obtained with the different functionals confirm that the
impact of the reference GGA functional lies in the background
if compared with the effect of a geometry optimization at the
SE or FF level. A Gaussian smearing (σ = 0.05 eV) was applied
to accelerate the convergence of the electronic iterations. The
threshold for all the electronic energy minimizations was fixed
to 10−7 eV. Spin-polarized calculations were performed for Pt13
and Pt55. Geometries were optimized with the conjugate-
gradient algorithm until the residual forces were below 0.005
eV/Å. Although geometry optimizations of NPs of sizes up to a
few hundred of atoms are feasible at the PBE level, the same
process is thousands of times faster if employing the low-cost
methods at issue (Figure S2). Thus, understanding to what
extent results obtained with the latter deviate from the PBE
reference is crucial to safely exploit this massive gain in
computational time.
DFTB calculations were carried out through the DFTB+

code (version 21.1).45 Electronic energies were computed by
setting a self-consistent charge (SCC) tolerance of 2.7 × 10−7

eV, a maximum angular momentum lmax = 2 and a Fermi−
Dirac smearing featuring an electronic temperature of 500 K,
following the settings chosen in ref 23. Geometries were
optimized with the conjugate-gradient algorithm until the
residual forces were below 5 × 10−4 eV/Å. The employed
Slater−Koster parameters were adopted from ref 23.
Calculations performed with the GFNn-xTB methods were

executed with the xTB code (version 6.4.0).34 The threshold
for convergence on electronic energies was set to 10−6 eV,
while geometries were optimized through the ANCOPT
algorithm with a convergence criterion of 0.01 eV/Å. We
checked that using a tighter convergence criterion does not
affect the results reported herein.
ReaxFF calculations were run within version 6.0 of the

General Lattice Utility Program (GULP),73 exploiting a
parametrization derived in ref 74. The latter was made with
the final aim of modeling the interaction between Pt clusters
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and carbon platelets. The convergence criterion for geometry
optimizations was set to 0.005 eV/Å.
All of the above-mentioned thresholds were chosen in order

to avoid negative eigenvalues of the Hessian matrix during the
computation of harmonic vibrational frequencies. To this
purpose, the finite differences method was adopted for the
VASP, DFTB+, and xTB code (elongation ±0.01 Å, ±5 × 10−5

Å, ±0.0025 Å, respectively), while analytical derivatives were
computed with GULP. The computed vibrational frequencies
were post-treated, through the laws of statistical thermody-
namics,75 to extract the vibrational contributions to the
following thermodynamic quantities: enthalpy (Hvib), entropy
(Svib), and the Zero Point Vibrational Energy (ZPVE). The
vibrational contribution to the Gibbs free energy (Gvib) at T =
300 K is computed as follows:

G H TS ZPVEvib vib vib= + (1)

MD simulations were carried out in the NVT ensemble.
ReaxFF MD was performed with the Nose ́ thermostat76 and
the velocity-Verlet algorithm at different temperatures (details
are given in the next section). The employed time-step was 0.5
fs, while the total simulation time was 10 ps. The Berendsen
thermostat77 was employed for GFN0-xTB MD at 2000 K,
with a time-step of 2 fs and a total simulation time of 50 ps.
2.2. Datasets and Models. The performances of the

chosen low-cost methods were evaluated by investigating four
structural datasets (coordinates in XYZ format of PBE-dDsC
structures for each data set are given in the Supporting
Information):

• Pt13small dataset: 14 structures divided into ordered and
amorphous
Coordinates of structures belonging to this dataset

have different origins: the structures cbpt (capped
biplanar triangle), nbp (new biplanar), scsc (side-capped
simple cubic), dscsc (disordered side-capped simple
cubic), tcsc (top-capped simple cubic), bbp (buckled
biplanar), and ico (icosahedral) are taken from ref 21.
The structures sa and sa2 are still taken from ref 21 and
differ from the previous ones as they are generated
through first-principles simulated annealing (hence the
“sa” terminology). The structures go2, go3, and go4 are
taken from ref 23 (where “go” stands for “global
optimization”). The structures nsx0 and nsx2 were
obtained by optimizing at GFN0-xTB and GFN2-xTB
level amorphous structures from previous DFT calcu-
lations.

• Pt13amorphous dataset: 54 amorphous structures (coor-
dinates adopted from ref 23)

• Pt55amorphous dataset: 93 amorphous structures (coor-
dinates adopted from ref 23)

• Multi-sized dataset: 5 amorphous structures of stoichi-
ometry Pt13, Pt55, Pt147, Pt309, Pt561 (presented in Figure
1) considered to evaluate the size-dependency of the
performances of the tested methods.
Pt13 and Pt55 structures in this dataset correspond to

the lowest-energy structures of the Pt13 and
Pt55amorphous datasets, respectively. Amorphous Pt147,
Pt309, and Pt561 were obtained through the amorphiza-
tion of the ordered cuboctahedral geometry, as
schematized in Figure 2A. Cuboctahedral nanoparticles
were first cut out of the Pt bulk and subsequently
subjected to ReaxFF MD. Different temperatures,
ranging from 800 to 2700 K, were tested to find the

minimal temperature to shake cuboctahedral geometries
in order to explore various conformational states. A
complete amorphization of the structure was achieved at
2000 K for Pt147, 2500 K for Pt309, and 2700 K for Pt561.
The lowest-energy structure of each MD run was
quenched at 0 K with ReaxFF, obtaining an amorphous
ReaxFF geometry for each stoichiometry. The geo-
metries of the obtained structures were optimized with
the low-cost methods, as well as with PBE-dDsC. GFN0-
xTB geometries were finally annealed through GFN0-
xTB MD, aiming to enhance the accuracy of the
generated NP models through higher-level MD. Several
candidate low-lying energy conformations per stoichi-
ometry were quenched at 0 K with GFN0-xTB in this
case, taking as output only the lowest-energy structure
resulting after PBE-dDsC single point energy evalua-
tions. Notably, for this part of the study, we will only
compare energies evaluated at our reference level of
theory (PBE-dDsC), as will be discussed in section 3.3.
The energies computed at the GFN0-xTB level are not
considered. The sampling approaches for ReaxFF and
GFN0-xTB MD are exemplified in Figure 2B for Pt147.
Structures belonging to the Pt13small dataset were first

optimized at the PBE-dDsC level. The thus obtained
geometries were further optimized with all the low-cost
methods, and we evaluated their performances by
comparing bond lengths, bond angles, radii of gyration,
relative stabilities, and thermochemical parameters
computed by the low-cost methods with the reference
PBE-dDsC (section 3.1). The benchmark on the
Pt13amorphous dataset and Pt55amorphous dataset (sec-
tion 3.2) was carried out analogously, although vibra-
tional frequencies (and thus thermochemical parame-
ters) were not computed. Moreover, GFN1-xTB was not
tested on the Pt13 and Pt55amorphous datasets due to the
poor performances exhibited for the Pt13small dataset. As
outlined in Figure 2A, all the structures of the multi-sized
dataset (section 3.3) were subjected to a PBE-dDsC
single point energy evaluation. Thus, the outcome of the
employed multi-level procedure was inspected by
analyzing the deviations on PBE-dDsC electronic
energies and bond lengths between the low-cost and
PBE-dDsC geometries. GFN1-xTB was not employed in
this section for the aforementioned reason, while GFN2-
xTB was discarded because of the inability to reach a
convergence in SCC calculations for Pt147, Pt309, and
Pt561. This work is mainly focused on amorphous NPs
since Pt NPs are experimentally known to show a
general preference for amorphous morphologies which
vanishes when increasing the particle size.78 Notably,
after some preliminary tests, we testified the inability of

Figure 1. Examples of structures of NPs belonging to the multi-sized
dataset optimized at the PBE-dDsC level at 0 K.
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the GFN methods to retain cuboctahedral geometries
for Ptx NPs with x > 13.

The graphical visualization and structural manipulation of
the NPs was performed with VESTA (version 4.0.0).79 Images
of molecular models were rendered with VMD.80 The kernel
density estimate (KDE) plots presented in section 3.2 were
created with the Python library Seaborn.81

3. RESULTS AND DISCUSSION
3.1. Pt13 Small Dataset. All of the structures optimized at

the PBE-dDsC level are ranked according to their electronic
energy in Figure 3. As outlined in section 2, the 14 Pt13 NPs
are divided into two classes: “amorphous” and “ordered”.
While among the structures of the “amorphous” class, the
atoms are “randomly” organized in space, the atomic positions
in the “ordered” structures are subjected to stricter geometrical
constraints. The dispersion-corrected GGA electronic energies
suggest that for the Pt13 system ordered structures are generally
less stable than the amorphous ones. This trend is consistent
with the fact that the arrangement of atoms in ordered
structures is either cut out of the bulk or built to fit specific

geometric shapes. On the other hand, most of the amorphous
structures (with the exception of sa, the most stable structure,
found by simulated annealing)21 shown here were obtained
through a global optimization procedure23 that was explicitly
devoted to find the most stable geometries for this system.
One notable result about this dataset concerns the

cuboctahedral geometry, which has been widely employed as
a model nanoparticle for many metals due its straightforward
extraction from an fcc crystalline lattice.22,82 According to the
analysis of vibrational frequencies, the optimized cuboctahedral
structure (ΔE = 0.24 eV/atom with respect to the sa global
minimum) displays residual imaginary frequencies correspond-
ing to compression along the axis normal to the squared facets.
A line minimization was performed to scan the normal
coordinate associated with the imaginary frequency in order to
find the minimum conformation. After the line-minimization
procedure, the reoptimized geometry collapsed to the bbp
structure, implying the removal of the cuboctahedral Pt13 from
our dataset. This cuboctahedral structure was kept in ref 21
without confirming by frequency analysis if it was a true

Figure 2. (A) Flowchart of the multi-level procedure adopted to build Pt147, Pt309, and Pt561 NPs within the multi-sized dataset. (B) Energy (referred
to the starting point) evolution versus simulation time for 5 ps of ReaxFF (pink) and GFN0-xTB (gray) MD for Pt147. The lowest ReaxFF structure
(dashed circle) was quenched at 0 K with ReaxFF. Among the highlighted lowest-energy GFN0-xTB structures (solid circles), only the most stable
conformer according to PBE-dDsC energies was chosen as the output of the procedure.

Figure 3. Relative stability (with respect to the global minimum) of all the structures of the Pt13 small dataset, ranked according to their electronic
energy computed at PBE-dDsC level. Amorphous structures are represented in blue, while ordered ones are in orange.
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minimum. Nevertheless, the overall energy trend is consistent
with the one reported for sa, nbp, bbp, ico, and cub in ref 21.
After reoptimizing PBE-dDsC structures with the low-cost

methods, a detailed analysis of their performances was
achieved by extracting and comparing different features of
the NPs: geometries, relative stabilities, and thermochemical
parameters.
3.1.1. Geometries. To represent the geometrical features of

each NP, we extracted the Pt−Pt distances between nearest
neighbors (Figure 4A), the angles between three nearest

neighbors Pt atoms (Figure 4B) and the radius of gyration (Rg,
Figure 4C). The errors of the tested low-cost methods for each
nanoparticle with respect to the PBE-dDsC reference are
reported in Figure 4. Only the errors for the three best
performing methods are shown in the main text due to the
poor results obtained with ReaxFF and GFN1-xTB. Histo-
grams for all the methods are given in Figure S3.

The averaged mean absolute errors (MAEs) computed
separately for amorphous and ordered structures are reported
in Table 1. As emerges both from the histograms in Figure 4
and from Table 1, DFTB outperforms GFN0-xTB and GFN2-
xTB in most cases, showing errors below 0.1 Å for bond
lengths and generally below 5° for bond angles. GFN2-xTB
systematically shows lower errors on amorphous geometries
(competing with DFTB), while its performances become poor
when evaluated on ordered structures. The results obtained
with GFN0 are not undergoing any specific trend. However, it
is worth noting that for Rg, GFN0-xTB exhibits the lowest
deviation (in absolute value) for both amorphous and ordered
structures. Our interpretation of this behavior is that, even
though the “local” geometry is not strictly retained from DFT,
the global information on the shape of the particle is not
completely lost.

3.1.2. Relative Stabilities. In this section, we aim to assess
the performances of our low-cost methods on the energetic
ranking of the structures belonging to the Pt13small dataset.
The energies are expressed here as relative stabilities with
respect to the global minimum, as was done for Figure 3. For
each geometry optimized at the PBE-dDsC level, we compare
the PBE-dDsC energy with the energy obtained with the
chosen low-cost method on the same atomic conformation,
thus neglecting the effect of SE geometry optimization in the
first place. We express the raw results in the form of histograms
(Figure 5, full columns), while we quantify the degree of
agreement between the DFT and SE energies by means of a
linear regression analysis, which is performed separately for
amorphous and ordered structures. The regression parameters
(slope and determination coefficient (R2)) are compactly given
in Table 2, while the relative scatter plots are presented in
panels A, C and E of Figure S4.
Relying on the reported values of R2, the regression analysis

shows itself to be rather inglorious for GFN0-xTB energies,
classifying again DFTB as the best performing method (in line
with the parametrization of ref 23), followed by GFN2-xTB.
Here, the different behavior for ordered and amorphous
structures is evident not only for GFN2-xTB but also for
GFN0-xTB and DFTB, even though for the latter the
difference is almost negligible. Despite the poor results of
GFN0-xTB, the performances of GFN2-xTB are strongly
morphology-dependent, being competitive with those of
DFTB only for the amorphous structures. The generally
coarse results of GFN0-xTB are reflected in the histograms of
Figure 5B, from which it appears its inability to reproduce the
stability trend depicted by PBE-dDsC energies (Figure 5A).
While both GFN2-xTB and DFTB perform well for
amorphous structures, they behave differently for the ordered
ones: DFTB is slightly underestimating their stability (Figure
5D), while the trend is less uniform for GFN2-xTB (Figure
5C).
At this point, we mean to take into account the effect of

geometry optimization at the SE level. To this purpose, we
carried out an analogous analysis by comparing the PBE-dDsC
relative energy with the relative energy obtained with the
chosen low-cost method on the same NPs after geometry
optimization. The corresponding histograms are presented in
Figure 5 (striped columns), while the regression parameters
are reported in brackets in Table 2 (the relative scatter plots
are presented in Figure S5).
The value of R2 generally decreases upon geometry

optimization with SE methods, which is consistent with the

Figure 4. Mean Absolute Error (MAE) for bond lengths (A) and
bond angles (B) and the signed deviation from PBE-dDsC for the
gyration radius Rg (C) made by semiempirical methods (SE): GFN0-
xTB (gray), GFN2-xTB (green), and DFTB (red).
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natural action of forces that modify atomic coordinates during
geometry optimizations. The case of GFN2-xTB on ordered
structures is less trivial. Even though the higher value of R2

suggests a better correlation between data points, the high
slope value (Table 2) indicates a general compression of the
energetic range covered by PBE-dDsC, which is reflected in
the histograms (Figure 5C). Moreover, the significant
difference between the relative stabilities of ordered structures
before and after GFN2-xTB geometry optimization is
consistent with the significant MAE on bond lengths and
angles discussed in section 3.1.1. DFTB is less sensitive to
geometry optimization than the other methods for all
structures and provides a more coherent stability trend with
respect to PBE-dDsC.

3.1.3. Vibrational Frequencies and Thermochemical
Parameters. While the previous section checked how the
semiempirical methods are able to identify the energy minima
of the potential energy surface, we now aim to analyze how
these methods describe the fluctuation of the systems in the
close vicinity of those energy minima. First, harmonic
vibrational frequencies were computed for each structure at
different levels of theory. Information about the deviations of
the unprocessed vibrational frequencies computed with low-
cost methods with respect to PBE-dDsC can be found in
Figure S6.
According to the mean bias errors (MBE) presented in

Table 3 and the histograms of Figure 6 and Figure S7,
deviations on the vibrational enthalpy (Hvib) plus ZPVE are
found to be negligible compared with the entropic term.

Table 1. Averaged Errors on Bonds, Angles and Rg for the Small Pt13 Dataset

bonds MMAE (Å)a angles MMAE (deg)a Rg MAE (Å)b

GFN0-xTB GFN2-xTB DFTB GFN0-xTB GFN2-xTB DFTB GFN0-xTB GFN2-xTB DFTB

Amorphous 0.18 0.09 0.06 7.9 4.2 2.8 0.026 0.028 0.037
Ordered 0.26 0.24 0.05 10.9 10.3 1.1 0.033 0.066 0.040

aThe averaged error on bond lengths and angles is expressed as Mean MAE (MMAE). bThe average error on Rg is expressed as a MAE. All the
quantities are computed separately on amorphous and ordered structures to highlight the morphology-dependent behavior of the tested methods.

Figure 5. Relative stabilities (with respect to the global minimum) of the structures of the Pt13 small dataset, computed with PBE-dDsC (A),
GFN0-xTB (B), GFN2-xTB (C), and DFTB (D). Full columns correspond to single point energy evaluations performed on the frozen PBE-dDsC
geometry, while striped columns report the SE energy of the same NP after geometry optimization. Circles indicate amorphous structures, while
triangles indicate ordered ones.

Table 2. Determination Coefficients and Slopes of the Regression Analysis Performed on Relative Stabilities (PBE-dDsC
versus SE Energy)

GFN0-xTB//PBE-dDsCa (GFN0-xTB)b GFN2-xTB//PBE-dDsCa (GFN2-xTB)b DFTB//PBE-dDsCa (DFTB)b

R2 Slope R2 Slope R2 Slope

Amorphous 0.53 (0.004) 0.30 (0.13) 0.90 (0.77) 0.70 (0.82) 0.93 (0.93) 0.54 (0.50)
Ordered 0.06 (0.005) −0.18 (−0.06) 0.63 (0.70) 1.00 (1.50) 0.82 (0.75) 0.80 (0.77)

aThe regression was performed on relative stabilities computed by SE methods on frozen PBE-dDsC geometries. bThe regression was performed
on relative stabilities computed after reoptimization at SE level.
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Hence, since the vibrational free energy is computed as
reported in eq 1, the error on Gvib comes predominantly from
the −TSvib term. The main contribution to Hvib comes from
high-frequency modes,83 which are most likely associated with
close bonding and stretching modes. Svib, on the other hand, is
more sensitive to low-frequency modes, corresponding to
concerted movements of the whole NP. Thus, the negligible
error on Hvib signifies that all the methods are well describing
the shape of the potential well associated with high-frequency
modes and thus to close bonding, where it is less true for the
concerted vibrations. Nevertheless, the magnitude of Gvib
remains rather small (less than 16 kJ/mol), which implies
that the relative stability of all structures is not modified at T =
300 K by vibrational contributions whatever the method used
(Figure S8).
Analyzing the histograms in Figure 6, two main observations

can be made: GFN0-xTB shows the smallest deviation from
the standard PBE-dDsC and the deviation of GFN2-xTB
follows the opposite trend with respect to the other two
methods. This behavior indicates that for low-frequency
modes, while DFTB and GFN0-xTB are computing tighter
potential wells with respect to PBE-dDsC, the same potential
wells computed by GFN2-xTB are looser. This means that
GFN2-xTB, in contrast to DFTB and GFN0-xTB, under-
estimates force constants for vibrations in which the whole
nanoparticle is involved.
3.2. Pt13 and Pt55 Amorphous Datasets. As described in

section 2.2, a procedure analogous to the one applied to the

Pt13small dataset was adopted for the two large datasets of
amorphous Pt13 and Pt55 NPs. All the geometries optimized at
PBE-dDsC level were reoptimized with GFN0-xTB, GFN2-
xTB, DFTB, and ReaxFF. The agreement of the tested
methods with the PBE-dDsC reference was evaluated by
comparing three geometric descriptors (bond lengths, bond
angles, and Rg) and the relative energies of the structures
belonging to the two datasets.
Figure 7 reports the distribution of the signed deviation on

bond lengths, bond angles, and Rg computed for all the tested
low-cost methods, for both the Pt13 and Pt55 amorphous
datasets. Since the signed deviation is a discrete variable in
these cases, continuous probability density functions were
estimated through the Kernel Density Estimation (KDE)
procedure, with the Seaborn library81 available in the Python
code. The KDE plots for each geometric descriptor are
computed by employing the same smoothing factor, thus
legitimating the comparison between the probability density
functions of the two datasets. Additional information about the
computation of KDE plots can be found in section S7 of the
Supporting Information.
The differences in the distributions between Pt13 and Pt55

reveal that the performances of DFTB and GFN0-xTB are
generally improving while increasing the particle size: the
distributions are getting narrower and shifted toward zero.
GFN2-xTB seems to undergo the opposite trend; indeed, the
distributions of the deviation for bonds and angles are
widening when moving from Pt13 to Pt55, while the behavior
of the deviation on Rg is less clear. The performances of
ReaxFF are generally poor and show only a slight improvement
for Pt55 with respect to Pt13. DFTB proves to be the best
method, although it causes a small and systematic compression
of bond lengths, which is also reflected in the deviation on Rg.
GFN0-xTB is showing the biggest improvements, becoming
competitive with DFTB and outperforming it for Rg.
The plots reported in Figure S4B, S4D, and S4F are

conceived to inspect the correlation between relative energies
computed at PBE-dDsC level with relative energies computed
with the tested low-cost methods for the structures belonging
to the Pt13 amorphous dataset. In this case, data show that the
energy range in which the amorphous isomers of Pt13 lie is far
smaller than the accuracy of a GGA functional such as PBE. As
illustrated in Figure S9, the data regarding amorphous Pt55 NPs
exhibit also a very narrow energy fluctuation. Hence, it is
beyond the accuracy level to discuss any correlation between
electronic relative energies for these sets of amorphous NPs.
3.3. Towards Big-Sized Nanoparticles. Amorphous

geometries for nanoparticles of stoichiometry Pt147, Pt309, and
Pt561 were obtained through the procedure described in section
2.2. As a preliminary remark, the relative energies (calculated
at PBE-dDsC level) between amorphous and cuboctahedron
clusters show that for clusters smaller than 309 atoms,
amorphous clusters are more stable than the cuboctahedral
isomers (Figure S10). For a cluster size of 561 atoms, the
cuboctahedron becomes more stable. Interestingly, this trend is
found in qualitative agreement with the experimental
observation showing the predominance of amorphous clusters
for sizes smaller than ∼250 atoms.78 Nevertheless, to
overcome the limitation of considering only cuboctahedral
isomers, such a result should prompt a more systematic
theoretical investigation comparing the energies of amorphous
clusters found in the present studies with ordered clusters
exhibiting much more diverse morphologies (other than

Table 3. Averaged Errors on Gvib, −TSvib, Hvib, and ZPVE for
the Small Pt13 Dataset

MBE [Gvib]
(kJ/mol)

MBE
[−TSvib]
(kJ/mol)

MBE [Hvib]
(kJ/mol)

MBE
[ZPVE]
(kJ/mol)

GFN0-xTB 8.0 6.9 −1.3 2.4
GFN2-xTB −16.2 −16.2 2.8 −2.7
DFTB 12.7 11.3 −2.4 3.8

Figure 6. Deviations of GFN0-xTB (gray), GFN2-xTB (green), and
DFTB (red) with respect to PBE-dDsC on the computation on the
vibrational free energy and entropy (TSvib) at T = 300 K. We did not
plot Dev [Hvib + ZPVE] since it was fully balanced around 0 and
always below 4 kJ/mol.
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cuboctahedral ones). Concerning only the amorphous nano-
particles, we inspected the agreement of the tested low-cost
methods with the DFT standard (as well as the performances
of xTB MD) by plotting, for each nanoparticle, the deviation
between its pure PBE-dDsC energy and its PBE-dDsC energy
evaluated as single point on SE or FF geometry. The energy
deviation (ΔE) reported in Figure 8A is computed as follows:

E E EPBE dDsC // Low cost PBE dDsC= (2)

Given the strong dependency of the electronic energy on the
atomic coordinates, the quantity “ΔE” defined in eq 2 is
exploited here, together with the mean Pt−Pt distance, to
weigh the discrepancy between the benchmark PBE-dDsC
structures and the low-cost ones (Figure 8).
The systematic decrease in the deviation (ΔE) of ReaxFF

coupled with the increase in the system’s size can be at least
partially linked to its parametrization, which has been carried
out initially on Pt100 clusters.

74 However, the energy deviation
remains quite large to be exploitable (around 0.16 eV/atom for
Pt561). Moreover, ReaxFF completely reverses the canonic
relationship between the intermetallic distances and the NP’s
size. GFN0-xTB follows the opposite trend and shows a
significantly higher deviation for Pt147, Pt309, and Pt561 than for
Pt13 and Pt55. Although this energy deviation is rather
comparable with the one observed for ReaxFF, the mean
Pt−Pt distance on GFN0-xTB structures shows good agree-
ment with PBE-dDsC compared with structures optimized
with the other low-cost methods. In order to attempt to
decrease the ΔE for GFN0-xTB and in light of the rather low
computational cost of GFN0-xTB MD, the GFN0-xTB
geometries of Pt147, Pt309, and Pt561 were further annealed
during 50 ps, as explained in section 2.2. This additional

Figure 7. Distribution of the signed deviation on bond lengths (A, B), bond angles (C, D), and radii of gyrations (E, F) for DFTB (red), GFN2-
xTB (green), GFN0-xTB (gray), and ReaxFF (pink) with respect to PBE-dDsC values for the Pt13 and Pt55 amorphous datasets.

Figure 8. (A) Electronic energy difference between the full PBE-
dDsC energy and the PBE-dDsC energy evaluated on DFTB (red),
GFN0-xTB (gray), or ReaxFF (pink) geometry. The gray stripes
represent the difference between the full PBE-dDsC energy and the
PBE-dDsC energy evaluated on a geometry annealed with GFN0-xTB
molecular dynamics. (B) Evolution of the mean Pt−Pt distance with
particle size for PBE-dDsC (blue), DFTB (red), GFN0-xTB (gray),
annealed GFN0-xTB (striped gray), and ReaxFF (pink) geometries.
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annealing step succeeded in modestly reducing the ΔE of
GFN0-xTB structures for Pt147 and Pt309 by about 0.03 eV and
did not reduce the energy deviation for Pt561. In this latter case,
longer MD simulation times are probably required. Even
though geometries obtained from GFN0-xTB molecular
dynamics do not provide significant improvements in ΔE
(eq 2, all computed at the PBE-dDsC level) with respect to
geometries obtained thanks to ReaxFF for the largest particles,
GFN0-xTB molecular dynamics is still able to provide reliable
results for Pt−Pt bond lengths. Unfortunately, the averaged
Pt−Pt bond length of annealed GFN0-xTB structures is not
straightforwardly comparable with the others since they are
generated through a completely different approach. Finally,
DFTB proves itself as the best-performing low-cost method,
even though it causes a systematic compression of Pt NPs
(Figure 8B). Its low energy deviation (less than 0.05 eV/atom)
reported for all of the investigated particle sizes states that the
good performances exhibited by DFTB for Pt13 and Pt55 are
maintained when increasing the number of atoms up to a few
hundred. Since the employed parametrization for DFTB has
been carried out solely on Pt13 and Pt55 clusters,23 this
indicates a good transferability of the set of parameters.

4. CONCLUSIONS
In this work, we assessed the performances of low-cost
computational methods for the prediction of structural features
and energetics of Pt nanoparticles of stoichiometry Pt13, Pt55,
Pt147, Pt309, and Pt561. The chosen low-cost methods were the
semiempirical DFTB, GFN0-xTB, GFN1-xTB, GFN2-xTB,
and ReaxFF, while the reference DFT functional was the
dispersion-corrected PBE-dDsC. We carried out the bench-
mark study on four structural datasets, composed of (1) 14
amorphous and ordered Pt13 NPs, (2) 54 amorphous Pt13 NPs,
(3) 93 amorphous Pt55 NPs, and (4) 5 amorphous NPs of
stoichiometry Ptx (x = 13, 55, 147, 309, 561). In the light of
the discussed data, the following conclusions can be drawn.
DFTB is by far the method showing the best performances.

Its parametrization, carried out on Pt13 and Pt55 NPs, grants
good reproduction of properties for NPs of the same size. The
good agreement with the DFT standard shown for NPs of
bigger sizes also proves the good transferability of the
parametrization. The performances of the remaining methods
are found to be morphology- and size-dependent. GFN2-xTB
produces reasonable results for amorphous Pt13 clusters,
though not for ordered ones. Moreover, its performances
worsen when increasing the cluster’s size from 13 to 55, before
failing the electronic SCC when further increasing the size of
the system. While the agreement between GFN0-xTB and the
DFT standard is quite poor for Pt13, the method provides a
satisfactory prediction of structural features for amorphous Pt55
geometries, making it competitive with DFTB. GFN0-xTB is
slightly worsening for Pt147, Pt309, and Pt561 with respect to
smaller clusters, though it outperforms the other methods on
the averaged Pt−Pt bond length. ReaxFF behaves in the
opposite way. Starting from considerably poor performances
for Pt13 and Pt55 (both for geometries and for energies), its
results get better for bigger NPs, becoming competitive with
GFN0-xTB for Pt561, even though the average Pt−Pt bond
length is still not well represented. One last notable conclusion
can be drawn about vibrational frequencies: independently
from the parametrization and level of theory, all of the tested
methods show a deviation in the description of vibrational
features of Pt13. Since the largest part of the error lies on the

vibrational entropy, this indicates a shared intrinsic difficulty in
the description of potential wells related to collective
vibrations. However, the error on Gvib is around 10 kJ/mol
for DFTB, and even smaller for GFN0-xTB. Although this is
far from being perfect, it still represents a good compromise
due to the gain in CPU.
Considering what is here summarized, DFTB turns out to be

the most cost-effective method for predicting geometries and
energetics of Pt NPs of all of the investigated sizes and
morphologies. However, since our task is to propose a low-
level computational method for fast screening through
candidate structures within the “multilevel modelling” of
phenomena involving Pt NPs, a few final remarks have to be
made. Although DFTB is the best performing method
presented in this paper, the cheaper GFN0-xTB and ReaxFF
should not be entirely discarded. The systematic error on
structural parameters shown by ReaxFF suggests that a
reoptimization of the parametrization could sensibly improve
its performances. At the same time, the atom-specific
parametrization on which GFN0-xTB relies indeed allows
one to effortlessly include other atoms into the simulation
(while DFTB would require a reparametrization), thus opening
the path to the simulations of structures involving adsorbates
or nanoalloys.
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