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Abstract

Understanding the oxidation behavior of Pt nanoparticles (NPs) is crucial for de-
veloping durable and efficient catalysts. In this study, we investigate the oxidation of
a realistic Pt NP, retrieved from scanning transmission electron microscopy (STEM)
images. We use a multistep approach combining ReaxFF and MACE-MP-0 forcefields
with Density Functional Theory (DFT) calculations. Our Monte Carlo simulations reveal
high oxidation of the nanoparticle, with oxygen penetrating deep into the core. We
explore the plausibility of these configurations by carrying out XRD, TEM and EXAFS
measurements on samples of various average particle sizes. Progressing in our workflow,
we find that 100 ns of thermostated dynamics at 350 K using the ReaxFF forcefield
leads to the formation of detached PtgOg species. To explore the validity of this small
platinum-oxide cluster, we first optimize the geometries using the recent MACE-MP-0
forcefield resulting in structures without the species. We then compare both forcefields
to DFT calculations showing closer agreement for MACE-MP-0 compared to ReaxFF.
Finally, we discuss the electronic structure of our oxidized nanoparticles spanning a
whole range of oxygen coverages, finding substantial changes in the Pt-5d and O-2p
projected density of states of the platinum structure as the coverage increases. Our
findings emphasize the importance of accurately describing the potential energy surface
and explicitly modeling oxygen coverage to predict catalytically relevant properties at
high potentials. This study aims to provide a foundation for understanding the complex
interplay between nanoparticle structure, oxidation state, and catalytic performance,

aiming to guide the rational design of advanced catalytic materials.

Introduction

Platinum nanoparticles (Pt NPs) have emerged as important catalysts in various industrial
applications, including fuel cells, catalytic converters, and chemical synthesis. However, the
long-term performance of Pt NPs can be compromised when exposed to reactive conditions

such as the acidic environment in proton-exchange membrane hydrogen fuel cells, potentially
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leading to a loss of catalytic activity.'™ Oxide species (O*, OH*) are present at high potentials
due to electrochemical oxidation reactions occurring close to 0.8 V.>% These species are
thought to be important site-blockers for the ORR, and oxidized catalysts generally show
hindered activity, mainly due to site blocking and altered kinetics.” For the ORR oxide
saturation is also known to lead to hydrolysis i.e. parasitic, non-electrochemical reactions
which might contribute to the high onset potential on platinum-based catalysts.® This decline
in performance presents challenges for the development of durable and efficient catalysts,
emphasizing the need for a better understanding of the complex relationship between reactivity
conditions and catalyst performance.®1°

Experimental studies on the oxidation of platinum nanoparticles have faced challenges,
especially when trying to directly link the oxidation state to the resulting chemical reactivity.
Early studies, primarily focused on low-index platinum surfaces in ultra-high vacuum (UHV)

11,12

conditions agreed that atomic oxygen binds on Pt(111) forming a (2x2)-O structure at

13-15

low temperature, with some persistence at higher temperature.® These studies also

indicated that molecular oxygen is unlikely to be present on Pt(111) at room temperature. 16
Platinum catalysts can undergo oxidation even at low pressures, inducing modification of
electronic properties and structural changes, such as surface buckling.'” Recent in-situ studies
have advanced our understanding by investigating platinum oxidation under near-ambient

1. ' reported the oxidation of

pressure conditions for longer exposure times. Fantauzzi et a
Pt(111) up to 3 monolayers (ML) through a combination of experimental and theoretical
approaches. Furthermore, a study on stepped platinum surfaces revealed the formation of
platinum-oxide nanoclusters at a pressure of 1 Torr. Finally, an in-situ study by Ellinger
et al.?? at a partial pressure of 500 mbar and high temperature showed the growth of two
atomic layers of bulk-like platinum oxide.

Modern platinum catalysts often consist of deposited platinum nanoparticles, which possi-

bly exhibit complex structures that differ from their perfect counterparts.?! These structural

differences can significantly influence the oxidation behavior and catalytic properties.?? The
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oxidation of these platinum nanoparticles has been extensively studied in the literature, with
the formation of platinum-oxide phases reported in numerous studies.??2? Saveleva et al.?
reported the growth of mixed PtO and PtO, layers when studying the electro-oxidation of
Pt nanoparticles under applied voltage, at 450 K. Additionally Imai et al.?® characterized
the initial platinum-oxide phase to have an a-PtO, local structure which transitioned to a
[-PtO, structure as the oxidation time increased under sustained potential. The presence of
an ordered oxide phase was confirmed by other studies under various experimental conditions,
with a high dependence on the average particle size, where smaller particles were found to be

more prone to oxidation.?”2?

Figure 1: Experimentally reconstructed platinum nanoparticle used in this study. The
nanoparticle consists of 353 atoms and was obtained from STEM images.

These studies have provided valuable insights into the oxidation behavior of platinum
nanoparticles, but using experimental techniques the underlying mechanisms and implications
for catalytic activity are often out of reach. As a result, computational studies have emerged as
a valuable tool to complement experimental approaches, providing insights into the oxidation
process and helping to overcome the limitations of traditional techniques. Many theoretical
studies have supported the claims made by experimental investigations, elucidating the
30-32

electronic and structural changes induced by oxygen adsorption on platinum catalysts.

However, the computational modeling of realistic nanoparticles remains largely unexplored,
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with most studies focusing on idealized surfaces or perfect nanoparticles,3?3* leaving room for
further computational investigation into the complexity of these systems. Here, we investigate
the oxidation behavior of an experimentally reconstructed platinum nanoparticle shown in
Figure 1 which was obtained from Scanning Transmission Electron Microscopy (STEM)
experimental work.?® These experimentally reconstructed nanoparticles have been shown to
exhibit unique structural features not present in perfect nanoparticles.?%

We use a multistep approach that combines Monte Carlo simulations with Molecular
Dynamics using a fast ReaxFF37 forcefield, to provide sufficient sampling. We then validate
our results by comparing the coordination numbers and bond lengths with experimental
data obtained from X-Ray Diffraction (XRD), Transmission Electron Microscopy (TEM)
and Extended X-ray Absorption Fine Structure (EXAFS) measurements. We further discuss
results obtained with the ReaxFF forcefield by progressively climbing the accuracy ladder,
e.g. using the recent MACE-MP-0 model?®® and linear scaling DFT calculations. Finally, we
present our results which will aim to highlight multiple key aspects such as the electronic
structure modifications of the nanoparticle under oxidation conditions and the difference in

thermodynamic and geometric predictions between both forcefields.

Computational Methods

Our workflow is conducted on a platinum nanoparticle composed of 353 atoms which was
obtained through a three-dimensional reconstruction process using STEM images from a
study of Aarons et al.3® Our workflow is divided into 5 steps as shown in Figure 2 and will
be detailed below.

1. We perform hybrid Monte Carlo-Molecular Dynamics (MC-MD) simulations in the
grand canonical ensemble using the LAMMPS software. 3% We use a Pt/O/H/C/Ni ReaxFF
forcefield developed by Gai et al.,*! which is originally based on a forcefield from Fantauzzi

et al.*?
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This forcefield has been previously used in studies focusing on the oxidation of platinum
nanoparticles using various Monte Carlo minimization algorithms.*' In this study we deviate
from these approaches by incorporating dynamics for the platinum atoms. Grand-canonical
moves are then performed while the platinum nanoparticle is allowed to move, sampling
the canonical ensemble. The main parameter of these simulations is the oxygen chemical

potential of the gas reservoir which is calculated assuming ideal gas in Equation 1.

1 P
po = 5[ ss0x T kT In <P°> — |Eprrl] (1)

G550k 1s the standard Gibbs free energy calculated from Hgy and Sk, the standard
enthalpy and entropy respectively, both taken from the NIST-JANAF thermodynamics
tables.*® P is the pressure, P° is the reference pressure and Eppr is the total DFT energy of
an oxygen molecule. Throughout the study, we use the pressure as a reference, since it is the
only variable term in Equation 1. We study a broad range of pressures from 1072° to 1.0 atm
at the same temperature of 350 K.

2. After our MC-MD simulations, we randomly extract 32 geometries throughout the
highest pressure run at evenly spaced oxygen coverages, which we can then study systemati-
cally.

3. The geometries are then subjected to an additional 100 ns of NVT simulations at 350K.
This is done to amplify potential geometrical features such as small platinum-oxide clusters
that were previously observed in past studies using similar forcefields. The grand canonical
Monte Carlo moves are stopped, and the system is allowed to relax in the canonical ensemble.

4. The geometries are then optimized with both the ReaxFF forcefield and the recent
MACE-MP-0 foundation model separately. The MACE-MP-0 model®® is based on the
message-passing version of the Atomic Cluster Expansion (ACE)* and is trained on the
Material Project database. MACE was recently benchmarked to be one of the most accurate
forcefield to predict the energetics of materials across the periodic table.?

5. DFT calculations are then performed on the relaxed geometries by both forcefields to
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Figure 2: The computational workflow followed in this study. Monte Carlo simulations
provide initial configurations, Molecular Dynamics simulations are then performed to relax
the geometries and further explore the phase space. Finally, ONETEP linear-scaling DFT
calculations are carried out to obtain the electronic structure and refined energetics of the
oxidized nanoparticles.

compare them and obtain the electronic structure of the oxidized nanoparticles. Computa-
tionally elucidating the electronic structure of such large platinum nanoparticles remains a
challenging task, often hindered by the computational expense associated with such calcula-
tions. We overcome these limitations by using the ONETEP linear-scaling DFT software, 46
which exhibits a linear scaling behavior with respect to the number of atoms. This enables
us to readily access electronic structure calculations for a wide range of nanoparticle sizes
and configurations. 4’

Additional computational details for all the methods involved are provided in the supple-

mentary information.

https://doi.org/10.26434/chemrxiv-2024-72hfg ORCID: https://orcid.org/0000-0002-5023-6156 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-72hfg
https://orcid.org/0000-0002-5023-6156
https://creativecommons.org/licenses/by/4.0/

Results

Monte Carlo simulations

Monte Carlo simulations are run until accepted additions and deletions exchange moves
stabilize to the same count over the last 5 x 107 exchange moves. This criterion is not applied
for higher pressures (1.0, 1072, and 10~ atm), where the simulations are stopped before
reaching this criterion due to low deletion acceptance rate. Throughout the study we will refer
to the oxidized nanoparticles using the concept of oxygen ratio No/Np; instead of coverage.
This choice is motivated by the difficulty of defining a proper surface area for the nanoparticle

and the presence of subsurface oxygen atoms.
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Figure 3: Pressure dependence of oxygen coordination number population. The percentage is
calculated with respect to the total number of oxygen atoms for each pressure. Lines are
added to guide the eye.

Atomic oxygen tends to adsorb on low-index platinum surfaces on hollow sites (3-fold or
4-fold),*® this is highlighted in Figure 3 where we report that for most pressures, more than
70% of the oxygen atoms are in a 3-fold coordination. We also report a low number of atomic
oxygen binding on bridge sites (2-fold coordination) which does not seem to be impacted by
the pressure, indicating that these are specific sites, where oxygen opportunistically binds.

After visual inspection, these sites are often found on dangling platinum atoms or on the

https://doi.org/10.26434/chemrxiv-2024-72hfg ORCID: https://orcid.org/0000-0002-5023-6156 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-72hfg
https://orcid.org/0000-0002-5023-6156
https://creativecommons.org/licenses/by/4.0/

edge of the nanoparticle. These sites were previously reported to be the most stable sites for
atomic oxygen binding by DFT studies on smaller nanoparticles. 4 Finally, as the pressure
increases 4-fold subsurface sites become more populated, which occurs between 1071° and
1072 atm when the outer coverage is between 0.7 and 0.9 ML. As suggested by previous DFT

50752 qubsurface sites require sufficient lattice disruption to be populated. In our case,

studies
sufficient deformation is reached due to oxygen adsorption at the outer shell. We confirmed
this hypothesis by performing a full DFT calculation on a smaller nanoparticle with a single
oxygen in a subsurface site. We find that the lone oxygen atom moved onto the surface at a

3-fold coordination site during the geometry optimization. Details including pictures of this

auxiliary calculation can be found in the supplementary information.

Table 1: Summary of oxygen fractional occupancy No/Np; at different pressures.
Our values are reported as oxygen ratio along with an approximation of the outer
coverage (calculated as described in the text) in parentheses. Our values are
compared to similar studies using similar methods and systems, all reported as
coverage, unless specified otherwise.

pressure (atm) 1.0 1072 1073 1075 107 107 107%

this work 1.20 1.14 - 0.73 0.47 0.37 0.23
(0.90)  (0.90) (0.91) (0.75) (0.59) (0.36)
ref® 0.8 0.72 - 0.7 0.65 0.5 -
0.40¢
0.36°
0.26¢
ref? - - 1.38* - - - -
(1 mbar)

“Gai et al.*! Pt(111) (300K), ®octahedral, cuboctahedral, ¢cubic NPs (500K ); #Kirchhoff
et al.3! 3 nm cuboctahedral NP (400K), *reported as oxygen ratio.

We report the dependence of oxygen ratio versus pressure in Table 1 which further
highlights that the strong adsorption energy of atomic oxygen on Pt catalysts leads to
sustained coverage even at extremely low pressures. We compare our results to similar studies
using similar methods and systems, and also include an approximation of the outer coverage

which is done by computing the alpha shape of oxygen atoms and platinum atoms separately.
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The coverage is then calculated as the ratio of these two atomic counts. At low pressures,
our results compare relatively well with the study of Gai et al.*! which was done at a lower
temperature on a Pt(111) surface. Discrepancies between our results and Pt(111) surface

1.53 where a coverage of 0.48

widen when considering the experimental study of Getman et a
was reported at a pressure of 107% atm and a temperature of 353K. A restriction on coverage
is identified by the authors to be due to kinetic limitations of Oy, which becomes less favorable
as the oxygen coverage increases. When switching to NOs, a kinetically favorable oxidant,
the authors found a coverage of 0.75 ML, closer to our results. We note that our results are
not completely comparable to clean surface studies since our nanoparticle has a different
surface area and different binding sites and should generally display slightly higher coverages
due to stronger binding on a nanoparticle of this size.?*

Finally, our simulations systematically display a lower oxygen ratio than the studies of
Kirchhoff et al.3! at similar pressures and temperatures. We attribute it to our methodology
which differs from the Monte Carlo minimization scheme used in these studies. This mini-
mization scheme includes a full geometry relaxation carried before the acceptance criteria,
ultimately leading to faster convergence and higher oxygen ratio, but does not correctly sam-
ple the canonical ensemble and resembles more a basin-hopping algorithm. Additionally, our
current hybrid MC-MD methodology was not driven by the need to reach specific coverages,
but to also include the dynamics of the platinum atoms, to potentially discover interesting
geometrical features that might be amplified by including the dynamics. Finally, above our
highest oxygen ratio addition moves mainly lead to the formation of O, due to saturation,
which is less relevant for this study.

To understand the structure of the oxidized nanoparticle we plot the oxygen distribution
profiles in Figure 4. The plots represent the spherical density or concentration of oxygen
atoms as a function of distance from the center of mass. As the pressure increases, the

amount of oxygen penetrating inside the nanoparticle increases, first in subsurface sites at

107° atm, and then in the core region for pressures above 1072 atm. This is in agreement

10
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Figure 4: Distribution of oxygen with respect to the center of mass of the oxidized nanoparticle.
Subsurface and core oxygen atoms are observed as the pressure increases from 107 to 1072
atm. No normalization has been applied. The figure have been created by averaging over the
100 ns of NVT simulations in step 3, but is shown here for clarity.

with the previous coordination number analysis shown in Figure 3. Additionally, the same
plots reveal a significant amount of lattice strain caused by subsurface and core oxygen atoms
at higher pressures. At a pressure of 107! atm, the outer shell boundary is clearly visible
and located approximately 11 A away from the center of mass. As the pressure increases, the
boundary becomes less defined and oxygen atoms are found at distances up to 20 A away
from the center of mass.

Typically, oxidation of metallic nanoparticles is thought to proceed from the surface
inwards, with the formation of an oxide shell surrounding a metallic core. The presence of
oxygen atoms near the center suggests that under sufficiently oxidizing conditions, platinum
nanoparticles can become completely oxidized throughout their entire volume. Various
experimental studies have shown that this is most likely not the case for larger nanoparticles
(> 2.0 nm).?*% For smaller nanoparticles with diameters close or lower than 2.0 nm, previous
studies suggest that core oxidation is possible under specific conditions.?” To further validate
these claims and our results, three carbon black-supported Pt catalysts were prepared and

characterized by XRD, TEM, and XAS (EXAFS) with the aim of determining average Pt-Pt

11
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and Pt-O distances and coordination numbers as a function of particle size distribution.
Measurements were made on prepared catalysts which had been chemically reduced during the
synthesis process and subsequently passivated by exposure to air. Our results are summarized
in Table 2, the size distributions as measured by TEM gradually increase as a function of Pt
loading, XRD measurements showed that the 10 and 20 wt% Pt samples did not show any
discrete crystalline Pt domains suggesting that the Pt NPs are both disordered and contain a
significant amount of oxide. The 50 wt% Pt sample did show a crystalline Pt domain profile,
but the average crystallite size was estimated to be less than 2 nm. The EXAFS CNs support
these results with the 10 wt% Pt sample showing Pt-O but no significant Pt-Pt character,
the 20 wt% Pt sample showing a mix of Pt-Pt and Pt-O CNs suggesting very small metallic
Pt domains which are significantly oxidized. The 50 wt% Pt sample shows significant Pt-Pt
character with a relatively small Pt-O component, indicating the presence of metallic Pt NPs
with a defined passivated oxide layer at the surface. The Pt-Pt distances for the 20 and 50
wt% Pt samples are 2.76 + 0.01 A consistent with that shown by bulk Pt-Pt (2.77 A), and
the Pt-O distances vary between 1.97 and 2.03 A. Our Monte Carlo simulations are done
on a nanoparticle consisting of 353 atoms, whose size is calculated to be 2.03 nm, falling in
between the 10 and 20 wt% Pt samples. In Table 2 our simulation done at 1.0 atm shows
reasonable agreement with the experimental results, the Pt-Pt coordination number is low,
due to the significant oxidation predicted by the Monte Carlo simulations. Similarly, the
Pt-O CN is close to the expected range for smaller particle distributions (between 3.4 and
3.6). However, the theoretical Pt-Pt average bond distance is higher than the experimentally
measured value, which might be due to higher deformation and lack of a defined oxide phase
in the theoretical model. We note that our theoretical coordination numbers were calculated
using a distance cutoff determined by the first minima of the corresponding radial distribution
function: 3.04 A for Pt-Pt and 2.3 A for Pt-O. Due to the particularly high sensitivity of the
CNs to the cutoff the comparison with experimental estimate should be taken with caution.

The experimental bond distances suggest the presence of Pt(IV) rather than Pt(II) (2.01-2.03
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vs. 2.07 A).‘% Additionally, the mixed oxidation state Pt oxide, Pt3O4 shows Pt-O distances

of 1.97-2.00 A.57:58

Table 2: Experimental and theoretical coordination numbers and bond distances
for Pt-Pt and Pt-O. Theoretical values are averaged over all atoms, which is closer
to the experimental definition. The Pt3;;3 diameter was estimated by calculating
the averaged maximum distance between every two atom pairs of the outer
platinum shell.

cryst. size particle size coord. number bond distances (A)
(nm) (nm) Pt-Pt Pt-O Pt-Pt Pt-O
10 wt% - 1.74 0.5 - 3.6 £ 0.2 - 2.03 & 0.01
20 wt% - 24407 24407 34403 2764001 2.02+0.01
50 wt% <2 2.7+13 78406 19404 277 +001 1.97 =+ 0.01
(1.0 atm) 2.03 2.68 3.63 2.94 2.05
553’32 ﬁi) - 2.03 8.57 0.67 2.82 1.97

In contrast with our results, various studies on similar nanoparticle sizes have reported
oxidation to occur mainly at the outer platinum shell. Takagi et al.?® performed in-situ
Hard X-ray Photoelectron Spectroscopy (HAXPES) measurements at various potentials and
reported that for a sample with a size distribution centered around 2.6 nm, only the outer
platinum shell was oxidized. The presence of oxygen atoms near the center of the nanoparticle
in our simulation is justified by the nature of the Monte Carlo simulations which disregard
kinetic aspects. Hence, atomic rearrangement required for oxygen to penetrate deep into the
core is bypassed i.e. no activation energy of oxygen diffusion into the platinum lattice, which
otherwise, renders this process kinetically unfavorable.?® Our experimental evidence along
with previous experimental work, suggests that the size range between 1.5 nm and 2.5 nm
represents a critical transition region where the oxidation behavior changes dramatically. 2"
Within this narrow size window, nanoparticles appear to shift abruptly from partial surface
oxidation to complete oxidation, indicating a sharp threshold effect. The precise point of this

shift likely depends on specific experimental conditions such as temperature, type of oxidant
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and partial pressure. Furthermore, the presence of defects or strain in the nanoparticles,

which can vary based on synthesis methods may have an influence as well.

Molecular Dynamics

We further progress in our workflow by performing Molecular Dynamics simulations at 350
K for 100 ns. Our interest in extended dynamics can be explained by considering previous
literature using similar forcefields where small platinum-oxide clusters have been reported
to form.* As illustrated in Figure 5, we also report similar dissociation-like events taking
place during the dynamics and leading to a number of partially detached PtOg species on
the nanoparticle. The occurrence of these events strongly depends on the oxygen fraction
occupancy, with higher occupancies leading to a greater number of detachments. Each of
these events is accompanied by a significant energy reduction as schematically shown in Figure
5a. These species were first reported by Kirchhoff et al. 332 where the authors investigated
the possibility of a stability region for the small cluster in the aqueous phase with specific
charge and spin states.

The resulting geometry after 100 ns of NVT simulations for a high oxygen ratio is shown
in Figure 5c where the nanoparticle geometry exhibits significant structural deformations,
the morphology appears highly distorted, with pronounced surface irregularities and a loss
of the expected quasi-spherical or faceted shape. The structure displays extensive porosity,
with the formation of voids and channels permeating throughout the entire nanoparticle.
This gives rise to fragmented, loosely bound domains interconnected by these more stable
oxidized platinum clusters. The PtgOg species emerges as a distinctive motif, standing out in
contrast to the overall amorphous structure. Importantly, no other such well-defined cluster
species can be clearly distinguished within the nanoparticle structure. These structural
perturbations collectively contribute to an increased surface-to-volume ratio which should
elevate the surface free energy, with the PtgOg units serving as structural anchors.

If, as described by the forcefield, these events are taking place frequently within 100 ns of

14
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Figure 5: An example of a dissociation event taking place during the dynamics at high oxygen
fractional occupancy (No/Npy > 0.6). These events lead to an energy reduction (a) and
geometrical deformation shown by an increase in mean square deviation (msd) of nuclear
coordinates (b). The final state of the nanoparticle after 100 ns is shown with an oxygen
ratio of 1.07 (c). A PtgOg species is partially detached from the nanoparticle (d).

simulation, it would be expected to find experimental evidence of this species even in UHV
conditions for pressures above 1 Pa. Despite this, we were not able to find experimental
evidence of the existence of the PtgOg species. Instead, platinum dissolution is believed
to occur at the interface at specific potentials, and to be an atomic process that might be
influenced by oxide formation, but not via PtgOg species.®*6! The presence of this species

will be further investigated in the next sections, by performing geometry optimizations with

MACE-MP-0 and subsequent DFT calculations.

Geometry optimizations

We select the last snapshots from the previous molecular dynamics run for all our oxygen
ratios and perform geometry optimizations. For comparison, we also perform geometry
optimizations using the recent MACE-MP-0 model using the same geometries. We quickly

notice a global trend where the MACE-MP-0 forcefield attempts to put back the PtgOg
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species together with the rest of the nanoparticle, in contrast with the ReaxFF forcefield

which keeps the PtgOg species in a semi-detached state.

MACE-MP-0
relaxation
—_—

Figure 6: Illustration of the commonly observed phenomena during a MACE-MP-0 geometry
optimization, the PtsOg species is packed back into the nanoparticle.

An example of the process is shown in Figure 6 where the PtgOg species is packed back
together with the rest of the nanoparticle. Although geometry optimizing will only partially
change the initial geometry from ReaxFF, these results indicate that MACE-MP-0 would give
geometries that do not include PtgOg species. In order to systematically compare geometries
between the two forcefields we define the concept of sphericity score which quantifies the
deviation from a perfect spherical shape by calculating the variance in the distances between

the centroid and the platinum atoms at the nanoparticle surface.

S = Var[R(Souter )| (2)

Souter 18 the set of atoms belonging to the outer shell, obtained by computing the alpha
shape of the nanoparticle, and R(Syuter) represents the distances from each atom in Soyter to
the centroid. The obtained scores are then normalized between 0 and 1 within the dataset,
with 0 being the least spherical and 1 being the most spherical nanoparticle. Figure 7 shows
the sphericity scores for the entire dataset. Generally, ReaxFF produces geometries with
lower sphericity scores, while the geometries optimized using MACE-MP-0 are consistently
more spherical. In addition, our sphericity concept is a good measure of the geometrical
deformation of the nanoparticle against oxygen ratio. This tendency towards more spherical
geometries suggests that MACE-MP-0 favors more compact and densely packed structures,

compared to the more irregular structures predicted by ReaxFF.
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Figure 7: Sphericity scores calculated for geometries predicted by both forcefields against
oxygen ratio, the dataset has been scaled between 0 (least spherical) and 1 (most spherical). As
the oxygen ratio increases, particles are less spherical. MACE-MP-0 geometry optimizations
consistently make the geometries more spherical.

With both of our forcefields having different behaviors in terms of geometrical deformation,
we expect that thermodynamic properties will also be different. We further explore these
disparities by focusing on thermodynamic aspects, using Equation 3. The equation makes use
of the Computational Hydrogen Electrode (CHE) scheme which enables extrapolation of the
free energy at different potentials as a posteriori correction.%? Additionally, this approach also

avoids calculations involving atomic or molecular oxygen, which are known to be problematic

for DFT.%3

_ 1
AGO(USHE) = nAGO(USHE) = GnO* — G* — ?”LGHQO + QTL (QGH2 — USHE) (3)

Where G0+ is the Gibbs free energy of the nanoparticle with n oxygen atoms, G- is
the Gibbs free energy of the nanoparticle with no oxygen atoms. Gp,o and Gy, are the
Gibbs free energies of water and dihydrogen in their standard state, respectively. Ugsyg is
the potential of the standard hydrogen electrode. The Gibbs free energies in Equation 3
are often reduced to G = Eppr + Ezpg — TSy, for adsorbates.®* Considering the large size

of our systems we decided to ignore zero-point and thermal contributions for the oxidized
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nanoparticles and reduce the Gibbs free energy to the DFT energy, G =~ Eppr. For reference
species, the total energy is computed with DFT on the isolated molecule, Zero Point Energies
(ZPEs) are available elsewhere%? (0.27 ¢V for Hy, 0.56 eV for H,O), and entropy contributions
are taken from the NIST-JANAF thermodynamic tables.*? In practice Equation 3 is related
to the total (AGo) or per atom (AGo) binding energy of oxygen atoms on the nanoparticle,

using water and hydrogen as reference states.
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Figure 8: Oxygen binding energy per oxygen atom plotted vs. oxygen ratio calculated using
Equation 3. Two regimes can be observed, a linear, monotonic regime for ratios below 0.7,
which then plateau at higher ratios. Compared to MACE-MP-0, ReaxFF predicts stronger
binding at higher coverages.

We report binding energies per oxygen atom (AGo) in Figure 8 for geometry optimized
structures using each forcefield. As expected, the binding strength lowers as the coverage
increases as the interaction between adsorbates intensifies.'® From the same figure, two
regimes can be distinguished, starting with an initial linear progression for both forcefields.
ReaxFF then predicts a near-constant regime for oxygen ratios above 0.7, while MACE-MP-0
is more moderate but still displays a plateauing behavior. This phenomenon was also observed
in previous studies of oxidized platinum nanoparticles including experimental evidence.% We
expect this regime change to be reflected by electronic features, which we will explore in the

next section by performing DFT calculations.
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Finally, it is possible to calculate the thermodynamic expected oxidation state at a given
potential. To do so, we select evenly spaced points in the AGo vs. No/Np; fitting. For each
of these points, we calculate the potential dependence using the CHE on a fine grid of U
for each oxidized configuration. This process yields a set of linear curves representing the
potential dependence for the selected systems. By finding the lowest curve in this set for
multiple potential subranges, we determine the thermodynamically favored state at each
potential. As a result, we obtain an oxygen ratio vs. potential curve which represents the
expected oxidation state across a range of potentials. This process is carried out for both
forcefield and shown in Figure 9. Starting at 0.7 V, oxidation steadily grows as the potential
increases, which is the expected behavior and in reasonable agreement with previous studies. %
Our value of onset potential for oxidation is also in reasonable agreement with the one of 0.8
V reported in the literature.%% At high oxygen coverages, we observe a notable difference
between the predictions of ReaxFF and MACE-MP-0. When the potential approaches 1.05
V ReaxFF predicts a sharp and almost vertical progression. We link this phenomenon to the
experimentally observed place-exchange mechanism, where the oxidation starts to complete,
and the nanoparticle evolves towards an oxide phase. This phenomenon was experimentally
reported to occur at ~ 1.05 V on platinum nanoparticles and surfaces.”® ™ In our framework
the event is transcribed via thermodynamic arguments and is due to the plateauing regime of
the Gibbs free energies vs. oxygen ratio. In contrast, MACE-MP-0 predicts a more gradual
increase in oxidation, most likely because it does not recognize the oxide phase formed by
the ReaxFF forcefield. The potential reported by ReaxFF for the place-exchange mechanism
(~ 1.05 V) is in very good agreement with the reported experimental values. Results before
the molecular dynamics (step 3) are also included to highlight the effects that the additional
platinum-oxide clusters have on the predicted stability diagram. For ReaxFF we see that
the curve is shifted towards lower potentials with the difference between the two curves
becoming larger as the potential increases. MACE-MP-0 displays the inverted trend and

smaller differences, as the forcefield does not predict the species.
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Figure 9: Oxygen ratio vs. potential curves obtained by following the procedure described in
the text. Results before the molecular dynamics (step 3) and their MACE-MP-0 geometry
optimized version are shown for comparison.

Being able to produce an accurate version of this curve is of paramount importance since
oxygen population is suspected to be the cause of the high onset potential of the ORR on Pt
for both thermodynamic and kinetic reasons.®® A catalyst that shifts this curve by 0.1 - 0.2
V would be expected to outperform compared to current catalysts for the ORR. This shift
would require the binding energy of the oxygen atoms to be reduced by the same amount
across the whole potential range, which was previously done by tuning the nanoparticle size,
composition or shape.? Performing similar simulations using a universal potential such as
MACE-MP-0 would allow for the exploration of these effects, along with external factors
such as a support or a solvent, given that these more advanced forcefields retain reasonable
accuracy. Additionally, going beyond the CHE approximation will be required to produce an
accurate version of Figure 9. For example, our simulations do not account for electrochemical
phenomena i.e. electric fields that arise due to the potential drop at the interface. Similarly, in
the CHE framework, electrochemical adsorption is represented by a coupled electron-proton
transfer, ™ most likely misrepresenting any electrosorption valency phenomena normally

involved in these adsorption process.”
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ONETEP calculations

Finally, we compute electronic properties by performing single-point energy evaluations at
the DFT level. Due to the cost of these calculations, we only selected half of our previous
dataset of 32 oxygen ratios previously optimized by ReaxFF and MACE-MP-0. This allows
for a direct comparison between the two forcefields. Figure 10 reveals that ReaxFF tends to
overestimate the binding energy AGq, while MACE-MP-0 is in better agreement with DFT.
We note that for all our tested oxygen ratios, a geometry optimization with the MACE-MP-0
forcefield also leads to an energy reduction at the DFT level. This reinforces the hypothesis
that the PtgOg species are most probably an artifact due to the parametrization of the

ReaxFF forcefield on specific bulk platinum oxides.
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Figure 10: Total binding energies AGo predicted by both forcefields plotted against DFT.
ReaxFF overestimates the binding strength, while MACE-MP-0 is closer to the DFT results.

In an attempt to explain the saturation regime of oxygen on Pt nanoparticles at high
oxygen ratios, we computed the projected density of states (PDOS) of the Pt-5d orbitals
(Figure 11a) and the O-2p orbitals (Figure 11b) for a range of oxygen ratios.

As the oxygen ratio increases, the PDOS of the Pt-5d orbital displays a significant peak
increase just below the Fermi energy centered around -2.0 eV. In parallel, we observe an
important decrease in intensity for states at lower energies as the oxygen ratio increases.

As oxygen are added, the Pt-5d PDOS displays a decreased metallic character as the peak
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becomes narrower and more localized, indicating a change of the electronic structure towards
a platinum-oxide-like cluster. Additionally, the d-band center slightly shifts towards lower
energies. In contrast, the O-2p PDOS does not display substantial variations, with only
a slight decrease in the peak located at -6.0 eV and the appearance of states above the
Fermi level. The peak centered around -6.0 eV shows a noticeable broadening and shifts
towards higher energies with increased oxidation. This shift suggests a weakening of the
initial Pt/O-2p interaction, possibly due to increased competition among oxygen adsorbates
for available Pt states.

400
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Figure 11: Pt-5d (a) and O-2p (b) PDOS for a range of oxygen ratios as indicated by the
color gradient. The Fermi energy, set to 0 eV, is indicated by the vertical dashed line.

Additionally, the appearance of the peak on the Pt-5d PDOS possibly signifies a more
molecular-like interaction with O-2p states and the formation of a distinct bonding-antibonding
pair with these orbitals. The emergence of O-2p states just above the Fermi level with

increasing coverage further supports this interpretation, which would likely represent the
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antibonding molecular-like orbital. In Figure 11b, the states close to the Fermi energy,
increasing with coverage, are harder to interpret. Considering the average destabilization
of the Pt-O bond with increasing oxidation, we suggest that these states are non-bonding
or weakly antibonding states. From the perspective of the Pt-5d PDOS the slight increase
in bandwidth indicates that the interaction should retain metallic character. However, the
narrow peak close to the Fermi energy suggests that the ionic nature of these bonds develop
as oxygen content increases.

For the O-2p PDOS the discussed variations mainly occur at low oxygen ratios (0.25 to
0.6) but vary less at higher ratios. In contrast, the change in Pt-5d PDOS is more gradual,
suggesting that the Pt structure continuously accommodate to additional oxide species. This
suggests that the oxide species are in fixed electronic states for higher oxygen ratios, which
can be used to explain the trends observed in Figure 8 which showed an initial important
destabilization with oxygen ratio, and a progressive saturation regime observed at higher
oxygen ratios.

Interestingly, our Pt-5d PDOS trends cannot be linked to both previous theoretical
literature and experimental evidence, as both seem to predict inverted trends, i.e. a decrease
of intensity close to the Fermi energy with a diffuse increase in intensity for lower states. A
DFT study of Verga et al.?? investigated various oxygen coverages using DFT on perfect
nanoparticles, and showed that the density of states clearly shift to lower energies as the
oxygen ratio increases, without the presence of a narrow peak below the Fermi energy.
This trend is also reported for other metals, such as Pd, Rh, and Cu.”®"" Similarly, Takagi

1.28 reported the same behavior experimentally on similarly sized Pt nanoparticles using

et a
HAXPES. However, in these studies, nanoparticles are only partially oxidized, e.g. oxygen
atoms are only located on the outer shell. This strengthens our conclusion that the features
observed in our PDOS are due to a progression towards complete oxidation of the nanoparticle.

An additional reason for this discrepancy could be the peculiar geometries given by the

ReaxFF forcefield, not entirely addressed even after a MACE-MP-0 geometry optimization.
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Additional comparisons will have to be carried out, e.g. by comparing the PDOS of platinum
nanoparticles with oxygen only located at the outer shell, or by carrying out the Monte Carlo

simulations with a more advanced forcefield such as MACE-MP-0.

Conclusions

We investigated the oxidation behavior of a realistic platinum nanoparticle using a multistep
approach combining ReaxFF and MACE-MP-0 forcefields, complemented by DE'T calculations.
Our Monte Carlo simulations reveal that the nanoparticle becomes highly oxidized at pressures
above 107> atm, with coverage results that are in reasonable agreement with existing literature.
To describe the extent of oxidation we performed a spherical shell analysis, effectively plotting
the oxygen density around the center of mass. These density profiles show that at high
pressures, oxygen atoms are found close to the core. We then attempt to establish a connection
between the theoretically predicted complete oxidation and experimental measurements done
at different particle size distributions. For our lowest platinum loading sample (10 wt%, 1.7
nm average diameter), we observed predominantly oxidized species with no metallic character
from our XRD measurements. Similarly, for the larger sample (20 wt%, 2.4 nm average
diameter) XRD did not show a significant crystallite domain. However, our EXAFS analysis
showed a low Pt-Pt coordination number from which we conclude that the particles are in a
mixed state of metallic and oxidized platinum. These findings suggest that the 1.5 to 2.5 nm
size range represents a transitional behavior between larger, partially oxidized nanoparticles
and smaller, fully oxidized nanoparticles. We suggest that such Monte Carlo simulations will
most likely always predict complete oxidation of the nanoparticle regardless of size due to
the lack of kinetic aspects. In reality, however, the oxidation process through to the core is
unfavorable for larger nanoparticles due to the high activation energy required for oxygen
diffusion into the platinum lattice.

Progressing in our workflow, we carry subsequent molecular dynamics simulations using
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the ReaxFF forcefield on the previously obtained geometries from the Monte Carlo simulations.
These canonical simulations done at the same temperature of 350K lead to the formation
of detached PtgOg species, previously reported in studies using similar forcefields. We
report that the frequency of these detachment events is highly dependent on the oxygen
fractional occupancy, with higher occupancies resulting in more numerous detachments. To
investigate the plausibility of these species we then performed geometry optimization with
the recent MACE-MP-0 forcefield. The forcefield yield structures that do not contain these
species, actively trying to systematically reincorporate the detached PtgOg species into the
nanoparticle.

Further exploring the deviations between the two forcefields we conducted binding energy
calculations which revealed that ReaxFF predicts stronger binding energies at higher oxygen
ratios compared to MACE-MP-0, which we attribute to an artificial stabilization by the
PtgOg species. By comparing the results from both forcefields to our DFT calculations
we find that MACE-MP-0 provides binding energies in closer agreement with DFT results,
supporting its reliability for describing oxidized platinum nanoparticles. These findings
outline the importance of carefully reviewing the applicability of forcefields on a whole range
of conditions, in our case, high oxygen ratios are not well described by ReaxFF. A less
pronounced plateauing behavior occurring at high oxygen ratios is also observed on the
computed binding energies using MACE-MP-0. To investigate the new regime predicted by
both forcefields at high oxygen ratios we perform DFT calculations to investigate electronic
properties. The projected density of states for Pt-5d orbitals reveals the appearance of
intense, narrow peak close to the Fermi energy as oxygen ratio increases, contrasting with
previous studies, which suggested a decrease in intensity close to the Fermi energy with a
diffuse increase in intensity for lower states. We link this discrepancy to the lack of core
oxidation in these previous studies, compared to this work, suggesting that the narrow peak
close to the Fermi energy is due to complete oxidation. In contrast, the O-2p PDOS, displays

smaller variations, which are localized within the low oxygen ratio range, suggesting that
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these species are in fixed electronic states for higher oxygen ratios.

Overall, our findings emphasize the need for caution when using Monte Carlo simulations
to study nanoparticle oxidation, as the lack of kinetic aspects can lead to results that are
less relevant to catalytic conditions. Additionally, it is important to correctly describe the
potential energy surface at a wide range of conditions when using classical forcefields. We
report that recent machine learning models such as MACE-MP-0 show promise as a more
reliable alternative for studying oxidized platinum nanoparticles, providing geometries and
energetics more consistent with DFT calculations. Future work should focus on extending
this multistep approach to alloyed systems and investigating the kinetic aspects of oxidation,
as the thermodynamic stability of highly oxidized states may not necessarily translate to
their practical relevance under catalytic conditions. By combining accurate forcefields, such
as MACE-MP-0, with DFT calculations and experimental validation, it may be possible to
design more efficient and stable platinum-based catalysts for the oxygen reduction reaction
and other important applications. This study serves as a foundation for a more comprehensive
understanding of the complex interplay between nanoparticle structure, oxidation state, and

catalytic performance, paving the way for the rational design of advanced catalytic materials.
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