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Abstract

Pt nanoparticles (NPs) are currently being investigated for use in fuel cells; however,
Pt NP oxidation as a function of size, morphology, and temperature is not well understood
or currently quantified. In this study, the stability and dissolution of oxidized platinum NPs
is examined via classical molecular dynamics in an explicit water environment. The NPs
considered range in size from 1.35 to 2.92 nm in diameter and included five different
monolayer (ML) coverages of O*. The simulations were performed at 300, 450, and 600 K
with the many-body, reactive third-generation charge-optimized many-body or COMB3
potentials and examine the kinetics of NP dissolution in water. The Pt-O layer, which reduces
the Kinetic activity for Pt atom dissolution, is projected to make dissolution more favorable
for O* MLs smaller than 0.5. The simulations further indicate that the Pt NPs' kinetic rates
of dissolution are slowed by an increase in the number of adsorbed species caused by the
dissociation of water molecules at the reconstructed facets of the Pt NPs. These findings
quantify the effect of oxygen and temperature on the stability and dissolution of oxidized
platinum NP in an explicit water environment similar to the conditions in fuel cells and
electrocatalysis.
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Introduction
In electrochemistry solid-liquid, electrode-electrolyte interface regulates electrochemical

processes that are essential for energy storage and production, such as those found in fuel cell
technologies, electrochemical sensors, and medical equipment.!? Currently, metallic
nanoparticles (NPs), specifically those containing Pt, have been found to improve the sluggish
catalytic activity of oxygen reduction reactions (ORR).!= This is because the small size of the NPs
maximizes the surface area, and Pt's intrinsic electronic structure makes it an effective catalyst.!»
But while Pt is an excellent electrocatalyst for polymer electrolyte membrane fuel cells (PEFCs),
the high cost of Pt remains a deterrent for commercialization.!>¢ Therefore, a fundamental
understanding of the reactions occurring at the electrode-electrolyte interfaces is important to

ensure their most efficient utilization.”

Currently it is accepted that the degradation of Pt NPs occurs first through oxidation, and
then through the dissolution of Pt atoms in PEFCs.>* Experimentally, these electrochemical
processes have been investigated using cyclic voltammetry, X-ray diffraction, X-ray absorption
spectroscopy, scanning electron microscopy, transmission electron microscopy, scanning
tunneling microscopy, and high-resolution inductively coupled plasma mass spectrometry.!6 It has
been determined through these investigations that the oxidation and dissolution of atoms from
electrode surfaces during ORR affect the materials' durability and catalytic performance.®® This is
related to the electrochemical active surface area (ECSA), where both Pt dissolution and ECSA
both drop down precipitously as NPs increase in size.'®'? Through oxophilicity, the NPs are
rendered less susceptible to dissolution by the formation of oxide layers. Research of these
materials and their surfaces at the atomic level further explains the structure-property relationships

that govern ORR and electrode degradation.!?
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These experimental studies can be complemented with computational models to enhance
the understanding of the kinetic reactions and can be used to predict the response of oxidation and
electrode dissolution in electrochemical environments. Over the past decade several computational
techniques have been used to describe the mechanisms that control ORR.*>!415 For instance,
density functional theory (DFT) and quantum statistics have been used to describe electrochemical
reactions at steady state. With DFT, Pt-O surface interactions have been extensively studied to
determine how different Pt surfaces respond to electrochemical environments.*'%-1° DFT is a
powerful tool for predicting ORR events as it is able to describe the electron transfer and charge
accumulation at the surface, along with molecular polarization at the solid-liquid interface.!® Often,
these calculations employ a small number of atoms and use only a few adsorbed species due to the

high computational cost.!3.14.20.21

Atomic cluster expansion is another technique used to study the local electrochemical
environments mainly studying alloy systems and surface adsorption,???3 where the analysis of
these modes are equilibrium structures are trained from DFT data.?>?* Although these models have
shown merit and are even programed into large scale codes, for them to correctly model
electrochemical interactions the models still need well defined descriptors and still have to deal
with the use of implicit solvents.?>>3 Therefore, to increase the size of these calculations, catalytic
surfaces can be run in an implicit electrolyte environment; however, these calculations lack the
physics and chemistry to describe the mechanisms associated with atomic dissolution through
interactions with explicit water molecules.!32%-26 With these models, it has been understood that
large-scale simulations that incorporate charge transfer between atoms are required to adequately
model electrochemical interactions.!#2027 Such interactions include creating and stabilizing the

surface structures on metal electrodes, or metal-ion solution interactions. However, a realistic
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physical model of polarization and charge transfer between atoms is either extremely difficult or
computationally impossible to implement in large scale simulations. Currently, classical molecular
dynamics (MD) simulations may accomplish this by using reactive potentials that incorporate the
electronegativity equilibration charge system (QEq) method.?82° This technique can simulate the
electrode surfaces and NP architectures that will affect ORR, as well as the dissolution of the NPs
using traditional computational models. These simulations remain minuscule compared to the

length scales needed to accurately model real-world conditions.”

Previously, work has been conducted using classical MD simulations and the electronic
charge-optimized many body (e-COMB) reactive potential was applied to examine a Cu electrode
with a water electrolyte comprising of OH- and H" ions.?® Charge transfer between the electrode
and electrolyte atoms was simulated utilizing two distinct QEq schemes, one for the electrolyte
and one for the electrode.?® This configuration was chosen due to the constraints of the charge
transfer scheme and the need for a constant applied electronegativity offset.3® However, it has been
determined in previous work that implementing separate QEq schemes for the electrode-electrolyte
interface makes it impossible to replicate important electrochemical phenomena, such as a
sacrificial anode, due to incorrect dynamics and inaccurate charge transfer behavior.3! This was
also further studied in the oxidation of Pt NPs, where there stability was studied for five different
monolayer (ML) coverages of oxygen adsorbates (O*) for different morphologies and sizes
comparable to experimental results.3? These simulations are typically challenging to produce due
to the reactions needed and the size of these simulations, where most applications for Pt NP have
a size range of 1-5 (nm) and this causes the number of atoms in each simulation to run from 85-
5000 atoms. However, with the optimization of the COMB3 potential simulations with over 45,000

atoms were possible where the Pt NPs had a diameter of 11.3 nm.?'3? Despite efforts to improve
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the description of this interface, numerous obstacles still remain to modelling it at the atomic and
electronic scales, including charge accumulation on electrode surfaces, correct charge transport,
and simulation size limitations. As a result, a single QEq scheme is employed to characterize both

the electrode and the electrolyte for accurate replication of electrochemical events.3!32

The focus of this work is to investigate the surface reactivity of oxidized Pt NPs and define
the kinetics of NP dissolution in an explicit water environment, while analyzing the effects of
different oxygen-binding sites and the influence of NP size on these reactions. This is to address
the durability of Pt NPs commonly used in PEFCs as catalyst materials. The MD simulations use
explicit interactions of the water electrolyte with Pt NPs and the electrodes so to create a
foundational insight on charge transfer at the electrode-electrolyte interface, and to understand
their influence on Pt atom dissolution. The simulation results are compared to the results of DFT
calculations of Pt NPs and Pt surface in implicit water environments. The results of these
calculations indicate that the (100) facet of Pt NPs is especially prone to dissolution near edge and
corner site, and that water molecules readily dissociate at higher index facets.3*35 With this, it is
believed that the dissociation of water molecules occurs at the facets of the NPs. Dissociation is
also thought to occur at higher rates for higher ML coverages, due to the high ratio of oxidized Pt
surfaces and adsorbed oxygen atoms available for reactions with adsorbed water molecules.3*36
This higher dissociation rate has also been predicted in DFT data for high-index facets. Equation
1 shows what is believed to be the dissociation reaction, after which the Pt NP will contain three
OH- adsorbates and one H" ion for every two water molecules and one adsorbed O atom.’’
However, Equation 2 was previously determined through first-principles calculations to be the

energetically favorable reaction.’’

2HZOads + Oads_)?’OHads + Hads Eq- 1
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2HZOads + Oads_>H20ads +20Hads Eq- 2

Computational Details
Classical MD simulations were carried out using the open-source code Large-scale

Atomic/Molecular Massively Parallel Simulator (LAMMPS) and the previously parameterized
third-generation charge-optimized many body (COMB3) reactive interatomic potential for Pt-O-
H.333% The ability to accurately characterize metal H,O interactions and hydrogen bonds
concurrently is required for this endeavor and it was established that the potential correctly
anticipated the nanoscale architectures of water on Pt surfaces and even the buckled bi-layer of
water on the Pt (111) surfaces. This is made possible by using the variable QEq scheme, which is
implemented in LAMMPS for COMB3.#0 Enabling accurate measurements of electrostatic
environments, the COMB3 potential has demonstrated in MD investigations the effects that
adsorbed species on Cu (111) surfaces have on the wetting of explicit water nanodroplets. The
functional form of COMBS3 is described by the total potential energy (Uy,) which is the summation
of atoms’ ionization energies and electron affinities (Us), the reactive short-range interactions
(Ushort), the Coulombic interactions (Ucqy), the angular correction term (Ug,,), the atomic
polarizability (Upoar), and the van der Waals energy (U,qw), where the positions and charges of
individual atoms are denoted by ¥ and ¢V respectively, as outlined in Equation 3.4

Utor(r,q") = Usetf(@") + Uy (r".0") + Ucou(r™.q") + Ucors(r") + Upotar (") + Unaw(r")  Eq. 3

In these simulations, we considered oxidized Pt NPs with five different O* monolayer
coverages (ML) (0, 0.25, 0.5, 0.75, 1.0) from previous work.?? In an effort to reduce the amount
of computational resources needed to investigate all possible adsorption sites for this initial
fundamental analysis, only the preferred adsorption site for oxygen atoms on the Pt (111) facets is

used for the O* initial positions.'>*! This adsorption site on the Pt (111) facets is face-centered
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cubic (FCC) hollow site. The Pt (111) facets are used for the adsorption surfaces in this study,
because experimentally it is seen the equilibrium shapes of Pt NPs is primarily restricted due to
the low surface energy of this facet.*>*> The modeled oxygen monolayer coverages correspond to
those on the NPs after the application of an external voltage in, e.g., a fuel cell and a strong
correlation has been shown that increasing the applied potential on the fuel cell increases the oxide
coverage on the Pt NPs.*46 An increase in the temperature of the cell has a much smaller impact
on the oxide film growth rate.*3*¢ Even though we are not applying an external potential in these
simulations, the coverages modeled are comparable for the entire range of possible oxygen

coverage on NPs under operational fuel-cell conditions.!#

Once each oxidized Pt NP reached thermodynamic equilibrium, it was immersed in explicit
water, and the new system was allowed to evolve in order to observe the possible dissolution of
the Pt NPs, where in all the simulations the polar-off flag is used. The density of the water in the
simulation box is given by Equation 4. In the initial simulation builds the density of the water
within 3 A from the Pt NP surface is taken to be 1.09 g/cm? and the density of water farther than
3 A from the Pt NP surface is taken to be 1.00 g/cm?. In this equation, Pt NPs, is the surface area
of the NP, Pt NPy, is the volume of the NP, and R is the radius of the Pt NP. The inital builds
are first created by adding the reconstructed Pt NP to the desired simulation cell then water
molecules are added around the NP in the simulation cell with the packmol software package with

varing desnites as previously stated.*’

((Pt NPg + 3R) * 1.09-%) + ((Pt NPy, — [Pt NPss * 3A]) * 1.00-%
cm cm

water density in simulation = TnitalVacimmVolume q.-4

In order to achieve a preliminary understanding of the kinetic effects of water on the Pt

NPs, simulations are performed at 300, 450, and 600 K. Although these temperature ranges exceed
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the operating temperatures of most PEFCs, using higher temperatures in the MD simulations
speeds up the kinetic reactions and reduces the amount of CPU wall time needed.!®!#4® The
selected Pt NPs used in this work range in size from 1.35 nm to 2.92 nm and are depicted in Figure
1 with 1 ML of O*. The NPs used are of two different morphologies the Pt (111) facet NPs (Wulff
construction) which are labeled as just the number of atoms in the NP and the Pt (110) fact NPs
where a prime is appended to the number of Pt atoms in the NP. These NPs were selected since
the size range is a little more than half of the commonly used application sizes of Pt NPs (1-5 nm)
and due to the large amount of CPU wall time needed to run the 240 simulations for the selected
NPs in this work.'4*® Two Langevin thermostats were implemented, one to control the water
temperature and one to control the temperature of the oxidized NPs.30-52

Using previously optimized input parameters of a timestep of 0.4 fs, charge equilibration
every 50 timesteps, and a 0.1 ps relaxation time for the Langevin thermostats, reduced the
necessary amount of CPU wall time of these simulations by 90%.3! In these simulations, Pt atoms
are considered dissolved once the Pt atoms have a Pt-Pt nearest neighbor distance greater than 6
A, which was determined from the vibrational frequency and the radial distribution function of the

Pt-Pt interactions for a Pt atom on the surface of the Pt NPs.
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Pt-85 O*-1ML ~ Pt-135' O*-1ML  Pt-165' O*-1ML  Pt-201 O*-1ML  Pt-225 O*-1ML  Pt-273' O*-1ML
1.35 (nm) 1.57 (nm) 1.68 (nm) 1.8 (nm) 1.87 (nm) 1.99 (nm)

Pt-369' O*-1ML  Pt-399' O*-1ML  Pt-405 O*-1ML  Pt-459 O*- 1ML Pt-483 O*-1ML  Pt-579' O*-1ML
2.2 (nm) 2.26 (nm) 2.26 (nm) 2.37 (nm) 2.41 (nm) 2.56 (nm)

P-675' O*-1IML ~ Pt-747 O*-IML  Pt-807 O*-IML  Pt-861 O*-1ML
2,69 (nm) 2.78 (nm) 2.86 (nm) 2.92 (nm)

Figure 1- Structural models of platinum nanoparticles with a 1 ML oxygen adsorbates (O*)
coverage used in explicit water MD simulations. The number of Pt atoms in each NP are labeled
in each image of increasing size up to 861 Pt atoms. In this image the Pt atoms are colored grey
and oxygen adsorbates are colored blue. When referring to Pt (110) fact NPs, a prime is appended
to the number of Pt atoms in the NP, however no prime is appended to the label when referring to
Pt (111) facet NPs (Wulff construction).
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Results

The dissolution of Pt atoms from the oxidized NPs in water is predicted in the MD
simulations, as illustrated in Figure 2. At 600 K, the simulations reveal that Pt dissolution starts
at around 0.40 ns, with the Pt (100) facet atoms being the first to dissolve. As simulation time
increases, the number of dissolved Pt atoms increases, as shown in Figure 3. Displayed in Table
1 are the average charges of the different types of Pt atoms in a MD-simulated oxidized Pt NP in
an explicit water environment. In the COMB3 potential, dissolved Pt atoms with a positive
charge greater than +1 e indicate they have a maximum positive charge for the MD simulations.
It should be noted that while the simulations indicate that the Pt atoms are moving from the NP
to solution, we are unable to predict the oxidation state of the dissolved Pt atoms. This is a result
of the use of the empirical potentials that do not describe electrons explicitly.

The atomic charge values of the surface, subsurface, and bulk Pt atoms are +0.426 e, -
0.226 e, and +0.02 e, respectively. These values indicate that the bulk Pt in the NP is essentially
neutrally charged, while the surface Pt atoms are positively charged at a value that is roughly
half of a dissolved Pt atom. The subsurface Pt atoms are negatively charged which is a result of
the physics implemented into QEq charge equilibration scheme and the COMB3 potential, which
constantly drives the MD system to an overall simulation charge neutral state for the system
conditions, this result in the Pt NPs having a shell charge is also predicted to occur under

experimental conditions.

10
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a) b)

Or @0 @0 H Atomic Charge (e)

100 IS | +1.00

Figure 2 — a) Predicted dissolution of Pt and water molecules through a singular charge
equilibration scheme. In the image only the water atoms near the Pt atoms are shown for
visualization. B) Charge per atom of adsorbed water on the Pt-O* nanoparticles. The image is a
slice of only half of the simulation cell for ease of visualization.

Pt—807 - 0.25 ML - 600 K

0.40 ns 3.30 ns

Figure 3 — Pt NP dissolution times and average charges of atoms in an 807 Pt NP with a 0.25 ML
coverage at 600 K. Where the dissolution of the first Pt atom is predicted at 0.40 (ns), then then
the simulated times of dissolution of the next four atoms are 0.98 (ns), 1.20 (ns), 1.46 (ns), and
2.33 (ns). In the image the water molecule atoms are colored red for oxygen and white for
hydrogen. The Pt atoms are also colored by the bulk NP (dark green) and the individual dissolved
Pt atoms. At 0.40 (ns) the first dissolved Pt atom is colored yellow, and at 3.30 (ns) it is possible
to visually see three of the dissolved Pt atoms.

11
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Table 1: Atomic average charge of Pt atoms in explicit water with Pt dissolution from the MD
simulations

Pt atom type Charge on atoms
Dissolved Pt atom +1.036 ¢
Surface Pt atom +0.426 ¢
Subsurface Pt atom -0.226 e (max)
Bulk Pt atom +0.02 e

Although it is predicted the atoms from the Pt (100) facet are the first to have dissolution,
in these simulations, the charge quantity necessary to produce dissolution does not seem to have a
threshold. Figure 4 displays an illustration of atoms colored according to their atomic charge, with
red highlighting the atoms with charges more than 0.85 e which is roughly double the average
charge of the Pt surface atoms. This image shows that certain atoms of the Pt 747 NP with an O*
0.25 ML have already dissolved from the NP having a charge greater than 0.85 e, while some have
not dissolved. However, for the Pt 747 NP with an O* 1.0 ML, no atoms have undergone
dissolution after 3.3 ns, despite some of the atoms having charge values greater than 0.85 e. It is
also noted that although the average charge of a dissolved Pt atom is above +1 e there are some

dissolved Pt atoms seen with charges as low as +0.75 e.

12
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Pt—747" — 0.25 ML — 600 K Pt—747— 1.0 ML — 600 K

Atomic Charge (e)
-1.00 \ +1.00

* Red atoms have a charge above +0.85 (e)
« Water atoms not near Pt atoms are omitted for visualization

Figure 4 — Dissolution of Pt and water molecules is predicted not as a result of unique charge
threshold. In the image on the left some atoms with a charge greater than +0.85 e have dissolution
at a O* ML coverage of 0.25 while none of the atoms with a charge greater than +0.85 e have
dissolution at a O* ML coverage of 1.0.

The prediction for Pt NP dissolution is further strengthened by examining the number of
O* as a percentage of the number of Pt surface atoms for each NP. It is possible to see all of the
NP sizes simulated in this work and at which temperatures and O* ML coverages that predicted
Pt atom dissolution occurs, in Table 2. In this table the first column provides an image of each Pt
NP and its corresponding size, then the second column shows the simulation temperature, and the
third column lists the O* ML coverages that Pt dissolution is predicted for the NP in column one.
In these simulations, the dissolution of Pt atoms is only observed at two simulation temperatures:

450 K and 600 K. Figures 5-7, depict which NPs are predicted to undergo dissolution on the

13



Journal of Materials Chemistry A

timescales of these classical MD simulations and those that are not predicted to do so. As indicated
in Figure 5, at 300 K, there is no observable dissolution in the MD simulations. While, it is
expected that the dissolution of Pt atoms will occur at this temperature, the rates of these kinetic

phenomena are likely to occur on timeframes that are still inaccessible to classical MD simulations.

It is predicted that the dissolution of Pt occurs more rapidly with an adsorbed oxygen ML
coverage smaller than 0.5, while dissolution at 1.0 ML is almost non-existent, and only occurs at
a temperature of 600 K for the Pt-135, Pt-273 and Pt-369 NPs. However, with a simulation
temperature of 450 K, it is seen that neither end of the ML coverage spectrum is truly favorable
for dissolution, as illustrated in Figure 6. However, in Figure 7, it is possible to see that at a
simulation temperature of 600 K, dissolution mainly occurs when the ratio of O* is less than 40-
50% of the number of Pt NP surface atoms, where it is predicted that the dissolution of Pt atoms
is suppressed at the higher ratios due to the formation of a passive Pt oxide film as the O* ML
coverage increases, and the oxidation and reconstruction of the initial NP increases. The only NPs
that dissolution was predicted above this threshold of 50% are the Pt-405, the Pt-483, and the Pt-
807 which all have a O* ML of 0.75. It is also noted that there are 5 NPs where the simulations
observed Pt dissolution at a temperature of 450 K but did not observe dissolution at 600 K. Where
4 of these NPs (Pt-165’, Pt-201, Pt-459°, and Pt-807) have a O* ML coverage of 0.5, and the Pt-
399’ NP had a 0.75 ML coverage. It is also noted that for the NPs at 450 K where dissolution is
predicted do not have the same initial morphology, with three of the NPs possessing the Pt (110)

facts and two of the NPs possessing Pt (111) facets (Wulff constructions).

14
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Table 2. — Pt NP’s with predicted dissolution for specific O* ML coverages in an explicit water

environment
NP Size Simulation Oxygen Adsorbate Monolayer Coverage
Temperature where Pt Dissolution Occurs
300 K N/A
& 450 K 0.0,0.25
s my 650 K 0.0, 0.25
300 K N/A
450 K 0.5,0.75
P 650 K 0.0, 0.25, 0.5, 0.75, 1.0
300 K N/A
450 K 0.5
P ey 650 K 0.0, 0.25, 0.75
300 K N/A
' 450 K 0.25,0.5
T T 650 K 0.25
300 K N/A
450 K 0.25
o 650 K 0.0, 0.25, 0.5
300 K N/A
450 K 0.5
P oy 650 K 0.0, 0.25, 0.5, 0.75, 1.0
300 K N/A
: 450 K N/A
o 650 K 0.0, 0.25, 0.5, 0.75, 1.0
300 K N/A
450 K 0.25,0.75
i 650 K 0.0, 0.25, 0.5
300 K N/A
450 K 0.5

15
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650 K 0.25, 0.5, 0.75
P8 )
300 K N/A
_ 450 K 0.25,0.5
T 650 K 0.0, 0.25
300 K N/A
: 450 K N/A
Pl ) 650 K 0.0, 0.25, 0.5
300 K N/A
450 K N/A
ety 650 K 0.0, 0.25, 0.5, 0.75
300 K N/A
450 K N/A
P oty 650 K 0.0,0.25, 0.5, 0.75
300 K N/A
450 K 0.5
e 650 K 0.25,0.5, 0.75
300 K N/A
_ 450 K 0.5
i 650 K 0.0, 0.25, 0.75
300 K N/A
__ 450 K 0.25
e ) 650 K 0.0, 0.25

16
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Figure 5 — Illustration of which Pt NPs undergo dissolution at 300 K, showing the relationship to
Pt-NP size (number of atoms), and to the number of oxygen adsorbates as a percentage of the
number of Pt NP surface atoms (%). In the simulations run at 300 K, dissolution of the Pt NPs was
not observed in any of the MD simulations.
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Figure 6 - Illustration of which of the Pt NPs have dissolution at 450 K, showing the relationship
to Pt-NP size (number of atoms), and to the number of oxygen adsorbates as a percentage of the
number of Pt NP surface atoms (%).
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Figure 7 - Illustration of which of the Pt NPs have dissolution at 600 K, showing the relationship
to Pt-NP size (number of atoms), and to the number of oxygen adsorbates as a percentage of the
number of Pt NP surface atoms (%).
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Discussion

In this paper, a reproducible model of classical MD simulations predicting Pt dissolution
is developed utilizing a reactive interatomic potential with an explicit water environment.
Concerning the issue of determining the real manner of atomic dissolution for Pt NPs, numerous
mathematical and first principles models have been developed and presented throughout the
literature. Even recently another reactive potential model has been developed with a Grand-
Canonical Monte Carlo (GCMC) method. However, the mechanism for dissolution in this method
predicts the oxidation and then dissolution of a PtsOg species which is contradictory to some
literature DFT calculations, and the MD simulations performed in this current work. It is also noted
that the replication of oxidation of the NPs in this GCMC model have not been achieved with
newer versions of codes.> It is believed that from this current work that the PtsOg species is a not
experimentally favorable especially since with newer versions of the code the NPs reach an energy
minimum without fully oxidizing. Dissolution rates and timings of atomic Pt are shown to be quite
consistent across the 240 simulations carried out in the present investigation. Implementation of
the restart commands in LAMMPS have also proven successful in recreating and reproducing these
models.

The results of DFT calculations have shown that the dissolution of Pt from the (100) facet
has the lowest dissolution energy, in agreement with the predictions of these MD simulations. The
simulations further predict that the dissolution of Pt NPs are more favorable at O* ML coverages
below 0.5, which corresponds to the trend that adsorbed oxygen lowers the surface energies of the
Pt NPs. This correlates well to previous work, in which the surface reconstruction of the oxidized
Pt NPs increased from the initial NP structure as the O* ML coverage increased, leading to the

formation of a passive oxide film on the NP surface. Although it is common practice to compare
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the oxidation and the dissolution of Pt surfaces and Pt NPs to the O* ML coverages, this descriptor
does not describe the complete picture of atomic dissolution. This is because at 600 K dissolution
of the Pt NPs is predicted for all of the NPs for at least one of the O* ML coverages while other
NPs had all five coverages predict dissolution, with only the 0.25 O* ML having predicted
dissolution at all of the NP sizes. Which illustrates that the size and morphology of the NPs is not
a dominant factor in the dissolution of the Pt NPs compared to the adsorbates. This is also shown
with the different NP morphologies and O* ML coverages that predicted dissolution at 450 K and
did not predict dissolution at 600 K at discussed earlier. Therefore, the ratio of O* to the number
of initial surface atoms is used to examine and compare the dissolution of the NPs in this study,
and it is predicted that Pt dissolution is favorable below 40%. Although it is not determined what
is the mechanism that caused dissolution at the lower temperatures compared to the higher

temperatures the predictions of dissolution in the MD simulations are still reproducible.

With this the ECSA of the NPs are considered, however the results indicate that the kinetic
interactions of the adsorbates and ion concentrations at the electrolyte interface play a considerably
more significant role in the dissolution of Pt NPs, relative to the ECSA of the NPs.>* Our research
demonstrates that, in comparison to thermodynamic water models specifically produced by DFT
and cluster expansion, a dynamic description of the water films produced on the NPs has a
profound effect on the electrode-electrolyte interfaces which has been in agreement with

experiments and Ab initio calculations.!!>#433

The analysis of these simulations compared to literature shows that the binding of unique
water structures, formed at oxidized electrode surfaces, defines the rate determining steps of
dissolution of Pt atoms and the degradation of the Pt NPs.%#° It is observed that the water structures

have the same type of bonding that occurs with H" ions in Zundel and Hydronium water structures,
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as illustrated in Figures 8. In this work we must assure that the formation of these cations is
possible and is done by comparing the formation energies and to the comparison of experimental
literature.® The heats of formation for these molecules are within reasonable calculations and it has
been experimentally observed that the Pt (111) surfaces favor the Zundel cations to other cations
and that the cation ratios to water are stable from 0 to 0.2, whereas for other noble metals such as
Au the cations ratios are only stable at low values or intermediate values around 0.13.° From these
works the unique molecules and structures observed in the simulations are considered valid and
shown in Figure 9.5 It is also noted that H" ions produced in the simulations do not bond to O*

atoms to form H,O, but instead remain at a distance of approximately 1.47 A from the O* atom.

H,0* H,0,*

® o OH

Figure 8- The Hydronium (H;0%) and Zundel (HsO,") cations.
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Figure 9- The dissociation of water molecules and the formation of unique water structure on the
surface of the Pt NPs in the explicit water MD simulations.

The results indicate that the dynamics surrounding newly dissociated H* ions are possible
driving factors for the movement of these ions between oxygen atoms, where H* ions near the
nanoparticle surfaces are predicted to be pinned between oxygen atoms at equidistant locations in
any of the simulations where the dissociation of water molecules occurs. This is because the
implementation of the equation used in the QEq scheme (Equation 5) exhibits asymptotic charge
transfer due to the absence of a distance-dependent charge transfer term implemented into COMB3
and QEq. Therefore, with this implementation there is an artifact in the potential which allows for
charge transfer to occur over an infinite separation distance between atoms. It is believed that when

atoms are close and within the 11.1 angstrom cutoff distance of the COMB3 potential that the
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dissociation of water molecules and ion transport is predicted to occur at slower rates than in

experiments. The following is the solution to Equation 5

n 1
E(P) = Zij()(?CIi) + Ezl-jQin]ij , Eq. 5
where P is an antisymmetric matrix, y is the electronegativity of an atom, and ¢ is the charge on

an atom.40

Conclusions
The durability and performance of fuel cells has been associated with the dissolution of the

Pt NPs incorporated into the system. Although dissolution is known to be the leading degradation
mechanism in fuel cells, the simulations presented in this work show that dissolution of the Pt NPs
occurs more frequently with elevated operating temperatures. It is also determined the effect of the
adsorbed species on the Pt NPs are more determinate in the selection of a rate determining step for
Pt atom dissolution. However, no evident trend to predict the dissolution of the NPs, based on the
either the size of the NPs or the O* ML coverages has been decerned, since dissolution is predicted
at all of the simulated NP sizes and what is considered a random dissolution at the different ML
coverages. However, it is also determined that dissolution is more dependent on the number of
oxygen adsorbates as a percentage of the number of initial NP surface atoms is a more accurate
descriptor, in showing that at lower percentages (less than 40%) less subsurface oxidation has
occurred and a smaller platinum oxide film forms on the surface of the NP making it is easier for
Pt atoms to dissolve.

With the development of this newly reproducible kinetic model in an explicit water
environment, the scientific community will be able to better comprehend the degradation and
dissolution of Pt NPs by further studying the interactions of adsorbates and the concentration of

ions at the electrode-electrolyte interfaces. This work suggests that the bonding of unique water
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structures is the determining factor for the degeneration and the dissolution of the Pt NPs. Future
work in this area should focus on the use of explicit environment simulations to determine the
effects of ions, their concentrations, and specific adsorption energies to further the fundamental
understanding of the limiting kinetic reactions at the electrode-electrolyte interface, which will aid

in the development of more efficient Pt fuel cells.
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