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ABSTRACT: In situ scanning tunneling microscopy experiments on the initial oxidation
of Pt(111) found complex intermediary platinum surface oxides, consisting of spoke wheel
and stripe structures [Nat. Commun.2017, 8, 429]. While the stripes have been
investigated extensively in the following, the spoke wheels are poorly understood because
of their size and complexity. Here we employ atomistic thermodynamics based on an
established reactive force field to investigate the structure and stability of spoke wheels at
the elevated temperature (>530 K) and pressure (1−4 bar) conditions of the in situ
experiments. At those conditions, the thermodynamic stability of the structural model for
the spoke wheel is similar to that of the stripes, while the degree of surface oxidation is
much lower. The spoke wheel is found to be much more stable than partially formed
stripes with a similar degree of oxidation. These results are consistent with experimental
findings, where the spoke wheel is observed first, at slightly lower oxygen pressures. They
thus provide a better understanding of the oxidation pathway for Pt(111)-based catalysts
in the context of oxidative catalysis.

1. INTRODUCTION
Platinum is one of the most important metals in heterogeneous
catalysis due to its widespread use in the automotive industry.1

Platinum is vital for the functioning of the so-called three-way
catalyst, which aims to reduce hazardous emissions in cars by
reducing NOx and oxidizing CO and hydrocarbons to CO2. To
do so effectively, cars frequently utilize “lean” operating
conditions, meaning they operate with an excess of oxygen.1,2

Because of this, the platinum nanoparticles in the three-way car
catalyst are regularly exposed to oxygen and other highly
oxidative gases at high temperatures (>500 K). Additionally,
platinum is used in hydrogen fuel cells as a catalyst for the
oxygen reduction reaction (ORR), whereby the presence of
surface oxides greatly affects the catalytic activity and
stability.3−5 This means that it is essential to better understand
the oxidation behavior of platinum for both current and future
applications in catalysis.

Because of its great potential as a catalyst for oxidation
reactions, the interaction between platinum and oxygen has
been studied extensively for over 100 years, since the very
beginning of the field of surface science.6 To improve the
catalyst by means of rational design, its modus operandi needs
to be understood. The majority of these studies are performed
under ultra-high vacuum (UHV) conditions, which is practical
because most experimental surface science techniques require a
gas-free environment to work.7−10 Additionally, it allows for an
atomically clean and well-characterized catalyst surface, thus
giving a greater degree of control over the reaction conditions.
In conjunction with these UHV studies, computational tools
based on fundamental quantum mechanical principles, such as

density functional theory (DFT), are commonly utilized to
explain and support experimental findings.11,12 These
computational studies are frequently performed for model
systems from UHV studies under low-pressure conditions. An
increasing number of in situ experiments show, however, that
these model systems are often not representative of the surface
under catalytic conditions, which is often described as the
pressure gap.13,14

Recent in situ scanning tunneling microscopy (STM) studies
under conditions realistic for catalysis have shown that the
surface of a Pt(111) single crystal partially oxidizes at high
temperature (>530 K) and pressure (1−4 bar of O2).

15 At
around 1 bar a spoke wheel-like structure is formed, while at
higher oxygen pressure a striped pattern emerges. At the bias
voltage used in the aforementioned in situ experiments, the
tunneling is expected to occur primarily through Pt atoms. On
the basis of Pt−Pt distances obtained from STM and electron
binding energies observed with X-ray photoelectron spectros-
copy (XPS), the observed structures are expected to be surface
oxides.15 The platinum surface oxides disappear at room
temperature in UHV after oxygen exposure, clearly implying
that they are not (very) stable under the typical surface science
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conditions. From these findings, it seems clear that the classic
surface science approach is not sufficient. To accurately
investigate the platinum catalyst, it is important to investigate it
at the real conditions of the catalytic process. On the
experimental side, this can be achieved by means of in situ
or operando techniques such as in the high-pressure STM
employed by van Spronsen et al.,15 which can provide valuable
insights into the mechanism for oxidation and potentially
enable extrapolation to the disintegration/corrosion of
platinum-based catalysts.

Computationally, atomistic thermodynamics (ATD) is a
commonly employed approach to extend atomistic simulations
toward finite temperature and pressure conditions.16−19 By
estimating and comparing the relative Gibbs free energy of
both bulk and surface structures as a function of temperature
and partial pressures, it is possible to construct a full phase
diagram of the catalyst from first-principles calculations.16,20

This technique has recently been used by Hanselman et al.21 in
combination with extensive DFT calculations to determine
atomistic models for the stripes and elucidate their role in the
oxidation of Pt(111). This study suggests that the stripes seen
with STM emerge from a PtO2-like arrangement, whereby
platinum atoms in the stripe rise above the Pt(111) surface.
Nevertheless, these findings elucidate only a small part of the
complete oxidation process of the Pt(111) surface.

In this work we aim at including the spoke wheels in the
understanding of (the initial stages of) this process. The size of
the spoke wheel structures makes DFT calculations very
challenging. Instead, we employ a reactive force field (ReaxFF)
developed and tested specifically for platinum and different
platinum oxides in bulk and surface configurations by
Fantauzzi et al.22 ReaxFF generally comes at several order of
magnitude lower computationally costs compared to DFT and
relies on bond-order-dependent terms to reproduce electronic-
structure-dependent chemical properties without considering
the electrons explicitly.22−25 Before applying the Pt−O ReaxFF
to the spoke wheel structures, we benchmark this force field
against the aforementioned DFT results for PtO2 stripes of
Hanselman et al.21 Focusing on the temperature and pressure
conditions of the in situ STM experiments by van Spronsen et
al.,15 we extend this ATD investigation by determining an
atomistic model for the spoke wheels and comparing its
stability to that of the striped surface oxides. We conclude with
a discussion of potential implications for the initial oxidation
stages of the Pt(111) surface.

2. METHODS
2.1. Atomistic Thermodynamics. To compare the

relative stability of various structures that can result from the
exposure of the Pt(111) to oxygen (O2), this work employs
atomistic thermodynamics with the commonly used nota-
tion.16,18,19,26 Briefly, the change in Gibbs free energy per
surface area A for the oxidation of a Pt(111) surface is
obtained as
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Here E x y( , )Pt Ox y
is the total energy of an oxidized Pt(111)

slab with x Pt atoms and y oxygen atoms, E x( )Pt(111)
ref is the

total energy of a clean Pt(111) slab, EPt
bulk is the energy per Pt

atom for bulk (fcc) platinum, and EO2
gas is the total energy of an

O2 molecule in a vacuum. All terms containing temperature
and pressure are contained in ΔμO: the change in chemical
potential of the oxygen compared to the reference state, which
is O2 in a vacuum at 0 K. Not considering any vibrational
contributions to ΔμO in a first step, this results in
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where m is the molecular mass. The rotational constant (BO),
the symmetry number (σsym), and the electronic spin
degeneracy of the ground state (Ispin) of O2 can be looked
up in thermodynamic tables.27 The Gibbs free energy per
surface area for an oxidized Pt(111) slab ( Pt Ox y

) as a function

of temperature and pressure is then obtained from

T p T p( , ) ( , )Pt O Pt(111) Pt Ox y x y
= + (3)

Usually, the influence of the vibrational free energy on the
relative stability of the considered surface oxides can be safely
neglected.18 However, Hanselman et al.21 have shown that the
difference in Gibbs free energy between Pt(111) surface oxides
is frequently small enough that vibrational contributions to the
free energy may affect their relative stability. This is done via a
correction term for Pt Ox y

containing the vibrational free

energy difference

F T
y
A
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x y

2 2
= [ ]

(4)

where νO−Pt and O2
are the characteristic vibrational

frequencies of oxygen in the surface oxide and gas phase,
respectively. Commonly relying on an Einstein model,28Fvib
can then further evaluated according to the statistical
mechanics of independent harmonic oscillators
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where only a single characteristic frequency has been
considered. Unfortunately, the ReaxFF force field is not able
to adequately describe the correct vibrational properties of the
O−Pt bonds (see the Supporting Information). By choosing
the minimum and maximum expected values for νO−Pt from
experiments, it is possible to estimate the range of Fvib

Pt Ox y. The
lower limit is obtained for νO−Pt = 460 cm−1, the characteristic
frequency for chemisorbed oxygen adatoms on Pt(111), which
is plotted as a red line in Figure 1. The upper limit of Fvib

Pt Ox y is
obtained by including all modes found experimentally for
platinum surface oxides ( O Pt

(1)
O Pt= =460 cm−1, O Pt

(2) =780
cm−1, and O Pt

(3) =1170 cm−1 according to Peuckert and
Ibach29), resulting in

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c05769
J. Phys. Chem. C 2022, 126, 20020−20027

20021

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c05769/suppl_file/jp2c05769_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c05769?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
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and plotted as a blue line in Figure 1.
Finally, by considering a large number of different surface

configurations explicitly that could be relevant at the
experimental conditions this work focuses on (vide inf ra in
Section 3.3), we have directly accounted for configurational
entropy within the atomistic thermodynamics approach.18,19

2.2. Computational Details. All total energies in this
work have been calculated with the reactive force field
(ReaxFF22,23) parametrized for platinum and oxygen by
Fantauzzi et al.,22 using the most recent implementation30 of
ReaxFF31 in the LAMMPS code (pair_style reaxff).32 The
Atomic Simulation Environment (ASE, ver. 3.22)33 was used
for generating structures and analyzing the output obtained
from LAMMPS.

All surface calculations were performed based on a five-layer
Pt(111) slab with at least 10 Å vacuum between adjacent
periodic images. Because of the cutoff distances included in the
Pt−O ReaxFF, increasing the slab thickness or vacuum
distance any further has no effect on any of the reported
energetics. The default (conjugate gradient) geometry
optimizer in LAMMPS has been used for all geometry
optimizations, whereby all atoms were allowed to fully relax
until the relative change of the total energy; i.e., the change of
the total energy between subsequent relaxation steps divided
by the absolute value of the total energy is less than 1 × 10−6.
The total energy reference for gas-phase O2 is obtained for a
relaxed O2 molecule in a cubic box with an edge length 15 Å
box.

The relaxed geometries of the PtO2 stripes as obtained in the
DFT calculations by Hanselman et al.21 have served as starting
points (private communications) for a re-relaxation at the
ReaxFF level. The exchange-correlation functional according to
Perdew, Burke, and Ernzerhof (PBE)34 has been used in those
DFT calculations,21 which is the same functional that has been
used originally for the Pt−O ReaxFF parametrization22

employed here. Because Fantauzzi et al.22 had used a different
DFT package, the equilibrium lattice constant for bulk
platinum deviates slightly from the one obtained by Hansel-
man et al.21 (aFF = 3.95 Å vs aDFT = 3.97 Å). Consequently, in
this work the starting point PtO2 stripe structures have been
scaled before relaxation (by a factor a

a

FF

DFT) to avoid any artificial
stress.

Average oxygen binding energies are calculated according to

E
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E E m m E
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where EPt Om n
, E (111)mPt

ref , EPt
bulk , and EO

gas
2
are the total energies

obtained from the ReaxFF calculations. The accuracy of these
binding energies suffers from the well-known deficiency of the
PBE functional (and thus the Pt−O ReaxFF based thereon) to
even describe the binding energy of the O2 molecule in gas
phase properly.35 Consequently, also the Gibbs free energy
differences Pt Ox y

(see eq 1) are affected. While this can lead

to sizable errors for the absolution location of phase
boundaries in phase diagrams of oxidized surfaces, this has
not been found to change the most stable phases and their
relative sequence.36

The oxide coverage (θox) is defined as

N

N
ox O

PtO

Pt
Pt(111)

2

=
(8)

where NO
PtO2 is the number of oxygen atoms coordinated with

the lifted Pt atoms and NPt
Pt(111) is the number of Pt atoms in

the surface unit cell.

3. RESULTS AND DISCUSSION
3.1. ReaxFF Benchmark for PtO2 Stripes. The Pt−O

ReaxFF that is used in this work has originally been
constructed based on different bulk platinum and platinum
oxide phases, plus several simple adsorption structures where
atomic oxygens reside on different sites of the (otherwise
unmodified) Pt(111) surface at different coverages. Those
corresponding to the lowest oxygen coverages up to 0.5

Figure 1. Fvib
Pt Ox y (see eq 4) for a temperature range that is of interest

for this work. The red line is for 0.5 ML oxygen adatoms on Pt(111)
(νO−Pt,ads = νO−Pt), and the blue line is for platinum surface oxides
( )O Pt,oxide O Pt

(1 3)= { } . See the text for the frequency values.

Figure 2. Relaxed structures of the various oxygen adsorption structures. Oxygen atoms are shown in red, while Pt atoms are indicated in gray. The
unit cells are indicated in black, and their sizes are given below each panel.
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monolayers (ML) are most relevant in the present context and
summarized in Figure 2. To first assess the ability of this
ReaxFF force field to describe more complex oxygen
adsorption structures including significant reconstruction of
the Pt(111) surface, we have benchmarked against the DFT
results for the PtO2 stripes as obtained by Hanselman et al.21

As shown in Figure 3, all stripe structures remain intact, and
the resulting geometries are provided in the Supporting
Information. After that, the average oxygen binding energy
(Ebind,O) and the change in surface free energy with respect to
Pt(111) (Δγ) for each of the PtO2 stripes have been
calculated. They are compared to the DFT results in Table
1. For most PtO2 stripes there is very good agreement between
the results from DFT and the ReaxFF force field. The 2/3
stripe exhibits by far the worst agreement. It is quite possible
that this occurs because the PtO4-like moiety in this structure
is more dissimilar to the platinum oxides used to construct the
force field than the more common PtO2-like stripes.22 On the
other hand, Ebind,O and Δγ show excellent agreement for the 7/
8 and 8/9 stripes. This is most important in this context
because these two PtO2 stripes have been identified as most
stable under the conditions of the in situ STM experiments.

3.2. Spoke Wheel Structure. Guided by the atomistic
model tentatively suggested by van Spronsen et al.15 based on
the STM pictures, various candidate structures for the spoke
wheel have been considered, including various different

supercells of the Pt(111) surface unit cell. Because of the
lack of chemical contrast in those experiments, individual
(chemisorbed) oxygen adatoms were added at various
adsorption sites and (local) coverages between the spokes to
the energetically most favorable candidate structures�relying
on both chemical intuition based on experimentally observed
ordered structures (see Figure 2) and picking random site
combinations. The “final” spoke wheel structure shown in
Figure 4 is based on an 8 × 8 supercell with 22.3 Å long spokes
oriented along the cell vectors. This is in excellent agreement
with the spoke length of 22.0(1) Å determined in the STM

Figure 3. Various platinum surface oxide stripes from Hanselman et al.21 relaxed using the ReaxFF force field developed by Fantauzzi et al.22

Oxygen is shown in orange, while metallic and oxidized platinum atoms are indicated in gray and blue, respectively. The unit cells are shown in
black.

Table 1. Comparison of Energetics for PtO2 Stripe
Structures between ReaxFF22 and DFT21 a

PtO2
stripe

Ebind,O
FF

(eV)
Ebind,O

DFT 21,37

(eV)
Ebind,O

FF‑DFT

(eV)
ΔγFF(0)

(meV Å−2)
ΔγDFT(0)

21,37

(meV Å−2)

2/3 −0.37 −0.71 0.34 −38 −69
3/4 −0.76 −0.66 −0.10 −85 −72
4/4 −0.54 −0.51 −0.03 −81 −75
4/5 −0.58 −0.68 0.09 −71 −79
5/6 −0.77 −0.71 −0.06 −96 −87
7/8 −0.74 −0.73 −0.02 −98 −93
8/9 −0.72 −0.72 −0.00 −96 −93

aEbind,O is calculated according to eq 7. Δγ(0) is the change in surface
free energy with respect to bare Pt(111) for ΔμO = 0.
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experiments.15 The average Pt−Pt distance within the spokes is
3.10(2) Å, which also matches very well with the exper-
imentally value of 3.10(1) Å. Overall, these spokes are very
similar to the PtO2 stripes; however, they are oriented along
the three different high-symmetry directions of the Pt(111)
surface. Comparing the geometry of the Pt atoms in the spokes
to that of the PtO2 stripes, as well as previous DFT results for
similar structures, it is reasonable to assume that the platinum
atoms in these spokes are similarly oxidized (Figure 4b).38

Therefore, all the Pt atoms that are buckled up by at least 1 Å
with respect to the top Pt(111) layer are indicated as oxidized
in Figure 4. All oxygen atoms that are coordinated with these
Pt atoms (dO−Pt < 2.5 Å) are marked in orange. The unbuckled
Pt(111) surface between the spokes is covered by chemisorbed
oxygen, indicated in red, with a 3 3× -like adsorption
geometry.

Figure 5 shows the Gibbs free energy per surface area (γ) of
the spoke wheel, the PtO2 stripes, and several simple
adsorption structures of atomic oxygen (see Figure 2) at T =
529 K and pO = 1 bar. These are the conditions for which the
spoke wheel is observed experimentally (corresponding to
ΔμO(529 K, 1 bar) = −0.53 eV in eq 3). γ values for the 3/4,

5/6, 7/8, and 8/9 PtO2 stripes and the spoke wheel structures
are very similar (within ≈10 meV Å−2). All of these surface
oxide structures are considerably more stable than the
adsorbed oxygen overlayers. For the PtO2 stripes, Hanselman
et al.21 have shown that the vibrational contribution can easily
exceed 4 meV Å−2 according to a reduced-dimensional DFT
model. Using the simple Einstein model described in Section
2.1, the influence of vibrational contributions on γ is estimated
and shown as error bars in Figure 5. This leads to uncertainties
of up to 15 meV Å−2. The surface Gibbs free energies of the
spoke wheel structure and the aforementioned four most stable
PtO2 stripes are all within 10 meV Å−2 of each other.
Consequently, the relative stability of spoke wheel vs stripes
could ultimately be determined by the vibrational contribution.

In the in situ STM experiments,15 the spoke wheel structures
transform into stripe-like structures for an O2 partial pressure
of ≥2.2 bar. This tentatively suggests that the spoke wheel is
more stable at smaller values of ΔμO. Figure 6 shows γ of the

most relevant structures from Figure 5 over a larger range of
ΔμO. Without considering the vibrational free surface energy,
the spoke wheel structure is more stable than the PtO2 stripes
at ΔμO < −0.7 eV. This corresponds to temperatures of ≈150
K higher than in the experiment of van Spronsen et al.15 While
the present results do allow to conclude that the spoke wheel
structure is the most stable at the experimental conditions after
inclusion of the vibrational free surface energy, it seems likely
that the vibrational free surface energy will compensate at least
partially for the ≈4 meV Å−2 difference between the spoke
wheel structure and the 7/8 PtO2 stripe. Because the θox of the
7/8 PtO2 stripe is much higher than the spoke wheel, it seems
reasonable that the inclusion of vibrational free energy is in
favor of the spoke wheel, as the change in vibrational free

Figure 4. Relaxed structure of the spoke wheel-like platinum surface
oxide. Chemisorbed oxygen atoms and ionic oxygen are shown in red
and orange, respectively, while metallic and oxidized Pt atoms are
indicated in gray and blue, respectively. (a) Top view of the spoke
wheel structure, θox = 0.56. The unit cell is shown in black and
corresponds to a size of 22.3 Å × 22.3 Å. (b) Cross section of the area
marked by the red dashed rectangle in the left panel.

Figure 5. γ(T = 529 K, pO = 1 bar) for the Pt(111) oxide surface
structures shown in Figures 2−4, as calculated using a ReaxFF force
field. Error bars indicate the maximal deviations of γ due to the
contribution of the vibrational contribution to the Gibbs free energy
per surface area, estimated using the Einstein model described in
Section 2.1.

Figure 6. Phase diagram for the Pt(111) surface including various
surface structures from Figures 2 to 4 as a function of the oxygen
chemical potential ΔμO, calculated using a ReaxFF force field. The
most stable bulk phase is indicated by blue and white for α-PtO2 and
fcc-Pt, respectively. Estimations of maximal (νO−Pt = νO,ads) and
minimal ( )O Pt O Pt,oxide

(1 3)= values of γ for each structure due to
vibrational contribution (see Section 2.1) are indicated by shaded
regions.
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energy of oxidic Pt−O bonds under these conditions is more
destabilizing F( 0)vib

Pt O,ox > , while for adsorbed oxygen it is
stabilizing F( 0)vib

Pt O,ad < . Finally, as discussed in Section 2,
the absolute location of most stable phases on the temperature
axis in Figure 6 is very likely affected by the accuracy of the
oxygen adsorption energies, whereas this is less relevant for
their relative sequence.36

3.3. Implications for the Initial Oxidation of Pt(111).
During the experiment of van Spronsen et al.15 both spoke
wheel and stripe-like structures were initially observed
simultaneously; however, at higher O2 pressures the PtO2
stripes dominate completely. One of the biggest differences
between the spoke wheel and PtO2 stripes is that the surface is
oxidized much more in the case of the stripes (
0.67 1.0stripes

ox versus 0.56spoke wheel
ox = as indicated in

Figures 3 and 4, respectively). At these experimental
conditions, bulk α-PtO2 is more thermodynamically stable
than metallic Pt (see Figure 6). Consequently, the stripe
structures are expected to transition into a 2D PtO2(0001)-like
film and eventually into a bulk oxide.38,39 One can thus
consider the spoke wheel structure as another metastable
platinum surface oxide on the way to forming a (bulk) oxide.

In light of the experimental observations, we assume that
kinetic hindrance of elementary steps at the atomic scale
underlying the oxide growth make this a rather slow process,
which can therefore described by an adiabatic sequence of
thermodynamic quasi-equilibria that are established at each
oxide coverage θox. To examine the stability of the spoke wheel
in this context, we have investigated additional structures that
could be relevant for 0.0 ≤ θox ≤ 1.0. Partially oxidized surfaces
with varying θox have been created by increasing the space
between individual PtO2 stripes and either leaving it void (i.e,
as bare Pt(111)) or filling it up with O/Pt(111) adsorption
motifs from Figure 2. This is visualized in Figure 7 together
with a naming convention for the resulting structures. As
detailed in the Supporting Information, we have determined
the most stable structure for each θox at T = 529 K and pO2

=1

bar. Figure 8 shows the Gibbs free energy of the most stable
partially formed PtO2 stripe structures at the experimental
conditions of the in situ STM experiments for intervals of θox

increasing by 0.1. It is evident that the spoke wheel structure is
far more stable than the partially formed PtO2 stripes with
similar θox. This suggests that it is simply another metastable
surface oxide structure toward the formation of a PtO2(0001)-
like film, which could also explain why it is reduced far too
rapidly under ultra-high vacuum conditions to be observable ex
situ in experiments. However, although the sampling of partial
oxidation structures is systematic with respect to the employed
motifs that have been used as building blocks and can be
considered to be accurately described by the Pt−O ReaxFF, it
might still not be sufficient to cover the entire relevant phase
space.

4. CONCLUSIONS AND OUTLOOK
We have shown that the Pt−O ReaxFF developed by Fantauzzi
et al.22 can reproduce recently published DFT results for PtO2
stripe structures21 with good accuracy. Encouraged by this
finding and the concomitant possibility to study much larger
structures thanks to the considerably lower computational cost,
we have used this force field to develop a structural model for
the spoke wheel platinum surface oxide observed by van
Spronsen et al.15 According to atomistic thermodynamics, the
most stable structure found for the spoke wheels is of similar
stability as the most favored PtO2 stripe structures under the
temperature and pressure conditions of the in situ STM
experiments. Our simple estimates for the vibrational
contributions to the Gibbs free energy suggest that these
might play an important role for the competition between
these structures in the phase diagram. To ultimately determine
the thermodynamic stability of the spoke wheels versus the
stripe structures in thermodynamic equilibrium, a more
accurate interaction potential is required. Considering the
surface oxides observed in experiment are likely metastable
structures along the reaction path toward further oxidation of
the Pt(111) surface toward a PtO2(0001)-like film, we have
also investigated potential implications for the initial oxidation
of Pt(111). Assuming that the latter can be described by an
adiabatic sequence of thermodynamic quasi-equilibria due to
significant kinetic hindrance of the relevant elementary steps,
we have identified our spoke wheel structure as a prominent
structure in an oxide coverage regime between 0.5 and 0.6
(using the full PtO2(0001)-like film as reference).

A sensible next step would be to investigate the initial
growth of the spoke wheel and PtO2-stripe structures at the
experimental conditions with a computational approach that
can sample the free energy landscape more systematically. This
would also allow to quantify the influence of configurational
entropy further. Going even further, such calculations can also
explicitly account for kinetics. e.g., in the form of adaptive
kinetic Monte Carlo simulations,40 which should be computa-
tionally possible with the Pt−O ReaxFF also employed here. In
fact, the latter has already been used in grand canonical
molecular dynamics simulations for this system,39,41 which,
however, have not reported the formation of a spoke wheel-like
structure. It is possible that this is due computational
limitations, in particular the size of the simulation cell might
not have allowed to accommodate such structures. Alter-
natively, the spoke wheel structure might only form under a
very narrow range of thermodynamic conditions that could not
be mimicked in the simulations. In any case, further both

Figure 7. Structures discussed in Figure 8 are named according to the
following convention “x + y O/Pt (z)”, whereby x indicates the
structure of the oxide row, according to the naming scheme of
Hanselman et al.21 (Figure 3), y indicates the number of Pt atoms
between adjacent oxide rows, and z indicates the adsorption structure
of oxygen on the metallic part of the Pt(111) surface (Figure 2).
According to this notation, the structure depicted in this figure is
termed “4/4 + 2 O/Pt (2 × 2)”.
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computational and experimental studies are required to better
characterize and understand the oxidation of platinum surfaces
and thus its state under catalytic conditions.
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