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ABSTRACT: The interaction of gas molecules with metal and oxide ®
surfaces plays a critical role in corrosion, catalysis, sensing, and
heterogeneous materials. However, insights into the dynamics of O,
from picoseconds to microseconds have remained unavailable to date. We
obtained 3D potential energy surfaces for adsorption of O, on 11
common pristine and partially oxidized (hkl) surfaces of Ni and Al in
picometer resolution and high accuracy of 0.1 kcal/mol, identified
binding sites, and surface mobility from 25 to 300 °C. We explain relative
oxidation rates and parameters for oxide growth. We employed over
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150 000 molecular mechanics and molecular dynamics simulations with
the interface force field (IFF) using structural data from X-ray diffraction (XRD) and low-energy electron diffraction (LEED). The
methods reach 10 to S0 times higher accuracy than possible before and are suited to analyze gas interactions with metals up to the

micrometer scale including defects and irregular nanostructures.
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Interactions of gas molecules with metal surfaces and
associated chemical reactions are critical in several subfields
of chemistry. In heterogeneous catalysis, the knowledge of
binding sites, binding strength, and surface mobility is helpful
to understand reaction mechanisms and to make accurate
predictions of reaction rates.'  Likewise, in the corrosion of
metals and alloys understanding oxygen interactions with metal
surfaces is critical to predict mechanisms of oxidation, tailor
corrosion-resistant materials, and mitigate annual damages of
hundreds of billions of dollars.*”® Gas/metal interactions are
also exploited in gas separations, such as pressure swing
adsorption or temperature swing adsorption,”” and in sensors
with tailored surfaces and sorbents. Therefore, adsorption of
gases has been studied extensively on many substrates,”” ™"
including the structure and stability of adsorbed monolayers,
multilayers, and coadsorption from gas mixtures.'”'* Common
measurements include changes in adsorbed mass, heat,
spectroscopy and color, swelling, electrical properties, or
chemical composition.'*~"°

However, a longstanding problem has been the unavailability
of experimental and computational techniques to characterize
adsorption and mobility of reactive gases such as molecular O,
on metal and partially oxidized surfaces before and while the
reactions take place, ically from femtoseconds to milli-
seconds (Figure 1)."”7°° In this study, we examined O,
dynamics during this critical initial time window, an uncharted
territory to-date, for pristine and partially oxidized metal
surfaces. We identify correlations with reaction kinetics and
products by comparison to experimental findings. To enable
these insights, we have overcome limitations in computational
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techniques to simulate the dynamics of metal surfaces and gas
molecules, achieving 10 to 50 times higher resolution and
accuracy than previously possible by molecular dynamics
(MD) and by density functional theory (DFT) simulations.
We utilized XRD and LEED data for crystal structures before
chemisorption and atomic arrangements after chemisorption to
construct complete 3D potential energy surfaces, identify
adsorption sites, and surface mobility (Figure 1).

Over the past decades, experimental studies have explored
physical binding of O,, N,, CO, NO, rare gases, and other
molecules to metal surfaces.”'**""*> However, adsorbed states
of O, are difficult to observe especially on Ni and Al surfaces,
because O=0O bond modification and oxide growth occur
within seconds following adsorption, which is faster than
calorimetry and many other macroscopic measurements.”®
Therefore, experiments using control of temperature and
dosage of O, often only characterized the late stages of
chemisorption and oxidation well.”*™*° At the same time,
surface reconstruction, the location of chemisorbed oxygen
atoms, and structures of oxide overlayers including on low
index surfaces of Ni and AI’”*" have been quantified by
powerful techniques such as LEED,”™*’ SEXAFS,*»*%*
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Figure 1. Schematic of adsorption and diffusion mechanisms on metal surfaces and partially oxidized metal surfaces. The interactions of O, with
the surfaces are negligible at distances >12 A and physical binding occurs as O, molecules approach the surfaces through random thermal motion
or collisions with one another. We monitor the associated average energies, which equal E, at large distance and E,,, in equilibrium. Thereby,
preferred adsorption sites on clean or partially oxidized surfaces (top view on the right) have the lowest energy E . and the adsorption energy is
given as E, = E . — Eg,,. The physically bound O, molecules can further diffuse on the surface, depending on the temperature, whereby the mean
square displacement (/?) is proportional to the dimensionality of diffusion d (here typically d = 2), the diffusion constant D, and the elapsed time ¢.
The molecules thereby overcome energy barriers of diffusion E, specific to each (hkl) surface and the chosen diffusion path. For the most part, we
focus on the minimum energy barrier for diffusion E; on a given surface. The destiny of O, after travel on the surface on the nanosecond time scale
is often desorption and return to the gas phase. The competition between diffusion and desog)tion of the molecule is characterized by the
corrugation ratio (€2), which equals the ratio between E; (using the minimum value) and E,*® Values of Q much smaller than 1 indicate a
preference for diffusion across the surface and values close to or greater than 1 indicate that desorption is preferred. The fractional residence time
(t,) measures the amount of time O, spends in close contact with the surfaces relative to the total time monitored. The top view on the right shows
the clean and partially oxidized metal surfaces Ni (100) and Ni (100)-O-p2 X 2.

EELS,**" and energy-dependent photodiffraction.* Changes covering functionality unavailable in other force fields and by
in the electronic structure,'**~** work functions,™** surface DFT methods, as well as high computational efficiency (see
vibrations,”~* and O, sticking probabilities”® were also Section S1.1 in the Supporting Information for details).
interrogated prior to complete oxidation to NiO or Al,O;, We chose model surfaces that include six clean low-index
respectively. surfaces (111), (100), and (110) of Ni and Al as well as five
In addition, quantum mechanical calculations have been representative partially oxidized surfaces (Ni (100)-O-p2 X 2,
widely used to fill gaps in understanding. However, model sizes Ni (100)-O-c2 X 2, Ni (110)-O-c2 X 1, Ni (111)-O-p2 X 2,
are small, the computational footprint is too large to investigate and Al (111)-O-pl X 1), which were derived from
dynamics, and results suggest instant changes in chemical experimental X-ray and LEED data (Figure 2, see details and
bonding during picoseconds that contradict experimental references in Section S1.2 in the Supporting Information).
observations of seconds. Moreover, computed surface energies Geometry optimizations and molecular dynamics simulations
of metals and gas adsorption energies with DFT often have employed IFF parameters for metal surfaces™ and O,,”” as well
over 50% uncertainty,””*" which limits correlations with as specifically developed parameters for oxides and partially
experiments (see Section S1.1 in the Supporting Information oxidized surfaces (Section S1.3, Tables S1 to S3, and Figure S1
for details). in the Supporting Information).”” These additions reproduce
As a result, the adsorption—desorption equilibria of O, on oxygen—metal bond distances and oxide geometries within 1%,
metals before O=O0 bond dissociation and reactions, which as well as the interlayer spacing and layer buckling of the
span at least 10° cycles from nanoseconds to milliseconds, are partially oxidized surfaces in agreement with LEED data
largely unexplored to-date.”'>**>' We have no knowledge (Section S1.4 and Figure S1 in the Supporting Information).
about the energy landscape of O, adsorption and dynamics on We characterized preferred adsorption sites of O,, molecular
pure metals and on the partially oxidized surfaces that precede orientations, 3D potential energy landscapes, surface mobility,
full oxidation. Neither experimental nor computational diffusion constants, and fractional residence times, all of which
methods have so far been able to monitor these processes have been unknown to date (Figures 2—4 and Table 1).
and quantitatively inform kinetic models of oxide growth. Surface Geometry, O, Adsorption Sites, and Orienta-
In this Letter, we derive missing understanding in atomic tion. First, we analyzed the preferred oxygen adsorption sites,
detail. We analyzed the dynamics of O, molecules on 11 clean equilibrium distances, and molecular orientations on each
and partially oxidized Al and Ni (100), (110), and (111) surface using geometry optimization at 0 K (Figure 2 and

surfaces using over 150 000 molecular mechanics (MM) and Table 1). On the Ni (111), Ni (111)-O-p2 X 2, Al (111), and
molecular dynamics (MD) simulations with the INTERFACE Al (111)-O-p1 X 1 surfaces, O, molecules adsorbed parallel to

force field (IFF).”>*™>* IFF matches lattice parameters of the long edge of the rectangular surface unit cell, whereby one
metals within 0.1%,”” includes recent order-of-magnitude O atom was located above a face-centered cubic (fcc) hollow
improved parameters for gases,”” and reproduces surface site and the other O atom occupied an adjacent hollow site
energies of metals as well as gas-metal binding energies with (Figure 2a—d). When such sites have limited availability as on
only about 5% error relative to experiments.” > Therefore, the Ni (111)-O-p2 X 2 and Al (111)-O-p1 X 1 surfaces, the O
molecular simulations with IFF fill a gap in current methods by atoms in O, aim for contact with epitaxial sites of nonoxidized
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Figure 2. Structure of clean and partially oxidized (111), (100), and (110) surfaces of Ni and Al Preferred adsorption sites of O, and orientations
are shown, including magnified top views in the insets. (a) Clean Ni (111) surface, (b) oxidized Ni (111)-O-p2 X 2 surface, (c) clean Al (111)
surface, (d) oxidized Al (111)-O-p1 X 1 surface, (e) clean Ni (100) surface, (f) Ni oxidized (100)-O-p2 X 2 surface, (g) oxidized Ni (100)-O-c2 X
2 surface, (h) clean Al (100) surface, (i) clean Ni (110) surface, (j) oxidized Ni (110)-O-c-2 X 1 surface, which involves major surface

reconstruction relative to the Ni (110) surface upon partial oxidation, including removal of half of the rows of Ni surface atoms (see arrows),*

and

(k) clean Al (110) surface. The snapshots equal the 3D periodic boundaries of the simulation boxes. Yellow transparent boxes highlight rectangular
surface unit cells, and blue boxes indicate a 1 X 1 nm? surface area used to generate 3D maps of the potential energy of O, adsorption in Figure 3.
Top layer atoms are represented as large spheres, second layer atoms as smaller spheres, and atoms starting from the 3rd layer as crosses (“+”

shape).

Ni or Al atoms in the remaining space between chemisorbed O
atoms (Figure 2b,d). The adsorption mechanism and preferred
orientation of O, agree with soft epitaxial adsorption
previously observed for water molecules,””*® peptides,””*’
and surfactants®’ in contact with metal surfaces.”***~°° Thus,
soft epitaxial binding appears to be common for all types of
molecules on metal surfaces, including gases, before chemical
reactions occur.

On Ni (100), Ni (100)-O-p2 X 2, and Al (100) surfaces,
oxygen molecules prefer orientations along the diagonal of the
surface unit cell whereby one O atom is located above an
epitaxial site and the other O atom points toward another
epitaxial site (Figure 2e,gh). As an exception, on the Ni (100)-
O-c2 X 2 surface, the O, molecule adsorbs along a rectangular
edge of the surface unit cell because adjacent diagonal epitaxial
sites are occupied by chemisorbed O atoms (Figure 2f). The
oxygen content on this Ni (100)-O-c2 X 2 surface atomic layer
is twice as high (NiOys) in comparison to the Ni (100)-O-p2
X 2 surface (NiOg,s).

5394

On the Ni (110), Ni (110)-O-c2 X 1, and Al (110) surfaces,
O, molecules adsorb parallel to the short edge of the surface
unit cell, whereby one O atom occupies a hollow site, and the
other O atom is oriented toward another hollow site, aligned
along a wide groove in these corrugated surfaces (Figure 2i—
k).

The equilibrium distances from the surfaces (Table 1) and
tilt angles of O, relative to the surface depend on the surface
corrugation. Equilibrium tilt angles range from 0° to 34°
(Figure S2 and discussion in Section S1.5 in the Supporting
Information).

Three-Dimensional Energy Landscape of Oxygen
Adsorption and Binding Energies. The potential energy
landscape of O, adsorption on the clean and partially oxidized
surfaces shows unique individual patterns (Figure 3). The
relative energy of adsorption of oxygen molecules is shown in
picometer resolution and in high accuracy of +0.05 kcal/mol
across a 1.00 X 1.00 nm’ surface area. Energy differences
characterize the barriers to move oxygen molecules across the

https://doi.org/10.1021/acs.nanolett.2c00490
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Table 1. Computed Adsorption and Diffusion Properties of O, in Contact with Pristine and Partially Oxidized Surfaces of Ni

and Al before Chemical Reactions”

adsorptlon
equilibrium energy” E, diffusion barrier” corrugation fractional residence time ¢,
surface distance” (A) (kcal/mol) Eq4 (kcal/mol)  ratio (IE;/E,l) 2D diffusion coefficient D (10™° cm?/s) (1.0 = 100%)°
temp 0K 0K 0K 0K 298 K 423 K 573 K 298 K 423 K 573 K
(111) Clean and Chemisorbed Surfaces
Ni 241 -9.98 0.38 0.038 107 + 26 194 + 20 386 + 15 0.75 0.14 0.010
Ni—O-p2 X 2 1.30 -9.95 1.11 0.112 15+3 45+ 3 116 + 4 0.40 0.022 0.0031
Al 2.54 -7.23 0.29 0.040 149 + 18 275 £ 11 479 £ 11 0.18 0.012 0.0024
Al-O-pl X 1 2.53 —6.24 0.20 0.032 170 + 16 411 £ 15 662 + 17 0.079 0.007 0.0017
(100) Clean and Chemisorbed Surfaces
Ni 222 —-9.4S 0.29 0.031 57 £ 19 124 + 11 259 + 9 0.75 0.064 0.0068
Ni—O-p2 X 2 1.35 —10.61 1.08 0.099 16 + 6 47 £3 128 £°§ 0.33 0.0SS 0.0067
Ni—0O-c2 X 2 1.63 -791 1.60 0.202 19+ 4 75+ S 186 + 7 0.085 0.006 0.0015
Al 2.27 —7.14 0.20 0.028 S1+£8 165 £ 6 332 +£7 0.16 0.009 0.0019
(110) Clean and Chemisorbed Surfaces
Ni 1.77 -10.5 0.37 0.035 12+3 62 +9 154 = § 0.75 0.068 0.0069
Ni—0-c2 X 1 0.44 —-11.2 2.0 0.183 S=+1 13+2 110 £ 9 0.43 0.098 0.0073
Al 1.69 —-8.2 0.24 0.029 30 + 4 100 + 4 221 £ 7 0.115 0.010 0.0022

Equlhbrlum distances, adsorption energies, diffusion barriers, corrugation ratios, 2D diffusion coeflicients, and fractional residence times are given.

’The equilibrium distance was calculated as the difference in the z-coordinate from the topmost layer of metal surface atoms or chemisorbed O
atom for partially oxidized surfaces to the nearest O atom in adsorbed O,. The uncertainty is +0.01 A. “The adsorption energy corresponds to the
energy difference upon approach of O, from vacuum (>12 A) to the preferred adsorption site on the surface in minimum energy configuration. The
uncertainty is +0.1 kcal/mol. “Calculated from the path of minimum energy on the potential energy surface maps (Figure 3 and Figures $4 to S6 in
the Supporting Information). The uncertainty is +0.05 kcal/mol. “Average fractional residence time calculated from a 20 ns simulation trajectory
including 6 O, molecules. The uncertainties in t, are 20%, 10%, and 5% at 298, 423, and 573 K, respectively, of the values shown. At lower

temperature, O, desorbs less frequently.

surface. Most favorable locations are shown in the darkest
shade of blue (set as 0.00 kcal/mol) and least favorable
locations in red, which reach up to +9.25 kcal/mol (Figure
3a—k). Adsorption energies are larger than this difference due
to the extra energy needed for full detachment of O, from the
surface by at least 12 A (Table 1). The data assume a grid
spacing of 0.05 A and allow flexible orientation of one of the
two O atoms in O,, as well as flexibility of the z-coordinate of
O, molecules (Figure S3 in the Supporting Information). For
simplicity, we only consider the potential energy, that is, the
total energy at a temperature of 0 K. Binding energies at 298 K
and other temperatures follow the same trends and are reduced
depending on the added kinetic energy (Table S4 in the
Supporting Information).

The 3D potential energy landscapes help in explaining key
aspects of O, adsorption, surface mobility, and the likely onset
of oxidation reactions (Figure 4). Lowest energy barriers of
diffusion Ey (Table 1) were derived from in-depth analysis of
the enlarged images and their path profiles (Figures S4 to S6,
as well as further details in Section S1.6 in the Supporting
Information).

The adsorption energy, or binding energy, E, characterizes
the maximum strength of O, binding on the individual surfaces
relative to desorption into vacuum (Figure 4a and Table 1). E,
ranges from —6 to —11 kcal/mol for all neat and oxidized Ni
and Al The binding affinity is higher to clean Ni surfaces than
to the respective clean Al surfaces, which is a consequence of
the hi§her surface energy of Ni compared to Al (2.24 vs 1.18 ]/
m?). 5

Among the three clean low-index surfaces, O, binds
strongest to the (110) surfaces. Hollow (epitaxial) sites
along vacant grooves are most favorable and sterically
accessible binding sites (Figure 3ik). The pristine (111)
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surfaces follow next in binding strength due to a good epitaxial
match, and O, binds weakest to (100) surfaces.

Chemically bound oxygen atoms on the partially oxidized Ni
(111) and Al (111) surfaces tend to decrease access of O, to
the metal surface and lower the binding affinity by frequently
deflecting incoming O, molecules away from the surface
(Figure 4a, Table 1). In some instances, such as Ni (100)-O-
p2 X 2 surfaces, a low area density of chemically bound O
atoms can enhance surface interactions with O, while
progressive oxidation, such as to Ni (100)-O-c2 X 2 surfaces,
decreases O, adsorption due to less opportunity for contact
with epitaxial sites of metallic Ni (Figure 4a, Figure 3fg).

Two-Dimensional Diffusion Barriers, Diffusion Coef-
ficients, and Residence Time of O,. The 3D potential
energy landscape indicates multiple diffusion paths of O,
across the surface and associated energy barriers (Figure 3).
We analyzed and compared the lowest energy barriers for
diffusion E, at 0 K, including full relaxation of all surface atoms
(Figure 4b and Table 1). E4 ranges from 0.2 to 2.0S kcal/mol,
which is clearly smaller than the corresponding adsorption
energies E, of —6 to —11 kcal/mol. Typical surface corrugation
ratios Q are therefore between 0.03 and 0.20 (Table 1). The
clean (111) surfaces of Ni and Al have small activation
energies for diffusion Ey of 0.38 and 0.29 kcal/mol, the (100)
surfaces 0.29 and 0.20 kcal/mol, and the (110) surfaces 0.37
and 0.24 kcal/mol, respectively (Figure 4b and Table 1).
Partial oxidation can lead to either increasing E; to 1.1 to 1.6
kcal/mol on Ni or a decrease to 0.20 kcal/mol on Al surfaces.

The 2D diffusion coeflicients D of the O, molecules on the
surfaces describe the mobility and were calculated at three
different temperatures of 298, 423, and 573 K (Figure 4c and
Table 1). The values range from 107 to 10> cm?/sec at room
temperature and increase at higher temperature as expected
due to more rapid thermal motion (Figure 4c). The order of

https://doi.org/10.1021/acs.nanolett.2c00490
Nano Lett. 2022, 22, 5392-5400
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Figure 3. Three-dimensional potential energy landscape of adsorbed O, molecules. The interaction energies of oxygen molecules with the metal or
partial metal oxide surfaces are shown for areas of 1.00 X 1.00 nm? size. (a) Ni (111), (b) Ni (111)-O-p2 X 2, (c) Al (111), (d) Al (111)-O-p1 X 1,
(e) Ni (100), (£) Ni (100)-0-c2 X 2, (g) Ni (100)-0-p2 x 2, (h) Al (100), (i) Ni (110), (j) Ni (110)-O-c2 X 1, and (k) Al (110) surfaces. Blue-
colored regions indicate areas of favorable low interaction energy and red colored regions show areas of unfavorable high interaction energy with O,
on the surface. The maps are essential to understand the O, dynamics on the surfaces. The data were generated from ~152 000 independent energy

minimizations and the statistical uncertainty is +0.05 kcal/mol.

magnitude is between the 3D self-diffusion coefficients of
liquid water (1.90 X 107> cm*/sec) and an order below that of
air (1.98 X 107! cm?/sec) at room temperature.”” The
sensitivity to temperature is surface-specific, for example, an
increase to 573 K approximately triples the 2D diffusion
constant on clean (111) surfaces, quintuples the value on clean
(100) surfaces, and increases the diffusion constant about 10-
fold on clean (110) surfaces (Figure 4c and Table 1). After
partial oxidation, diffusion constants typically decrease due to
stronger surface corrugation, higher energy barriers of
diffusion, and more complex paths of motion.

The fractional residence time ¢, decreased by up to 2 orders
of magnitude on all surfaces as the temperature increased 298
to 573 K, ranging from 75% to 0.1% (Figure 4d and Table 1).
O, spent more time on the clean Ni (hkl) surfaces with t, of
~75% than on the corresponding clean Al surfaces with a ¢, of
11% to 18% at 298 K before desorption occurs, which is
related to the higher surface energy of Ni and the associated
increased “stickiness” E, (Table 1). Upon partial oxidation, the
residence time of O, decreased on all low index surfaces of Ni
and Al to about half or less at 298 K (Figure 4d, Table 1). The
residence time was also clearly lower on the more progressively
oxidized Ni (100)-O-c2 X 2 surface compared to the less
oxidized Ni (100)-O-p2 X 2 surface. O, molecules traveling
across the surface also often collide with chemisorbed O
atoms, which can change the momentum toward leaving the
surface and reduces the residence time (Figure 4e). Such
collisions do not occur on the clean surfaces where O, motion
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is less restricted in the horizontal plane (see details in Section
S1.7 in the Supporting Information).

Impact of Surface Corrugation and Multiple Diffusion
Paths on O, Mobility. O, mobility can be surprisingly
affected by surface corrugation and multiple possible paths of
surface diffusion. For example, binding of O, is stronger on the
Ni (111)-O-p2 X 2 surface compared to the clean Ni (111)
surface while the fractional residence time is lower on the Ni
(111)-O-p2 X 2 surface (Table 1 and Figure 4a,d). Hereby, the
presence of chemisorbed O atoms increases the surface
roughness and collisions of these O atoms with O, molecules
cause more frequent desorption of O, from the surface (Figure
4e). A similar, seemingly opposite trend in adsorption energy
versus residence time was observed on the Ni (110)-O-c2 X 1
surface versus the clean Ni (110) surface at 298 K (Table 1,
Figure 2ij). In all cases, the relation between residence time ¢,
and the adsorption energy E, can be expressed as a rate of
1 _ , —E/RT
f_, = Ae
Hereby, surface corrugation by chemisorbed oxygen can
change both the prefactor A (e.g, increase A) and the
adsorption energy E, (e.g, increase E,).

Another less obvious trend is the relation between the
computed minimum diffusion barrier E; and the diffusion
coefficient. The diffusion barrier is greater for the clean (111)
surfaces when compared to the clean (100) surfaces (Table 1
and Figure 4b,c). However, opposite to expectations, O,
diffuses faster on (111) surfaces and slower on (100) surfaces.

desorption according to the Arrhenius equation.
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Figure 4. Adsorption energies and measures of O, mobility on clean and partially oxidized Ni and Al surfaces. (a) Adsorption energy (0 K), (b)
lowest energy barrier for diffusion (0 K), (c) diffusion coefficient at different temperatures, and (d) fractional residence time at different
temperatures. (e) Influence of surface oxidation on the diffusion mechanism. On a flat surface such as (100), the mobility of O, in the x—y plane is
high (left) while on corrugated, partially oxidized surfaces the mobility is sterically hindered by presence of chemisorbed O atoms (right). O,
molecules then often collide with such “bumpy” atoms and desorb (black arrows on the right). The chemisorbed O atoms also have weaker
interactions with O, molecules compared to Ni or Al Blue arrows indicate diffusion paths of minimum resistance.

A similar trend was observed for Ni (100)-O-c2 X 2 and Ni
(100)-O-p2 X 2 surfaces (Table 1 and Figure 4b,c). These
relations originate from multiple paths of motion for O, from
one adsorption site to another site, which include paths
different from that of the minimum energy barriers E;. It is
therefore necessary to consider multiple diffusion barriers and
associated mobilities, using the complete potential energy
landscape, and not only the lowest barrier of diffusion E4 in
Table 1.

Role of O, Adsorption in Metal Oxidation. Experiments
have shown that reversible O, contact with clean and
chemisorbed surfaces occurs many times before oxidation
reactions or electrochemical conversions such as oxygen
reduction reactions take place.”””** Physically bound states
of O, were experimentally characterized on Pt (111)'**"**
with an adsorption energy of —8.5 + 0.4 kcal/mol,”* which
matches the computed value with IFF of —8.0 + 0.2 kcal/mol
(free energy, —7.3 kcal/mol).” Available thermodynamic
measurements of Xe adsorption on Ni (111) further indicate
—8.5 kcal/mol (=369 meV)” and our computed adsorption
energies for O, on clean and oxidized regions of Ni and Al
surfaces are in a similar range (Table 1).

In comparison, DFT calculations exhibit +70% uncertainty
(Section 1.1 in the Supporting Information) and suggest O,
dissociation and formation of covalent bonds within pico-
seconds, which contradicts the time scales of milliseconds to
hours in experiments.”””** Therefore, energy landscapes from
MD simulations provide reliable understanding of the initial
O, dynamics that leads to the formation of chemisorbed
oxygen, enabling quantitative hypotheses for the nucleation
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and growth of oxide domains in conjunction with LEED data
and ab initio studies at the local scale (Figure 2b,d,f,g,j).27’28
The 2D diftusion coeflicients can also be utilized in models to
predict nucleation and growth rates of oxide islands up to the
macroscopic scale (Table 1 and further discussion in Section
S1.8 of the Supporting Information).”*

Correlation of O, Adsorption with Oxidation Rates
and Catalyst Performance. The results correlate with the
relative initial reaction rates of O, with Ni surfaces observed in
experiments, which decrease in the order Ni (110) > Ni (111)
> Ni (100).°® Oxidation is fastest for the Ni (110) surface
where the computed binding energy of O, is largest at —10.5
kcal/mol, followed by —10.0 and —9.5 kcal/mol on (111) and
(100) surfaces, respectively (Figure 4a). The coordination
number of O, with Ni decreases in the same order. The O,—Ni
coordination number is highest when adsorbed in the concave
grooves on Ni (110) surfaces, is reduced on the flat (111)
surface, and is lowest on the wider spaced (100) surface of
square geometry (Figure 2a,e,i). Accordingly, there is statisti-
cally decreasing contact opportunity of O, with Ni (110) > Ni
(111) > Ni (100) surfaces for initial electron transfer and
formation of NiO oxide layers during the incubation period of
milliseconds to seconds. The rate of electron transfer is likely
similar for Ni atoms on different Ni (hkl) surfaces, as
previously noted for Pt surfaces,” and the adsorption energy
of O, can be used as a measure for surface contact time to
estimate the relative rate of oxidation of differently structured
Ni surfaces.

The methods can also be employed to investigate reactions
in catalytic converters (see details in Section S1.9 in the
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Supporting Information)."* Energy landscapes of reactant
adsorption and temperature-dependent diffusion likely affect
and sometimes determine the outcomes of reactions. The
analysis of binding sites, molecular orientations, adsorption
energies, and selectivities (in gas mixtures) can provide
promising descriptors for reaction pathways and rates in
combination with experiments. MD simulations with IFF can
include the role of defects, changes in bonding during
reactions, and time scales up to microseconds and can provide
high glglility inputs for QM and QM/MM analysis on the local
scale.™
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