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Abstract

The oxidation of NO molecules on epoxy-functionalized highly oriented pyrolytic graphite,
thermalized at 300 K, was studied by means of ab initio molecular dynamics (AIMD) calcula-
tions. Four collision energies and two different orientations were analyzed where the reaction,
adsorption, and scattering probabilities were computed. Our results reveal that NO, formation
can occur even at the lowest collision energy investigated (0.025 eV), approximately equiv-
alent to room temperature (300 K), which agrees qualitatively with the experimental results.
This underscores the influence of dynamics on the NO oxidation process, since this oxidation
barrier was previously theoretically estimated to be about 0.1 eV at 0 K, which is four times
higher than our lowest collision energy. Additionally, we obtained angular and energy distri-
butions of the products under selected simulation conditions. Scattered NO molecules show
low specular reflection, lose half of their initial translational energy, and remain vibrationally
cold with minimal rotational excitation. Furthermore, a statistical analysis of all reactive tra-
jectories, focusing on configurations at specific reaction moments, elucidated the structural
requirements for the reaction to occur under dynamic conditions. Finally, this study demon-

strates the potential of oxygen-doped carbon surfaces for the conversion of NO to NOs.

1 Introduction

Nitrogen monoxide (NO) is primarily generated from the combustion of fossil fuels and its pres-
ence in the atmosphere is of major concern due to its contribution to environmental problems such
as photochemical smog and acid rain.! Therefore, controlling and reducing NO emissions from
anthropogenic activities is crucial for environmental protection and sustainability, where selective
catalytic reduction (SCR) is the most widely used process for the de-NO, of fuel gases, despite
several drawbacks, such as high reaction temperatures (> 300°C) and unreacted reducing agents.>
In this sense, catalytic oxidation of NO to nitrogen dioxide (NO;) at ambient temperatures presents
a promising solution to control NO emissions, as NO, can be converted further to nitric acid in the

presence of water. For this reaction, carbon-based materials have been regarded as good cata-



lysts in recent decades,* but although several investigations have been carried out,’”’ the reaction
mechanism remains debated.

In this regard, an understanding of the mechanism of the adsorption and oxidation of NO
on activated carbon at the atomic level is necessary, and its implications go beyond providing
insight for the development of more effective carbon-base catalysts to reduce NO emissions. In
the context of atmospheric chemistry, it could provide also new insights in the formation process
of secondary pollutants compounds such as nitrous acid (HONO) and NO, by the oxidation of
NO on soot particles in the atmosphere. Since soot, resulting from the incomplete combustion
of hydrocarbon fuels, is typically formed by aggregated carbonaceous spherules having graphitic
structures, graphite surfaces are usually used as proxies of soot particles.®!!

In previous experimental studies of the NO oxidation mechanism over carbon surfaces, Ahmed
et al.'? suggested that NO is first oxidized by oxygen to form NO, in the gas phase and then NO,
gets adsorbed on the carbon surface. However, the homogeneous oxidation of NO in the gas phase
is too slow to account for the conversion that was further observed on activated carbon.'* Adapa et
al.'* proposed that NO oxidation is catalyzed through the Langmuir-Hinshelwood (L-H) and Eley-
Rideal (E-R) mechanisms. In their study, in the L-H mechanism, dissociated oxygen activated by
carbon reacts with adsorbed NO while in the E-R mechanism, it is assumed that adsorbed NO reacts

L. 5-7

with gaseous O, and produces adsorbed NO,. Mochida et a also proposed an E-R mechanism

in which NO is first adsorbed, then oxidized, forming adsorbed NO, before being released to the

15-17 assume that NO from the

gas phase. However, Sousa et al.'* based on previous literature,
gas phase reacts with chemisorbed oxygen, forming adsorbed NO,. It was assumed that very little
NO can be physically adsorbed, since it is considered a supercritical gas at ambient temperature.
Indeed, the presence of functional oxygen groups in graphite significantly increases the adsorption
probability of NO on its surface '® and its subsequent oxidation. °

Using density functional theory (DFT) calculations, Tang and Cao? investigated the interaction

of NO, (x = 1,2, 3) with graphene and graphene oxides (GO) surfaces presenting some functional

groups such as hydroxyl, epoxy, and carbonyl. They report that the adsorption of nitrogen oxides



on graphene oxides is generally stronger than that on graphene, but the oxidation of NO was not
taken into account. Hou et al.?! and Cen et al.?? using DFT studied the effects of hydroxyl and
epoxy groups on the adsorption of NO and its further oxidation to NO,. They found that NO can be
oxidized by epoxy groups with a barrier of 0.1 eV. However, the kinetic mechanism of the catalytic
oxidation of the NO over the epoxy group was not investigated.

In this context, the understanding of the interaction between NO and carbon-based compounds
is fundamental to decrypt the complexity of these catalytic oxidation processes. To this aim, we
perform ab initio molecular dynamics (AIMD) calculations of the collisions of gaseous NO mole-
cules an an epoxy-functionalized highly oriented pyrolytic graphite surface. The use of AIMD has
the main advantage that is not necessary to precalculate a potential energy surface (PES), the en-
ergies and forces being determined on the fly during the dynamics at the density functional theory
level. Also, a better description of the molecule-surface interaction, including molecule-surface
energy exchange and temperature effects, can be effectively achieved.

The paper is organized as follows. Section 2 describes the theoretical method and the practical
implementation of the AIMD simulations on the present system. The methodology is applied
in Sec. 3 in order to determine the reaction probabilities, the scattering angle distribution and
the energy transfer. Finally, a summary of the results and the main conclusions of this work are

provided in Sec. 4.

2 Computational details

Ab initio molecular dynamics (AIMD) calculations were performed with the DFT based Vienna
Ab Initio Simulation Package (VASP)?*?* using the Perdew-Burke-Ernzerhof (PBE)? exchange-
correlation functional, together with the DFT-D3(BJ) dispersion correction?®?’ that amends the
inadequacy of PBE to describe van der Waals (vdW) interactions. The ionic cores were described
with the projector augmented wave (PAW) method?® implemented in VASP.? A gaussian smearing

of 0.05 eV was used for the electron occupancies and the plane wave expansion was cut at a kinetic



energy of 400 eV.

Since NO and NO, are open-shell molecules, we tested both spin-polarized and non-spin-
polarized calculations to validate the system parameters. Both calculation strategies led to the same
results regarding the minimum energy adsorption configurations, showing a minimal influence of

the NO, magnetic properties on the system under study, as previously reported by Hou et al.?!

2.1 Gas-Surface model

The lattice parameters calculated for bulk graphite using a (16x16x8) Monkhorst-Pack sampling *°
of the Brillouin zone are a = b = 2.47 A and ¢ = 6.70 A. The graphite (0001) surface was then
described by a three layer (4x4) supercell (96 atoms of C) separated from its periodic image by
20 A of vacuum along the surface normal. In all calculations performed with this supercell, the
Brillouin zone was sampled with a (5%5x1) Monkhorst-Pack mesh. After surface relaxation the
interlayer distance remains as 3.37 A. These values are in agreement with experimental’! and
previous theoretical DFT-D3(BJ)3>3* results (3.34 and 3.41 A, respectively).

To adequately describe the oxidized HOPG (O-HOPG) the binding energy E;, of the O atom on
HOPG was calculated on the basis of the usual definition: E, = Egupi0) — (Eo) + Esiap) Where
Eab+oce)» Eow and Egq, correspond to the optimized total energy of the system with the oxygen
adsorbed on the surface, the energy of an isolated oxygen atom in the gas phase and the energy
of pristine graphite, respectively. The geometry optimization was performed using a convergence
criterion for the ion step of 0.01 eV/A and 1076 for the electronic step. The O atom was initially
positioned at a distance of 1.5 A from the surface at three different locations on the graphite surface
(bridge, hollow and top). After relaxation, the bridge position was found to be the most stable, with

E, =-2.19 eV, and bond distances for C-O and C-C of 1.46 A and 1.50 A respectively. These results
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are consistent with prior theoretical >> and experimental *® studies.
The description of the adsorbate was also benchmarked with respect to gas phase values. For
a NO molecule at a distance of 10 A and aligned parallel to the O-HOPG surface, the obtained

dissociation energy (7.17 eV) and the equilibrium bond length (1.17 A) agree reasonably well with



the experimental values (binding energy of 6.55 eV and bond length of 1.15 A, respectively).37-38
In addition, using the same calculation strategy, the adsorption energies of NO on the epoxy group
of the O-HOPG surface and of NO, on the pristine HOPG surface were calculated. The obtained
values, -0.17 eV for NO and -0.26 eV for NO,, are in agreement with previous theoretical and

20,21,39

experimental findings confirming the reliability of the chosen approach to model NO and

NO, interaction with graphite surfaces.

2.2 Molecular Dynamics setup

The collision between an incoming NO molecule and the O-HOPG surface, thermalized at 300
K, was simulated using quasi-classical trajectories using constant-energy AIMD calculations. For
each trajectory, the center of mass of the colliding NO molecule (NO¢,,) was randomly positioned
inside a disk with a radius R of 5 A, centered at the adsorbed oxygen atom and located 9 A
away from the oxidized graphite surface, as represented in panels A and B of Figure 1. The
internal orientation (6, ¢) of the NO molecule, represented in the panel C of the Figure 1, was
also randomly selected, and the initial internuclear distance and internal momentum of NO were
adapted to semi-classical conditions corresponding to the ro-vibrational state (v = 0, j = 0) of
the NO molecule. Four different NO incidence energies were studied: 0.025 eV (290 K), 0.050
eV (580 K), 0.100 eV (1160 K) and 0.300 eV (3481 K). These selected collision energies cover a
wide range, from high collision energies (0.3 eV) to those equivalent to room temperature (0.025
eV), including a collision energy that matches the value of the energy barrier (0.1 eV) reported
in a previous theoretical study.?' The orientation of the NO¢), velocity vector was defined in two
different ways (panel A, Figure 1). First, with fixed polar and azimuthal incidence angles 6; = 0°
and ¢; = 0°, corresponding to normal NO incidence conditions. Second, by adapting its initial
orientation (6;, ;) to target the oxygen atom adsorbed on the surface, in order to increase the
probability of NO-O collision, this will be referred to as oriented incidence conditions.

The initial O-HOPG surface configurations were obtained by running a canonical AIMD calcu-

lation for 14 ps with a time step of 1 fs, using the Nosé-Hoover thermostat implemented in VASP.



This procedure guarantees an initial surface temperature in the simulations equivalent to room
temperature (300 K), emulating atmospheric conditions. Then, following a standard procedure in

gas-surface dynamics simulations, 34047

one snapshot (positions and velocities) of the previously
thermalized O-HOPG surface was randomly selected for each trajectory to perform constant en-
ergy AIMD calculations. This procedure is a reasonable approximation for the short simulation

times of interest (4 ps).

X
NO velocity orientation NO molecular orientation

Figure 1: Coordinate system and sketch of the initial conditions used in the AIMD simulations of
the NO molecule impinging over the O-HOPG surface where the height H and the radius R are
75 A and 5 A respectively. The values xc ., Yo, were randomly selected within the disk of
raidus R (black dots shown in panel B). @ and S were randomly generated.

Finally, under these conditions, 300 AIMD trajectories per initial incidence energy were per-
formed in the two different orientations of the NO¢,, velocity vector (normal incidence and ori-
ented incidence) which represents in total 2400 trajectories. The maximum propagation time was
4 ps with a timestep of 1 fs. Four possible exit channels were observed: i) two reactive : NO,
scattered or NO, adsorbed and ii) two non-reactive: NO scattered or NO adsorbed. Since the
dissociation energy of NO on an O-HOPG surface obtained by our calculations is 4.2 eV, the dis-
sociative adsorption channel of NO is closed under our simulation conditions. The molecules NO
or NO, were considered desorbed when their center of mass reached a distance of 7 A above the
surface and adsorbed if after 4 ps the condition just mentioned was not reached. The total energy

was almost conserved along the trajectories with a standard deviation of ~6 meV.



Reflected trajectories were discriminated according to the difference between the initial NO
molecule incidence angle 6; and the final product (NO or NO,) scattering angle 6,, computed as
A6 = 6, — 0;. Angular distributions of the desorbed molecules were calculated using constant
intervals of 9°. The energy distributions of the molecules along the dynamics were obtained using
the standard semi-classical determination method for the translational, vibrational and rotational

energies.*

3 Results and Discussion

3.1 Reaction probabilities and reaction mechanism

Table 1 summarizes the probability of occurrence for the observed exit channels at the incidence
energies studied, considering two different orientations of the initial velocity vector (normal and
oriented incidences). Total probabilities are computed by adding adsorbed and scattered molecules
for both reactive and non-reactive channels. The results show a dependence with respect to the ini-
tial orientation of the NO molecule velocity vector. For normal incidence, the reaction probability
(NO, formation) is low, in the range 7.3 % - 9.3 %, and does not show dependence on the initial
NO kinetic energy. On the other hand, when the NO incidence is oriented to target the O atom on
the HOPG surface (in parentheses), a clear increase in the reaction probability is observed, rising
from 13.6 % to 26.3 % as the initial kinetic energy of the incident NO molecule increases from
0.025 to 0.300 eV.

Table 1: Reaction and scattering probabilities of the 300 trajectories at each incidence energy
for normal incidence and oriented incidence (in parentheses)

NO, (reactive channel) NO (non-reactive channel)

E; (eV)
Scattered (%) Adsorbed (%) Total (%) Scattered (%) Adsorbed (%) Total (%)
0.025 4.33 (6.70) 5.00 (7.00) 9.33(13.6) 5.67 (1.60) 85.0(84.7) 90.7 (86.4)
0.050 6.33 (10.7) 1.00 (6.30) 7.33(17.0) 11.0(7.60) 81.7(75.3) 92.7 (83.0)
0.100 6.33 (12.3) 2.33(7.30) 8.67(19.6) 23.7(15.3) 67.7 (65.0) 91.3(80.4)
0.300 7.33 (20.0) 1.67 (6.30)  9.00 (26.3) 57.0(35.7) 34.0(38.0) 91.0(73.7)




The distinct behavior observed can be explained by analyzing the initial position of the center
of mass (c.m.) of the impinging NO molecule. Our calculations demonstrate that, irrespective of
the incidence energy, the probability of reaction is significantly enhanced when the c.m. of the NO
molecule is initially located in the xy plane inside a disk of radius 2.5 A centered on the epoxy
surface group. More than 89 % and 72 % of reactive events take place in this region for normal
and oriented incidences, respectively. This condition is crucial for normal incidence; if the c.m. of
NO is outside of this disk, the oxidation reaction is very unlikely to occur. In fact, our calculations
indicate that under these conditions, NO, is only formed when the NO molecule bounces at least
once on the surface, i.e., in an indirect manner. For cases of oriented incidence, we also observe a
decrease in the reaction probability when the position of the NO molecule c.m in the xy plane is far
from the O atom on the surface. However, this decrease is compensated by the initial orientation of
the NO velocity vector, which favors the direct encounter between the NO molecule and the oxygen
atom of the HOPG surface. The higher the incident energy of NO, the greater the probability of
NO, formation. If the distance, in the xy plane, between the center of mass of NO (c.m.) and the
oxygen atom on the surface is greater than 2.5 A, the molecule must approach with a favorable
orientation and sufficient energy to trigger the reaction. In contrast, when the NO center of mass
position in the xy plane falls within a radius of 2.5 A around the epoxy group on the surface, the
reaction becomes substantially more probable and is independent of the incidence energy.

Interestingly, our calculations show that the reaction (NO, formation) can occur even at the
lowest collision energy investigated (0.025 eV), roughly equivalent to room temperature (300 K).
These findings qualitatively align with earlier experimental observations, which indicate a high
likelihood of NO oxidation on oxidized graphite surfaces at room temperature.>’'4 Quantitatively,
the reaction probabilities observed in our simulation are relatively low, amounting to less than
20 %, in contrast to the experimental probabilities’ (~ 80 %). However, we must take into ac-
count that performing a direct comparison of the simulation results with the experimental data is
challenging because of the characteristics of the simulations (simulation time, number of incident

molecules, number of epoxy groups on the HOPG surfaces). In this sense, our results indicate the



right trend, if an encounter between a NO molecule and an epoxy group on the surface of HOPG
occurs, the possibility of the reaction is not null, it is expected that the multiplication of these en-
counters over a long period of time may result in a higher reaction probability as the experimental
observations show.

From a theoretical perspective, Hou et al.,?' using the nudge elastic band method (NEB) based
on DFT calculations, identified an energy barrier of 0.1 eV (1160 K) for NO oxidation in graphene
oxides. This barrier remains too significant to observe reactivity at room temperature, a contra-
diction to the outcomes of our simulations. However, it should be noted that the calculations
performed by Hou et al.?! were not conducted under dynamical conditions; in NEB calculations,
the surface is considered at 0 K. Thermal effects, taken into account in our AIMD trajectories, con-
tribute to enhance the likelihood of the oxidation reaction of NO with the epoxy group of graphite.
The influence of surface temperature effectively lowers the reaction barrier, which, under room
temperature conditions, can be confidently asserted to be below 0.025 eV. As the temperature of
graphite rises, for instance at temperatures exceeding 370 K,*->! the bonds formed between oxy-
gen and graphite are weakened, occasionally leading to the desorption of the oxygen.>°

The key to understanding the reactivity in this system lies in the exothermic nature of the NO
oxidation reaction on the O-HOPG surface. The top panel of Figure 2 shows the typical evolution
of the potential energy along a reactive trajectory. As can be seen, there is a sudden decrease in
potential energy during the reaction. This decline occurs at a specific moment, termed the initial
state (IS), marking when the system attains the necessary structural and energetic conditions for
the reaction to commence. Subsequently, a notable amount of potential energy is liberated within
the system, converting into kinetic energy until the potential energy stabilizes once more. At this
point, henceforth identified as the final state (FS), the reaction has already occurred and the NO,
molecule has been formed. The availability of kinetic energy plays a pivotal role in elucidating
reactivity; once the reaction conditions are met, the kinetic energy in the system is sufficient to
break the bonds between the O and C atoms on the surface, providing enough translational energy

for the formed NO, molecule to move away from the surface.
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Notably, the average duration of the reaction process, from the initial state (IS) to the final state
(FS), is independent of both, the incident energy and the type of incidence, with an average value
well centered around 143 fs as showed in panel B of Figure 2. The obtained reaction time indicates
a rapid oxidation process, suggesting a direct reaction pathway.

Deepening on the exothermicity of the reaction, the panel A in the Figure 2 represents the
distribution of the potential energy differences obtained between the FS and the IS (AE = Epg —
E|s) across all reactive trajectories. This distribution spans from -2.2 eV to -0.8 eV, with a peak at
-1.6 eV, suggesting the most probable potential energy difference between reactants and products.
This average value is significant for understanding the energetics of the reaction and provides
insight into the energy accessible to break the C-O bonds in the epoxy group and facilitate the
removal of the nascent NO, molecule from the surface of HOPG under our simulation conditions.
In a previous DFT study,?! the exothermicity of this process on a very similar system (graphene
oxides) was estimated to be -2.38 eV. Although this value is larger than the one obtained in our
AIMD simulations, these differences can be attributed to the fact that our calculation takes into
account the surface temperature and the dynamic conditions of the reaction, whereas the NEB
calculation assumes a surface temperature of 0 K. In summary, the reaction’s exothermicity, in
conjunction with surface temperature, significantly aids the breaking of the C-O bonds within the
epoxy group, leading to NO, formation even at relatively low NO incidence energies.

To understand the geometry requirements for the reaction to occur under our simulation condi-
tions, we performed a statistical analysis of the configurations across all reactive trajectories at the
moment identified as the initial state (IS). For this purpose, average values have been calculated
for the following parameters: distance between the N atom and the O atom of the epoxy group
(dn-0,), distance between the center of mass (c.m.) of the NO molecule and the surface of HOPG
along the normal (dyo,,-norc), angle defined by the N atom, the O atom of the NO molecule and
the O atom of the epoxy group (ap-n-0,), and the distance between the O atom and the carbons in
the epoxy group (do,-c,, do,-c,)- The corresponding distributions are shown in the panels A, B, C,

D and E of Figure 3. The configuration characterized by the average values is depicted in panel

11
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Figure 2: Top Panel: Time evolution of the total potential energy along a typical reactive trajectory.
IS designates the initial state, marking the point when the potential energy of the system starts to
decrease, while FS indicates the final state, where the potential energy of the system stabilizes and
NO; is formed. Panel A: Probability distribution of the energy released during the reaction. Panel
B: Probability distribution of the reaction time computed as (At = tpg — t;5). Both distributions are
normalized to all the reactive trajectories from the four initial kinetic energies (0.025, 0.05, 0.1,
0.3 eV) and the two investigated incidences (normal and oriented). The size of the bins are 0.13
eV and 16.6 fs respectively.

F of Figure 3. As can be seen, the c.m. of the NO molecule is located 3.49 A from the O-HOPG
surface, with the N atom facing the epoxy group at a distance of 2.34 A. The formed O-N-O angle
is 100.68° and the distance between the adsorbed oxygen and the carbon atoms are 1.51 A and
1.52 A respectively.

When we compare the average configuration obtained in our calculations for the initial state
(IS) with the one obtained by Hou et al.?! using the NEB methodology for the transition state (TS)
of NO oxidation on graphene oxide, some interesting correspondences appear. In their reported
values, the N atom is located at 2.17 A (234 +0.24 A in this work) from the adsorbed oxygen,
which is at 3.58 A (3.49 + 0.42 A in this work) ahead of the graphene surface. The distance be-
tween the carbon atoms bonded to the adsorbed oxygen and the oxygen atom itself are 1.66 A
(1.51 + 0.12 A in this work) and 1.47 A (1.52 + 0.12 A in this work), respectively. These com-

parisons indicate that the IS averaged configuration is very close to the previously predicted TS,?!
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Figure 3: Probability distribution of the geometrical configuration between the NO and the epoxy
group at the initial state (IS). All distributions are normalized to all the reactive trajectories from the
four initial kinetic energies (0.025, 0.05, 0.1, 0.3 eV) and the two investigated incidences (normal
and oriented). The size of the bins are 0.06 A, 0.06 A, 6.0°,0.17 Aand0.11 A respectively.

highlighting that the geometric conditions necessary for the reaction to occur are met. It confirms
that our AIMD simulations follow the same reaction pathway. In summary, to efficiently form
NO,; from the NO oxidation reaction over room temperature graphitic surfaces, the NO molecules
should be at a distance of ~ 3.50 A from the surface and ~ 2.30 A from the surface oxygen atom,
oriented with the N atom facing the epoxy group, and forming an O-N-O angle of ~ 100°.
Regarding the non-reactive events, an analysis of the probabilities reported in Table 1 shows
that the NO adsorption probability decreases with increasing incident energy, from ~ 85 % at 0.025
eV to ~ 36 % at 0.3 eV, regardless of the initial orientation. This result indicates, as expected, that
the increase in NO incidence energy makes the trapping of the NO molecule on the surface less
probable and points out the minor role of the incidence conditions on the adsorption probability in

non-reactive collisions.
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3.2 Products angular distributions

Recognizing the complex interplay between the admolecules and the surface, we conducted an ex-
amination of the scattering dynamics of NO and NO, molecules upon reflection from the thermally
equilibrated O-HOPG surface. This analysis concentrated on trajectories featuring the highest in-
vestigated initial incidence energy of the NO molecule, set at 0.3 eV, for both normal and oriented
incidences. This particular initial incidence energy was selected because it corresponds to the
highest percentage of NO and NO, molecules desorbed from the surface in both directions of in-
cidence, thus providing a more robust statistical data set. Considering the initial conditions used
in this work, where the incidence angle is 0° for NO normal incidence and varies in a range be-
tween 0° and 18° for NO oriented incidence, we have evaluated the difference between the initial
NO molecule incidence angle 6; and the final product (NO or NO,) scattering angle 6,, computed
as A = 6, — ;. The probability distribution of this deviation angle is presented in Figure 4.
Note that for normal incidence, this angular distribution corresponds directly to the NO scattering
distribution since the initial angle 6; is equal to 0.

For the non-reactive NO scattering trajectories, our results indicate some differences in the
angular distributions obtained under the two different incidence conditions. For the oriented inci-
dence, the distribution represented in the panel A of Figure 4 peaks at smaller angles, indicating
a higher probability for specular reflection (6, = 6;) than for the normal incidence conditions. On
the other hand, the normal incidence angular distribution exhibits a more spread-out shape, indi-
cating a higher probability of molecules with large scattering angles (6, >> 6; = 0). The observed
differences might be attributed to two main factors. First, in the oriented incidence cases, the di-
rect interaction between the incident NO molecule and the epoxy group favors elastic scattering,
leading to an increase in the number of molecules scattered relatively close to the specular reflec-
tion. Second, in normal incidence cases, the z component of the velocity vector of the molecule
tends to experience the most substantial change during collision with a thermalized surface, favor-
ing inelastic scattering and resulting in an increase in the number of molecules scattered at larger

angles.
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Figure 4: Comparative analysis of the distributions of the angular deviations A8 after reflection
from the oxidized graphite surface at an initial kinetic energy of 0.3 eV. The distributions are
normalized to the total number of scattered molecules and the bin size is 9°. (A) for NO scattered
molecules with initial normal and oriented incidences; (B) for desorbed NO and NO, molecules
for initial NO with oriented incidence.

For reactive trajectories, where NO, molecules are desorbed after the oxidation of NO, the
panel B of Figure 4 presents the A6 distribution of NO, molecules compared with the previously
obtained A distribution of NO molecules, but only for the oriented incidence case. Due to the
limited number of NO, molecules produced (low reaction probability) under normal incidence
conditions, there is insufficient statistical data to represent and compare the corresponding distri-
butions. Our results show a similar shape for both distributions, indicating that the deviation angle
of the scattered NO molecules or formed NO, molecules, in case of oriented incidence, follows
the same behavior for reactive and non-reactive events. This observation could be ascribed to the

fast NO oxidation process, indicated by the previously estimated reaction time of 143 fs, implying
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a direct reaction pathway. Consequently, the nascent NO, molecules pursue a trajectory similar to

that of NO scattered molecules in the non-reactive scenarios.

3.3 Products energy distributions

Translational, vibrational and rotational energy distributions were calculated for NO scattered mo-
lecules at the highest incidence energy (0.3 eV) for both normal and oriented incidences. Addi-
tionally, the translational energy distribution was obtained for the NO, desorbed molecules at the
same incidence energy, but only for the oriented incidence conditions.

The translational energy distributions of NO scattered molecules for both initial incidences are
shown in Figure 5. As can be seen, both distributions have a similar bell shape, but slight dif-
ferences can still be appreciated. The normal incidence distribution peaks at lower kinetic energy
values (~ 0.06 eV), with a distribution mean of 0.12 eV, indicating an average translational energy
loss of 60.0 %. On the other hand, for those molecules whose incidence was oriented, the dis-
tribution peaks at higher kinetic energy values (~ 0.12 eV), with a distribution mean of 0.14 eV,
indicating an average translational energy loss of 53.3 %. These results are in agreement with the
scattering patterns previously analyzed, as a higher angular deviation at normal incidence indicates
a higher translational energy loss compared to oriented incidence conditions. The main factor con-
tributing to the observed differences between the oriented and normal incidences, regarding both
the deviation angle and translational energy distribution, seems to be the direct NO-O interaction.
This interaction results in a stronger molecule-surface repulsion effect, which is more pronounced
under oriented incidence conditions where the NO-O collision is forced to occur. This strong
interaction could slightly reduce the loss of kinetic energy during the molecule-surface collision

process.
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Figure 5: Translational energy distribution of NO molecules scattered with an initial kinetic energy
of 0.3 eV at normal and oriented incidences. The distributions are normalized to the total number
of scattered NO molecules and the bin size is 0.03 eV.

Furthermore, our results are also in good agreement with previous experimental observations
on similar systems. Higer et al.>? found that at low pyrographite surface temperatures (< 300 K),
the NO scattered has a significantly smaller mean velocity, approximately half that of the incoming
molecule. Additionally, in a recent study, Greenwood and Koehler>* investigated the scattering of
NO molecules in gold-supported room temperature graphene and observed a translational energy
loss of the scattered NO molecule of approximately 80 %. In general, our AIMD simulations
indicate that for a slightly different system, with the presence of an epoxy group on the graphite
surface, there is also quite efficient kinetic energy transfer from the molecule to the surface at room
temperature, resulting in a translational energy loss of the incoming molecule greater than 50 %
after the collision.

Concerning the ro-vibrational state of the scattered NO molecules, our simulations show, in
agreement with previous observation on similar systems, >3 that no vibrational excitation occurs
after the collision and that a small amount of energy is channeled into the rotational mode. Fig-
ure 6 shows the rotational energy distribution of the scattered NO with an initial kinetic energy
of 0.3 eV at both incidence conditions. Once again, both distributions show a similar bell shape
with slight differences in the maximum peaks. For normal incidence, the most probable rotational

quantum number for the NO desorbed molecules is j = 12, while for oriented incidence, it is
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J = 15. These rotational quantum numbers represent rotational molecular energies of 0.03 eV and
0.05 eV respectively, indicating that only a small amount of the total energy initially available for
the NO molecule (0.3 eV in translational energy + 0.1 eV in vibrational energy) was channeled to
the molecule rotation after the collision with the surface. Indeed, as observed recently by Green-
wood et al.>* who studied NO scattering off graphene using surface-velocity map imaging, our
simulations indicate that in NO scattering on an O-HOPG surface, most of the collision energy
is transferred into the collective motion of the carbon atoms in the topmost layer of the graphite

surface and is not channeled from translational to rotational modes of the molecules.
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Figure 6: Rotational distribution of scattered NO molecules with 0.3 eV of initial kinetic energy at
normal and oriented incidence. The distributions are normalized to the total number of scattered
NO molecules and the bin size is 1.

Finally, Figure 7 shows the translational energy distribution of the NO, desorbed molecules
at the highest incidence energy of 0.3 eV for the oriented incidence conditions. As can be seen,
the distribution presents a bimodal shape, with one peak located at 0.3 eV, at the initial incidence
energy, and another peak located at 0.5 eV, above the initial incidence energy. The mean value of
the NO, kinetic energy is 0.36 eV, indicating, in contrast to previous results for scattered NO, a
small increase in the translational energy of the NO, molecule of 20 % relative to the initial kinetic
energy of the incoming NO (0.3 eV). This increase in the NO, molecule’s translational energy is
directly linked to the exothermicity of the reaction, which was estimated at approximately 1.62

eV under our molecular dynamics conditions. The available energy resulting from the reactive
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process is first used to break the C-O bond of the epoxy group. Once the NO, molecule is formed,
the desorbing molecules use part of this energy to escape from the the HOPG surface. The re-
maining energy is then channeled into the translational and ro-vibrational modes of the nascent
NO, molecule. In this regard, a complete analysis of the energetic characteristics of the NO, des-
orbed molecules, including the rotational and vibrational state populations, is reserved for a later
publication.
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Figure 7: Translational energy distribution of NO, molecules scattered for an NO initial kinetic
energy of 0.3 eV at oriented incidence. The distribution is normalized to the total number of
scattered NO, molecules and the bin size is 0.1 eV.

4 Conclusions

In summary, we performed ab initio molecular dynamics simulations to study the oxidation of
NO molecules on oxygen-functionalized highly oriented pyrolytic graphite, thermalized at 300
K. A total of 2400 AIMD trajectories were analyzed, with 300 trajectories for each incidence
energy (0.025 eV, 0.05 eV, 0.1 eV and 0.3 eV) at two different orientations of the incoming NO
molecule (normal to the graphite and oriented to guarantee a collision with the oxygen atom of the
epoxy group on the graphite surface). The reaction, adsorption, and scattering probabilities were
computed. The angular and energy distributions of the products were also obtained under selected

simulation conditions.
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Our results reveal that NO, formation can occur even at the lowest collision energy investigated
(0.025 eV), approximately equivalent to room temperature (300 K). This therefore highlights the
impact of the dynamics on the NO oxidation process, since previous studies by Hou et al.?! and

1‘22

Cen et al.“~ had estimated this oxidation barrier at O K to be around 0.1 eV, i.e. four times greater

than our lowest collision energy of 0.025 eV. Moreover, this result aligns qualitatively with previ-

ous experimental observations,>-14343

which indicate a high likelihood of NO oxidation on oxi-
dized graphite surfaces at room temperature. These findings underscore the efficiency of activated
carbonaceous surfaces for facilitating NO conversion and NO, formation under mild conditions,
highlighting their significance for environmental and catalytic applications.

Concerning the reaction mechanism, our exhaustive analysis shows that NO oxidation is most
probable when the direct interaction between the NO molecule and the surface epoxy group is
favored. The key to the system’s reactivity is the substantial amount of energy released once the
reaction occurs; the exothermicity of the reaction under the simulation conditions was estimated
to ~ 1.62 eV. This energy is used to break the surface epoxy group bonds, and in some cases, is
enough to overcome a physisorption barrier, allowing the nascent NO, molecule to escape from
the surface. Furthermore, the statistical analysis performed on all the reactive trajectories, select-
ing configurations at specific reaction moments, allows us to describe the structural requirements
for the reaction to occur under dynamical conditions. Remarkably, our results align well with
the previous predictions by Hou et al.?! and Cen et al.?? regarding the transition state predicted
for a very similar system. Moreover, our analysis shows that once the energetic and configura-
tional requirements are reached, the reaction occurs quickly (~ 143 fs) following a direct reaction
mechanism.

We have also performed an analysis of the angular distributions of the NO scattered and NO,
desorbed molecules at selected initial conditions. The results indicate slight differences between
the scattered patterns of NO depending on the incidence conditions of the incoming molecule.
Specular scattering is favored when the direct interaction with the O atom is forced (oriented in-

cidence). This finding points out a possible feature that may provide clues in future experimental

20



works to identify the interactions that occur between the incident molecule and the surface using
scattering angular distributions, and potentially identify the presence of the O atom on the graphite
surface. Furthermore, the similarity between the angular distributions of the NO scattered mole-
cules and the NO, desorbed molecules confirms the direct nature of the NO oxidation reaction on
O-HOPG surfaces.

Finally, the energetic characteristics of the NO scattered molecules obtained in our simulations
confirm previous findings. There exists an efficient transfer of translational energy from the im-
pinging NO molecule to the graphite surface, with more than 50 % of the initial NO molecule’s
energy being lost in the collision with the graphitic surface. The energy transfer is influenced by
the presence of oxygen on the surface, with a slight decrease in energy loss observed when the
interaction of the incoming NO molecule occurs directly with the epoxy group present on the sur-

face. Furthermore, a weak rotational excitation is predicted in our simulations for the NO scattered

156,57 153,58

molecules, in agreement with previous theoretica and experimenta results on similar sys-
tems. Regarding the translational energy characteristics of the nascent NO, molecules, our findings
indicate a slight increase in the available kinetic energy compared to the incoming NO molecule.
In this regard, a complete analysis of the energetic characteristics of the NO, desorbed molecules,
including the rotational and vibrational state populations, is reserved for a later publication.

All in all, our AIMD simulation results shed light on the NO oxidation mechanism on epoxy-
functionalized carbon surfaces, indicating the requirements for the reaction to occur and providing

some clues about possible product features that can be tracked in future experimental work to

further characterize the reaction mechanism.
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