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Abstract

The sticking of oxygen atoms with collision energies in the range 0.1-1 eV on a clean (100) B-
cristobalite surface with surface temperatures between 300-1100 K has been investigated using
classical trajectories for normal and off-normal incidence. A full dimensional adiabatic
potential energy surface (PES) based on a dense grid of density functional theory (DFT) points
was constructed by means of the corrugation reducing procedure. Sticking probabilities are
very high (> 0.9) for all conditions, increasing with collision energy and decreasing with
surface temperature. This behavior can be interpreted by decomposing the sticking between
adsorption and absorption, which show different trends. The large attractive character of the
PES favors the absorption or penetration into the big unit cell of the B-cristobalite, with a
predominant direct mechanism instead of a dynamic trapping, accordingly also with the quick
dissipation of the oxygen energy into the slab. Calculated thermal initial sticking coefficients
seem to depend on the type of silica structure. Moreover, these initial thermal coefficients are
much higher than values derived using expressions obtained from standard transition state
theory even when using as parameters values extracted from DFT calculations. Therefore, the
use of these expressions in kinetic models for O or N recombination over silica should be
reconsidered
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1. Introduction

The atomic and molecular oxygen interaction on silica-based materials has a lot of interest
because of its importance in the heterogeneous chemical processes that take place over the
thermal protection system (TPS) of some spacecrafts (e.g., Space Shuttle) during their
terrestrial re-entry [1]. Silicon dioxide is an important material used in coating materials for
some parts of these vehicles. For instance, reaction-cured glass (RCG) with 94% of SiO., 4%
of B2Os and 2% of SiB4 is normally used in Space Shuttle tiles.

The main processes involving the TPS materials and the dissociated air (e.g., in Earth's
atmosphere) produced by the shockwave are the TPS oxidation, with the formation of an oxide
layer, and several heterogeneous catalytic atomic recombinations. The exothermic
heterogeneous processes can increase the total heat transfer to the vehicle at the hypersonic
flight velocities. Catalytic heating accounts for 25-35% of the total heating at surface
temperatures near the critical temperature during re-entry. TPSs composed by materials as little
catalytic as possible are searched to reduce the vehicle heating. For this purpose, several SiO»-
based materials are used although the slight catalysis of these materials should be taken into
account more accurately to improve the quality of the kinetic models, which assume an ideal
non-catalytic surface approximation. The mechanisms and the rates of the different gas-surface
processes in such non-equilibrium conditions (i.e., hypersonic flows) are not well known [2]. In
fact, much of these processes have neither been well characterized even at room temperature.
For this reason, accurate theoretical and experimental data are necessary to simulate (e.g., via
computational fluid dynamics (CFD) codes) hypersonic spacecrafts flights with several TPS
materials.

In spite of the major abundance of N> compared to O in air, the much lower O dissociation
energy favors the atomic oxygen abundance and hence that the subsequent O recombinations
through the Eley-Rideal (ER) or Langmuir-Hinshelwood (LH) mechanisms become more
important in these conditions. The first common step to either ER or LH processes is the atomic
oxygen adsorption. Nevertheless, scarce experimental data are available about atomic or
molecular oxygen adsorption over silica surfaces. Furthermore, most of the experimental
kinetic models for air recombination over several types of silica materials (i.e., Pyrex, quartz,
RCG, etc.) assume an average value of 3.5 eV [1] for the adsorption energy of either O or N,
although some values within the range of 2.6-5.5 eV [3-7] have also been used. These
adsorption energies are indirectly derived from kinetic models that fit experimental ER/LH
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RCG) and an oxygen adsorption energy of 3.5 eV have been reported for both surfaces [1]
following these procedures. There are also recent experimental measurements [8-9] about the
oxygen recombination coefficient (yo) over silica indicating that this coefficient is a factor of
three-times lower in B-quartz than in B-cristobalite, showing thus the importance of the silica
structure in these processes.

In a previous work [10], we presented a wide density functional theory study (DFT) on the
lowest triplet (quartet) and singlet (doublet) stationary points of the lowest potential energy
surfaces (PES) corresponding to O and N interaction, respectively, with B-cristobalite (100)-Si
or O face ended; B-cristobalite is a polymorph of silica [11-12], stable at high temperatures up
to the melting point of 1983 K, although is also metaestable at room temperature. This
crystalline solid has similar properties to amorphous silica, like density, refractive index, band
structure, etc, and seems to be a good candidate for modeling the amorphous silica coatings
used in TPSs. Our DFT study showed that O and N become strongly adsorbed over the first
silicon face of B-cristobalite, mainly on top Si and over a bridge between two Si atoms. The
calculated average adsorption energies of O were equal to 5.89 eV (for the singlet state) and
4.87 eV (for the triplet state), much higher than the supposed value of 3.5 eV used in before
mentioned kinetic models.

In the present work, we examine the interaction of O atoms with a B-cristobalite (100)
surface in order to get information about the sticking and reflection probabilities and to clarify
the microscopic mechanism of this interaction. We will present the construction of an
interpolated PES founded on new and extensive DFT data, which will be used to run classical
trajectories under several initial conditions of surface temperature (Ts), O kinetic energy (E)
and incident angle (0;). The results will be compared with a previous dynamics study based on
a less accurate PES [13] on this system along with the available theoretical or experimental

data on these or related processes.

2. DFT calculations on the ground PES

We have carried out DFT calculations by means of the VASP code [14-17] to determine the
atomic oxygen interaction with a Fdd2 B-cristobalite (100) surface [18-19] for a grid of oxygen
positions (Xo,Yo, Zo) over the square 1x1 unit cell (Fig. 1(a)), using a SiO> slab model
including 6 layers with a silicon first layer. A lattice parameter of 7.348 A, determined for the

bulk Fdd2 structure, was used in the present calculations. Details of this kind of calculations



were reported in a previous study [10]. The slab geometry was kept fixed at its most stable
configuration in absence of O atom. An additional hydrogen bottom layer was added to saturate
the O dangling bonds of the inner layer. The distance between slabs (ca. z=17-18 A) was large
enough to prevent significant interactions between them. DFT calculations were based on the
generalized gradient correction functional Perdew-Wang 91 (PW9I1). The electron-ion
interactions were described by using the projector-augmented-wave technique. For the plane
wave basis set, an energy cut-off of 400 eV was accurate enough to obtain converged
properties. Integration over the Brillouin zone was made by means of a 3x3x1 k-points mesh by
using the Monkhorst-Pack method.

Spin-polarized calculations with a fixed magnetization equal to 0 and 2 were carried out to
consider the total spin states (i.e., singlet and triplet) derived from atomic oxygen in the ground
state (triplet) and P-cristobalite (singlet). Moreover, calculations with free magnetization were
almost coincident with the lowest spin state energies. In general, when the distance between the
impinging oxygen atom and its nearest neighbor substrate atoms is greater than 2.5 A, the
lowest energy corresponds to the triplet state but when the O atom approaches the surface, the
singlet state has a lower energy than the triplet one.

Throughout this paper, we assume that the evolution of the system is electronically adiabatic
(i.e., the force acting on the impinging O atom arises from the locally lowest PES) which
entails at least one transition between states of different spin. The general validity of this
assumption in gas-surface interactions has been challenged for the case of O»/Al(111) [20].
However, a rigorous formalism allowing to go beyond the adiabatic approximation for gas-
surface systems is not yet well established. Thus, the analysis of the electronically adiabatic
dynamics, which has been widely used to investigate atomic chemisorption (e.g., O/Cu(100),
[21], N/W(100) [22], N/Si0; [23],..), can be an excellent starting point for the study of O
adsorption on SiO» from first principles electronic structure calculations. On the other hand, the
existence of abundant experimental data for O recombination reaction over several silica
surfaces (e.g., RCG, pyrex, quartz, cristobalite,..) and the usual guess of the previous O
chemisorption over the Si atoms, introduced commonly in all kinetic models [1], can support
more the use of the adiabatic approximation.

Besides the previous O adsorption minimum on top Si (T1, [10]), the use of the new
interpolated PES (see next section) has allowed the finding of another adsorption minimum
(T1"), slightly more stable than the T1 or Bl adsorption minima. This new minimum

corresponds to a O-Si bond with an angle respect the normal to the surface (6) of 77.1° (in T1



was 6 = 0°) and along the positive slope diagonal (T1-B1-T1) of the unit cell (Fig. 1(a)), but
with a O-Si distance (Rosi = 1.559 A) similar to that of T1 minimum. Both Si atoms become
much closer (Rsisi = 3.444 A) than in the clean slab (Rsisi = 5.196 A) but only a SiO bond is
formed, contrary to what happens for Bl minimum [10], also located over this diagonal. The
T1' minimum has an adsorption energy of 6.55 eV compared with the value of 6.05 eV found
for T1. The harmonic vibrational frequencies (870.6, 235.7, 185.2 cm™!) confirm that it is a true
minimum. There is a small barrier of 0.16 eV between T1 and T1', which corresponds to a
transition state at Rosi = 1.519 A, 6 = 10.5° and Rsisi = 4.963 A, with harmonic vibrational
frequencies of 207.51, 207.2, 157.7 cm™!. This small energy barrier will be negligible for the

dynamics of O gas collisions over [-cristobalite.
3. Interpolated PES: construction and analysis

The PES for an atom-solid surface system (i.e., oxygen-B-cristobalite) can be expressed as a

sum of two potentials:
VS (X0,Y0,Z0,{Rij}) = VIR ;H)+ VOS2 (X 5, Y0,Z0.{R;;}) (1)

which depends on the oxygen Cartesian coordinates over the unit cell and on all internuclear
distances {Rj} (i.e., O-O, Si-O and Si-Si) inside the silica slab. The first term on the r.h.s. of
(1) describes the interaction between atoms inside the slab in the absence of the O adsorbate.

We describe it by means of a sum of pair interactions inside the silica:

NoNo Ng;j Ng; NgiNo
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where No and Ns; are the total number of O and Si atoms of the slab, respectively. For each
pair interaction we have used an empirical potential based on a modified form of the Born-

Mayer-Huggins ionic potential:
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where Rjj is the interatomic distance between 1 and j atom, Z; is the formal ionic charge, and Ajj,
Bij and p are empirical parameters. These potentials have been successfully employed in earlier
molecular dynamics of silica and silicate systems [24-25] and also in our previous PES (called
hereafter as PES-2B) for this system [13]. The bulk Si-O pair-wise interactions are attractive
whereas the O-O and Si-Si interactions are repulsive. The empirical potential defined by (2)
and (3) reproduces quite well the bulk geometry of B-cristobalite: Rsio = 1.602-1.656 A,
average angle <SiOSi = 170.1° and average angle <OSiO = 106.5°. These values would
correspond to a DFT structure intermediate between Fd3m and Fdd2 space group symmetries,
which present similar cohesive energies and very small differences in their geometries [10].
Thus the average SiOSi angle is in between 180° (Fd3m) and 147.5 ° (Fdd2) DFT values; the
average OSi0O angle is still much closer to the bulk DFT values of B-cristobalite [10].

The second term on the r.h.s. of (1) contains the interaction between the incident oxygen

atom and the B-cristobalite (100) surface. It has been approximated as:
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It means that we assume that the change in the PES due to slab atom displacements can be
accounted for by means of O-O and O-Si pairwise interactions. Thus, both sums in (4) will give
the energy change for O/slab interaction when moving atoms 1 (Si) or j (O) from its equilibrium
slab position. This approximation was previously used too and justified for a CRP PES of the
O/Cu(100) system [21].

The construction of this VO12° potential is based on a grid of DFT points calculated over a
reduced cell (the triangle in Fig. 1(a)) with a mesh of 0.4 A in Xo and Yo and a mesh of 0.25 A
in Zo, within the interval -1 A < Zo < 3 A (3400 points). Energies are generated over the
complete 1x1 square unit cell using its symmetry. Interpolation between calculated DFT points
is achieved through the corrugation-reducing procedure (CRP) interpolation method [26],
widely applied in several atom or diatomic molecule/metal surface systems [21-22, 27-29]. Its
key feature consists in reducing the variation of DFT potential energy by substraction of O-O

and O-Si pair interactions:
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The Vosi and Voo potentials were derived by using the DFT energies corresponding to the
interaction of O over T1 (i.e., a Si atom of the first layer) and S2 (i.e., an O atom of the second
layer) sites as a function of Zo. Thus, I*P becomes exactly zero for these points. These pair
potentials go to zero when Rok=Zo> 3 A (hence that No' < No and Ns; < Ng)).

Interpolation in Z over the calculated values is achieved by an 1D cubic spline. We have
verified that the variation of I’ with Xo, Yo and Zo is much smoother, which has two
consequences. On the one hand, interpolation of I°® over Xo, Yo and Zo can be achieved
accurately by a 3D cubic spline, which would not have been the case if the DFT values had
been interpolated directly. On the other hand, the latter observation proves that the stronger
contribution to the forces arises from the latter two terms on the r.h.s. of (5). Accordingly, this
justifies the use of the same potentials for Vosi and Voo in (4), which yields the final

expression:

Ng;j' No
VO-92(X 0, Y0,Z0,{Rij=1P (X0,Y0,Z0.{R } )+EVOSI(ROI)+EVOO(ROJ) (6)
j=1

The zero of energies was taken for slab at its optimal geometry with oxygen atom at infinite
separation.

We have calculated new DFT curves over different sites over the unit cell (Fig. 1(b)). Fig.
2(a) shows these DFT curves as function of Zo, showing a quite corrugate behavior of the PES.
Only the deepest well corresponds to a true minimum in 3D. These new DFT data have been
used to check the quality of the new interpolated PES (called hereafter as PES-CRP). Fig. 2(b)
proves that PES-CRP curves compare very well with new DFT ones, whose points were not
included into the interpolation (excepting for T1 and S2 sites). The errors don’t exceed 0.1 eV
for Zo points inside the interval 0 < Zo < 3 A and this PES improves much more the earlier
PES-2B [13]. The PES-2B was based only on T1 and S2 DFT data, assuming that the VO-sl2®
potential (6) was described simply by the two-body terms (i.e., I*P term was neglected).

We give in Fig. 3 contour plots of both PESs for two fixed Zo values over the unit cell. The

presence of T1 minimum can be clearly seen in Fig. 3(b) and 3(d). It is located at Rosi = 1.560



A and 0 = 6.3° over a Si atom, with harmonic vibrational frequencies of 833.9, 331.8, and
171.6 cm'; the T1 minimum adsorption energy is 5.0 eV. These values are similar to those
obtained from DFT calculations or from PES-2B, although the minimum energy for PES-CRP
is slightly larger due to the slab contribution (V! = 0.16 and VO3 =_5.16 eV). An extensive
analysis of PES-CRP shows as well the existence of the more stable T1' minimum (along the
diagonal of the unit cell with positive slope), as can be seen in Fig. 3(c), which is not present in
PES-2B (Fig. 3(a)). For this minimum (Eaq = 7. 10 €V as V1 = 1,68 and VOl = _8 78 V),
the O atom is in between the first and the second layers (i.e., Zoad = -0.595 A) at Rosi = 1.551 A
and O = 112.6°, with a significant reconstruction of the cell (Rsisi = 4.532-4.551 A) due to a
shift of the Si atom away from its equilibrium position (i.e., AXsi=-0.181 A, AYsi=-0.618 A).
Its harmonic vibrational frequencies (1197.7, 581.0, 262.3 c¢cm!) confirm that it is a true
minimum. The differences observed between the properties of the T1' minimum in calculations
based on DFT and PES-CRP can be explained by the fact that the PES-CRP is based on DFT
calculations over a rigid slab at equilibrium geometry and in the use of an empirical slab
potential. Nevertheless, PES-CRP gives a quite reasonable description of this minimum as far
the dynamical study of this work is concerned. Clearly, studies of internal diffusion would
require a better fit of T1' properties and a search of another minima for O inside the slab. In
fact, previous theoretical studies of atomic or molecular oxygen with SiO> [30-31] or SiO»/Si
[32-33] systems show a clear trend to incorporate these species into the oxide network. Thus, a
peroxy linkage configuration forming Si-O-O-Si bond seems to be the most stable atomic
configuration [30, 34-35] in the SiO» region while a double Si-O-Si bridge structure is the most
stable for oxygen ions (e.g., O" and O* [31]).

The PES-CRP has been also fruitfully used in the construction of a new DFT PES for
studying the ER reaction of O + O.q over B—cristobalite, based also on the CRP method, and

whose dynamics study is in progress.

4. Classical dynamics study

We have carried out a dynamics study of atomic gas oxygen colliding with B-cristobalite
(100) surface by means of the classical trajectory method [36]. We have included the motion of
all atoms in a 9-layer (100) slab, using a 2x2 square surface unit cell (104 atoms in all) with a
cell parameter of 7.348 A. The slab temperature (Ts = 300 - 1100 K) was controlled by means
of a Generalized Langevin equation (GLE) approach [36, 37]. The corresponding random and



friction forces were applied only to the atoms in the bottom Si layer of the slab, which are also
forced to oscillate around their bulk equilibrium positions (by using extra "springs") to avoid a
global translation of the slab. We checked that the empirical slab vibrated with very small
fluctuations around the average slab energy corresponding to the selected temperature
(<E>=3NkyTs), with a maximum error of 50 K. Generalized friction and fluctuating forces
balance, according the fluctuation-dissipation theorem, so that the proper temperature is
maintained in the primary zone (i.e., the lattice atoms that can interact directly with colliding O
atom).

The incident oxygen is located initially at 4-6 A from the surface and the aiming point
(X0,Y0) is determined by a random uniform sampling of the square 1x1 unit cell. Its kinetic
energy (Ei) is within the range 0.1 - 1.1 eV. The velocity vector is defined by its angle (0;) with
respect to the negative Z axis and its projection (¢i) onto the X-Y plane. The angle ¢; is
determined by an uniform random sampling in the interval (0-360°). Two sets of independent
calculations were carried out with 0; equal to 0° and 45°, respectively.

Hamilton's equations were integrated by using a modified Beeman algorithm with a fixed
step of At = 0.1 fs. Energy was conserved within 104-10° eV in absence of the GLE bath.
Batches of 1000-5000 trajectories were integrated for each initial condition (i.e., Ei, 6i and[]
Ts), which ensures that statistical errors remain below 1%. Trajectories were integrated up to a
maximum time of 5 ps. Some tests at longer times (e.g., 10 ps) were also made to check the
convergence of reaction probabilities. Two processes may take place: reflection and sticking.
The first process implies that the colliding O atom gets a positive Z velocity component and a
similar final Z value as the initial one. The sticking process corresponds to those atoms that are
not reflected before 5 ps. Those ending below the surface (i.e., Zo < 0 and vo, < 0) are
considered as absorbed and the others as adsorbed. Note that PES-CRP has not been
determined below Zo = -1 A, so that all atoms reaching the latter distance, at whatever time,
are considered as absorbed.

In Fig. 4(a) are plotted the sticking and reflection probabilities versus E; for a fixed Ts at two
incident angles (0° and 45°). The sticking probabilities are much higher (90-98 %) than the
reflection ones for all the initial conditions in agreement with the previous PES-2B results [13].

There is a slight increase of the sticking probability with increasing the collision energy
opposite to PES-2B results. This behavior is also at variance to the typical prediction of simple
models of gas-surface collisions (like the hard-cube model (HCM) [38] or the improved Baule

model [39]). For instance, HCM assumes that an atom or molecule collides in an attractive



potential with well depth E.q on a solid surface modeled by a cube of effective mass (M),
which is moving at a velocity from a Maxwell distribution at Ts. In Fig. 4(b), we compare the
sticking probability obtained from our trajectory calculations with the HCM predictions at Ts =
500 K, using the adsorption energy for the T1 minimum (i.e., 5.0 eV) and an optimal M. of 191
amu. The difference is due to the attractive character of PES-CRP, which favors the penetration
(i.e., absorption) over the adsorption for both incident angles. Indeed, as can be seen in Fig.
4(b), the absorption probability (Pab) is close to the total sticking probability (Ps), the adsorption
probability (Paq) remaining almost constant and below 0.1 for all kinetic energies. The contrary
dependence of Pag and P,y with E; was also observed for PES-2B. However, Ps for PES-2B
showed a converse trend with E; because this PES was much more repulsive, therefore
reducing a lot the absorption (P < 0.2 for 0.1 < E; < 1.1 eV) compared with the adsorption,
hence that Ps practically reproduce Paq for PES-2B instead of P, as in PES-CRP.

Sticking probability corresponds to a total energy scaling, explaining the observed small
dependence with the two incident angles, as could be expected due to the high corrugation of
the PES-CRP (Fig. 2(b)). This also could explain the differences between the PES-CRP
dynamics and the HCM predictions, because this model assumes a flat and structureless surface
(i.e., normal energy scaling).

Fig. 5(a) shows that there is a small decrease of the sticking probabilities and consequently
an increase of the reflection probabilities with increasing Ts at two fixed collision energies (0.1
and 1 eV) for both incident angles. This is the usual trend observed in PES-2B, also in
agreement with HCM prediction (Fig. 5(b)) as higher surface temperatures improve the
desorption, diminishing in this way the sticking probabilities. Nevertheless, HCM is not able to
reproduce the E; dependence as was pointed out before. The seemingly similar surface
temperature dependence of the sticking probabilities can be explained once again splitting the
adsorption and absorption contributions (Fig. 5(b)). Both PESs show that adsorption decreases
and absorption increases with Ts augments. The rise of the surface temperature causes that slab
atoms can vibrate with larger amplitudes and help thus the penetration or absorption of oxygen
atom into the big unit cell of B-cristobalite, in agreement with the results obtained. Previous
DFT studies have demonstrated that diffusion of atomic oxygen is quite easy even with smaller
units cells of silica (e.g., a-quartz [30-31]). However, in spite of the minor contribution of the
adsorption respect to the absorption to the total sticking, the faster decrease of Paq respect to the

slower augment of Pa, produces that the total sticking decreases with Ts increment.
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Similar results have been obtained for other initial conditions (e.g., Ts = 500 K or 700 K and
Ei=0.3eVor 0.7 eV).

We define the average total oxygen energy for every batch of trajectories that end with
sticking by averaging the oxygen kinetic energy (To) plus its potential energy (V©-!3) for these
trajectories at a given collision time (tco1). The latter quantity is plotted in Fig. 6(a) as a function
of teo1 for those trajectories that end in sticking (mostly absorption), for Ts= 700 K, Ei= 0.1 and
1 eV, and 0;= 0°. It is clearly observed that there is a very quick release (tcot < 0.5 ps) of the O
kinetic energy to the surface phonons, which enhances O sticking through penetration into the
slab. The faster energy exchange at E; = 1 eV compared with E; = 0.1 eV is consistent with the
larger sticking obtained at higher collision energies (Fig. 4(b) or 5(b)). This means that sticking
is a direct process, being the dynamic trapping (indirect process) contribution negligible for this
system. This behavior is similar in both absorption and adsorption processes.

The study of the scattering of atomic nitrogen on tungsten (100) [22] showed that the
absorption probability (adsorption was prevented due to the frozen surface approximation) was
large and decreased with increasing collision energy. The decomposition into direct (Paba);
trajectories with less than 5 rebounds) and trapping (Pan) contributions showed that Pap)
increases slowly with energy while Payt) contribution decreases strongly giving place to the
final decrease of total Pa, though Pana) > Pabt) (€xcepting at the lowest E;). This is in agreement
with the Pa, behavior of our system, which corresponds mainly to direct absorption, with a slow
increase in front of E;.

Fig. 6(b) and 6(c) show the average final Z coordinate and the average parallel displacement
with respect to the initial aiming point over the unit cell of the O atoms that become stuck as a
function of collision time in the same conditions as in Fig. 6(a). Zo achieves quickly values
lower than 1 A, decreasing even more as could be expected due to the geometry of the T1'
minimum, which enhances the absorption. The parallel displacement (Fig. 6(c)) is always lower
than half the minimum distance between two neighbor Si atoms (i.e., Rsisi = 5.196 A/2 for a
clean slab); therefore, the colliding O atoms (i.e., not reflected) become quickly stuck (direct
process) close to the Si atoms along the positive slope diagonal of the unit cell, as can be seen
in Fig. 7 for both absorption and adsorption. The absence of O atoms in the second layer along
this diagonal (contrary to what happens for the other diagonal) favors the penetration of O
inside the slab in agreement with the attractive character of PES-CRP in these T1' sites (Fig.
3(a)). In spite of there is a transition state between T1 and T1' with an energy barrier of 0.78 eV
respect T1 (Rosi = 1.556 A, 0 = 49.8°, Raisi = 4.676 A, vi = 329.9i, 481.3, 247.1 cm™"), the

exothermic process for the initial O gas atomic collisions at all E; values justifies this
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predominant absorption. Furthermore, the big size of the unit cell of B-cristobalite, where Si
atoms are quite far each other can help more these processes. Moreover, as can be seen in Fig.
7 (b), T1 minimum seem to be determinant to produce the few adsorption trajectories.

A similar result was found in the study of the sticking of atomic oxygen on the Cu (100)
surface [21], where the O atoms traveled along the surface less than twice the nearest neighbor
distance and therefore there was also an efficient energy dissipation to the surface. Nonetheless,
this system presented low reflection and absorption probabilities (<0.005), being adsorption the
dominant process, as may be expected by the large adsorption energies (7.1-8.5 eV) at the
minimum with Zo = 0.85 A, the small lattice constant of 3.633 A (i.e., minimum Cu-Cu
distance of 2.569 A) and possibly by the metallic nature of the surface. In the case of the
sticking of nitrogen on the W(100) surface [22] there is also a small lattice parameter of 3.175
A, but now the minimum W-W distance is larger (i.e., 3.175 A) and the existence of a large
adsorption energy (7.4 eV) at the centered hollow site (Zn = 0.63 A) is counteracted by the also
attractive character of the PES in another four sites over the unit cell, which favors the final
penetration of the N.

In PES-2B we observed as well a similar behavior with respect the quick energy dissipation
and the short parallel motion around the surface, but then the adsorption trajectories were
concentrated in a similar extension around all Si atoms of the first layer, while the scarce
absorption trajectories preferred too the positive slope diagonal as in PES-CRP, because the
absence of O atoms under it.

In order to compare with the limited experimental data on this system, we have calculated
thermal initial sticking probabilities (also called initial sticking coefficient (So) in some works),
sampling the initial conditions of the trajectories from a Boltzmann distribution corresponding
to To = Ts, fixing 0; to 0°. Fig. 8 shows that S, decreases with temperature increase as occurred
also for PES-2B [13]. We have plotted as well the results for S, derived from kinetic models
for oxygen recombination on reaction-cured glass (RCG) and pure silica [5], although these
models assumed an adsorption energy of ~3.5 eV, regardless of the kind of silica surface.

Assuming a given value of the adsorption energy (Ea.q) and the form of S, as

So(T)=B-eCT (N

the coefficients (B and C) were optimized to fit oxygen recombination coefficient (yo) in these

studies [4-5]. The use in these kinetic models of a value of E.q smaller than that corresponding
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to PES-CRP should produce lower S, values, as simple HCM predictions confirm, explaining
part of the differences shown in Fig. 8. An alternative model of catalytic reactions on silica
surfaces has been proposed by using an expression of the initial sticking coefficient partially
based on standard transition state theory approximations, assuming an E.q of 2.60 eV [7]. We
have checked [10] that this expression, which depends on the parallel frequencies of the
adsorption minimum, provides very low S, values (e.g., < 0.03 within 300-1900 K) even using
the same DFT data as in PES-CRP, increasing also with T in disagreement with HCM and
trajectory results. Thus, we believe that trajectory calculations are much more reliable than
these simple models in order to compute S,. Classical trajectories with PES-CRP give much
higher initial sticking coefficients as could be expected for the large adsorption energies of T1
and T1' minima, with a reasonable decreasing of S, with T augment. It is therefore clear that
the derivation of "empirical" yo(T) or yn(T) require reliable models for oxygen or nitrogen
atomic sticking.

Finally, the solid structure (i.e., B-cristobalite, B-quartz, amorphous silica,...) can affect also
these initial sticking coefficients, as shown for the oxygen recombination coefficient over -

quartz compared with B-cristobalite [8-9], explaining part of the differences in Fig. 8.

5. Concluding remarks

The main goal of this work has been to investigate the interaction of atomic oxygen with the
[B-cristobalite (100) surface by means of DFT and classical trajectory method. The construction
of a full dimensional PES based on extensive DFT data and some empirical potentials of silica
allows understanding the dynamics of this system. The existence of two adsorption minima (T1
and T1") involving a silicon atom of the first layer, with large adsorption energies and a low
energy barrier between them, seem to play a key role in the dynamics of the sticking processes.

The sticking probabilities are much more higher (>0.9) than the reflection ones for all initial
conditions (Ts = 300-1100 K, E; = 0.1 - 1eV, 6; = 0°, 45°). They increase with collision energy
and decrease with surface temperature. The analysis of the sticking processes shows that there
are two types of trajectories (adsorption and absorption/penetration) with different behavior.
The attractive character of PES-CRP at short O-surface distances (mainly at T1' minima) favors
absorption at the expense of adsorption for both incident angles. This trend is consistent with

earlier theoretical studies of atomic or molecular oxygen with SiO; or SiO,/Si systems [31, 34,

13



35], which established the capacity of silicon oxide to incorporate these species by forming
peroxy Si-O-O-Si linkages or double Si-O-Si bridges.

Previous PES-2B, derived with few DFT data, showed large sticking probabilities too, but
the main process was adsorption due to the more repulsive character of the latter PES under O
penetration into the slab. Thus, PES-CRP seems to be much more accurate as it includes a
dense grid DFT data and agrees also with previous DFT results for O/SiO, or O2/SiO> systems.

Sticking probability corresponds to a total energy scaling, explaining the observed small
dependence with the incident angle and also in agreement with the high corrugation of PES-
CRP. The slow increase of the absorption probability (with Ps = Py,) as a function of E; can be
explained by the direct mechanism (not dynamic trapping) observed in all absorbed trajectories,
with a quick dissipation of the oxygen energy into the slab combined with a very short parallel
displacement over the unit cell, which facilitates the O penetration into the slab through T1 and
T1' PES-CRP minima.

Calculated thermal initial sticking coefficients are much higher than semiempirical values
derived for RCG and pure silica, although these apparent discrepancies could be caused by the
difference in both the SiO> structure and the adsorption energy introduced in the kinetic
models. The simple expressions derived in [7] from standard transition state theory predict too
low thermal initial sticking coefficients compared with more trustworthy classical dynamics
results. Hence some semiempirical kinetic models for oxygen or nitrogen atomic recombination
over silica should be revisited.

Finally, the huge fraction of oxygen absorption in -cristobalite can reduce considerably the
extension of the oxygen Eley-Rideal recombination, as could be expected because the incoming

O atoms will interact mainly with a few adsorbed atoms.
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Figure captions

Fig. 1

Fdd2 B-cristobalite (100) unit cell: a) the triangle shows the irreductible zone used to define the
grid of DFT points and b) additional sites used to check the interpolated PES. Numbers indicate

the surface layer. Black spheres are Si atoms and white spheres O atoms.

Fig. 2

Potential energy for an O atom over different sites of a frozen B-cristobalite (100) surface as a
function of Zo distance to the surface: a) DFT results. Lines are used to guide the eye. b)
interpolated results (PES-CRP) for the sites no used in the definition of the interpolation
(excepting for T1 and S2).

Fig. 3

Contour plots of both PESs for an O atom over a frozen [-cristobalite (100) surface. Each panel
corresponds to a fixed Zo value, namely (a) PES-2B, Zo=-0.5 A, (b) PES-2B, Zo=1.56 A, (c)
PES-CRP, Zo=-0.5 A and (d) PES-CRP, Zo= 1.56 A. The energy difference between contours

1s 0.5 eV. Dashed line shows the square unit cell. T1 and T1' minima are shown.

Fig. 4

Sticking and reflection probabilities for an O atom over a 3-cristobalite (100) surface: (a) vs. O
kinetic energy for Ts=500 K and for two incident angles: 0° (solid line) and 45° (dashed line),

and b) comparison of the sticking (circles) and absorption (squares) probabilities for two

incident angles with the HCM prediction (dotted line).

Fig. S

Sticking and reflection probabilities for an O atom over a B-cristobalite (100) surface: (a) vs.

surface temperature for two incident angles: 0° (solid line) and 45° (dashed line) and two
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collision energies: 0.1 (squares) and 1 eV (circles), and (b): comparison of the sticking (solid
line) and absorption (dashed line) probabilities for 6; = 0° with the HCM predictions (dotted

line) at both collision energies.

Fig. 6

(a) Average total oxygen energy, (b) average final Zo coordinate and (c) average parallel
displacement of O as a function of time for trajectories ending in O sticking, with Ts= 700 K,

Ei= 0.1 (dotted line) and 1 eV (solid line) and 6;= 0°.

Fig. 7

Final oxygen positions (Xo,Yo) corresponding to: a) absorption processes and b) adsorption
processes, for a total batch of trajectories (~ 7800) with Ts= 700 K, Ei= 0.1 eV and 6;= 0°. Big

circles show Si atoms of the first layer.

Fig. 8

Comparison of calculated thermal initial sticking coefficients of atomic oxygen over [3-

cristobalite (100) with indirect experimental data derived for RCG and silica [5].

18



Figure 1
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Figure 7
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