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Abstract

Pulsed beams containing O and O with incident velocities of ~7900 m s™! were directed at
a carbon fiber preform network (FiberForm) at temperatures in the range, 1023 — 1823 K, and the
products that scattered from the network were detected with a rotatable mass spectrometer as a
function of their velocities and scattering angles. A beam containing pure Ar atoms was also
directed at the network, allowing multiple-bounce effects in the absence of reaction to be

characterized. Scattered O, O2, and Ar exhibited the dynamical characteristics of impulsive (non-
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thermal) scattering and thermal desorption (TD). On the other hand, CO and CO; exhibited only
TD dynamics. The fluxes of all products were quantified as a function of sample temperature and,
for two focus temperatures, as a function of scattering angle. CO was the dominant reactive
product. A temperature dependent hysteresis in the CO flux was quantified, and a comparison was
made between the hysteresis on the carbon fiber network and a planar carbon surface. The new

results may be used to increase the fidelity of oxygen-carbon ablation models for hypersonic flight.
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1. Introduction

Space vehicles traveling at hypersonic speeds through a planetary atmosphere experience
heat loads greater than 50 W cm™ and require a heat shield to protect the vehicle from severe
heating [1]. A class of materials used for several space missions comprises carbon-phenolic
composites, where a network of carbon fibers is infused with a phenolic resin. Heat shields undergo
a process called ablation (loss of material) under these extreme conditions. Ablation can occur
through pyrolysis, gas-surface oxidation, and sublimation. Pyrolysis is the thermal decomposition
of the phenolic resin, which occurs in the range of 200-1000 °C, where gaseous thermal
decomposition products are expelled from the heat shield material [2,3]. Pyrolysis exposes the
underlying carbon fiber network, which is a porous network of sp? carbon. Temperatures on the
outer face of a heat shield can exceed 2000 °C under hypersonic entry conditions [4] and oxygen-

containing atmospheric gases (e.g., Oz, CO2) may dissociate to oxygen atoms in the boundary



layer, leading to aggressive oxidation of carbonaceous material. Ablative heat shields are currently
overdesigned as a result of large uncertainties in the understanding of the oxidation mechanisms
[1,4]. A better understanding of the oxidation process would enable improved carbon-oxygen
kinetic rate models for computational fluid dynamics (CFD) [5-7] and direct simulation Monte
Carlo (DSMC) simulations of heat shield behavior during hypersonic flight [8,9].

The oxidation of a porous carbon network (FiberForm) has been studied in flow-tube
experiments where the reactive gas was O [10—12]. Unlike in pure graphitic materials, O> diffuses
easily into the porous network, causing in-depth oxidation under rarefied flow conditions because
the reactivity of O, with carbon is low [10]. In contrast, such in-depth oxidation is unlikely to occur
with a flow of atomic oxygen, because the high reactivity of O atoms will result in reactions before
they have penetrated very deep [6]. Characterization of Oz-oxidized fibers using SEM [13] showed
etch pits similar to those observed in the oxidation of HOPG [14]. Interest in graphene has
prompted many experimental [ 15—19] and numerical [20-24] studies to examine the oxidation and
reduction of HOPG and graphene oxide. Oxidation of HOPG by atomic oxygen has also been
extensively studied to understand material degradation in low Earth orbit (LEO) [14,25,26]. Most
experimental studies of the oxidation of HOPG by atomic oxygen have been limited to moderate
surface temperatures (~1000 K or below), but a recent study from our lab reported O-atom reactive
scattering dynamics on HOPG at temperatures up to 2300 K [19]. In addition, we have conducted
similar experiments with vitreous carbon [27,28].

Key results that were obtained from the previous studies in our laboratory on the oxidation
of hot HOPG and vitreous carbon were: (1) O> has extremely low reactivity compared with O
atoms and scatters inelastically. (2) Even when incident O atoms have a very high translational

energy of ~5 eV, they have a significant probability of sticking to the surface momentarily and



then desorbing, and the probability of this process increases with surface temperature. (3) CO is
the dominant reactive product and exhibits apparent non-Arrhenius behavior, with the flux of CO
reaching a maximum and then decreasing as the surface temperature increases. (4) CO formation
occurs mainly through reactions of adsorbed O, even when O atoms with very high incidence
energies strike the carbon surface. (5) The probability of CO formation is dependent on the surface
coverage of O. The apparent non-Arrhenius behavior of carbon oxidation has been observed in the
past [29,30]. However, our work was able to explain this behavior as a competition between the
thermal desorption of O and reaction to form CO [19,27,28].

In the work reported herein, we have extended the studies of HOPG and vitreous carbon to
a porous carbon network in order to analyze the similarities and differences between the reactive
and inelastic scattering dynamics of O atoms on flat sp? carbon surfaces and an sp? carbon fiber
network that is used in composite heat-shield materials. In addition to the potential differences in
the oxidation reactions caused by the local carbon surface morphology, the scattering dynamics on
a three-dimensional structure are expected to be much more strongly influenced by multiple-
bounce scattering than the scattering dynamics on two-dimensional surfaces such as vitreous
carbon and HOPG.

We have specifically focused our study on the carbon fiber network, FiberForm, which is
the precursor network used in a material called phenolic impregnated carbon ablator (PICA).
Recent NASA space missions, such as the Stardust sample return capsule [31] and Mars Science
Laboratory (MSL) [32] have used PICA as the heat shield material [33,34]. A similar heat shield
material, PICA-X, is used on Space-X’s Dragon Capsule [35], and a PICA-type heat shield was

used for the Hayabusa sample return mission of the Japanese Aerospace Exploration Agency



(JAXA) [36]. The European Space Agency (ESA) has developed its own variant of PICA, known
as ASTERM [37].

FiberForm consists of a three-dimensional network of rayon-based fibers with no surface
treatment. During manufacturing, the fibers are pressed together and the plane where pressing is
applied is referred to as the compression plane, or “in-plane.” The fibers orient at an angle of +15°
relative to this plane [11]. The study of a carbon fiber network, like FiberForm, can reveal the
extent to which conclusions from the oxidation of model systems can be useful to understand more
complex engineering materials.

We have identified the main scattering channels when a molecular beam containing
hyperthermal O and O strikes a FiberForm network, and we have obtained translational energy
distributions of scattered products as well as temperature- and angle-dependent distributions of
product flux. The analysis of the new data on FiberForm revealed chemical processes for which
signatures were seen from vitreous carbon but were not analyzed in detail. Hence, in addition to
analyzing the FiberForm results, we have also re-analyzed vitreous carbon data to facilitate an in-
depth comparison between the scattering dynamics of O and O> on FiberForm and vitreous carbon,
both of which are expected to have local surface sp? carbon structures that are rough on an atomic

scale.

2. Experimental Methods

The experiment employed a crossed molecular beams apparatus [39,40], which was
reconfigured for studies of gas-surface interactions and has been described in detail previously
[41,42]. A schematic diagram of the experimental setup can be seen elsewhere [27]. A brief

description is provided here in the context of the current experiments.



A laser-detonation source [43] was used to produce hyperthermal beams containing argon (Ar
beam) or a mixture of atomic and molecular oxygen (O/O2 beam). For both hyperthermal beams,
a pulse of precursor gas (Ar or O2) was produced by a custom piezoelectric pulsed valve, and this
pulse entered a conical nozzle through a 1 mm orifice. The hyperthermal gas pulse was generated
by the shock wave produced when a 7 J pulse! CO, TEA laser was focused into the throat of the

nozzle and a high-temperature plasma was created. This pulsed hyperthermal source has been
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Figure 1. Translational energy distributions of the velocity-selected incident hyperthermal O, O»,
and Ar beams. The blue and red curves represent the O and O» distributions, respectively, used
during collection of the temperature survey data. The green curve represents the distribution for
incident Ar. The maximum values of the translational energy distributions for Ar and O have been
normalized to 1.0, and the relative areas under the O and O distributions correspond to the mole
fractions of these species in the incident O/O; beam. The translational energy distributions used
for the experiment in which angular distributions were collected are shown in Figure S1.

described previously [39] and was used with a repetition rate of 2 Hz. The O/O2 beam was used
for oxidation studies, and the Ar beam was used where non-reactive incident particles were desired
to study only the effects of sample morphology on the scattering dynamics. The hyperthermal

beams passed through a skimmer, which had a diameter of 2 mm, and were further collimated by



a 1.3 mm diameter aperture that was 3.5 cm from the skimmer. The total distance between the
nozzle orifice and the sample surface (the center of rotation of the mass spectrometer detector) was
99.2 cm, and the distance from the surface to the electron-impact ionizer of the detector was 34.4
cm. A synchronized chopper wheel, with three centrally-symmetric 1.5 mm wide slots rotating at
300 Hz, was used to select a narrow velocity distribution from the overall beam pulse (before the
pulse reached the surface). The O/O2 beam had an average velocity of 7918 m s™! and a velocity
width (full width at half maximum, fwhm) of 492 m s™'. The beam was composed of OCP) [44],

with the balance being O> (° 2..) [45]. The average velocity of the Ar beam was 6223 m s, witha

fwhm of 318 m s™!. Figure 1 shows the translational energies of O, Oz, and Ar in the O/O; and Ar
beams, as well as the relative fluxes of O and O2 in the O/O2 beam. These quantities were derived
from time-of-flight (TOF) distributions, obtained by directing the beams into the mass
spectrometer detector and collecting mass-selected number density distributions as a function of
time, N(t), as the species in the beam passed through the detector ionizer at a time ¢ after being
formed from the laser-detonation process.

The hyperthermal beams were directed at a FiberForm sample with an incidence angle of
0; = 45°, and the products that scattered from the sample were detected by the rotatable mass
spectrometer detector at various scattering (or final) angles, 8y Although the sample was a three-
dimensional network of carbon fibers, the dimensions of the fibers and the spaces between them
were far smaller than the overall sample dimensions, allowing a nominal surface to be defined.
This surface is the macroscopic plane of the sample that faced outward toward the incident beam
and the detector. In this paper, incidence and final angles are referenced to the normal to this
nominal sample surface, where the incidence and final angles are on the opposite sides of the

normal. The detector was rotated in the plane defined by the incident beam and the surface normal.



The products exiting the sample passed through the electron-impact ionizer [46] of the detector,
located 34.4 cm from the nominal sample surface, and the ions produced were filtered through a
quadrupole and detected with a Daly-type ion detector [47] operating in a pulse-counting mode.
Ion pulses were accumulated as a function of arrival time by a multichannel scaler, thus giving a
TOF distribution of the products, which is proportional to number density as a function of time,
N(t). The TOF distributions were transformed into translational energy distributions, P(E7), where
the area under a P(E7) curve is proportional to flux and can be integrated to obtain the total relative
flux of the products that correspond to a given TOF distribution collected at a particular
combination of 6; and 6. Time zero in the TOF distributions of the scattered products is set by

assuming a monoenergetic incident beam [48], with z..,, coming from the distance from the nozzle
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assumption for this analysis is discussed later. The raw TOF distributions were corrected for the

ion flight time given by o (%)0'5 where m is the mass in amu, z is the charge on the ion (an integer),

and the parameter, a, was determined empirically [48]. The TOF distributions of O were corrected
for dissociative ionization of O in the ionizer that came from the small O, component of the O/O»
beam.

The FiberForm sample was provided by Fiber Materials, Inc. and was used as received (see
Figure 2). The surface normal was parallel to the through-the-thickness (TTT) direction, which is
perpendicular to the compression plane (described in Section I). A sample size of 28 mm % 8 mm
x 1 mm was used, and the sample was heated resistively using a sample mount described
previously [27]. Briefly, the sample mount was composed of two water-cooled copper electrodes
that were electrically isolated by alumina spacers. The FiberForm sample, which has a resistance

(at room temperature) of 2.3 Ohms along its long dimension, was clamped between the copper



Figure 2. Scanning Electron Microscope (SEM) image of FiberForm, viewed normal to the sample
(pressing) plane, that was exposed to the O/O2 beam.

electrodes, and current was passed through the sample. The sample temperature was controlled by
varying the current from 3.75 to 12.5 A. As the copper electrodes, to which the ends of the sample
were clamped, were water-cooled, only the center of the sample reached a high temperature.
Nevertheless, the high-temperature region of the sample was significantly larger than the size of
the molecular beam on the surface (1 mm high x 1.7 mm wide). The sample surface temperature
where it was struck by the molecular beam was measured with the use of a Leeds-Northrup optical
pyrometer. Optical pyrometers are calibrated for surfaces with emissivity, € = 1, whereas the € of
carbon is ~0.8. The difference in computed flux using the observed temperature and estimated
corrected temperature is small (see discussion in Supplementary Material). Furthermore, the exact
emissivity of an oxidized FiberForm sample is unknown. Hence, we used the observed temperature

in our analysis.




Two experimental data sets were collected for scattering with the hyperthermal O/O; beam.
Before any data collection commenced, the sample was annealed in vacuum at 1823 K for at least
one hour. In the first data set, TOF distributions of scattered products were collected over a surface
temperature (7s) range of 1023 K to 1823 K in 100 K steps. This study of the temperature
dependence of the signal was performed with both increasing and decreasing temperatures. For
the increasing temperature sweep, 75 was increased from 1123 K to 1823 K, and for the decreasing
temperature sweep, 7y was decreased from 1823 K to 1023 K. For each temperature, TOF
distributions were collected at fixed incidence and final angles of 8; = 6= 45° for four products
detected at mass-to-charge ratios of m/z = 16 (O"), 32 (02"), 28 (CO"), and 44 (CO;"), with
accumulation times corresponding to 500, 500, 1000, and 1000 beam pulses, respectively. The
total data collection time at each temperature was 25 minutes. In the second data set, TOF
distributions were collected at a variety of final angles in the range, 8y = 5° - 75°, with a fixed
incidence angle of §;= 45°, at two surface temperatures, 75 = 1023 K and 1623 K. To account for
any possible long-term drifts in the signal collected at various angles, 6y was incremented from low
to high and then decremented from high to low, and TOF distributions for all four products were
collected at each 6. This procedure was repeated for four temperature sweeps (two up and two
down) such that four TOF distributions corresponding to a particular m/z and 6y were collected,
and these four TOF distributions were then added together. The total numbers of beam pulses
corresponding to each TOF distribution collected for a given 0y at m/z = 16, 32, 28, and 44 were
2500 at 75 = 1023 K and 2000 at 75 = 1623 K. The translational energy distributions and mole
fractions of O and O2 in the O/O> beam used for the temperature-sweep data are shown in Figure
1, and the analogous data for the O/O> beam that was used for collecting the angular distributions

of the scattered products are shown in Figure S1. The two beams had very similar energy
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distributions for O and O, but the mole fractions of O in the beams used for obtaining the two data
sets were somewhat different: 92% for the temperature-sweep data and 83% for the angular
distributions. The same FiberForm sample was used for the collection of all the data with the O/O»
beams.

For the experiments with the hyperthermal Ar beam, a pristine FiberForm sample was used
to ensure that there would be no effect on the scattering dynamics of Ar from partially oxidized or
etched carbon fibers. Again, the sample was annealed at 1823 K before data were collected.
Analogous temperature-sweep and angular distribution data were collected for Ar. The
translational energy distribution of the hyperthermal Ar beam is shown in Figure 1; it had an
average translational energy of 773 kJ mol™! and an energy width (fwhm) of 76 kJ mol™!. For the
temperature-sweep data, TOF distributions for m/z = 40 (Ar") were collected for 250 beam pulses
each over a sample temperature range of 75, = 1023 — 1823 K, with fixed incidence and final angles
of 6; = 6= 45°. The total data collection time at each temperature was 2 minutes. The angular
distributions were collected for 6y= 5° — 75° at two sample temperatures of 75, = 1023 and 1623 K,
with 6; =45°. The potential long-term drift was mitigated with one “round trip” by varying 6 from
lowest to highest first, then from highest to lowest. The two TOF distributions collected at each 6y
were then added together. The total number of beam pulses corresponding to each TOF distribution

collected for a given Oy at m/z = 40 was 500.

3. Results and Analysis
3.1. Scattering of Ar from FiberForm
TOF distributions of Ar atoms that scattered from FiberForm allowed us to analyze

geometrical effects of the carbon fiber network on the scattering dynamics of particles that have
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no reactive interactions with the fibers. TOF distributions of scattered Ar corresponding to
different sample temperatures and 6; = 6y=45° are shown in Figure 3a. Bimodal TOF distributions
such as these are commonly described in terms of two limiting cases [49-51]: (1) non-thermal,
impulsive scattering (IS), and (2) thermal desorption (TD). The IS component originates from
atoms or molecules that undergo one or a few collisions on a surface before exiting to the gas
phase with super-thermal velocities. Thus, IS products are characterized by early arrival times in
a TOF distribution. In most cases, IS atoms or molecules retain some memory of the impinging
collisions, and the dynamical behavior of the IS component typically depends on the incidence
energy and angle [52-54]. The TD component originates from atoms or molecules that have a
strong enough interaction with the surface to come into thermal equilibrium before desorbing,
often with a Maxwell-Boltzmann (MB) velocity distribution at the relevant surface temperature.
TD products also typically exit a surface with an angular distribution of scattered flux that is
directed toward the surface normal, commonly (though not always) with a functional form, cos(6y).
The deconvolution of the Ar scattering data into TD and IS components was accomplished by
fitting the slow component of the TOF distribution with a MB distribution and then subtracting
this distribution from the overall TOF distribution to obtain the IS distribution [27,41,48]. A MB
distribution fit the slow components of the TOF distributions remarkably well, as exemplified in
the deconvoluted TOF distribution shown in Figure 3b. Translational energy distributions, P(E7),
of the IS and TD Ar atoms were derived from the TOF distributions, and the integral of a given

P(E7) distribution is proportional to total relative flux of the atoms that scatter at a particular 6.
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Figure 3. Representative data for the experiment in which the hyperthermal Ar beam (Fig. 1) was
directed at the FiberForm surface at an incident angle of 8; = 45° with a detected (or final) angle
of r=45°. (a) TOF distributions of scattered Ar, detected at m/z = 40 (Ar"), as a function of sample
temperature, 7. (b) TOF distribution of scattered Ar at 75, = 1023 K, with a Maxwell-Boltzmann
(MB) distribution corresponding to the data (yellow symbols) at longer times shown in red (TD-
prompt) and the difference between the experimental TOF distribution and the red curve shown in
blue (IS). (¢) IS and TD-prompt flux components of TOF distributions that were collected at
temperatures from 1023 and 1823 K. (d) Translational energy distributions of scattered Ar at 7y =
1023 K. The blue and red curves in (d) correspond to the translational energy distributions for the
IS and TD-prompt components of the TOF distribution in (b).
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An example of the P(E7) distributions corresponding to IS and TD Ar atoms is shown in Figure
3d, and the integrated fluxes of the IS and TD Ar atoms as a function of sample temperature are
shown in Figure 3c. In order to obtain the integrated fluxes of the IS component, the integration
was restricted to a lower final energy ((£7)) limit of 2R T}, and the upper limit of (£y) was restricted
to the average energy of the incident Ar atoms, (E;).

The presence of the TD component in the Ar TOF distributions (Figure 3b) is a
consequence of the three-dimensional nature of the FiberForm “surface”. In previous studies of
hyperthermal Ar scattering on planar surfaces of HOPG [19,26] and vitreous carbon [27] at
elevated temperatures, only an IS component was present in the TOF distributions, suggesting that
hyperthermal Ar atoms do not trap on high-temperature carbon surfaces long enough to come into
thermal equilibrium before they exit to the vacuum. The presence of a TD component thus suggests
that multiple bounces of Ar atoms in the porous three-dimensional carbon fiber network may cause
loss of incidence energy and drive the atoms into thermal equilibrium before they eventually
desorb from a carbon fiber and escape from the network. The fact that the TD components in the
TOF distributions can consistently be fit well by a MB distribution at the surface temperature using
t-ero as the time at which the incident beam pulse struck the sample is strong evidence that the Ar
atoms do not diffuse out of the FiberForm microstructure over long times. As will be discussed in
more detail below, we refer to such TD behavior as “TD-prompt.” If the Ar atoms resided in the
microstructure for more than ~100 microseconds (see Supplementary Material), then there would
be a slow tail in the TOF distributions that could not be fit by a MB distribution (“TD-slow’). This
observation is critical in analyzing the TOF distributions of scattered products following
bombardment of FiberForm by O and O», which will be discussed below. Additional evidence for

multiple-bounce scattering dynamics is seen in the representative IS P(E7) distribution shown in
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Figure 3d. The IS Ar atoms have a bimodal P(E7) distribution, with a higher-energy peak
corresponding to final energies >100 kJ mol™! (IS-fast) and a lower-energy peak corresponding to
final energies <100 kJ mol™! (IS-slow). Such bimodal translational energy distributions have been
observed in several studies of hyperthermal atoms scattering from a surface [42,48,55,56]. The
bimodal behavior could arise from backward scattering in the center-of-mass frame [42] or
multiple bounces on a rough surface [48,57], although we prefer the latter explanation. Note that
the P(Ez) distribution shown in Figure 3d drops to zero before 600 kJ mol! and we found that the
probability of translational energies above the incidence energy of Ar ((£;) = 773 kJ mol!) was
negligible for all combinations of incidence and final angles. This finding suggests that the
monoenergetic beam approximation is valid for the analysis of the data presented here. Previous
work in our laboratory has shown that the monoenergetic beam approximation breaks down if the
P(E7) distribution extends well beyond (E;) for the incident atom or molecule, in which case a
forward convolution approach is required to fit the TOF distributions [48,55].

The angular distributions at two surface temperatures, 75 = 1023 K and 1623 K are shown
in Figure S2 (Supplementary Material). The IS angular distributions are fairly broad, as seen for
atoms scattering from a liquid interface, which is rough on an atomic scale [48,56]. The TD-prompt
angular distribution is fit well with a cos"6 distribution, with n = 0.67 at 7x, = 1023 K and n = 0.69
at Ty = 1623 K. For thermal desorption of Ar atoms, which should have a relatively weak
interaction with a carbon surface, » would be expected to be equal to 1.

The reduced values of n for thermal desorption from carbon fibers in FiberForm may arise
from the relationship between the orientation of the fiber at the point of impact and the nominal
surface normal that defines 0° in the experiment. Each fiber in FiberForm has a surface normal

associated with it which may not be parallel to the nominal surface normal. Strictly speaking, an
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effective surface normal is parallel to the nominal surface normal only if the fibers are isotropic
and randomly oriented. However, the manufacturing process causes the fibers to orient with the
effective surface normal being +15° relative to the nominal surface normal (see Introduction). As
a result, the effective surface normal is not parallel to the nominal normal from which the
experimental scattering angles are measured. The cosine distribution would appear rotated by
angle a in the lab frame where a is the angle between the effective surface normal and the nominal
surface normal. Using the cosine-power fit, we can compute a range for the angle a by equating
c0s®76y= cos (0 — a). The angle o lies between 1° and 7°, which is within the uncertainty of the
FiberForm orientation. Thus, the cosine-power distribution of the thermal component for Ar
scattering could be a result of the preferred orientation of the fibers. As will be discussed below,
angular distributions of other thermally-desorbed species (O, Oz, and CO) also require a cosine-
power fit. It is likely that the deviations from a pure cos(8)) distribution are a result of the three-

dimensional network of FiberForm.

3.2. Inelastic and Reactive Scattering of O and O:2 from FiberForm

TOF distributions of the four scattered products that leave the surface (O, O, CO, and
COy) after it is struck by the incident O/O> beam pulse are shown in Figures 4a-d as a function of
surface temperature. The TOF distributions of O exhibited IS and TD characteristics. The flux of
the IS component stayed relatively constant across the range of surface temperatures investigated,
while the TD component increased significantly with surface temperature. CO was the dominant
reactive product, and CO> was a minor product, with very low signals observed above 1123 K.
The TOF distributions of O» contained IS and TD-prompt components that stayed relatively

constant over the range of surface temperatures investigated. Qualitatively, the interactions of
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O/0O; with FiberForm appear similar to those of vitreous carbon [27]. Hence, the findings of O/O»
scattering from FiberForm are compared to vitreous carbon, and relevant TOF distributions of

vitreous carbon have been re-analyzed in light of new insights from the FiberForm results.
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Figure 4. TOF distributions as a function of sample temperature collected with the incident O/O2 beam
(Fig. 1) striking the FiberForm surface, corresponding to 6; = 6= 45° for (a) O, detected at m/z = 16 (O"),
(b) CO, detected at m/z = 28 (CO"), (c) Oz, detected at m/z = 32 (0,"), and (d) CO: detected at m/z = 44
(CO2N.

The O TOF distributions were decomposed into IS and TD-prompt components similar to
the TOF distributions of scattered Ar. The flux of Oz is shown in Figure 5c. The TD-prompt flux
of O2 is roughly equal to the IS flux, which is similar to the ratio of IS to TD flux for scattered Ar.
The invariance of the TD-prompt component with respect to surface temperature indicates the
absence of thermal mechanisms to form O through surface recombination reactions. In the
previous work on vitreous carbon, a slow-IS component of O, was observed at low temperatures
which was attributed to Eley-Rideal (ER) reactions. Although a direct O-atom abstraction

mechanism cannot be ruled out in FiberForm, the multi-bounce dynamics make it challenging to
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Figure 5. Flux components derived from the data shown in Fig. 4. Blue, red, green, and black
represent IS, TD-prompt, TD-slow1, and TD-slow2 components, respectively. The circles represent
flux with increasing sample temperature, and diamonds represent flux with decreasing sample
temperature. The CO flux in (b) was obtained using the residual fitting method, described in the
text. The total flux of CO> is shown because the flux of CO, was small and meaningful component
fluxes could not be obtained. The fluxes have been corrected for the ionization cross-section and the
relative number of molecular beam pulses used to accumulate the data; thus, the fluxes of the species
collected under different conditions may be compared directly.

decipher possible ER reactions resulting in the formation of O. It is concluded that the O; signals
arise from non-reactive scattering of O, from the surface based on the observations that the IS
angular distributions of O» are analogous to IS distributions of O (Figure S2 Supplementary
Material), the similarities in the ratios of IS to TD-prompt flux for Ar and O> resulting from the
three-dimensional porous geometry, and the invariance of flux with surface temperature. This
result appears to disagree with a recent molecular beam-surface scattering experiment with a

higher flux of lower-energy O atoms on vitreous carbon [28], where O-atom recombination to
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produce O, was reported to be significant. However, the recombination probability may depend
strongly on the incident O-atom flux, which was 2-3 orders of magnitude higher in the recent
experiment. In addition, the continuous beam of the recent experiment would be expected to
maintain a high surface oxygen coverage, which might also help to promote O-O recombination.
Furthermore, it is not clear how sensitive the recombination probability is to the exact nature of
the surface, which is presumably different between highly etched vitreous carbon and lightly
etched carbon fibers in FiberForm.

In addition to the TD-prompt component that can be fit with a MB distribution, long (slow)
tails were seen in the TOF distributions of O and CO (see Figures 6a and 6c¢) that could not be
solely captured by a MB fit. With .., defined as the moment when the peak of a beam pulse strikes
the surface, a thermal event in the microstructure that roughly occurs over timescales greater than
112 us (see Supplementary Material for discussion) would appear slower in these TOF
distributions. This was seen in vitreous carbon for CO [27], and an exponential decay fit was used
to determine lifetimes of these slow processes. We extended this approach to obtain decay rate
constants and flux components of processes occurring at long times. This method was suggested
by Nathanson and co-workers to capture desorption events occurring over long times in molecular
beam scattering from liquid surfaces [55].

We consider a CO desorption event of the form, C(O) + C; — CO. In this chemical
equation, C(O) corresponds to species that desorb to form CO and C; is the participating group of
surface atoms. Previous theoretical work has indicated that desorption events from isolated C(O)
functional groups are unlikely because the barrier is too high, but the presence of adsorbed O
lowers the energy barrier significantly [23]. Therefore, Cs in the chemical equation above refers to

reactive sites on the carbon material and adsorbed O that participate in the reaction. Under the
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Figure 6. Representative TOF distributions for O (a, b) and CO (c, d), collected for 6; = 8y = 45° when the
hyperthermal O/O; beam was incident on FiberForm and vitreous carbon (VC) surfaces at four temperatures, as
shown. Yellow, blue, red, light green, and dark green in (a, b) represent total, IS, TD-prompt, TD-slow, and sum
of' both TD components, respectively. There is no obvious TD-slow component in the TOF distributions of O from
vitreous carbon. For (c, d), yellow, red, light green, blue, and dark green represent total, TD-prompt, TD-slowl,
TD-slow2, and sum of all TD components, respectively. A small IS component in TOF distributions for CO from
vitreous carbon (d) is not shown. The O data (a, b) were analyzed over a 1200 us range, whereas the CO data were
analyzed over a 20,000 ps range. Only the first 7000 ps of the TOF distributions for CO (¢, d) are shown. The
number densities have been corrected for the ionization cross-section and the relative number of molecular beam
pulses used to accumulate the data; thus, the number densities of the two species collected under different
conditions may be compared directly.
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assumption of pseudo first-order kinetics, i.e., [Cs] >> [C(O)], the rate of CO desorption would be

proportional to e ~¥LCslt

, where ¢ is time and £ is the rate constant. The slowly desorbing products
exit the surface with thermal velocities; hence, the number density distribution of their arrival
times (TOF distribution) would be a convolution of the exit thermal velocity determined by the
MB distribution and the desorption rate. Because it is difficult to infer [Cs], we are effectively
estimating the product of £ and [Cs] through the fits and we refer to the decay-rate constants
obtained from the fits as k; which has the units of time™'. Two slow processes were identified in
the TOF distributions of CO and one slow process was identified in TOF distributions of O. To
distinguish various thermal processes, the component that is fit solely with a MB distribution is
referred to as TD-prompt, the slow process observed for O is referred to as TD-slow, and the two
slow processes observed for CO are referred to as TD-slow1 and TD-slow2, respectively.

The TOF distributions of O are fit as follows. The analytical MB distribution is fit first to
obtain the TD-prompt component. The signal at long times (TD-slow) is fit by varying ke, and the
IS component is obtained by subtracting the total TD signal from the total TOF distribution, while
restricting the integration of the IS component to a minimum final energy of 2R7;. As described
earlier, the flux components are obtained by transforming the TOF distributions into translational
energy distributions, P(E7), and integrating the respective areas. Because signals at long times
(TD-slow) were clearly observed for scattered O from FiberForm, the TOF distributions of
scattered O from vitreous carbon were carefully re-examined. However, we could not find
signatures of TD-slow in the scattering of O from vitreous carbon. Representative TOF
distributions of O are shown in Figures 6a and 6b for FiberForm and vitreous carbon respectively.
There is an effusive background in the O and O; signals that originates from the source [19,27],

which restricts our analysis of TOF distributions to flight times below 1200 us. Although our
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analysis for O is restricted to 1200 ps, a definite signal for TD-slow can be seen in FiberForm but
not in vitreous carbon. The TD-slow signal decreases as the surface temperature increases, with
the TD-slow flux accounting for ~8% of the total flux at 1123 K and ~5% at 1823 K. The flux
components of O are shown in Figures 5a and 7a for FiberForm and vitreous carbon respectively,
for both the increasing and the decreasing temperature sweeps. The TD-prompt flux increases
markedly beyond 1200 K for vitreous carbon, which may be ascribed to surface-adsorbed O
desorbing promptly as the surface temperature is increased [5,27,28]. A similar trend is observed
for FiberForm, where the TD-prompt flux dominates beyond 1300 K. However, the rate of TD-
prompt flux increase for vitreous carbon is approximately 2.8 times faster than for FiberForm.
There is a marginal increase in TD-slow flux with surface temperature, but it is difficult to discern
trends, because the variation over the wide range of surface temperatures is small. The angular
distributions of O at 7y = 1023 K and 1623 K for FiberForm are shown in Figure S2
(Supplementary Material). The TD-prompt fluxes can be fit well with a cosine-power distribution,
cos"0, with n =1.27 at Ty = 1023 K and n = 1.56 at Ty = 1623 K. The angular distribution of the
IS flux for FiberForm is much broader than for vitreous carbon, as would be expected for a rough
surface. Finally, the thermal fluxes are higher in the decreasing temperature sweep compared to
the increasing temperature sweep. This is a manifestation of a hysteresis effect that is discussed
below.

The CO signals from FiberForm exhibited only TD characteristics. As described above,
three processes were identified and are referred to as TD-prompt, TD-slow1, and TD-slow2. TD-
slowl and TD-slow2 are distinguished by the order of magnitude of the desorption rates. The
effective decay rate of TD-slow1 is around 10 ps™! (lifetime ~1000 ps) and the decay rate of TD-

slow?2 is around 10 ps! (lifetime ~100,000 ps). In the previous work on vitreous carbon [27], one
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Figure 7. Relative fluxes of (a) O and (b) CO from vitreous carbon (VC), following impingement
on the surface by a hyperthermal O/O; beam of O/O», with 6; = 6y = 45°. Blue, red, green, and
black represent IS, TD-prompt, TD-slowl, and TD-slow2 flux components, respectively. Circles
represent flux as the sample temperature was increased and diamonds represent flux as the sample
temperature was decreased. The flux of CO in (b) was obtained using the residual fitting method,
described in the text. The minor IS component observed from vitreous carbon was added to the
TD-prompt flux. The fluxes have been corrected for the ionization cross-section and the relative
number of molecular beam pulses used to accumulate the data; thus, the fluxes of the species
collected under different conditions may be compared directly. The activation energies obtained
for TD-slow1 and TD-slow2 (see text) are shown in (¢) and (d) for FiberForm and vitreous carbon,
respectively. Green and black circles represent TD-slow1 and TD-slow2, respectively.
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slow CO process with a lifetime of 1500 us was identified at 800 K. After re-examining the TOF
distributions of CO from vitreous carbon, we have identified two slow processes (TD-slow1 and
TD-slow?2), akin to those observed for FiberForm. TOF distributions of CO for FiberForm and
vitreous carbon are shown in Figures 6¢ and 6d respectively. We have also quantified the flux of
TD-slow1 and TD-slow?2 from vitreous carbon in a similar manner to that described above. Unlike
O, CO TOF distributions do not contain an effusive background, enabling us to analyze TOF
distributions for the duration of the pass length in the experiment, which was 20,000 ps.

A conventional deconvolution of the TOF distributions is not possible when slow processes
are considered, because there is considerable overlap between the thermal signals (TD-prompt,
TD-slow1, and TD-slow2). We used two methods to fit the TOF distributions, (1) residual fit and
(2) simultaneous fit, to obtain the upper and lower bounds for the thermal components of CO flux.
In the residual fit, TD-prompt is fit first to capture most of the signal, TD-slow1 is fit next followed
by TD-slow2 (Figure 6¢). In the simultaneous fit, both TD-prompt and TD-slow1 are adjusted
simultaneously to capture the TOF distributions, and the remaining portion is fit with TD-slow2
(see Figure S3a, Supplementary Material). The residual fitting method provides an upper bound to
the flux of TD-prompt and a lower bound to the flux of TD-slow1, while the simultaneous fitting
method provides a lower bound to TD-prompt and an upper bound to TD-slow1l. We found that
the residual fitting process was more robust, as the activation energies obtained from the
simultaneous fit were inconsistent with the expected trends. Attempts to perform the residual
fitting method in reverse — i.e., fit the slow signal first and then fit the remaining signal with a MB
distribution did not capture the rising portion of the TOF distribution and always resulted in an
underprediction of the total flux. After the fitting of the TD component of a TOF distribution was

complete, the IS component was obtained by subtracting the total thermal component (TD-
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prompt+TD-slow1+TD-slow2) from the total TOF distribution. The IS component in the TOF
distributions of FiberForm was negligible; however, a non-negligible IS component (~10-15 %)
was seen for vitreous carbon. Previous analysis suggested that this signal arose from a complicated
thermal process on the surface or uncertainties in the surface temperature measurement [27]. The
angular distribution of the IS component in vitreous carbon appears to have thermal characteristics
with a cosine-power distribution; therefore, the IS flux from vitreous carbon was added to the TD-
prompt flux.

The fluxes of CO obtained using the residual fitting method are shown in Figures 5b and
7b for FiberForm and vitreous carbon respectively. The TD-prompt flux of CO reaches a maximum
at 1400 K and then decreases for vitreous carbon, while it plateaus at 1723 K for FiberForm. The
fluxes of TD-slow1 and TD-slow2 become vanishingly small at temperatures greater than 1700 K
for vitreous carbon, but these signals persist in FiberForm. However, the TD-slowl flux of
FiberForm reaches a maximum at 1400 K and then decreases as the surface temperature increases.
Previous analysis of vitreous carbon data has indicated that CO formation depends on the coverage
of O on the surface. As the surface temperature increases, the surface loses O-atom coverage
through desorption of O, limiting CO production. The increased surface area of FiberForm would
allow a higher steady-state oxygen coverage compared to vitreous carbon, as desorbing atoms can
re-adsorb on a different fiber. Higher O-atom coverage would shift the temperature at which CO
production peaks to higher values. Thus, the plateau rather than a decrease observed in the TD-
prompt flux from FiberForm at a high surface temperature is consistent with a surface-coverage-
dependent mechanism for CO desorption. The coverage-dependent mechanism for CO desorption
is also consistent with the peak observed in the flux of TD-slow1 at 1400 K for FiberForm. The

angular distributions of CO at 7y = 1023 K and 1623 K for FiberForm are shown in Figure S2
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(Supplementary Material). The TD-prompt and TD-slow1 fluxes can be fit well with a cosine-
power distribution, cos"6y; with n =1.16 and n = 1.02 for TD-prompt and TD-slow1, respectively,
at 7y, = 1023 K, and with n = 1.07 and n = 0.6 for TD-prompt and TD-slow1, respectively, at T =
1623 K. The TD-slow?2 fluxes were too small to discern a clear cosine-power distribution.

The effective rates obtained from the residual fits of TD-slow1 and TD-slow2 were used
to compute apparent activation energies using an Arrhenius law, k = Ae E/¥T_ The energies
obtained through these fits should not be considered as barriers for elementary processes. These
are effective barriers arising from the competition of various processes occurring on the FiberForm
surface. The Arrhenius fits for FiberForm and vitreous carbon are shown in Figures 7c¢ and 7d
respectively. The energies obtained for FiberForm are 32.2 kJ mol! and 59.6 kJ mol™! for TD-
slow1 and TD-slow2 respectively, while the energies predicted for vitreous carbon are much lower
(TD-slowl = 11.11 kJ mol! and TD-slow2 = 19.42 kJ mol™!). The effective rate constants in our
fits contain two terms, k£ and [Cs], where [Cs] depends on surface coverage. As FiberForm is
expected to have a higher coverage of O, [Cs] would be higher in the case of FiberForm. Therefore,
the estimated energies from the fits are consistent with the expected trends. Inconsistencies were
observed when the simultaneous fitting method was used to analyze the TOF distributions. The
TD-prompt component of the CO flux continues to increase exponentially even at the highest
temperatures (Figure S3b, Supplementary Material) with this fitting procedure. Furthermore, the
Arrhenius activation energy is higher for the faster decay process (TD-slow1), which is unrealistic
(Figure S3c, Supplementary Material). Analysis of TOF distributions of CO from vitreous carbon
exhibited the same trends for the simultaneous fitting method. These two observations suggest that
the residual fitting method is a more robust approach to fit the TOF distributions. Although the

activation energies are different, the relative fluxes of thermal CO (TD-prompt, TD-slow1, TD-
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slow?2) show similar trends for both FiberForm and vitreous carbon. This can be seen in Figure 8a,
where the flux percentages of the thermal components of CO are plotted. The similarities in TOF
distributions and fluxes at various surface temperatures suggest that the chemical reactivities of

FiberForm and vitreous carbon are similar.
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Figure 8. (a) Percentage of TD-prompt, TD-slow1, and TD-slow2 fluxes for reactively scattered
CO from FiberForm and vitreous carbon. The percentage is computed as 100 X CO;/COyozal, Where
i represents prompt or slow flux and fotal represents the sum of all thermal flux components. Red,
green, and black represent TD-prompt, TD-slow1, and TD-slow2 respectively. Circles represent
percentages for FiberForm and triangles represent percentages for vitreous carbon. (b) The
difference between the curves corresponding to increasing and decreasing temperature in Figs. (5a,
7a) (O, blue) and Figs. (5b, 7b) (CO, red). Circles represent flux from FiberForm and triangles
represent flux from vitreous carbon. Total TD in (b) represents sum of all thermal fluxes (TD-
prompt+TD-slow1+TD-slow?2), where TD-slow?2 applies only for CO.

The flux of CO exhibits a temperature-dependent hysteresis, as seen in Figure 5b. Such a
hysteresis has been observed in the past by Olander et al. in the oxidation of pyrolytic graphite by
02 [58], and it was also observed in our previous work on vitreous carbon [27,28]. Comparing the
TD-prompt fluxes of CO and O, we see that the TD-prompt flux of O has the opposite trend of
TD-prompt CO. This holds true for FiberForm (Figures 5a and 5b) and vitreous carbon (Figures

7a and 7b). Hysteresis arises because the surface takes a long time to reach a steady coverage and
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25 minutes at each surface temperature is insufficient to reach steady coverage. To analyze the
effect of hysteresis, we compute the flux difference, (COincrease — COdecrease) Which is shown in
Figure 8b for FiberForm and vitreous carbon. At high surface temperatures, the surface oxygen
coverage would be expected to reach a minimum under steady-state conditions. A higher
difference would imply that the surface has lower coverage of O and is closer to steady-state
conditions. As seen in Figure 8b, the difference is higher for vitreous carbon, consistent with our
hypothesis that vitreous carbon has a lower coverage of O atoms. The difference in the total
thermal flux of O between the two temperature curves is also shown in Figure 8b. A quantitative
comparison cannot be performed because the fluxes have not been corrected for the mass-
dependent detection sensitivity of our detector. However, qualitatively, the flux difference of O
exhibits the opposite trend compared to CO.

CO2 was a minor product in the reactions with both FiberForm and vitreous carbon (Figures
4d and 5d). However, CO; signal persists to a higher temperature in FiberForm (Figure 4d)
compared to vitreous carbon, and two TD-slow processes, as with CO, were required to fit the CO»
TOF distributions from FiberForm, unlike the TOF distributions from vitreous carbon which
returned to zero and required only a prompt thermal (MB) fit [27]. As the signals were very low

above 1023 K, the reactive dynamics of CO> are not discussed in this article.

4. Discussion

The TD-prompt component in the TOF distributions of Ar atoms that scatter from
FiberForm arises from the three-dimensional network of carbon fibers, which presumably causes
multiple bounces of the incoming atoms on different surfaces of the individual carbon fibers and
drives them toward thermal equilibrium through inelastic energy transfer on each bounce. Such

thermal scattering dynamics was not observed in our earlier similar studies of hyperthermal Ar
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atoms scattering on the two-dimensional surfaces of vitreous carbon [27] and HOPG [59], where
we observed only non-thermal scattering with angular distributions that were lobular and peaked
far away from the surface normal. The lobular angular distribution of scattered Ar from vitreous
carbon was slightly broader than that from HOPG, presumably because the surface of vitreous
carbon is rougher than the HOPG surface. An individual fiber that is rougher, on an atomic scale,
than the surface of vitreous carbon would be expected to promote randomization of the scattering
angle distribution and result in a localized angular distribution that is relatively broad, but it would
not lead to a significant TD-prompt component following impact by highly energetic incident Ar
atoms. Studies of Ar scattering from liquid hydrocarbons [57] (squalane and PFPE), which are
very rough on an atomic scale, showed that the TD-prompt fraction in the TOF distributions was
only ~30%. By contrast, the percentage of TD-prompt Ar flux was ~50% from FiberForm,
indicating that the TD-prompt component arises from multiple bounces of Ar and not from the
roughness of individual fibers.

The deconvolution of the TOF distributions of scattered Ar into IS and TD-prompt
components is evidence that Ar is not trapped within the FiberForm microstructure for long times.
Similarly, the TOF distributions of non-reactive O> can be decomposed purely into IS and TD-
prompt components. As there are no Ar or Oy signals that persist long enough to suggest residence
times beyond ~100 microseconds (the resolution of our experiment), we conclude that the signals
that give rise to the long tails of the TOF distributions for O and CO are not simply the result of
trapping within the three-dimensional porous network of FiberForm.

Recent work on the oxidation of HOPG by Murray et al. indicates barriers to the desorption
of CO and O that increase with decreasing surface oxygen coverage [19]. The desorption barrier

shifts the TOF distributions to shorter times than predicted by a MB distribution at the surface
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temperature. However, TD TOF distributions obtained from FiberForm and vitreous carbon were
fit well under the assumption of a MB distribution for the thermal desorption processes, suggesting
little or no barrier to desorption. It is likely that oxygen surface coverage on FiberForm, and
perhaps on vitreous carbon, would be much higher than on HOPG, resulting in lower energy
barriers for CO desorption. On FiberForm, the likelihood for O atoms to chemisorb on the surfaces
of individual fibers is high as a result of the potential for many bounces in the fiber network. In
addition, the carbon surfaces on FiberForm and vitreous carbon presumably have myriad defects
that would lead to increased sticking of O atoms on these surfaces compared to the much more
ordered surface of HOPG. Indeed, the reactivity of HOPG is significantly lower than that of
vitreous carbon or FiberForm, as indicated by the relatively low signals of CO from HOPG and
the small fraction of TD O atoms. Thus, surface oxygen coverage must be playing a significant
role in the fate of oxygen atoms that bombard the different types of sp? carbon surfaces. The higher
oxygen coverage on FiberForm and vitreous carbon opens many pathways for CO desorption
following relatively long surface residence times, such as those that we have observed.

Signals at long times were observed in the TOF distributions of O atoms that desorbed
from FiberForm but not from vitreous carbon. Unlike scattering of inert gas atoms, such as Ar, O
atoms can chemisorb on a carbon surface and those that desorb from one fiber in FiberForm can
re-adsorb on a different fiber with a finite residence time. The aggregation of adsorption residence
times on different fibers caused by multiple bounces could result in a TD-slow signal in the TOF
distributions of O atoms that desorb from FiberForm. Although a new chemical pathway for
desorption of O cannot be ruled out, the absence of TD-slow signatures in O desorbing from
vitreous carbon in light of the otherwise similar reactive scattering dynamics on FiberForm and

vitreous carbon suggests that the TD-slow signal for O desorbing from FiberForm is likely a result
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of multiple bounces and adsorption events within the three-dimensional porous network of
FiberForm.

Signals at long times persist in the TOF distributions of CO reactive products for both
FiberForm and vitreous carbon. The work of Marchon et al. indicates that the probability of CO
adsorption on a carbon surface is very low [60]. Hence, TD-slowl and TD-slow2 cannot be
attributed to the three-dimensional network of FiberForm alone. In the previous work on vitreous
carbon [27], it was suggested that the slow signals of CO observed at 800 K might be attributable
to the Boudouard reaction, where CO; reacts with the carbon surface to form CO. Typical
activation energies reported in the literature [61-63] for Boudouard reactions are greater than 100
kJ mol!. Although the mechanism for a Boudouard reaction is not well understood, the rate-
limiting step typically involves the abstraction of adsorbed O by CO; from the surface [64,65].
The experiments reported in the literature [66—68] examined the reaction close to atmospheric
conditions while our experiments were performed under high vacuum. The carbon surface has a
much lower O-atom coverage in our experiments; hence, we would predict a much higher
activation energy for the Boudouard reaction. However, the activation energy we obtained from
our fits is around 40 kJ mol! (TD-slowl in Fig. 7c). The maximum possible activation energy
from the data can be estimated by using the rate from the residual fit method at 1023 K and the
simultaneous fit method at 1823 K. The maximum possible activation energy estimated from our
experiments is 65 kJ mol™!, which is considerably lower than those reported in the literature.
Furthermore, FiberForm would have a higher oxygen coverage compared to vitreous carbon and
the Boudouard reaction would thus be favored in FiberForm. In contradiction to the expected
higher reactivity and thus depletion rate of CO> on FiberForm vs. vitreous carbon, the observed

CO2 signals persist at higher sample temperatures for FiberForm than for vitreous carbon. Finally,
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we see two distinct slow processes (TD-slow1 and TD-slow2) in TOF distributions of CO and it
is improbable that the same reaction would exhibit two different rate constants. Thus, we conclude
that it is unlikely that the TD-slowl and TD-slow2 signals in the CO TOF distributions, either
from FiberForm or vitreous carbon, originate from a Boudouard reaction.

Comparison of our results to other experimental and theoretical studies suggest that the CO
desorption rates observed are a consequence of different carbon-oxygen functional groups that are
formed after O chemisorbs on the surface. Tremblay et al. [66] showed the presence of at least two
functional groups on a carbon surface and further studies have shown the presence of multiple
functional groups on the surface. Typical functional groups attributed to the formation of CO are
ethers, semi-quinones, lactones, anhydrides, and furan/pyrone structures [16,67—69]. A few
representative functional groups that are formed on a carbon surface are shown in Figure S4
(Supplementary Material). Although there is consensus on the broad nature of functional groups,
there is disagreement on the exact functional groups being formed on the surface. The DFT results
of Sun et al. [23] and Carlsson et al. [70] indicate that the energy barriers of CO desorption from
isolated ethers and semi-quinones are greater than 1 eV. However, the presence of O adsorbed on
neighboring carbon sites lowers the energy barrier significantly. The simulation results suggest
that CO desorption occurs from lactone-type structures where a lactone group is surrounded by a
neighboring ether structure. On a complicated surface like FiberForm, the desorption of CO can
create new structures that can be further sites for CO desorption. For example, the desorption of
CO from an ether-lactone-ether structure would result in a lactone-ether structure which is another
reactive site for CO desorption [23]. Thus, the CO desorption rates observed in our experiments
may arise from different combinations of lactone and ether groups that are formed on the surface.

Many experiments [18,66—68] have been performed on different carbon materials with O> as the
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reacting gas, and adsorption of O was performed at low surface temperatures. Similarly, the DFT
[23,69] and MD simulations [16] were limited to studies on single-layer graphene. On a complex
surface, additional groups could be formed. For example, MD simulations of Bagri et al. indicate
the formation of 5-membered carbon rings, quinones in 1-2, 1-4 configurations [69]. Sun et al.
found that energetically degenerate structures of ether-lactone pairs can lead to CO or CO»
formation depending on the relative position of the ether group with respect to the oxo termination
of the lactone group. Thus, even on an idealized graphene sheet, the CO desorption process is quite
complex, with several possibilities arising from the configuration of adsorbed O atoms.
Furthermore, it is quite likely that these carbon-oxygen functional groups can form from
intercalated oxygen atoms, as has been suggested by Paci and Paci [71]. They found that the
desorption of reaction products from below the surface would require the surmounting of multiple
barriers, which would be consistent with a longer apparent residence time of oxygen on (or in) the
surface. Chemisorption of intercalated N atoms has also been observed in a recent theoretical study
by Guo and coworkers on the interaction of N atoms with a layered graphene surface [72]. The
absorption of oxygen into the carbon bulk and slow release of reactive and non-reactive products
has been hypothesized to explain the temperature-dependent total flux of O-containing products
in experiments on O atoms interacting with vitreous carbon [28]. The complexity of the fiber
surfaces of FiberForm and the numerous possibilities of O-atom adsorption, absorption, and
desorption prevent us from assigning the three identified TD rates to distinct mechanisms.
Whatever the mechanisms they must involve the surmounting of fairly high barriers, which would
explain why these very slow processes disappear at high sample temperatures, leaving only TD-
prompt products. In addition, the prompt desorption of surface-bound O and CO products at high

temperatures would be expected to compete more effectively with diffusion of O into the bulk.
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A temperature-dependent hysteresis is observed in the product O and CO flux from both
FiberForm and vitreous carbon (Figures 5a,b and 7a,b) and cannot be attributed to the
microstructure of FiberForm. The previous work in our laboratory on vitreous carbon, conducted
with a hyperthermal O/O; beam in a similar fashion as the experiments with FiberForm described
here, showed that it could take more than three hours for the surface coverage to reach steady state
on vitreous carbon at 1875 K [27]. In the temperature survey study, the product fluxes were
collected for approximately 25 minutes at each surface temperature. As a result, the surface
coverage did not reach steady state during data collection at each surface temperature, and the
surface coverage was thus constantly decreasing. The surface coverage was much lower after the
sample temperature had been raised to 1875 K and then was decreasing, resulting in a lower flux
of desorbed CO. A similar temperature-dependent hysteresis was first reported by Olander et al.
[58], who observed it in the CO products of experiments with O scattering on pyrolytic graphite.
They suggested a thermal annealing mechanism that removed reaction sites from the surface at
high temperatures. According to the hypothesis of Olander et al., as the temperature is reduced
from a high value to a low value, the reaction sites are not regenerated fast enough, resulting in
hysteresis. The scattering results with Ar suggest that thermal roughening had no impact on the
scattering or reactive behavior [27], and it is not clear how the thermal annealing mechanism would
be activated as the temperature is increased. Signatures of hysteresis were also seen in certain TPD
results [68,74,75], although the authors did not use this terminology.

A similar temperature-dependent hysteresis in O and CO product flux has also been
observed in our earlier studies of the oxidation of vitreous carbon [27,28], and it has been discussed
in detail in the context of the more recent study that employed a continuous and high-flux beam of

oxygen atoms [28]. The basic explanation is likely the same for the oxidation of FiberForm. The
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temperature-dependent hysteresis may arise from the intercalation of oxygen atoms between
graphitic planes, which desorb as O, O, or CO at high temperatures on the time scale of minutes
to hours. The energy-barrier dependence of CO formation on oxygen coverage could also play a
role. Consider a carbon material (FiberForm or vitreous carbon) initially at a high surface coverage.
At high surface temperatures, CO and O desorb, thus lowering the surface oxygen coverage, but
as the coverage reduces, the barrier to form CO increases [19,23]. Once the energy barriers are
greater than the available thermal energy, the desorption process shuts down and the surface
reaches a quasi-steady transient coverage that depends on the supply of O atoms from the incident
beam. In the experiments with the pulsed hyperthermal O/O> beam, when a subsequent beam pulse
arrives at the sample, a new dose of O atoms on the surface lowers the energy barriers, resulting
in further CO desorption until a new quasi-steady transient state is achieved. This is a continual
process where the incoming beam pulse aids in removing a subset of functional groups, and this
continuous process occurs until the surface reaches a steady state over the course of minutes to
hours. As has been discussed previously [28], a high flux of O atoms, especially from a continuous
rather than a pulsed source, reduces hysteresis. Thus, the maintenance of a high surface coverage
at all times would be expected to result in the same temperature-dependent reactivity regardless of

whether the temperature is increasing or decreasing.

5. Conclusions

The reactive and non-reactive scattering dynamics of hyperthermal O and O on a carbon
fiber network (FiberForm) at high surface temperatures were investigated using a molecular beam-
surface scattering technique. Four scattered products (O, Oz, CO, and CO;) were observed, and the

translational energy distributions of the scattered products were collected for various surface
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temperatures and scattering angles. The dominant non-reactive product was O and the dominant
reactive product was CO. The O present in the beam scattered non-reactively and no signature of
surface recombination of O atoms was found in the O, scattering data, most likely because of the
low flux of incident O atoms in the incident beam. CO; was a minor reaction product, with very
low signals above a sample temperature of ~1100 K. The TOF distributions of O contained both
impulsive scattering and thermal desorption characteristics, with the thermal desorption
component increasing significantly with sample temperature. The dominant reactive product, CO,
exited the surface only through thermal desorption mechanisms. The CO TOF distributions
contained a prompt thermal component and two populations of slow, thermal CO with long
desorption times following the incident O/O» pulse, giving an apparent residence time on the
surface. The residence times for the slow processes were around 1000 ps and 100,000 ps and the
relative proportions of the slow processes decreased with increasing surface temperature. In
addition to prompt thermal fluxes, the fluxes of the slow processes were quantified, and the
apparent activation energies were inferred for the two slow processes. Slow thermal processes
were also observed in the signals of O, but the relative proportions compared to prompt thermal
desorption were much smaller for O vs. CO. The flux of O and CO exhibited opposite trends in a
temperature-dependent hysteresis, indicating a competition between thermal desorption of O and
CO and suggesting the possible presence of absorbed oxygen that could slowly be released from
the bulk.

The data obtained from an earlier analogous study on vitreous carbon were re-analyzed in
light of new insights from the FiberForm experiment and compared to the results of this
experiment. The results from the analysis of the data on the oxidation of FiberForm and vitreous

carbon indicate that the chemical processes occurring on both carbon surfaces are similar. The

36



differences in the reactive and non-reactive scattering dynamics could be attributed to the higher
oxygen coverage on the carbon fibers of FiberForm, afforded by the microstructure of FiberForm
which promotes multiple-bounce scattering and a concomitant increase in the sticking probability.
A companion experiment on the inelastic scattering of Ar demonstrated multi-bounce dynamics
on FiberForm that were absent in the scattering from vitreous carbon. The study described here
strongly suggests that the differences observed in the interactions of oxygen atoms with hot
FiberForm and vitreous carbon are a result of the qualitatively different morphology of the two sp?

carbon materials and not significant differences in their chemical reactivity.
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Figure S1. Translational energy distributions of incident O and O; for the experiment in which
angular distributions were collected. Blue represents the energy distribution of O, and red
represents the energy distribution of O>. The maximum value of the energy distribution for O has
been normalized to 1.0, and the relative areas under the curves correspond to the mole fractions of

O and O3 in the incident beam.
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Figure S2. Angular distributions of scattered products, collected with a sample temperatures of 7 =
1023 K (left) and 1623 K (right). Blue and red symbols indicate IS and TD-prompt components,
respectively, while the green symbols indicate the TD-slow component. The TD component in each
case is fit with a cosine-power distribution (black solid lines). The cosine-power law corresponding to
TD-prompt and TD-slow is shown in each panel. The angular distributions of TD-slow1 for O and
TD-slow2 for CO are not shown here, because the signals were small relative to the other thermal
components.
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Figure S3. (a) A representative fit obtained to the TOF distribution of CO using the simultaneous
fitting method (see text). (b) Fluxes obtained for the increasing and decreasing temperature surveys
using the simultaneous fitting method. Yellow, red, light green, black, and dark green in (a, b)
represent total, TD-prompt, TD-slowl, TD-slow2, and the sum of all thermal components,
respectively. In (b), circles represent the flux with increasing temperatures and diamonds represent
the flux from decreasing temperatures. (¢) Activation energies obtained for TD-slow1 and TD-
slow2 from Arrhenius fits to data obtained using the simultaneous fitting method.
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Figure S4. Representative carbon-oxygen functional groups.
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S1. Correcting observed temperature from pyrometer measurements

Because we use the surface temperature to obtain the TD-prompt component of the
experimental data, we evaluate the influence of potential errors arising from measuring surface
temperature using an optical pyrometer. Optical pyrometers are calibrated for a black body, and
the observed temperature is usually corrected using Wein’s displacement law (Branstetter, J. R.
Some practical aspects of surface temperature measurement by optical and ratio pyrometers.
NASA TN D-3604; NASA, Washington, DC, USA, 1966). The equation for correcting the

observed temperature is

1 1 A+1078
T To C2

Ine

In the equation above, T, is the corrected temperature, 7, is the temperature observed from the
pyrometer, A is the optical wavelength in Angstroms, c2 = 1.348, and ¢ is the emissivity. The
difference between the observed and corrected temperatures increases with longer wavelengths
and lower emissivity. The emissivity of a carbon surface is usually greater than 0.8 and an oxidized
carbon surface would have a higher emissivity (Seo, S.-K.; Roh, J.-S.; Kim, E.-S.; Chi, S.-H.; Kim,
S. H.; Lee, S. W. Thermal emissivity of a nuclear graphite as a function of its oxidation degree
(2)-effect of surface structural changes. Carbon Lett. 2009, 10, 300-304). The optical wavelength
used for measurements with the pyrometer is in the vicinity of 0.65 um. We evaluate the corrected
temperature (7¢) at 0.65 um and at a much higher wavelength of 1.3 um to illustrate the error that
could be introduced in the surface temperature measurements.

The difference between 7. and 7, is shown in Figure S5 for € = 0.8 and two optical
wavelengths. The maximum difference in temperature is less than 5% at 1823 K. The corrected

temperatures (7. = 1857 and 1892 K) at the two optical wavelengths are used to compute the
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thermal flux components of CO recorded at 7, = 1823 K and the percentage difference is shown
in Table S1. The differences in the flux components are less than 5%. We emphasize here that the
errors are likely to be much lower than 5%, as the estimates we used are highly conservative. The
error decreases with shorter wavelengths and higher emissivity. Therefore, the errors in surface
temperature and the TD flux are expected to be much lower. Hence, we chose not to apply the

temperature correction and use the observed temperature from the pyrometer for our analysis.
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Figure S5. Difference in observed (7,) and corrected temperature (7¢) for € = 0.8.

Table S1. The difference in thermal flux components of CO scattered from FiberForm obtained
using 7. = 1857 K and 1892 K. The difference is computed as a percentage of flux obtained as
100*|Fluxte- FluxTo|/Fluxro.

T TD-prompt TD-slow1 TD-slow?2
1857 1.9 1.3 0.5
1893 4.4 3.8 0.8
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S2. Resolution of time-of-flight distributions

To estimate the time resolution of a time-of-flight (TOF distribution), a time window was
. . d /
chosen to perform the analysis. The lower bound of the window was chosen as tyi» = > ;n—T and

the upper bound (#nax) is chosen such that 75% of the flux is accounted for. The TD-prompt fit is
most sensitive to this region of the data. In the time window that we chose, we assumed that the
signals arose purely from a TD-prompt process. The noise in the TOF distributions can be
estimated by computing the absolute difference between the Maxwell-Boltzmann fit and the
experimental signal. The noise as a function of channel is shown in Figure Sé6a for three different
surface temperatures. The TOF distributions obtained from the experiment and the Maxwell-
Boltzmann fit for Ar at 75 = 1023 K are shown in Figure S6b, where yellow symbols represent the
experimental data and the red curve represents the Maxwell-Boltzmann fit (TD-prompt). An
average noise is computed over the time window, and a pseudo signal (green curve in Figure S6b)
is generated by adding the average noise to the TD-prompt fit. The true signal (depicted by the red
curve in Figure S6b) captures any thermal event occurring with time scales that are within the
green curve. Therefore, thermal events that are slow and occur at timescales that are outside the
range of the green curve would be resolved in our TOF distributions. The time resolution is
computed by estimating the time required to translate the true fit (red curve in Figure S6b) outside
the green bounds. As a conservative estimate, we choose the magnitude of the upper bound of the
time window as the anchor point for translation. The translated curve is shown (blue curve) in
Figure S6b, and the translation was 89 ps at 7y = 1023 K. Thus, thermal events at 7y = 1023 K
occurring at least 89 ps apart would be resolved in the TOF distributions. The analysis described

above cannot be performed on the TOF distributions of CO and O at 7y = 1023 K, because multiple
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thermal events are indistinguishable within the signal-to-noise. However, the analysis can be
performed on CO and O at 7T = 1823 K because the slow thermal signals are negligible. The time
resolutions obtained for CO and O at 7y = 1823 K are 12 ps and 39 ps, respectively. The time
resolutions at different surface temperatures were similar for Ar, as the thermal flux of scattered
Ar was similar in the range of surface temperature investigated. However, the thermal flux of O
and CO is much higher at 75 = 1823 K compared to the thermal flux at 75 = 1023 K. To estimate
the time resolution in the TOF distributions of O and CO, we assume that the gradient of the
thermal flux and the time resolution as a function of surface temperature are equal. Using this
assumption, the time resolutions for CO and O at 75 = 1023 K is 112 ps and 90 ps, respectively.
As a conservative estimate, slow processes in our experiments would refer to thermal events

occurring at time scales greater than 112 ps.
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Figure S6. (a) Noise as a function of channel in the chosen time window for 7y =1023 K (red), 7
=1323 K (blue), and 75 = 1623 K (green). (b) TOF distribution of Ar at 75 = 1023 K, where yellow
represents the experimental data, red represents the Maxwell-Boltzmann fit, green represents the
curve where the average noise is added to the Maxwell-Boltzmann fit, and blue represents the
translated Maxwell-Boltzmann. The shaded region in (b) indicates the time window over which
the analysis was performed.
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