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ABSTRACT: The detailed mechanism and kinetics for the oxidative erosion and
ablation of highly oriented pyrolytic graphite (HOPG) with molecular oxygen has
been examined by monitoring the spatiotemporal evolution of the reacting inter-
face. This has been accomplished using a new, unique gas-surface scattering instru-
ment that combines a supersonic molecular beam with a scanning tunneling
microscope (STM) in ultrahigh vacuum. Using this new instrument, we are able to
tightly control the energy, angle, and flux of impinging oxygen along with the sur-
face temperature and examine the reacted surface spanning atomic, nano, and
mesocopic length-scales. We observe that different oxidation conditions produce
morphologically distinct etching features: anisotropic channels, circular pits, and hexagonal pits faceted along crystallographic
directions. These outcomes depend upon independent effects of oxygen energy, incident angle, and surface temperature.
Reaction probability increased with beam energy and demonstrated non-Arrhenius behavior with respect to surface temper-
ature, peaking at around 1375 K. At the incident collision energies used, it was found that beam impingement angle had only
minor effects on the reaction probability and etch pit morphology. Comparison of the relative reactivity of higher grade versus
lower grade HOPG indicates that the formation of etched channels largely depends on the presence of grain boundaries.
We have also observed the transition to multilayer etching. The influence of structural inhomogeneities such as defects and
grain boundaries can now be assessed by real-time visualization of reacting interfaces. For example, the insertion of intentionally
created point defects via ion sputtering leads to marked enhancement in interfacial reactivity. The approach used herein has
allowed us to correlate time-evolving surface morphology with atomic-level interfacial kinetics and dynamics, providing new
insight into the reactivity of materials in aggressive, energetic environments.

■ INTRODUCTION

Graphite oxidation is widely studied due to its relevance to tech-
nological applications such as high-performance aircraft and
propulsion systems and due to its important role as a model
system for fundamental studies of materials degradation. The
oxidation process with molecular oxygen removes carbon from
the surface as the products CO and CO2, with CO being the
dominant reaction product at all surface temperatures1−4 and
impinging oxygen energies.5−7 Oxygen molecules dissociatively
adsorb and diffuse across the surface8 as adsorbed O before
reacting with and removing carbon atoms from the surface.
The prismatic plane of HOPG is oxidized much more rapidly
than the basal plane, leading to the domination of lateral
etching of graphite layers starting from vacancy defects and
step edges.9−13

In this paper, we present a new approach to studying the
dynamics and kinetics of interfacial erosion chemistry where
we monitor reactivity not by monitoring CO or CO2 product
formation but rather by visualization of the reacting interface
using the combination of supersonic beam scattering coupled
with ultrahigh-vacuum scanning tunneling microscopy (STM).
This novel approach allows us to directly link the time-evolving
morphology of the reacting interface with the observed reac-
tion kinetics, in essence, giving access to the spatiotemporal

correlations that govern time-evolving interfacial reactivity.
In this instance, visualization encompasses several length-scales
including atomic, nano, and mesoscopic distances. The ability
to conduct such information-rich experiments was demonstrated
for the site-specific energetic oxidation of Si(111)-(7 × 7).14

Such spatiotemporal measurements of surface morphological
change and surface chemical change directly reveal the key
roles that minority structures such as grain boundaries and
defects play in determining the time evolution of the interface.
This statement, in a broader sense, is especially relevant for
intrinsically heterogeneous materials such as functional
composites. In this study, we intentionally introduce localized
defects using ion sputtering, creating single or multiatom
vacancies visible to STM as positive contrast hillocks. These
vacancies expose prismatic edge carbons and provide nucle-
ation points for oxidation.15,16 After a certain induction period,
or nucleation phase, the removal of edge carbons results in a
visible, negative contrast pit. By providing artificial nucleation
points via sputtering, the density of etch features is sub-
stantially and controllably increased.
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Previous research has used STM to examine graphite sam-
ples etched in furnaces under a high flux of heated molecular
oxygen.9−12,17−22 Circular, monolayer-deep pits were found to
arise from these conditions, nucleating exclusively at natural
and artificial defects at low temperatures (<1150 K) but nucle-
ating even on the locally perfect (undefected) basal plane at
higher temperatures (>1150 K).12 In some cases elongated,
anisotropic channels were observed on furnace-oxidized graph-
ite, but they formed a small minority of features with circular
pits dominating.12,16,23 Pit diameters were found to increase
linearly with oxygen exposure, with the lateral etch rate increas-
ing with temperature. The linear growth of pit diameters
comports with an overall carbon reaction rate limited by the
available density of reactive edge carbons.
At very high temperatures (>1275 K), the overall rate of

carbon removal from the surface exhibits apparent non-Arrhenius
temperature dependence as a result of the interaction of a
number of competing reaction rates. Supersonic beam exper-
iments have determined that peak reactivity occurs at 1400−
1500 K, likely due to the increased desorption of adsorbed
O atoms at higher temperatures.5,24−26 An excess of adsorbed
O enhances both the formation of new surface vacancies and
the etching of existing defects by reducing the barrier to reaction
and stabilizing the resulting dangling carbon bonds.27−29

More recently, the dependence of etching morphology on
surface temperature has been demonstrated, with faceted pits
aligned with lattice directions formed below a certain critical
temperature, transitioning to circular pits as the temperature
was increased.30 This faceting can be attributed to the prefer-
ential reaction of armchair-type edge carbons, leaving only
hexagonal pits with zig-zag edges aligned with the <1 1 −2 0 >
lattice directions.31 Although both zig-zag and armchair sites
have two neighboring carbon atoms, zig-zag sites have two fully
coordinated nearest neighbors, while armchair sites only have
one. The higher stability of zig-zag edges thus slightly favors
the removal of armchair sites from the surface (ΔEa ≈ 0.52 eV).30

Above the transition temperature, the reactivity of the two
types of edge carbons becomes essentially equivalent, and
circular pits result.

■ EXPERIMENTAL SECTION

These experiments were conducted using a new combined
supersonic beam/STM/AFM surface scattering/imaging instru-
ment (Figure 1).14 It can be viewed as consisting of three
sections: the triply differentially pumped beamline, a materials
preparation and characterization chamber, and a new variable-
temperature SPM that differs from our other SPMs in many
critical ways including sample orientation, stability, and ther-
mal equilibration between the tip and sample; it is based on
the ultrastable design of Shuheng Pan and has been designed
in conjunction with RHK. Most importantly, it has been con-
structed to allow the surface plane to be vertical, permitting its
use in simultaneous or sequential molecular beam plus scan-
ning probe imaging experiments.
Supersonic beams of molecular oxygen were generated by

expanding a 5% O2/95% He gas mixture through a 30 μm
diameter molybdenum pinhole at 20 and 70 psi for nozzle
temperatures of 300 and 600 K, respectively. The nozzle was
heated by resistively heated wire, and the temperature was
monitored by a thermocouple. A translational kinetic energy of
0.37 eV with an energy distribution width of ΔE/E = 0.28 was
found for the beam with a 300 K nozzle using time-of-flight
measurements; the translational kinetic energy of the 600 K
beam was extrapolated to be ∼0.7 eV. A flux on the order of
1013 O2 molecules cm−2 s−1 was determined for both beam
conditions. Samples were positioned 1.3 m from the nozzle,
with a 2 mm diameter beam spot at the crystal.
HOPG samples were placed in a UHV chamber (base

pressure of 1 × 10−10 Torr) in sample mounts that aligned the
surface normal either parallel to the beam or at a 45° angle.
The sample was maintained at the appropriate temperature
(1275−1475 K) during exposure to the supersonic beam of
O2. After exposure, the cooled sample was transferred under
vacuum to the STM chamber for imaging.
For these experiments, highly oriented pyrolytic graphite

(HOPG, grades SPI-2 and SPI-3) samples were cut into approx-
imately 2 mm × 1 cm strips with a sharp blade and cleaved
with adhesive tape. Samples were outgassed in a UHV chamber
(base pressure of 1 × 10−10 Torr) up to experimental

Figure 1. Diagram showing the combined supersonic molecular beam/materials preparation/SPM system.
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temperatures (1275−1475 K) prior to exposure. The surface
temperature was monitored by a Mikron infrared pyrometer
and heated by applying current directly through the sample.
Several areas on the surface were checked for cleanliness by
STM prior to oxygen exposure. Etched Pt0.8Ir0.2 tips were used
for imaging. When required, a Phi sputter ion gun was used to
create atomic vacancies in the HOPG basal plane by
bombarding the sample with 4 keV Ar+ ions. The 4 keV Ar+

ions used to prepare our samples induce local point defects
most likely consisting of 1−10 removed atoms per created
vacancy, this based on prior STM studies.32 At this scale, the
precise atomic-level morphology of the vacancy is obscured by
the electronic enhancement resulting from unsaturated
dangling bonds.

■ RESULTS AND DISCUSSION
As the undefected HOPG surface is minimally reactive, defects
were introduced by sputtering. Figure 2 shows an unsputtered
and unreacted basal plane of HOPG as well as a surface that
was sputtered to induce surface vacancies. The average surface
density of reactive defects after sputtering was 7 × 109 ± 1 ×
109 cm−2. Sputter defects serve as nucleation points, leading to
a higher density of etch features. In addition, the defects
shorten the nucleation phase, defined as the period of time
(exposure) that transpires before visible etch pits are formed.
In the case of a sputtered surface, a certain number of atoms
must be removed from around the initial vacancy before it is
imaged by STM as a depression rather than a hillock. A longer
nucleation phase is observed on a clean basal surface in
comparison to an artificially defected surface as a result of the
amount of exposure necessary for a very low probability event,
the abstraction of a fully coordinated basal carbon atom, to
occur before this transition from hillocks to pits can com-
mence. As seen in Figure 3, the nucleation phase of a sputtered
sample is reduced by half as compared to an unsputtered
sample. While nucleation was observed predominantly at sput-
ter defects at a surface temperature of 1275 K, at higher surface
temperatures, pit formation was observed on the undefected
portions of the surface that remained after all initial nucleation
points had been consumed. This vertical etching has a higher
energetic barrier than lateral etching (Ea = 2.00 eV compared
to Ea = 1.48 eV for the latter),10 because it requires the
removal of a carbon atom from an undefected basal plane.
Therefore, it only emerges at higher surface temperatures and
occurs much more slowly.

Along with changes in the overall kinetics of carbon removal
from the surface, the surface temperature also affects the mor-
phology of etch pits. Below surface temperatures of ∼1325 K,
etch pits formed on the surface by exposure to 0.4 eV oxygen
were hexagonal. Computational and experimental studies have
demonstrated that lower surface temperature etching forms
hexagonal pits on the surface due to small energetic differences
between removing a zig-zag and an armchair carbon atom.30

Consequently, armchair sites will etch at a higher rate than zig-
zag sites, leading to the formation of hexagonal pits with zig-
zag edges, as seen in Figure 4a. Figure 4b demonstrates the
difference between zig-zag and armchair sites on the HOPG
honeycomb lattice, while Figure 4c is a schematic representing
the sequential removal of zig-zag and armchair carbon atoms
during the growth of a hexagonal pit. Note that the STM only
images every other basal carbon atom in the full honeycomb
lattice (namely, out of the α and β atoms contained in each
unit cell, only the β atom is detected), as seen in Figure 4c and
the inset of 4a.33

At a higher surface temperature of 1375 K, circular, mono-
layer pits form on the surface when exposed to 0.4 eV O2. This
suggests that the surface has enough energy to overwhelm any
small energetic differences between armchair and zig-zag sites,
which results in the two sites etching at approximately the
same rate. This leads to the formation of circular pits, as seen
in Figure 5. A similar transition was found in previous work
under different experimental conditions.30 As would be
expected, the creation of circular etch pits was observed at
the higher surface temperature of 1475 K when exposed to 0.4 eV

Figure 2. High-resolution STM images. (A) A typical image of the clean basal plane of HOPG with an inset of the clean lattice. (B) A typical
sputtered HOPG sample (4 keV Ar+) with an inset of a single vacancy formed from collision of an Ar+ ion with the HOPG surface. Images taken at
100 mV and 600 pA.

Figure 3. Effect of sputter-induced vacancies on the nucleation phase
of a 1375 K HOPG surface exposed to an effusive distribution of
background O2 at 1 × 10−6 Torr.
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O2, although these pits grew at a much slower rate than those
on a 1375 K surface.
Previous work with samples reacted in tube furnaces has

demonstrated the diameter of etch pits growing linearly with
exposure,9−12 indicating that the total rate of carbon removal
increases with O2 exposure. This suggests that the surface
becomes more reactive as etch features grow and edge carbons
with unsaturated dangling bonds become more pervasive.
Interestingly, under all conditions examined here, the rate of

carbon removal was constant with oxygen exposure, with no
increase due to the proliferation of edge carbons. This suggests
that O2 can adsorb at an arbitrary location and diffuse across
the surface as adsorbed O to find a reactive edge carbon, such
that the rate-limiting step of carbon removal from the surface is
not sensitive to the density of edge carbons (as in the high O2
flux conditions of previous experiments) but instead is depen-
dent on the concentration of oxygen adsorbed on the surface.
Figure 6 demonstrates the constant rate of carbon removal on

an HOPG surface at temperatures of 1275, 1375, and 1475 K.
The slope of each linear fit corresponds to the probability of a
given O2 molecule removing a carbon atom from the surface.
For 0.4 eV O2 molecules, the values of these reaction prob-
abilities are 3 × 10−6 ± 1 × 10−6, 2 × 10−4 ± 1 × 10−4, and 7 ×
10−6 ± 3 × 10−6 for surface temperatures of 1275, 1375, and
1475 K, respectively. Previous studies on graphite oxidation
have demonstrated non-Arrhenius behavior with respect to
surface temperature, and our findings exhibit similar behav-
ior.5,26 Our experiments in the 1275−1475 K surface tem-
perature range reached a maximum reaction probability at
∼1375 K, which agrees well with previously reported values.
This behavior is likely due to decreasing coverage of adsorbed
O atoms with increased temperature.24,25 The effect of oxygen
energy on reactivity in the initial oxidation regime is clear in
the normally oriented beam experiments: when the beam
energy was raised from 0.4 to 0.7 eV, the overall reactivity of
the surface increased significantly for both the 1275 and 1375 K
surfaces. The reaction probability of impinging 0.7 eV O2 is
4 × 10−4 ± 2 × 10−4 and 5 × 10−4 ± 2 × 10−4 for surface tem-
peratures of 1275 and 1375 K, respectively; this corresponds to
an increase of a factor of over 100 for the 1275 K surface and
of over 2 for the 1375 K surface, as seen in Table 1.
In addition to increasing the reaction probability of

impinging oxygen, raising the incident O2 energy from 0.4 to
0.7 eV drastically changes the morphology of the etch features
on the surface. The 0.4 eV O2 predominantly created
symmetrical etch pits, with hexagonal pits formed at lower
surface temperatures (<1325 K) and circular pits formed at
higher surface temperatures. By contrast, at the higher beam
energy of 0.7 eV, irregular, anisotropic etch channels dom-
inated, as seen in Figure 7. This channeling phenomenon was
observed at surface temperatures of both 1275 and 1375 K,
indicating that it is caused solely by the impinging oxygen
energy. New pits appeared to remain mostly symmetrical up to
a maximum radius of about 20 nm, by which point they

Figure 4. (A) STM image of a representative etch pit formed on a sputtered HOPG sample after exposure to 0.4 eV O2 at a surface temperature of
1275 K, with the inset showing a lattice aligned with pit edges. Set point: 1.1 V, 600 pA. (B) Skeleton diagram of the HOPG basal plane
demonstrating the difference between zig-zag (red) and armchair (blue) sites. (C) Schematic representation of the formation of hexagonal pits
through preferential etching of armchair (blue) over zig-zag (red) carbon atoms. The diagram represents the lattice as imaged by STM, as seen in
the inset of (A).33

Figure 5. STM image of representative etch pits formed on a
sputtered HOPG sample after exposure to 0.4 eV O2 at a surface
temperature of 1375 K. Set point: 300 mV and 600 pA.
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spawned rapidly growing channels. The morphology of the pits
prior to channeling was similar to those in the 0.4 eV
experiments, although the 1275 K surface also formed unusual,
nearly triangular pits in some areas (as shown in Figure 7a),
which may result from locally decreased surface temper-
atures.34

It is interesting to note that the reaction probabilities with
0.7 eV O2 at both surface temperatures are roughly equal,
suggesting that the large influence of surface temperature over
carbon removal rate seen with 0.4 eV oxygen is specific to the
formation of circular and hexagonal pits. The enhancement to
the reaction probability at both surface temperatures at the
higher beam energy can be attributed to the new anisotropic
channeling mode that emerges, which is evidently not

dependent on surface temperature and dominates over the
symmetrical pit etching mode. The etching process giving rise
to these channels is thus kinetically as well as morphologically
distinct.
The observed increase in carbon removal rate is unlikely to

stem from a direct abstraction mechanism, whereby by the O2
molecule removes a carbon atom from the surface through
direct collision to form CO2. Studies on systems with much
higher incident O2 energies suggest that there is no available
reaction mechanism by which an O2 molecule will directly
abstract a carbon atom from the surface; the energy required is
too great to render this a realistic possibility. Instead, compu-
tational and experimental findings demonstrate that O2 does
not chemisorb as molecular oxygen but rather undergoes exo-
thermic dissociative chemisorption, forming adsorbed O
atoms.16

Results on higher grade HOPG samples indicate that
channels may be following domain boundaries, explaining their
irregular, elongated shape. Channels attributed to grain bound-
aries have been observed previously, although on a larger
micron scale and under different conditions.35,36 On lower
grade HOPG (SPI-3) with lateral grains no larger than 30−40 nm,
most pits remain roughly circular up to an ∼20 nm diameter
before channeling. By contrast, on higher grade samples (SPI-2)
with lateral grain sizes of 0.5−1.0 mm, only circular pits are found
after exposure to 0.7 eV at a surface temperature of 1375 K, as
seen in Figure 8. This result suggests that intrinsic surface
properties dictate channel morphology, as the only significant
reactive difference between the two samples is the difference in
lateral grain sizes. Due to the absence of channeling, the reac-
tion probability of 0.7 eV O2 on a 1375 K surface drops from
5 × 10−4 ± 2 × 10−4 on an SPI-3 HOPG surface to 3 × 10−5 ±
1 × 10−5 on an SPI-2 HOPG surface, decreasing by over an
order of magnitude. This once again demonstrates the con-
nection between kinetics and morphology: the channeling
process must be fundamentally faster than pit formation, and
thus, when the surface structure is not conducive to channel-
ing, the kinetic enhancement of 0.7 eV oxygen fails to materialize.
The relationship between vertical etching rates on 1275 and

1375 K surfaces remained relatively unchanged with an
increase in beam energy from 0.4 to 0.7 eV. On a 1375 K
surface, large, two-layer etch features were observed after
approximately 20% of the surface monolayer was removed,
indicating that new etch features were nucleated on the clean
second layer after it was unearthed. Additional multilayer
features up to over 20 layers deep (Figure 9) were observed on
the 1375 K sample after an O2 exposure of approximately 4 ×
1018 cm−2. In contrast, only limited two-layer etch features
were observed on the 1275 K HOPG sample, even when about
30% of the surface monolayer was removed, and no etch
features over two layers deep were observed. Thus, as with

Table 1. Complete List of O2 Reaction Probabilities for All Sets of Experimental Conditions

translational O2 energy (eV) HOPG grade impinging O2 angle (deg) surface temperature (K) reaction probability

0.4 SPI-3 90 1275 3 × 10−6 ± 1 × 10−6

0.4 SPI-3 90 1375 2 × 10−4 ± 1 × 10−4

0.4 SPI-3 90 1475 7 × 10−6 ± 3 × 10−6

0.4 SPI-3 45 1375 1.1 × 10−4 ± 5 × 10−5

0.7 SPI-3 90 1275 4 × 10−4 ± 2 × 10−4

0.7 SPI-3 90 1375 5 × 10−4 ± 2 × 10−4

0.7 SPI-2 90 1375 3 × 10−5 ± 1 × 10−5

0.7 SPI-2 45 1375 3 × 10−5 ± 1 × 10−5

Figure 6. Reactivity plots of 1275 K (top), 1375 K (middle), and
1475 K (bottom) HOPG surfaces exposed to 0.4 eV O2, where the
fraction of the surface monolayer reacted is plotted against the average
number of collisions an individual carbon atom has with O2
molecules. The linear fit to each of these plots corresponds to the
probability of an O2 molecule ultimately removing a carbon atom
from the surface. The reactivity plots for the 1275 and 1475 K
surfaces are magnified by 50 and 25 times, respectively, to be visible
on the same scale as the plot for the 1375 K surface.
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0.4 eV oxygen, the increase in surface temperature allows new
pits to nucleate on undefected graphite after the consumption
of all initial surface defects. This suggests that the abstraction
of carbon from the basal plane is limited by surface temper-
ature and not dependent on incident O2 energy.
Experiments conducted with an impinging O2 angle of 45°

from the surface normal with 1375 K surfaces suggest that the
impact angle of O2 may affect etch feature morphology, while
the total overall reactivity of the surface remains relatively
unchanged. Exposure of 0.4 eV O2 to an SPI-3 1375 K surface
at 45° found a negligible decrease in overall reactivity to 1.1 ×
10−4 ± 5 × 10−5 compared to 2 × 10−4 ± 1 × 10−4 with the
beam directed normal to the surface. Etch pits were mostly
circular as in the normal-angle case. Results from a SPI-2
surface heated to 1375 K and exposed to 0.7 eV O2 at 45°

Figure 7. STM images of representative etch channels formed on a sputtered HOPG sample after exposure to 0.7 eV O2 at a surface temperature of
(A) 1275 K (400 mV, 700 pA) and (B) 1375 K (300 mV, 600 pA); the inset line scan represents areas of single and double layer etching, with two
negative contrast terraces at around 0.3 and 0.8 nm corresponding to one- and two-layer-deep etch features, respectively. Multilayer etch features
are much more abundant on a 1375 K surface in comparison to a 1275 K surface due to increased vertical etching. For example, multilayer etching
was more pervasive on the surface shown in (B) despite it being exposed to about 1/3 as much O2 as the surface in (A). Faceted etch pits up to
∼20 nm in diameter were also observed on the 1275 K surface as seen in (A).

Figure 8. STM image of representative etch pits formed on a sput-
tered SPI-2 HOPG sample after exposure to 0.7 eV O2 at a surface
temperature of 1375 K. Set point: 300 mV and 700 pA.

Figure 9. STM images of multilayer (tens of layers deep) etch pits formed on a sputtered SPI-3 HOPG sample after exposure to 0.7 eV O2 at a
surface temperature of 1375 K. Images taken at 300 mV, 700 pA; 100 mA, 700 pA; and 100 mA, 700 pA respectively.
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indicate that O2 impinging at that angle may form different
etch features than normal-angle O2. The exposed surface was
dominated by the formation of faceted, monolayer-deep etch
pits, shown in Figure 10a, in contrast to the circular pits found

with 0.7 eV O2 normal to a SPI-2 surface. However, more
temperature-dependent studies are needed to conclusively say
if and how the impingement angle affects the faceted to
circular morphological transition. Interestingly, large elongated
pits often nucleated on intrinsic linear defects, as shown in
Figure 10b. While these lines clearly serve as nucleation sites
and likely cause the pit elongation by facilitating etching along
the defect, they do not form narrow channels like those found
on a SPI-3 surface exposed to 0.7 eV oxygen. The measured
overall reaction probability with a 1375 K SPI-2 surface
exposed to 0.7 eV O2 at a 45° impingement angle is 3 × 10−5 ±
1 × 10−5, approximately the same as the normal-angle exper-
iment (3 × 10−5 ± 1 × 10−5) despite the 2 decrease in O2
translational energy perpendicular the surface. The emergence
of faceted pits at a more glancing angle might indicate slight
changes in site-selective reactivity, but these differences did not
cause a significant change in the overall rate of carbon removal
from the surface. More studies need to be completed to deter-
mine the mechanistic differences between O2 impinging at
various angles.

■ CONCLUSION
We have demonstrated the efficacy of using STM and super-
sonic molecular beams in tandem to combine the realms of
macroscopic interfacial kinetics with atomic, nano, and meso-
scale morphology, allowing a more holistic examination of
graphite oxidation. This novel approach allows us to directly
link the time-evolving morphology of the reacting interface
with the observed reaction kinetics, in essence, giving access to
the spatiotemporal correlations that govern time-evolving
interfacial reactivity. The results presented in this paper have
uncovered independent effects of oxygen energy, angle, and
surface temperature on etching morphology, dictating the for-
mation of hexagonal pits, circular pits, or anisotropic channels.
Lower energy (0.4 eV) impinging oxygen produced pits
faceted along crystallographic directions on a 1275 K surface
that transitioned into circular pits with a 100 K temperature
increase. Experiments with different incident angles that com-
pared outcomes using normal versus 45° angles found only
limited kinetic and morphological changes. The reaction

probability under a given set of experimental conditions
remained constant as the etch features evolved, suggesting that
the availability of reactive edge carbons is not the limiting
factor in the oxidation rate. An increase in oxygen energy from
0.4 to 0.7 eV created anisotropic channels at all surface tem-
peratures, with these features dominating the morphological
landscape while other features, such as faceted, circular, and
elliptical pits, still exist. Furthermore, the reaction probability
increased with impinging oxygen energy, indicating a kineti-
cally distinct process giving rise to the channels. Comparison
of the relative reactivity of higher grade versus lower grade
HOPG indicates that the formation of etched channels largely
depends on the presence of grain boundaries. The fine control
over the complete parameter space of surface temperature
along with oxygen energy, angle, and flux afforded by this
experimental technique has provided fresh insights into the
oxidation mechanism for this important model system. More-
over, these findings are of further interest given current needs
to perfect advanced carbon-containing materials for high-
performance flight, re-entry vehicles, and next generation pro-
pulsion systems that need to operate in aggressive oxidizing and
high-temperature environments.
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