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CONS P EC TU S

C arbon materials have mechanical, electrical, optical, and
tribological properties that make them attractive for use in

a wide range of applications. Two properties that make them
attractive, their hardness and inertness in many chemical envir-
onments, also make them difficult to process into useful forms.
The use of atomic oxygen and other forms of oxidation has
become a popular option for processing of these materials
(etching, erosion, chemical functionalization, etc.). This Account
provides an overview of the use of theory to describe the
mechanisms of oxidation of diamond and graphite using
hyperthermal (few electronvolts) oxygen atoms. The theoretical
studies involve the use of Born�Oppenheimer molecular dy-
namics calculations in which on-the-fly electronic structure calcula-
tions have been performed using either density functional theory
or density-functional-tight-binding semiempirical methods to
simulate collisions of atomic oxygen with diamond or graphite. Comparisons with molecular-beam scattering on surfaces provide
indirect verification of the results.

Graphite surfaces become oxidized when exposed to hyperthermal atomic oxygen, and the calculations have revealed the
mechanisms for formation of both CO and CO2. These species arise when epoxide groups form and diffuse to holes on the
surface where carbonyls are already present. CO and CO2 form when these carbonyl groups dissociate from the surface,
resulting in larger holes. We also discuss mechanisms for forming holes in graphite surfaces that were previously hole-free.
For diamond, the (111) and (100) surfaces are oxidized by the oxygen atoms, forming mostly oxy radicals and ketones on the
respective surfaces. The oxy-covered (111) surface can then react with hyperthermal oxygen to give gaseous CO2, or it can
become graphitized leading to carbon removal as with graphite. The (100) surface is largely unreactive to hyperthermal
atomic oxygen, undergoing large amounts of inelastic scattering and supporting reactions that create O2 or peroxy radicals.
We did not observe a mechanism for the removal of carbon for this surface. These results are consistent with experimental
studies that show formation of CO and CO2 in graphite oxidation and preferential etching on (111) CVD diamond surfaces in
comparison with (100) surfaces.

I. Introduction
Although there are exothermic reactions between O2 and

graphite that form CO and CO2, graphite does not readily

react in air at standard pressure and temperature. However,

even for some high-quality graphites, temperatures as low

as 600 �C can cause the onset of oxidation.3 The processes

involved during this oxidation have attracted significant

research activity in recent years, because there has been

renewed interest in the development of thenext generation

of nuclear fission power plants, with some of the new

reactor technologies poised to benefit from themechanical,

thermal, and neutron-moderating properties of graphite.
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Graphite is also an important lining material for industrial

reactors operating at high temperature and pressure and is

being studied as a surface material for rocket nozzles4 and

plasma diverters in nuclear fusion technologies.5 Recently

there has been significant interest in the oxidation of gra-

phite into graphite oxide and in the development of gra-

phene-based devices, where the ability to control oxidation

is important.6 Indeed, graphene can be oxidized directly and

reversibly, using sources that contain atomic oxygen, the

reversibility apparently allowing reduction without the crea-

tion of defects.7 In addition, it is important to understand

processes that result in the removal of carbon from graphitic

materials because carbon removal is associated with the

formation of defects, and the defects can have a significant

impact on the properties of the remaining materials.

Kinoshita et al.8 studied the chemical composition of a

graphite surface after it was exposed, at room temperature,

to hyperthermal atomic oxygen. X-ray photoelectron spec-

troscopy revealed the presence of C�O, CdO or O�C�O,

andO�CdO.Manygraphite oxidation reactions observed in

the above-described systems are closely related to those

that occur in combustion and gasification chemistry. Pre-

vious studies suggest that the rate-limiting step during the

gasification of graphite is associated with a barrier height of

∼40 kcal/mol (1.7 eV)9�11 and involves a reaction that at

least initially produces CO (the CO may go on to form

CO2).
12,13 There is not yet a consensus on which reaction is

associated with this barrier. However, there is strong evidence

that it involves rearrangements in which epoxide groupsmove

toward sheet edges or defects sites that are functionalized by

carbonyls;14,15 thecarbonylsdissociate toproduceaCO,and the

epoxide groups move to form new CdO functional groups.

There is also evidence that epoxide groups neighboring carbo-

nylsweaken carbon�carbon bonds, facilitating the dissociation

of the CO.14,15 Graphitic dioxiranes are also of interest because

their formation can provide a direct source of CO2 (CO2 pro-

duced without first producing CO).9 It has been shown that the

process is associated with a relatively low reaction barrier.16

Diamondis largelychemically inert,andit is thehardestknown

material. This makes the reliable removal of its surface layers a

challenging problem. Nevertheless, it is important because the

unique physical and electrical properties of diamond make it an

attractive candidate for use in microelectronics. Polycrystalline

chemically vapor-deposited diamond films often have rough

surfaces and nonuniform thicknesses, which can adversely

affect their suitability for use in applications.

Although quite erosion resistant, diamond thin films do

erodewhenexposed tooxygenunder certain setsof conditions.

Reactive ionetchingusingoxygen-containingplasmashasbeen

used to chemically etch polycrystalline diamond as a means of

shaping and smoothing the material.17�19 Similarly, oxygen

plasmas have been used to etch single-crystal diamond,20,21

withsomeof thiswork leading toadiscussionof theneed to find

more anisotropic etching techniques.22 Anisotropic etching in

the context of this discussion refers to the preferential removal

of atoms ina specific crystallographicdirection. Its possibilityhas

been demonstrated using a CO2/H2 plasma and in processes

involving reactive-ion and microwave-plasma etching

techniques.23 Reference 24 indicates that a difference in

(111) versus (100) diamond surface etch rates has been

observed and is related to the effective stabilization of the

(100) surface by oxygen functionalization. However, the

authors provided limited details of the chemistry involved

in the erosion of both of these surfaces.

Ion beam etching using beams that include oxygen or

that collide with the sample in the presence of O2 has also

been used to etch diamond. Etch rates suggest that the

presence of oxygen causes etching to occur chemically

rather than byway of sputtering.25,26 Other oxygen-contain-

ing gases have also been used.27 Liquid oxidative etching

using potassium nitrate has also been investigated.24

Static density functional theory (DFT) investigations of the

types of structures thatmight result from the oxidation of the

(100) and (111) surfaces have been performed. Details can

be found in the Supporting Information.

High-quality diamond films are candidates for use in low-

Earth orbit applications. This interest stems from their excel-

lent mechanical and thermal properties, in particular, their

resistance to oxidative erosion.28,29 Such considerations are

critical because O(3P) is the dominant driver of erosion in this

region of Earth's atmosphere. In addition to its high concen-

tration, this is also a result of its diradical character and the

high energy (4.5 eV) at which collisions between the atoms

and the leading edge of a spacecraft occur, due to their ∼7.4

km/s relative velocity. Other potentially useful carbon-based

materials, such as graphite and diamond-like carbon, have

significantly higher erosion rates when exposed to oxygen.17

The difference between the diamond (111) and graphite

erosion yields is about 2 orders of magnitude.2 Oxidation is

also important in the development of cutting tools and in

preparing nanodiamonds for drug delivery applications.30

Recently a new direction of work on understanding the

oxidation of carbon-containingmaterials has arisen through

a combination of laboratory experiments,31 which are cap-

able of preparing beams of hyperthermal atomic oxygen,

and theory,32 which can directly simulate the dynamics of
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these hyperthermal collisions using Born�Oppenheimer

molecular dynamics methods. This Account provides an

overview of the use of theory to describe diamond and

graphite oxidation with an emphasis on the nature of the

reactionmechanisms that occur, especially themechanisms

for forming gaseous species such as CO or CO2 that remove

carbon from the surfaces being exposed. Comparisons with

experiments are included, which provide indirect evidence

for the mechanisms observed, but the experiments have

limited capabilities to sort out atomic level information, and

ultimately it is the use of high-qualitymodeling that is crucial

to generating meaningful insight and for extending this

understanding to more conventional oxidation processes.

II. Methods and Models
Density functional theory has become a powerful tool for the

computational scientist, providing a previously unavailable

combination of accuracy and computational affordability. An

introduction to the theory can be found in ref 33. Static simula-

tions involving up to a few hundred atoms are now possible

for DFT computer codes executed on modest modern serial

computers. Dynamic simulations, with forces and energies

calculated using DFT single-point calculations, for simulations

lasting up to picoseconds are also possible. Density functional-

based tight-binding (DFTB) is a semiempirical method, para-

metrized using DFT simulations. When implemented in its self-

consistent charge (SCC) form, itmaintainsmuch of the accuracy

of full-blown DFT at a fraction of the computational cost. The

method has been recently reviewed in ref 34.

To investigate the oxidation of graphite surfaces, direct

dynamics calculations were performed based on DFT. The

Perdew�Burke�Ernzerhof (PBE)35 functional with a double-

ζ plus polarization (DZP) basis set was used.33 Models were

based on a 24-atom graphene sheet.

Larger numbers of atoms were necessary to accurately

model diamond surfaces. Models consisting of 72 carbon

atoms were used to investigate the oxidation of (100) and

(111) surfaces, forming slabs with six atomic layers. The

numbers of atoms meant that only a small number of PBE/

DZP trajectories were computationally affordable. The use

of this methodwas the limiting factor in themodel sizes that

could be considered. Larger numbers of trajectories were

run based on SCC-DFTB. Periodic boundary conditions (PBC)

were used in all of the simulations.

A pristine graphene sheet and sheets containing a single-

atom vacancy defect were studied. A pristine sheet functio-

nalized with eight oxygen atoms was created to explore the

behavior of sheets without preexisting holes. We also chose

to examine a single-atom vacancy, because it is one of the

next-simplest structures that could be considered. Because

dangling bonds are not likely to exist for extended periods of

time in an oxygen-rich environment, we capped their va-

lencies with oxygen atoms.

The structure shown in Figure 1a illustrates how the

valencies at the single-atom vacancy were satisfied. This

structure, which contains two oxygen atoms, is based on a

frequently found structure in our recent Monte Carlo and

molecular dynamics (MD) simulations of graphite oxide.36 It

contains a carbonyl group, which is known from combustion

chemistry to be important at holes in and at the edges of

graphene sheets.14,15 The structure will be referred to as

model A. Motivated by the work in refs 14 and 15, we also

investigated the structure shown in Figure 1b (model B).

Additional oxygen atoms were added to the sheet to

create the models shown in Figure 1c,d (models C and D).

Their positions were selected at random from all of the

remaining physically realistic sites for oxygen atoms sitting

atop carbon atoms and oxygen atoms in epoxide positions

on the surface side of the sheet. Note that because of the

PBC, the oxygen atoms inmodels C andD at the edges of the

sheets, which appear to be attached to the sheets by only

one bond, are in fact attached by two bonds. There are no

atop oxygen atoms in models C or D. Although they were

present in the structures before geometry optimization, in all

cases they relaxed to form epoxide groups.

FIGURE 1. The precollision graphene structures: A sheet containing a
single-atomvacancy defect and (a) twooxygenatoms (model A), (b) four
oxygen atoms (model B), or (c) eight oxygen atoms (model C). Panel d
shows a pristine sheet functionalized with eight oxygen atoms
(model D). Carbon atoms are light yellow and oxygen atoms are dark
red. Reproduced with permission from ref 1. Copyright 2009 American
Chemical Society.
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Preoxidation was also performed on some of the dia-

mond surfaces. A fluence of 6 � 1019 O atoms per square

centimeter (accumulated in∼3.5 h) is typical of those used in

the diamond experiments such as those described in ref 2.

This corresponds to a fluence of 6� 103 O atoms per square

angstrom and can be compared with the fluence in a

trajectory that is 1.3 � 10�2 O atoms Å�2. To rectify the

disparity between experimental and calculated fluences, we

consider surfaces that are preoxidized to various levels,

including surfaces that are close to steady state in oxygen

coverage. A large number of trajectories were propagated,

with different surface functionalizations, as described in

section IV.

Intramolecular trajectories were run for each model,

before exposing them to a colliding oxygen atom. The

trajectories were randomly sampled, in order to provide a

set of initial atomic positions and velocities for the direct

dynamics trajectories.

Sheets and slabs were exposed to O(3P) atoms traveling

with 5 eV of kinetic energy, approximately matching the

collision energies used in a number of experiments.1,2,37�39

It is unlikely that an oxygen atom with a collision energy of

5 eV would result in the removal of one or more carbon

atoms from an unfunctionalized hole-free graphene sheet,

sowestudied the functionalized structures shown inFigure1.

Normal incidence with the model surfaces was considered,

with impact locations chosen at random. Each graphene-

based direct dynamics calculation was performed twice,

with each set of initial conditions run once in the lowest-

energy singlet and once in lowest-energy triplet electronic

state. One hundred singlet and one hundred triplet trajec-

tories were run, for each of the four models.

For the diamond trajectories, electron spin was free to

become polarized, but the total spin of the slab (oxidized or

otherwise) plus the incoming O atom was fixed at two spin-

up electrons, that is, the systemevolved in the lowest-energy

triplet electronic state. Spin�orbit interactions were not

included, but in our past studies, we have not found this to

play an important role for high-energy collisions.1 In an

extended system, it is still possible for spin flips to occur.

Additional simulationmethod details can be found in the

Supporting Information.

III. Graphite
A variety of reactions were observed in O þ graphite

trajectories for each of the models shown in Figure 1. Some

of themore interesting reactions are summarized in Table 1.

Aside from the observation of slightly different numbers of

singlet versus triplet reactive events, the type of reactivity

observed in both trajectory types was the same, so the

results have been combined in the table.

Epoxide formation is a highly probable event, particularly

at low oxygen surface concentrations. As the surface be-

comes increasingly covered by these groups, the probability

of O2 formation increases. The fact that epoxide formation

occurs more than half of the time for the coverage shown in

model B and less thanhalf of the time formodel C, combined

with the fact that O2 formation occurs in less than half of the

model B trajectories and more than half of the model C

trajectories suggests that the equilibrium concentration of

surface oxygen is probably between those shown inmodels

B and C. Nearly all of the reactions producing O2 did so by

way of an Eley�Rideal (direct) mechanism, a finding that is

consistent with experimental observations.1

Among the other reactions in Table 1 are the following:

(1) ring opening, the breaking of a C�O bond in the oxygen-

containing six-membered ring; (2) epoxide migration, the

movement of an oxygen atom fromone epoxide location to

another; the oxygen atommoves atop a carbon atom in the

process, sometimes lingering there for tens of femtose-

conds; (3) tethered carbonyl, a CO group attached to the

sheet by one bond to its carbon atom; (4) inelastic O, the

incoming oxygen atom undergoes an inelastic collisionwith

the surface and then scatters away; (5) sheet damage, the

breaking of a C�C bond in the hole-free sheet. Undefected

graphite, regardless of its level of oxidation, is resistant to

damage by thermal O or O2, but the sheet damage mec-

hanism suggests that this is not true for hyperthermal O.

Note that model D, which shows sheet damage, has

higher than what we estimate is the steady-state oxygen

TABLE 1. Some of the Reactions Observed during Trajectories That
Were Run on the Lowest-Energy Singlet and Lowest-Energy Triplet
Potential-Energy Surfacesa

reaction model A model B model C model D

ring opening 68 26 25 0
epoxide formation 151 147 62 24
epoxide migration 58 80 33 38
tethered carbonyl 5 1 0 0
O2 formation 1 34 108 155
CO2 formation 0 4 3 0
CO formation 0 1 6 0
dioxirane formation 0 2 2 0
inelastic O 0 7 14 4
sheet damage 0 0 0 5
aOne hundred trajectories were propagated for each model on each surface.
Results for the four models described in Figure 1 are shown, and the results for
both surfaces have been combined in the table. The numbers of trajectories in
which each reaction was observed are shown. The totals for each column sum to
more than two hundred becausemultiple reactions occurred during some of the
trajectories. See the text for details beyond the abbreviated descriptions of the
reactions provided in the first column.
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atom coverage, so this likely overestimates the hole for-

mation probability.1

Two additional carbonyl groups, each attached to sheets

by two bonds to their respective carbon atoms, were formed

in 76.5% of the model B and C trajectories (those with

coverages close to what one expects experimentally), in

which oxygen-containing ring opening was observed. The

incidence with which these carbonyl pairs were formed is

not summarized in the table. These reactions are important

because it is a carbonyl that is almost always involved in the

formation of CO/CO2. Details of themechanisms involved in

producing CO/CO2will be discussed below. Also,whenholes

were created in themodel D sheets, theywere accompanied

by the formation of a pair of carbonyl groups at the hole

edges. This process suggests that not only can holes be

created in previously hole-free graphite by hyperthermal O

atoms but also the process results in the formation of

functional groups that tend to facilitate the removal of

carbon from the surface upon subsequent O-atom collision.

The migration of epoxide groups is a probable event as the

table shows, and it has been observed to bring epoxides into

positions adjacent to carbonyl groups.1,36 As discussed in

section I, epoxides neighboring carbonyl groups are thought

to lower the barrier to dissociation of carbonyl groups.14,15

The other reactions observed during the trajectories are

discussed in ref 1 and its associated Supporting Information.

The trajectories suggest mechanisms by which carbon

can be removed from the surface of graphite. As indicated in

the table, both COandCO2were observed. Figure 2, panels a

and b, shows a reaction that resulted in the creation of CO

from the surface side of the graphene sheet. As illustrated in

Figure 2a, the incoming oxygen atom struck the oxygen

atom in the carbonyl group (38.7 fs), vibrationally exciting

the sheet and forming an epoxide group. Two epoxide

groups neighboring the carbonyl then moved atop carbon

atoms neighboring the carbonyl (228.4 fs). The sequential

FIGURE 2. Reactions producing CO, panel a, and CO2, panel c, from graphitic surfaces. To help guide the eye, the incoming oxygen atom is labeled
with a “†”. See the text for descriptions of the details of the trajectories. Note that in some panels, only part of the graphene sheet is shown. Also in
many cases, it was rotated. Bothwere done in order to provide a better view of the areas involved in and adjacent to the reaction of interest. Electron
pushing diagrams associated with the two trajectories are also shown panels b and d. Panels a and c were reproduced with permission from ref 1.
Copyright 2009 American Chemical Society.



1978 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 1973–1981 ’ 2012 ’ Vol. 45, No. 11

Hyperthermal Oxidation of Graphite and Diamond Paci et al.

breaking of two carbon�carbon bonds released the CO and

produced two new carbonyl groups (253.5�415.1 fs). As

mentioned previously, this type of reaction is also thought to

play an important role in combustion chemistry,14,15 so this

reaction was not unexpected.

An electron pushing diagram illustrating a plausible reac-

tion mechanism is shown in Figure 2b. The repeated forma-

tion of oxy radicals and CdO bonds results in the release of

CO in a process that is analogous to β-scission.40 Note that

two unpaired electrons were added to the sheet during the

bonding of the incoming O(3P) atom and that graphene is a

semimetal, so unpaired electrons do not need to stay

localized at the positions on the sheets where they are

initially located. For example, two unpaired electrons move

into the sheet during the processes shown in Figure 2b.

We also identified a reaction that resulted in the creation

of CO2 from the graphene sheet. The early stages of the

mechanism (see Figure 2, panels c and d) are similar to those

described in relation to the mechanism for the release of CO

shown in Figure 2, panels a andb. In the CO2 case, the impact

of the incoming oxygen atom occurred close to the pair of

epoxides neighboring the carbonyl. Note that because of the

PBC, a collision near the top right of the sheet is “close to” the

atoms at the bottom right of the sheet. The epoxide oxygen

atoms flipped atop respective carbon atoms (157.7 fs) that

neighbor the carbonyl group. One carbon�carbon bond to

the carbonyl broke (255.4 fs), and instead of leaving the

sheet alone, the nascent CO molecule became bonded to a

neighboring atop oxygen atom (323.2 fs). It then departed

the sheet as a CO2 molecule (364.8 fs).

An electron pushing diagram illustrating a plausible reaction

mechanismisshowninFigure2d.As in theCOcase, the repeated

formationofoxy radicalsandCdObonds results in the releaseof

a carbon atom, in a process that is analogous to β-scission.

Two other mechanisms resulting in the release of a CO2

molecule from the sheet were also characterized. One

involved the formation of a ring that changed the hybridiza-

tion of the carbonyl carbon atom from sp2 to sp3. The

process leaves what was originally the carbonyl oxygen

atom as a radical, making it susceptible to attack by the CO

molecule that removed it as the CO departed. In the other,

the incoming oxygen atom collidedwith the carbonyl group

forming a dioxirane. The species led to the breaking of the

two carbon�carbon bonds tethering it to the sheet, and

went on to form CO2. Additional details of these mechan-

isms can be found in ref 1.

The experimental studies of hyperthermal oxygen atom

collisions with graphite1,37 provide only limited information

to confirm the results that we have described. In these

studies, it was found that both CO and CO2 molecules are

produced.1 The incident O-atom angle used in the experi-

ments was 45�, yet most of the molecules scatter approxi-

mately normal to the surface. This is consistent with the

complex reaction mechanisms described above, which are

expected to result in CO/CO2 receding from the surface in

the direction of the surface normal on average, regardless of

the incident angle. In experiments at 493 K, about 10% of

the incident oxygen atoms are converted into these

species.39 Also, we observed five hole formation events in

sheets previously without holes at a flux of 1.5 � 1016 O

atoms cm�2. This flux is small compared with those some-

times used experimentally, which can be on the order of

1020 O atoms cm�2. Under experimental conditions similar

to those used in our trajectory studies, O-atom exposure

converts the smooth surface of graphite into a tower- and

hillock-covered structure.37 This is consistent with a high

rate of new hole formation.

Reactive force fields have also been used to theoretically

examine the graphene sheets shown in Figure 1.41 The

results, in terms of the number of occurrences of various

reactive events, compare reasonably well with those re-

ported above. Sheet damage, resulting in the formation of

carbonyl groups, and CO2 formationwere significantlymore

probable when the force field was used. CO formation was

less probable. The computational affordability of force field

methods made it possible to also explore larger graphitic

sheets.41 Twenty-five times expanded sheets initially with-

out holes were examined. The steady state oxygen atom

coverage was found to be more than one oxygen atom per

three carbon atoms, somewhat higher than the DFT-based

estimate. More inelastic scattering and epoxide formation,

and less epoxide migration, O2 and CO2 formation, and

sheet damage were observed for the larger compared with

the smaller model when the force field was used. The types

of reactivity predicted using the two methods and model

sizes were the same. Kinks in the larger sheets were also

observed, a result that may have been influenced by the

single-layer nature of the simulations. Sheet break-up upon

exposure to multiple oxygen atom collisions with bilayer

graphene was reported, although the role played by the

associated dramatic increase in temperature warrants addi-

tional study.

IV. Diamond
There is now atomic force microscope-based evidence for

the selective etching of diamond facets by hyperthermal
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oxygen, images ofwhich are shown in Figure 3.2 The images

show the surface of a diamond thin film grown by chemical

vapor deposition. The films are polycrystalline, and their

surfaces are composed of a variety of exposed facets. The

(100) and (111) facets tend to be square and triangular,

respectively (see Figure 3a).42 Exposure to 5 eV oxygen

atoms results in the erosion of all but the (100) facets (see

Figure 3b�d). We used trajectory studies to investigate the

reactivity of (100) and (111) surface facets, to explore the

experimentally observed differences in etch rates.2,43

The simulations indicate that the hydrogen atoms that

are expected to terminate the diamond (111) and (2 � 1)-

reconstructed (100) surfaces and are expected to exist at the

end of the growth process are readily removed by the

oxygen atoms. As the hydrogen is removed, additional

oxygen atoms tend to form ketones on the (100) surfaces

and oxy radicals on (111). The steady-state oxygen atom

coverages were estimated as the concentrations at which

the probability of an incoming oxygen atom removing an

oxygen atom already on the surface is equal to the prob-

ability of an incoming atom being adsorbed. For the (111)

surface, this corresponded to ∼0.67 O atoms per surface

carbon atom. For the (100) surface, which loses its (2 � 1)

reconstruction, the steady-state coverage corresponded to

nearly complete coverage with ketones.

At its steady state coverage, the (111) surface is prone to

partial graphitization. Such a process took place in ∼5% of

the trajectories and was characterized by the breaking of a

carbon�carbon bond between the second and third carbon

layers, bringing the carbon atom from the second layer into

the plane of the first. Snapshots from an example of such a

trajectory are shown in Figure 4. The change seems to be

such that the reverse processwould require the surmounting

of a significant energy barrier. In a previous study,1 it has

been shown that graphite is quickly eroded by a 5 eV

oxygen-atom beam, as the discussion in the previous sec-

tion suggests, so this graphitization process is expected to

leave the surface susceptible to erosion during subsequent

O-atom collisions. Note that it is possible that the propensity

for graphitization is related to the thickness of the slab.2

Even without graphitization, the (111) surface is prone to

the direct removal of carbon as CO2 molecules. Figure 5

shows snapshots from a trajectory that illustrate one such

mechanism. The surface coverage in this case contains

some hydrogen and was designed to simulate the

surface chemistry shortly after diamond is first exposed to

FIGURE 3. AFM images of polycrystalline diamond film before (a) and
after (b�d) exposure to a fluence of 6 � 1019 O atoms cm�2 of 5 eV
atomic oxygen. The (100) and (111) facets are delineated in panel a.
Reproduced with permission from ref 2. Copyright 2010 American
Chemical Society.

FIGURE 4. Hyperthermal oxygen atom collisions can cause a partial
graphitizationof thediamond (111) surface. The incomingoxygenatom
(left panel) becomes bound to the surface as an oxy radical (center
panel) and causes the collision-induced dissociation of a neighboring
carbon�carbon bond. The location of the broken bond is indicated by
the ellipse. Reproduced with permission from ref 2. Copyright 2010
American Chemical Society.

FIGURE 5. Reaction producing CO2 from an O-atom collision with an
oxidized (111) diamond surface, as illustrated using snapshots from a
PBE/DZP-based trajectory. Following arrows clockwise: The incoming
O atom (13.3 fs) collided with an atop O atom, pushing it aside (44.8 fs).
The force of the collision broke a C�C bond, with the incoming O atom
adding itself to the surface, forminganether (71.4 fs). Another C�Cbond
broke (85.9 fs), followed by an O�C ether bond (105.2 fs). Finally, a C�C
bond broke, releasing a CO2 molecule (157.2 fs). Reproduced with
permission from ref 43. Copyright 2011 American Chemical Society.
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5 eV O(3P). As is indicated in the figure, a CO2 molecule was

released from the surfacewithin∼120 fs of theoxygenatom

colliding with the surface. A similar reaction was also

observed in a trajectory propagated with slightly less than

the steady-state coverage (six instead of eight precollision

surface oxygen atoms per 12 first-layer carbon atoms).

Finally, the production of a tethered CO2 molecule was

observed in a trajectory like the one shown in the 85.9 fs

panel of Figure 5. Present at the end of this particular

trajectory, the fact that such a structure went on to produce

CO2 in the trajectory shown in Figure 5 suggests that the

barrier to dissociation of a CO2 molecule from such a

structure is not large. Thus, this surface damage also sug-

gests amechanism for the removal of carbon from the (111)

surface. All three of these mechanisms were driven by

β-scission-like processes.43

In contrast to the (111) surface, no mechanism for the

removal of carbon from the (100) surfacewas observed at its

steady-state coverage. In the SCC-DFTB-based simulations,

inelastic scattering from the ketone-covered surfacewas the

most probable collision event (see Figure 10 of ref 2). A

dioxirane was formed, but unlike its graphitic analogue, it is

not expected to be associated with a particularly low barrier

to CO2 release. A partially detached carbonyl group was

formed in one of the trajectories. However, given sufficient

time, the group will reform a ketone. The ketone reforma-

tion would remove four dangling bonds, so it would almost

certainly be barrierless. This damage suggests that the layer-

by-layer erosion of the (100) surface may be possible.

However, the lack of a mechanism for carbon removal

suggests that the (100) surface is more erosion resistant

than the (111) surface. The PBE/DZP-based trajectories

showed slightly different behavior. In this case, collisions

with the ketone-covered (100) surfacemost often resulted in

the formation of O2 or peroxy radicals. Ketones were some-

times converted to ether groups as a result of the collisions.

Nevertheless, nomechanism for the removal of carbon from

the (100) surface was observed. Differences in the approx-

imations that enter the Hamiltonians associated with the

PBE/DZP versus SCC-DFTBmethods are the reason for these

differences in behavior.

A summary of the reactions observed during the trajec-

tories and a discussion of Pandey reconstruction can be

found in the Supporting Information.

V. Conclusion
Carbon materials have attracted a seemingly ever-increas-

ing amount of research interest over the last 2 decades.

Diamond thin films and materials composed of and closely

related to graphite are routinely considered for a broad

range of applications because of their numerous excep-

tional properties. For most applications, it is necessary to

further process these materials after their initial manufac-

ture. In this Account, we described the results of the use of

quantum-mechanical-based direct dynamics to explore the

use of hyperthermal atomic oxygen atoms for the oxidation

of graphite and diamond. The technique suggested several

mechanisms by which carbon can be removed from gra-

phite, forming COandCO2when it is exposed to such atoms.

Carbonyl groups at holes and epoxide migration play im-

portant roles. Also, hyperthermal oxygen atoms can cause

new holes to form, which become functionalized by carbo-

nyl groups and thus can become sources of additional CO/

CO2 upon subsequent O-atom collisions. The diamond (111)

surface is also eroded by hyperthermal oxygen atoms. It

becomes functionalized by oxy radicals and is susceptible to

graphitization, which can lead to the removal of carbon.

Mechanisms for the direct removal of carbon as part of CO2

fromthe (111) surfacewerealsocharacterized.The (100) surface,

nearly fully covered by ketones and ethers at its steady-state

coverage, seems to be able to resist erosion when exposed to

hyperthermal oxygen atoms. The simulations showed no me-

chanism for the removal of carbon from this surface.
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