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Defect-Induced Oxidation of Graphite
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Atomic vacancies with controlled depth and size are generated on a graphite surface by low-
energy ion bombardment. The reactivity of vacancies towards an oxygen molecule is investigated
by using scanning tunneling microscopy (STM) and density functional theory. An oxygen molecule
(i) exothermally dissociates and then chemisorbs at the top sites and/or the bridge sites of a
vacancy, or (ii) forms a precursor state of molecular oxygen at a bridge site. Reaction pathways for
oxidative etching are proposed to interpret serpentine and circular etching patterns observed by STM.
[S0031-9007(98)08058-2]

PACS numbers: 82.30.—b, 68.45.Da, 81.65.Mq

Understanding of the oxidative etching process of ausing the STM measurements and density functional (DF)
basal plane of graphite is both scientifically and tech-calculations. Atomic defects are intentionally generated
nologically important. This subject is related to carbonon a graphite surface with controlled depth and size by low-
combustion, coal gasification, reactions at nuclear react@nergy ion bombardment. Etching behaviors from these
walls, and reentry shields of space crafts. In early studdefects by the reaction @, molecules are investigated
ies, the etch-decoration transmission electron microscopyith STM measurement. The etching speed and pattern
technique was very successful in examining the kineticwary substantially depending on whether they start from
of oxidative etching processes, by measuring the laterad monolayer or a multilayer defect. This observation
growth rate of etch pits produced by the reactionOaf  strongly indicates that several types of initial adsorption
molecules with natural defects on graphite [1-3]. Thesestates for an oxygen molecule are involved in the etching
studies suggested th@s molecules first react with carbon process. We identify key intermediates in the oxidation
atoms at defect sites to form adsorbed products, whicprocess using the DF calculations. Our calculations show
eventually desorb to the gas phase. that anO, molecule dissociatively adsorbs at a vacancy site

Two independent reaction mechanisms have been pr@f graphite exothermally without an energy barrier. An
posed for the growth of etch pits [3]: (i) reaction from direct O, molecule dissociates at a divacancy to bind O atoms
collisions of O, molecules on reactive carbon sites [Eley-at either two bridge sites or two top sites. We also find
Rideal (ER) mechanism]; (ii) the surface migration mechaa geometry in which a®, molecule does not dissociate
nism, i.e., reaction with the migrating oxygen moleculesbut instead forms a®, molecular precursor state. Based
that are first adsorbed on nonreactive sites [Langmuiren our calculations, we propose reaction pathways of
Hinshelwood mechanism]. More recently scanning tun-oxidative etching processes which can produce CO and
neling microscopy (STM) measurements showed that onlCO, gases and the different etching patterns.
monolayer etching occurred from natural defects [4—6]. Atomic vacancies are generated on a highly ori-
Pits were uniform in size, indicating that the growth wasented pyrolytic graphite surface by low-energy*Aion
simultaneously initiated at surface defects [6]. Variousbombardments. By tuning the ion impact energy in
etching patterns have also been seen under catalytic redtie region of threshold energy of the defect formation
tion conditions [4]. Monolayer etching produced mainly (40—200 eV), we are able to control the size (mono-, di-,
CO gas, whereas the production ratio of £© CO gas and triatomic vacancies) and the depth (first, second, and
increased in highly damaged graphite surfaces [7—9]. Dethird graphite layers) of vacancies [10,11]. The defected
spite these efforts, understanding mechanistic details of C8urface is etched with, molecules by heating a sample to
and CQ gas formation during the etching process is a longs00-600 °C in dry air. TheO, reaction transforms atomic
standing problem. Such difficulty arises mainly from two vacancies into large-size pits. Figure 1 exemplifies the
factors: (i) oxidation started from defect sites that wereevolution of vacancies to etch pits, showing STM topo-
poorly characterized in the previous works; (ii) an atom-graphic images of a surface at various stages of oxidative
istic model for the reaction dd, molecules with graphite etching. Inthe STM image of Fig. 1(a), vacancies gener-
was absent, which is an essential ingredient for atomicated by 100 eV Ar impacts appear as small bright spots.
level interpretation of the kinetics. The bright STM image of defect is due to the increase

In this paper, we have carried out a systematic studpf the local charge density near the Fermi level [10]. At
for the reaction 0f0, at a vacancy of a graphite surface an initial stage of oxidative etching [Fig. 1(b)], etch pits
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DMOL3 code [12]. The exchange-correlation energy in
LDA is parametrized by Perdew and Wang's scheme
[13], and Becke’s corrected exchange functional [14] is
adopted in GGA calculations. All-electron Kohn-Sham
wave functions are expanded in a local atomic orbital
basis. All orbitals including core electrons, are taken
into account throughout the calculations. In the double-
numerical basis set [12]C-2s and C-2p orbitals are
represented by two basis functions each, angt/dype
wave function on carbon and oxygen atoms is used to
describe polarization. The convergence criterion for the
structure optimization is that all forces be0.002 a.u.
Structure optimization is done by the LDA scheme only.
The GGA calculations are done with structures optimized
by LDA whenever necessary.

We model a graphite surface by introducing a supercell
of a @ X 4) graphitic sheet with periodic boundary
conditions applied along the planar directions to simulate
an infinite graphitic layer [15]. The distance between

—~
o
~

~ 0 layers is 3.4 A and we neglect van der Waals interaction

§ Pk between layers since this interaction is much weaker than

5 . the covalent one. The surface is simulated by periodically

£ repeated slabs of a graphitic monolayer parallel to the
2 % B i surface direction with a vacuum region of 7 A.

Distance (nm) A carbon atom is removed to create a vacancy and

FIG. 1. STM images of etched structures initiated by atomicrelaxpfd by LDA calculation [15]. ~Carbon atoms W'th
defects produced by low-energy ion bombardments. (a) Arflangling bonds form short bonds (1.38 A) with their
image of defects produced by 100 eV *Arcollision. The adjacent carbon atoms, compared to an ideal bond of
hillocks represent defect structures. An early stageOef graphite (1.42 A), as shown in Fig. 2(a). We now add

etching after heating the surface (a)a0 °C for (b) 8 min and 3430, molecule to this vacancy. We tried various initial

(c) 12 min, respectively. Certain pits in (c) exhibit anisotropic h : ; .
etching patterns. (d) The image showing mono-, double-, an onfigurations, for instance, a0, molecule is placed

triple-layer etch pits. Initial defects are produced by 300 evWithin the atomic plane as shown in Fig. 2(b), and an
Ar™ impacts. (e) The cross-sectional cut of the image (d) alond), molecule is located laterally above the plane as shown
the lineA. in Fig. 2(c). In any case, a®, molecule exothermally
dissociates and chemisorbs on the top and bridge sites, as
appear as a pinhole at the center of a bright spot as itshown in Fig. 2(d). The exothermic energy for creating
size is less than a few nm in diameter. Further oxidatiortwo oxygen atoms at the top and bridge sites fronOan
increases the etched area [Fig. 1(c)]. Most of the etcimolecule is 9.7 (8.9) eV from LDA (GGA) calculations.
pits have nearly circular shapes. Etching of monolayeiWhen anO, molecule approaches dangling bonds at a
pits occurs sometimes in serpentine patterns. Multilayevacancy, charges are transferred from carbon atoms to
vacancies are generated by higher energy ion collisionshe oxygen molecule due to the larger electronegativity
Etch pits resulting from multilayer vacancies are shownof oxygen atoms. The resulting intramolecular Coulomb
in Fig. 1(d). The cross-sectional cut of STM topographyrepulsion breaks the O-O bond exothermally without an
is presented in Fig. 1(e) in order to label the depth ofactivation barrier. This interaction keeps the oxygen
pits. Vertical etching does not occur at the employedatoms apart, placing them at the opposite sides of the
temperatures [4]. Thus the multilayer pits originate solelyplane as shown in Fig. 2(d) [16].
from multilayer defects artificially created by ion impact. We calculate the adsorption of @ molecule at a
Multilayer pits grow faster than monolayer pits. This divacancy. One of the backbonds is contracted to 1.38 A.
allows us to distinguish mono-, double-, and triple-layerWhen an O, molecule approaches the middle of two
pits in STM images from their diameter, even without dangling bonds at a divacancy with tte molecular axis
measuring depth. The ratio among average diameparallel to the atomic plane, it exothermally dissociates
ters of mono-, double-, and triple-layer pits is 1.0:3.2:7.0and chemisorbs at two top sites as shown in Fig. 3(b).
at a given etching temperature and time. The detailhe exothermic energy of two C-O bonds at the top sites
for STM measurements can be found elsewhere [11].  from anO, molecule is 12.0 (10.4) eV from LDA (GGA)
We also perform DF total energy calculations basedtalculations (strictly speaking, this includes the relaxation
on local density approximation (LDA) and generalizedenergy of adjacent carbon atoms). The C-O bond length
gradient approximation (GGA), as implemented in theis 1.22 A, almost the same as 1.23 A of a C-O bond of
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(b)

@ : Carbon @ : Oxygen @ : Carbon @ : Oxygen

FIG. 2. Fully relaxed local geometries in a ball and stick FIG. 3. Fully relaxed local geometries in a ball and stick form
form for (a) a single vacancy, (b) the initial position of an for (a) a divacancy, (b) an optimized, adsorption at two top

0, molecule squeezed in the vacancy, (c) a different initialsites, where oxygen atoms are located above the graphitic plane,
position of anO, molecule located above the plane, and (d) an(c) an optimizedO, adsorption at two bridge sites, and (d) an
optimized O, adsorption at the top and bridge sites, where theO, molecule located at a single bridge site. Bond lengths are
oxygen atom at the top site is located below the plane. Bondh units of A.

lengths are in units of A.

This is drawn in Fig. 4 for a divacancy. AD, molecule

the top site at a single vacancy, but a little longer tharwill dissociate and be adsorbed at either two top sites
that of a CO molecule (1.13 A). The O-O distance isor two bridge sites. The adsorption at two top sites and
2.24 A, with oxygen atoms repelling each other. Thetwo bridge sites will gain the energy of5.5 (—4.9) and
situation is different when a®, molecule adsorbs at the —10.1 (—8.6) eV, respectively. Since the C-O bond is
center of a divacancy parallel to the missing carbon dimennore stable at the bridge site than at the top site, C-O
An O, molecule now saturates all of the dangling bondsat the top site is more liable to be etched away to form
by taking two bridge sites as shown in Fig. 3(c). TheCO gas at typical temperatures. Note that CO backbonds
exothermic energy of two C-O bonds at the bridge site isat the top site are already stretched upward and form two
16.6 (14.2) eV from LDA (GGA) calculations. The C-O single bonds with a bond length of 1.47 A, as shown in
bond length is 1.37 A, the same as that at the bridge sitEig. 3(b), suggesting that more serious bond stretching of
of a single vacancy. The O-O distance is 2.26 A, similarcarbon backbonds is involved at the top sites. During this
to that at two top sites. reaction, the free energy is increased by 2.6 (1.6) eV, butis

We find another stable configuration, @ molecular still lower than that of the initial state by 2.9 (3.3) eV. Thus
precursor state, as shown in Fig. 3(d). This occurs whethe reaction of exothermal dissociation ©f molecules
an O, molecule approaches the bridge site perpendiculaand the activated CO desorption from the top sites is
to the atomic plane. In this case, the O-O bond is kepthe primary etching process, following ER mechanism.
with the binding energy of-0.95 eV (LDA) with a bond  Unlike at the top sites, the C-O bond at the bridge site
length of 1.45 A, longer than that of a®, molecule is strongly bound and is very unlikely to be etched away
(1.21 A). The oxygen atom on top of the C-O bond will under normal circumstances. Yet, oxygen atoms at bridge
be easily desorbed at typical etching temperatures and caites as well as at top sites can be etched away to forgn CO
participate in the oxidation at other active sites. We notagas by the assistance of an energetic CO molecule formed
that this type of arD; precursor state does not exist at at other sites. The free energy is increased in this process
the top sites. An oxygen atom is exothermally released dty 0.9 (0.6) eV but is still much lower than that of the
one top site and adsorbed to another top site nearby. initial stage of arO, molecule. Thus C®can be formed

We now describe the oxidative etching process thabnly by a secondary etching process involving energetic
forms the CO and C@Ogases based on our calculations.the CO gas. This explains why the CO production rate is
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FIG. 4. The reaction pathways upon tke adsorption and
desorption processes to form CO and ,C@ases via the top
and bridge sites at a divacancy.

larger than the C@production rate under normal oxidative

In summary, the reaction of af®, molecule with
vacancies in a graphite surface has been investigated
using STM and DF calculations. Th@®, molecules
exothermally dissociate and adsorb at the dangling bonds
of a vacancy. We have identified several types of
adsorption sites: top site, bridge site, a@é molecular
precursor state at the bridge site. Reaction pathways to
produce CO and CfQgases by activation processes have
been described based on calculations. This paper presents
the first experimental demonstration for the oxidative
etching behavior of depth-differentiated atomic defects.
This observation, aided by DF calculations identifying
the key intermediate states, provides adequate atomistic
interpretation of the graphite etching process.
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