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Adsorption and desorption of an oxygen molecule on carbon nanotubes are investigated using density
functional calculations. Several precursor states exist at the edge of armchair nanotubes, whereas an
exothermic adsorption takes place at the edge of zigzag nanotubes. We also estimate desorption barriers
of a CO molecule from nanotubes as well as fullerenes and amorphous phases. Our calculations suggest
that carbon nanotubes can survive selectively during the oxidative etching process with a precise control
of annealing temperature, in good agreement with experimental results of purification process of carbon

nanotubes.

PACS numbers: 61.48.+c, 68.45.Da, 81.65.Mq, 82.30.—b

Since the discovery of carbon nanotubes (CNTSs) from
arc discharge in 1991 [1], great efforts have been done
for the synthesis of CNTs in massive quantity and their
purification processes. Electric arc discharge of graphite
rods has been considered to be an appropriate method for
the synthesis of CNTs in large quantity [2,3]. However,
with these approaches a large quantity of unnecessary car-
bonaceous particles such as fullerenes, nanoparticles, and
amorphous (a-) phases are aways contained in the soot
in addition to the CNTs [4,5]. Highly purified CNTs are
in genera required for further sophisticated measurements
and practical applications.

Purification involves in general the separation and the
elimination processes of some carbonaceous particlesfrom
CNTs. Various standard techniques such as filtration,
chromatography, and centrifugation, have been tried for
the purification [6]. The key step for the purification
process is an oxidative etching in gas-phase reaction or
liquid-phase reaction in an acidic solution [6]. All these
processes presume the fact that the oxidative etching takes
place selectively between CNTs and other carbonaceous
particles; i.e., the oxidative etching rate of the carbona
ceous particles is faster than that of CNTs. Although the
CNTs are separated from those particles to some extent,
some particles still remain in the purified samples and,
moreover, the purification yield is poor in most cases [6].
Understanding the adsorption and desorption of an O,
molecule for CNTs and the carbonaceous particles is pre-
requisite in order to improve the yield during the purifi-
cation process. The main difficulty of understanding such
processes arises from the lack of atheoretical model in an
atomic scale.

In this work, we have carried out a systematic study for
adsorption and desorption of an O, molecule on CNTs us-
ing the density functional (DF) calculations. Some key
intermediates are identified in the adsorption process. An
O, molecule adsorbs on the nanotube wall and diffuses
into the edge. We will show that several precursor states
exist on the armchair edge, which may delay the onset of
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O, molecular adsorption, whereas an O, molecule disso-
ciatively chemisorbs without an activation barrier on the
zigzag edge. We also evaluate the desorption barriers of a
CO molecule from the CNT edges in a concerted desorp-
tion pathway. We will prove that fullerenes and a-carbon
can be oxidatively etched away more easily than CNTs due
to lower desorption barriers, and therefore CNTs can sur-
vive selectively during the oxidative etching process.

For our calculations we use a self-consistent charge
density-functional-based  tight-binding  (SCC-DFTB)
method [7] and local atomic orbital (LCAO)-basis DF
calculations [8] within local-density approximation (LDA)
and generalized-gradient approximation (GGA).

We choose supercells of (5, 5) armchair and (9, 0) zigzag
nanotubes in our calculations, with respective diameters
of 6.8 and 7.0 A and average bond lengths of 1.42 A. Ten
and eight layers along the tube axis (z axis) are chosen
for armchair and zigzag nanotubes, respectively. We first
calculate an O, adsorption on the CNT wall. The adsorp-
tion energy can be defined, E.q = E (O, + CNT) —
E(0;) — Eio(CNT), where E, is the total energy of
a given system. We tried various adsorption sites for an
O, molecule on both tubes [9]. The adsorption energies
are ranged within —0.5—-—0.6 eV for al cases [10,11].
The O, molecular bond is not broken apart, with the bond
lengths varying from 1.48 A to 1.53 A. Thus, the O,
molecule adsorbs on the tube wall with a relatively small
adsorption energy and migrates easily to the CNT edge.

We now caculate an O, adsorption at the CNT
edges. We tried various adsorption positions with differ-
ent orientations of an O, molecule. Several metastable
(stable) states are found at the armchair edge, as shown
in Figs. 1(@)—1(d). The O, molecule first adsorbs at the
top site on the triply bonded C, dimer (bond length:
1.25 A) [12], as shown in Fig. 1(a). The bond length of
0O, molecule is simply expanded from 1.10 to 1.57 A,
due to the Coulomb repulsion between two oxygen atoms,
where the Mulliken excess charges (—0.10¢) are accumu-
lated. The C, dimer becomes double-bonded with a bond
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FIG. 1. Adsorption of an O, molecule on CNT edges:
(a),(b) the intermediate states on the top site of the armchair
edge, (¢) the final state with oxygen atoms located at pentagon
and top sites of the armchair edge, (d) the seat site of the
armchair edge, and (e) the top sites at the zigzag edge. The
dark and grey balls indicate the oxygen and carbon atoms,
respectively. All bond lengths are in units of A. The Mulliken
excess charges of the oxygen atoms are shown in parentheses
in units of electron.

length of 1.40 A, and the weak CO bonds are formed.
The adsorption energy of this configuration is —4.04
(—4.61:—3.82) eV from SCC-DFTB (LDA:GGA) calcu-
lations. Another intermediate state is obtained by separat-
ing the O-O distance alittle. After full relaxation, the O-O
bond is now completely separated, as shown in Fig. 1(b).
A more significant amount of charge transfer (—0.33¢) is
observed in this case. The C-O bond strengths become
stronger with bond lengths of 1.21 A, and the C, dimer
is single-bonded now. This gives rise to the stronger ad-
sorption energy of —7.41 (—7.81:—6.89) eV. The energy
barrier between these two precursor statesis only 0.11 €V.
A more stable configuration is obtained by separating the
O-0 distance further, as shown in Fig. 1(c). One oxygen
atom is located at the pentagon site with weak C-O bonds
(bond lengths: 1.41 and 1.37 A), and the other oxygen
atom is at the top site with a strong C-O bond (bond
length: 1.21 A). The O-O distance is far apart by 2.81 A.
This configuration is the most stable one among others
with an adsorption energy of —7.98 (—8.13:—7.04) eV.
Note that the relative energy changes between intermediate
states are similar, independent of the different calcula
tional approaches. The energy barrier from Figs. 1(b) and
1(c) is 0.73 eV. We find another stable configuration,
where the O, molecule adsorbs at the seat site, as shown
in Fig. 1(d). A strong Coulomb repulsive force exists
between two oxygen atoms, separating the O-O bond
and resulting in the relatively low adsorption energy of
—5.26 eV.
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Unlike the armchair edge, where severa intermediate
states exist, the adsorption of an O, molecule at the zigzag
edge shows only one available top site, independent of
initial orientations and positions of an O, molecule, as
shown in Fig. 1(e). The O, molecule simply dissociates
first without any energy barrier and then chemisorbs on
two adjacent top sites, forming strong C-O bonds with
bond lengths of 1.21 A. The energy gain is larger with
an adsorption energy of —8.39 eV. Thisis expected, since
the edge energy of azigzag CNT is higher by 0.8 eV than
that of armchair CNT [12,13].

We also calculate the adsorption of O, on the fullerene
and a-carbon, which remain with CNTs in a large por-
tion of the pristine soot. Figure 2(a) shows an intermedi-
ate state of O, adsorbed at the top site on a double bond
(hexagon-hexagon:1-h) of Cgy. The O-O distance is kept
to1.52 A, with C-O bond lengthsof 1.50 A. The C-C bond
becomes single-bonded, showing similar trendsto previous
reports [14,15]. The adsorption energy is —1.68 eV, rela
tively smaller than those of CNT edges. Breaking up the
0O-O bond length to 2.50 A [Fig. 2(b)] requires a potential
barrier of 1.57 eV. However, this enhances the adsorption
energy to —3.25 eV. Note that this process aready opens
the cage structure, as shown in Fig. 2(b). With further
oxidation, the cage is expected to be fragmented easily
with even lower barrier height. We find another adsorption
site at top site on a single bond (pentagon-hexagon: p-h),
which gives smaller adsorption energy of —0.86 eV than
that on the double bond. The transition from this precursor
state to the final geometry [Fig. 2(d)] requires a smaller
barrier height (0.71 eV) than that on the i-h bond. The
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FIG. 2. Adsorption of an O, molecule on carbonaceous par-
ticles: (a) a precursor state on the i-h bond of Cg, (b) the final
state on the #-h bond of Cg, (C) a precursor state on the p-h
bond of Cg, (d) the final state on the p-i bond of Cg, (€) the
initial O, adsorption on top of the C5-C; bond of a-surface be-
fore relaxation, (f) the fully relaxed on-top configuration of the
C;-C; site, and (g) the fully relaxed geometry of the O, adsorp-
tion on top of the C,-C; site. All other notations are the same
asin Fig. 1.
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local atomic geometries are similar to the adsorption on
the h-h bond. The adsorption energies are determined by
the available 7 electrons.

For an adsorption of O, on a-carbon surface, we first
generated qa-carbon network using melting-quenching
molecular-dynamics simulation technique [10,16]. In the
supercell 144 carbon atoms were used to generate a-carbon
network with periodic boundary conditions. The periodic
boundary condition along the z axis was then removed to
open the a-carbon surface and annealed again at 1000 K,
followed by the quenching process, until the forces on
each atom were less than 0.01 a.u. Only one twofold co-
ordinated atom was present on the surface and the rest of
the atoms were threefold coordinated, i.e., mostly graphi-
tized [10]. Various adsorption sites have been tested.
Figure 2(e) shows the typical local intermediate geometry
when an O, molecule adsorbs on top of the C;-C; site,
where C, stands for an n-fold coordinated atom. In this
case, the O-O bond is not broken, similar to the local
structure of the precursor states in Cqy. The adsorption
energy is —2.36 eV, within the range of the energy gain
by the adsorption on the single bond (—1.68 €V) and the
double bond (—3.25 €V) in Cgy. Separating the O-O bond
leads to the fina configuration, as shown in Fig. 2(f).
This process requires a barrier height of 0.36 eV but the
energy gain is high with strong C-O bonds and the strain
release, resulting in the adsorption energy of —11.0 V.
Figure 2(g) shows the typical loca geometry of an O,
molecule adsorbed on top of the C;-C; bond. In this case,
the O, molecule dissociates first without an activation
barrier and adsorbs on the surface with strong C-O bond
with bond lengths of about 1.2 A. This involves one C-C
backbond breaking, but more strain energy isinvolved dur-
ing the relaxation, resulting in a large adsorption energy
of —11.7 eV. Thus, the adsorption of the O, molecule on
the a-carbon surface is strongly site dependent with rela-
tively large adsorption energy. We expect O, molecules
more likely to be adsorbed on a-carbon than fullerenes
and nanotube edges.

So far, we have carried out energetics of O, adsorp-
tion on various species. In order to describe the oxidative
etching, we evaluate a desorption barrier of a CO mole-
cule from the adsorbed phases, which governs the kinetics
of the system. Although various geometries are energeti-
cally stable, we choose the one which is energetically most
stable in a given phase. For armchair edge, we choose
the configuration given in Fig. 1(c) as a starting configu-
ration for desorption, as shown in Fig. 3(a). We first try
to desorb the C-O pair from the pentagon site. The cor-
responding potential barriers for concerted pathways are
shown in Fig. 4. We move up the carbon atom below the
oxygen atom at the pentagon site by 0.2 A along the z axis
and then fix the z coordinate of the chosen carbon atom.
The C-O bond becomes stronger as the carbon atom moves
away from the edge. The barrier height of 2.48 eV is ob-
served at the step (iii), where the C-O pair loses the bond
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FIG. 3. Desorption pathways of the C-O pair from (a) the
pentagon site at the armchair edge, (b) the top site at the zigzag
edge, (c) the on-top of the C;-C; bond on the a-surface, and
(d) the on-top of the C,-C; bond on the a-surface. All other
notations are the same as in Fig. 1.

with the adjacent carbon atoms. The oxygen atom at the
next top site rebonds to the carbon atoms at the pentagon
site, gaining the energy by 2.0 eV. One may imagine the
desorption of the C-O pair from the top site first. How-
ever, this requires relatively large barrier height of about
4.0 eV [10]. Desorption pathways from the zigzag edge
are relatively simple, as shown in Fig. 3(b). We move up
the carbon atom below the oxygen atom, similar to the pre-
vious calculations. Two C-C bonds are broken one by one,
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FIG. 4. The desorption energy barrier of CO from given path-
waysin Fig. 3; () the pentagon site at the armchair edge, (b) the
top site at the zigzag edge, and (c) on-top of C;5-C; bond (filled
circles) and on-top of C,-C; site (filled squares) on amorphous
surfaces. The corresponding pathways are indicated in Fig. 3.
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showing the barrier at the step (iii) with the barrier height
of 2.44 eV. Thelone carbon bonds are again backbonded,
forming a pentagon which has an energy of 1.2 eV. This
barrier height is similar to that of the armchair edge.

For desorption barriers of the C-O pair from the
a-carbon surface, various pathways can be chosen. Fig-
ures 3(c) and 3(d) show the pathways which give the mini-
mum barriers, and the corresponding barriers are given
in Fig. 4(c). The desorption barrier from the C;-C; site
[Fig. 3(c)] is 2.1 eV, as shown in the step (iii), where
most energy cost results from the bondbreaking of strong
C-C bond. In case of desorption from the C,-C; site
[Fig. 3(d)], the barrier height is 0.25 eV, relatively low due
to two weak C-C bonds (1.58 and 1.91 A). The desorption
energy barrier was found to vary from 1 to about 2 eV,
depending on the site. The desorption will take place from
the site which reguires the smaller activation barrier.

We now discuss the selective etching by O, oxida
tion, based on our calculations. Armchair CNTs have
several precursor states with small activation barriers be-
fore reaching the final stable configuration, as shown in
Figs. 1(a)—1(c). This may delay the onset of O, adsorp-
tion at the armchair edge. Adsorption on the zigzag edge
is exothermic without any precursor state and gains larger
energy than that on the armchair edge. A selective etching
between armchair and zigzag tubes may be observed by
controlling etching time. The desorption barrier of the
C-O pair from the zigzag edge is about the same as that
from the armchair edge. This suggests that it is difficult to
observe a selective etching between these two CNT edges.
In case of fullerenes, despite the smaller adsorption ener-
gies, the cage structures can easily be broken by continuous
supplies of O, molecules, as discussed in Figs. 2(a)—2(d).
The energy gain for O, adsorption on a-phase is very
large, although the desorption barriers vary significantly
from site to site. The etching will take place from the site
which gives smaller activation barrier first. Therefore, the
fullerenes and the a-phase can be easily etched away first
by the selective etching. Controlling annealing tempera-
ture during thermal treatment is very crucial. One may
estimate the annealing temperature from the Redhead’s
equation [17], EA/KBTd = In(aTd) - In(EA/KBTd),
where « is a constant and dependent on coverage, rate
constant, and heating rate. Assuming the first order kinet-
ics, one may obtain a reasonable desorption temperature
(T,) for a given activation barrier (E4). The estimated
desorption temperatures of the C-O pair from armchair
edge, zigzag edge, Cqo, and a-phase are 953, 937, 273,
and 100 K, respectively, for the corresponding desorption
barriers of 2.48, 2.44, 1.18, and 0.26 eV. Considering the
fact that DF calculations usually underestimate the activa-
tion barriers, these values are reasonably good agreements
with experimentally observed annealing temperatures of
near 1050 K for CNTs [18,19]. Precise control of the
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annealing time is also necessary in order to get a high
yield of CNTs.

In summary, we have investigated the reaction of an
O, molecule with CNTs using DF calculations. The O,
molecule arriving at the tube wall does not adsorb on the
wall and instead glides into the edges. Several precursor
states exist on an armchair edge, which may delay the
onset of O, adsorption, whereas the O, molecule exother-
mally dissociates and chemisorbs at the zigzag edge.
Desorption processes of the C-O pair are aso investigated
with concerted pathways in order to study the kinetics.
Desorption barriers of the C-O pair from the fullerenes
and the a-surface are significantly lower than those from
the CNT edges. By comparing adsorption energies and
desorption barriers of CNTs with those of fullerenes and
a-carbon, we show that a selective etching can occur such
that CNTs can survive during thermal treatment under an
oxygen ambient.
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