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ABSTRACT: Plane-wave density functional theory has been used to study oxygen
adsorption on graphene, graphite, and (12,0) zigzag single-walled carbon nanotubes 4
with and without Stone—Wales (SW) and single-vacancy (SV) defects to understand
the role of defects on carbonaceous material reactivity. Atomic oxygen adsorption leads
to the formation of an epoxide on defect-free graphene and graphite and an ether on
the exterior wall of carbon nanotubes and SW-defected materials. O, chemisorption is
endothermic on defect-free graphene and graphite and slightly exothermic on defect-
free nanotubes. O, chemisorption energies are predicted to be —1.1 to —1.4 eV on an
SW defect and —6.0 to —8.0 eV on an SV defect. An SW defect lowers the energy . —®DefectFree 281
barriers by 0.90 and 0.50 eV for O, chemisorption on graphene and nanotubes,
respectively. The formation of a C—O—0O—C group is important for O, dissociation on

Oxygen Dissociation on Graphene
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defect-free and SW-defected materials. The energy barrier is less than 0.30 eV on an SV 0 2 4 6 8 oo
defect. The more reactive SW defect toward O adsorption on graphene is mostly due to

the strained defective carbon atoms being able to donate more electrons to an O to form an ether. The larger 2s character in the
hybrid orbitals in an ether than in an epoxide makes the ether C—O bond stronger. Stronger C—O binding on an SW-defective
carbon nanotube than on a defect-free nanotube is in part due to more flexibility of the defect to release the epoxide ring strain to

form an ether.

Bl INTRODUCTION

Carbon materials such as graphene, graphite, nanotubes, and
fullerene-related materials have been widely used for gas
adsorption and storage,"” catalysis,” > and battery anodes.’
These materials have properties that are often associated with
carbon’s ability to change hybridization from sp to sp*. Hybrid
carbon phases also exist in combinations of hybridized atomic
orbitals, such as sp* + sp>.”® Graphite with sp” hybridization is
the most stable form of carbon under standard conditions.”
Deformed sp” hybridization may lead to the formation of
curvatures of carbonaceous materials such as found in carbon
nanotubes.'’ Non-sp* hybrid carbon atoms are also the origin
of intrinsic defects such as the Stone—Wales (SW) defect,
single-vacancy (SV) defect, and multiple vacancy defects.'' A
Stone—Wales defect includes two pairs of five-membered and
seven-membered rings formed by rotating a C—C bond in a
six-membered ring by 90°.

Defected carbonaceous materials exhibit novel mechanical,
electrical, and chemical properties and have played an
important role in the field of catalysis and energy storage.'” ™"
Defective graphite or graphitized material-supported nano-
particles, clusters, or single atoms have been used in a wide
range of catalytic reactions including hydrogenation, hydro-
genolysis, dehalogenation, and the oxygen evolution reaction
(OER).”'~** A computational study of CO and O, adsorption
on single gold atoms supported on defected single-walled
carbon nanotubes (SWCNT) showed that the defects
improved the binding strength of the Au—C bond as well as
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improving the catalytic activity.”’ In addition, more charge
transfer from gold to O, was predicted on the defected
SWCNT compared to that on the pristine SWCNT.** Carbon
defects in defected carbon spheres were reported to be active
in electrocatalytic CO, reduction, and an increase in defect
concentration could enhance catalytic performance.'’

Among those applications, the adsorption of oxygen on
carbonaceous materials is critical in oxidative dehydrogen-
ation,”*** the oxygen evolution reaction,”® and the oxygen
reduction reaction.””** The reaction of molecular oxygen with
the highly oriented pyrolytic graphite (HOPG) (001) surface
at 1000 K was studied using X-ray absorption spectroscopy
(XAS), and the electronic structure of the studied material
with a 10% weight loss remained unchanged.”” A computa-
tional study of oxygen adsorption on graphite and the (8,0)
SWCNT predicted epoxide formation and that chemisorption
of an oxygen molecule was not energetically favorable on
graphite and the interior surface of the SWCNT.’ In
comparison, chemisorption was slightly exothermic on the
exterior surface of the SWCNT. Additional theoretical studies
on the oxygenation of perfect SWCNT also predicted the
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formation of an epoxy structure.’”*” Lee et al. reported that
the molecular oxygen chemisorption was exothermic at the top
sites and/or the bridge sites of a vacancy on graphite using
scanning tunneling microscopy (STM) in combination with
density functional theory (DFT) calculations.”> Another
computational study of oxygen adsorption on a vacancy defect
as well as B- and N-doped nuclear graphite predicted that the
defective graphite was more sensitive to O, than perfect
graphite. Interestingly, the substitution of B and N improved
the oxygen resistance of nuclear graphite.**

Although oxygen adsorption on some defective carbona-
ceous materials has been reportecl,33’34 the detailed reaction
pathways of molecular oxygen dissociation on the defective
carbon atoms remain unknown. The difference in the binding
nature of an oxygen bonded to a perfect surface or to a
defective surface is still not established. In the current work,
molecular and atomic oxygen adsorption on defective carbona-
ceous materials was studied using plane-wave DFT to
investigate how the defects affect surface reactivities. Stone—
Wales and single-vacancy defects were introduced into
graphene, graphite, and (12,0) zigzag single-walled carbon
nanotubes. The carbon nanotubes were selected to study the
role that curvature plays on the oxygen reactivity. Similar
reactions on defect-free materials were also calculated for
comparison. To better understand the composition of the
natural hybrid orbitals and the natural C—O bonds in the
epoxide and ether, oxygen adsorption on graphene and carbon
nanotube with and without an SW defect using cluster models
was further investigated. The cluster calculations were
performed using atomic basis functions.

B COMPUTATIONAL METHOD

Structure relaxations for graphene and carbon nanotubes were
carried out at the density functional theory (DFT) level with
the Perdew—Burke—Ernzerhof (PBE) exchange-correlation
functional®® using the Vienna ab initio simulation package
(VASP).**™% The spin-polarized DFT calculations with a
cutoft energy of 400 eV were performed using plane-wave basis
sets and the projector-augmented wave (PAW) pseudopoten-
tials. The PBE functional was chosen as it worked well in
previous calculations on both graphene and nanotubes because
the predicted C—C bond distance with PBE is consistent with
the experiment and there are no interlayer interactions for
graphene and nanotubes.””****** The van der Waals
corrections are needed for the calculations on graphite and
the graphite calculations were carried out using the optimized
optPBE-vdw"' functional using the same basis functionals with
a cutoff energy of 420 eV. The interlayer distance in the
graphite crystal with PBE is predicted to be 3.467 A, which is
0.12 A larger than the experimental value of 3.35 A;** whereas
the optPBE-vdw functional gives a value of 3.34 A, in better
agreement with the experiment. Both PBE and optPBE-vdw
functionals predict the C—C bond distance to be 1.42 A, which
is consistent with the experiment. A cutoff energy of 420 eV
was selected for the calculations using the optPBE-vdw
functional as the predicted interlayer distance of 3.27 A in
graphite using a cutoff energy of 400 eV is slighter shorter than
the value of 3.34 A using a cutoff energy of 420 €V and the
experiment. Additionally, the test results for the atomic oxygen
adsorption energies on the basal plane of defect-free graphite
are the same using the cutoff energies of 420 and 400 eV with
optPBE-vdw. Selected calculations show that the exothermicity
of atomic oxygen adsorption on SW-defected graphite could be

overestimated by 0.4 eV with PBE compared to that with
optPBE-vdw. Oxygen adsorption reactions for graphene were
also calculated with the optPBE-vdw functional for a direct
comparison to the results on graphite to study how graphene
layers affect the oxygen reactivity on the basal plane.

The graphene layer was modeled by a 6 X 6 supercell
including 72 carbon atoms, as shown in Figure SI, and a 3 X 3
X 1 I'-centered Monkhorst—Pack k-point grid was used for the
surface calculations. Three graphene layers were built to model
the reactions on the basal plane of graphite. The vacuum
distance between two slabs was set to 20 A. The bottom layer
was fixed, and the top two graphene layers were relaxed in the
calculations. Additional calculations using more graphene
layers gave approximately the same oxygen adsorption energy
as using three graphene layers (Figure S2). A computational
model including 192 carbon atoms with a diameter of 9.47 A
was selected for the (12,0) zigzag single-walled carbon
nanotubes. A 1 X 1 X § k-point mesh was selected, and all
atoms were relaxed in the calculations of the nanotube. The
vacuum distance between the two carbon nanotubes was 15 A
to avoid the interactions between two images. Only the
adsorption on the exterior wall of the nanotube was studied to
compare the results on the surfaces of graphene and graphite.
For the defective materials, either an SW defect or an SV
defect was introduced in the middle region of the slab (Figure
S1).

Structure relaxations were performed until the residual force
on each atom was less than 0.02 eV/A. The adsorption energy
(Eags) at 0 K was calculated using eq 1

AEads = Eslab+on - Eslab —n/2 % EO2 (1)

where Eg,,,., and Egy,, are the total electronic energies of the
surface slab with and without the adsorbate of an O, molecule
or an O atom; Eg, is the electronic energy of the gas-phase
oxygen molecule, which was calculated with an 8.0 A X 8.0 A x
8.0 A unit cell at the y point only. One-half of the electronic
energy of O, was selected as the reference to study oxygen
adsorption at the lowest surface coverage. The electronic
energies for different species in eq 1 are from the calculations
using the same cutoff energy. The climbing image nudged
elastic band (cNEB) method™** was used to locate transition
states for oxygen dissociative chemisorption. The local charges
of the atoms were calculated with a Bader charge analysis.*”*°

The composition of the hybrid orbitals was determined
using NBO6"** for a natural bond orbital (NBO)*~>*
analysis for the cluster model. A S X $ X 1 unit cell (70 carbon
atoms) from the graphite crystal with H atoms attached to the
terminal C atoms was selected to model graphene. For the
nanotube, we selected a system containing 144 carbon atoms
with H atoms attached to the terminal C atoms. The atomic
oxygen adsorption energies on defect-free materials using a
large cluster model (CysH,¢ for the graphene and C,g,H,, for
the nanotube) differ by only 0.05 eV (Figure S7). An SW
defect was introduced to study the binding nature of different
C—O bonds in the epoxide and ether. Geometry optimizations
were performed using the MO06-2X exchange-correlation
functional®® with modest 6-31G basis sets’*™>° for C, O, and
H. Single-point energy calculations using the 6-311G(d,p)>*~>°
basis set with the M06-2X functional were then performed.
The MO06-2X functional was selected as it described the
electron polarization densities well in graphene and carbon
nanotube systems®” and the electron densities are important
for the NBO analysis. The calculated vibrational frequencies of

https://doi.org/10.1021/acs.jpcc.1c06741
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the global minimum are employed to obtain the zero-point
energy corrections (ZPEs). The open-shell DFT calculations
were carried out in the spin-unrestricted formalism. The DFT
calculations on the clusters were performed using Gaussian
16.°° The atomic oxygen adsorption energies are calculated
using one-half of the electronic energy of molecular oxygen as
the reference to be consistent with the periodic calculations.

B RESULTS AND DISCUSSION

Atomic Oxygen Adsorption. The adsorption of a triplet
oxygen atom on the most favorable sites was first investigated
and the results are shown in Figure 1 and Table S1. The

(9) Ether 0.30 (h) Ether -0.44 @ -3.10

Figure 1. Top views of atomic oxygen adsorption on the basal planes
of defect-free (a, d), SW-defected (b, e), and SV-defected (c, f)
graphene and graphite. Side views of atomic oxygen adsorption on
defect-free (g), SW-defected (h), and SV-defected (i) (12,0) zigzag
single-walled carbon nanotubes. Adsorption energies are shown in eV
with optPBE-vdw for graphene and graphite and with PBE for the
nanotube. The PBE values for graphene are also shown in the
parenthesis for comparison; O shown in red, C shown in brown, and
the defective carbon atoms shown in blue.

structures and adsorption energies predicted with the optPBE-
vdw functional for graphene and graphite and with the PBE
functional for nanotubes are used in the following discussion
unless otherwise noted. It is important to note that one-half of
the electronic energy of O, was selected as the reference to
calculate atomic oxygen adsorption energies. Oxygen adsorp-
tion on defect-free materials is studied for comparison purpose
and the adsorption on defective materials is the primary focus
in the current work. The total magnetic moment is zero for the
defect-free and SW-defected materials as well as the products
with oxygen adsorption. A triplet state of the product for
atomic oxygen adsorption on defect-free graphene is predicted
to be 1.0 eV higher in energy per unit cell than the singlet. At
an SV defect on graphene and graphite, there are two unpaired
electrons on two of the bi-coordinated carbon atoms,
respectively. There is approximately one unpaired electron
on a bi-coordinated carbon around an SV defect on the
nanotube. The extra spin is paired with the chemisorbed
oxygen for all SV-defected materials.

On graphene, the optPBE-vdw functional gives slightly less
endothermic or more exothermic adsorption energies than the
PBE functional. On defect-free graphene, the oxygen is bonded
to two carbon atoms with the formation of an epoxy group and
all of the carbon bridge sites are identical for oxygen
adsorption (Figure 1a). The £C—O—C of the epoxide is

predicted to be 62.0°. The existence of an SW defect lowers
the atomic oxygen adsorption energy by ~2 eV (Figure 1b).
The most exothermic adsorption site is bridging a C—C bond
between a five- and a seven-membered ring, leading to the
formation of an ether-type product. The ZC—O—C in the
ether group is 102.9°. On the basal plane with an SV defect,
the adsorbed oxygen atom occupies the vacant site and is
bonded to adjacent three carbon atoms with a binding energy
of —4.84 eV (Figure 1c). The three carbon atoms form a plane
including the central oxygen with a bond angle of 120° for
each ZC—0O—C. The predicted structures and energetics at the
PBE level for atomic oxygen adsorption on defect-free and the
SV-defected graphene are generally consistent with the
previous studies at the same level.*>*” With the presence of
an SW defect, the adsorption energy on the most favorable
bridge site with the formation of an ether is consistent with the
previous results using a S X S supercell using the PBE
functional with and without dispersion corrections.”® Either an
ether or an epoxide can be formed depending on the binding
sites around the SW defect and the details are shown in the
following section.

The results for the atomic oxygen adsorption on graphite
modeled by three graphene layers are also shown in Figure
1d—f. The most favorable adsorption sites on the defect-free
and the defective graphite are consistent with that on single-
layer graphene. Less negative adsorption energies are predicted
on the defected graphite, and the difference of adsorption
energies on graphene and graphite is generally <0.4 eV.

On (12,0) carbon nanotubes, ether-like structures are
predicted for the oxygen adsorption on both a defect-free
surface and a defective surface in the presence of an SW defect
(Figure 1gh). Consistent with the previous work on (10,0)
defect-free nanotubes,®® O adsorption on the bridge site of an
axis C—C bond with the formation of an epoxide is more
endothermic by 0.15 eV as compared to that on a zigzag C—C
bond, where ether formation is favored. The presence of an
SW defect lowers the adsorption energy by 0.7 eV (Figure 1h).
The £C—0—C in the ether group on a defect-free exterior wall
is slightly smaller than that on an SW defect site. On the SV
site, the adsorbed oxygen does not form a plane with the three
adjacent carbon atoms, and the ZC—O—C is slightly less than
120°. The oxygen adsorption energy on the SV defect site of
the nanotube is ~1.7 eV less negative than that on graphene
and graphite.

On the surface with an SW defect, there exist multiple
different adsorption sites around the defective carbon atoms,
leading to different adsorption energies. Bader charge analysis
can be used to further understand the interaction between the
atomic oxygen and different surface carbon atoms. The plot of
oxygen adsorption energies on various adsorption sites versus
the Bader charges of adsorbed oxygen atoms is shown in
Figure 2. Epoxide formation is favored on the active sites of a
five-membered ring. A bridge site between the two seven-
membered rings giving the formation of an epoxide is
consistent with the previous results using an slab’’ and a
cluster model.>” Slightly more exothermic adsorption is
predicted on the graphene and graphite than that on the
(12, 0) nanotube. The net charges of the oxygen atoms are
predicted to be mostly consistent with a value of —0.8 e in the
different epoxides. The adsorption energies with the formation
of epoxides range from —0.75 to 0.5 eV. Comparatively, more
negative charges of the oxygen atoms ranging from —1.05 e to
—1.10 e in the ethers are found. The adsorption leading to the

https://doi.org/10.1021/acs.jpcc.1c06741
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Figure 2. Oxygen adsorption energies on various sites around an SW
defect versus the Bader charges of oxygen atoms in both epoxides and
ethers (a). Multiple different adsorption sites on the SW defect on the
graphene, graphite (b), and nanotube (c). Note: Adsorption energies
are shown in eV with optPBE-vdw for graphene and graphite and with
PBE for the nanotube. In (b) and (c), the site with a black number
gives an ether formation in oxygen adsorption and epoxide formation
is favored at the other sites (the numbers shown in red); (b) the
adsorption sites on both graphene and graphite as the adsorption sites
on the basal plane of graphite are consistent with that on graphene
and only the top layer is shown for clarity for the graphite. Detailed
structures and energetics are shown in Figure S3.

formation of an ether also has different adsorption energies on
different binding sites, and their energies differ by up to 0.70
eV. Although the charge transfers from the surface to the
oxygen for the formation of either an epoxide or an ether on
different sites are comparable, the adsorption energies are
calculated to be significantly different. Such energy differences
suggest that the overlap of the hybrid orbitals from C and O
plays an important role in the C—O binding strength and
neither the epoxy nor the ether group has unpaired electrons.

Molecular Oxygen Adsorption. Physisorption. The
physisorption of an oxygen molecule on defect-free and
defective carbon materials (Figure S4) is mostly driven by Van
der Waals interactions, and the corresponding physisorption
energies are less negative than —0.6 eV with the optPBE-vdw
functional. Each of the oxygen atoms in the physisorbed
adducts has one unpaired spin, consistent with the spin on the
molecule. The dispersion contributes to ~0.2 eV for the O,
physisorption energy. On the basal plane of defect-free
graphene and graphite, the physisorption energies are
predicted to be only —0.24 and —0.37 eV. Our calculated O,
physisorption energy on defect-free graphene with PBE (—0.03
eV, Figure S4) is consistent with the previously reported value
of —0.01 eV using a periodic model with the same functional®”
and using a cluster model with the B3LYP functional.”* On the
exterior wall of defect-free nanotubes, the calculated
physisorption energy is —0.21 eV. Slightly stronger interactions
between molecular oxygen and the SW-defected graphene and
graphite are predicted and the adsorption energies are —0.51
and —0.45 eV, respectively. A slight distortion of the basal
plane is predicted along with O, physisorption. The binding
energy is 0.23 eV for O, physisorption on the nanotube with
an SW defect. For the SV-defected graphene and graphite, the
calculated adsorption energies are —0.41 and —0.20 eV. The
addition of an oxygen molecule to the nanotube with an SV
defect forms a C—O bond with a defective carbon atom with
an adsorption energy of —0.47 eV. That C—O bond distance is
calculated to be 1.36 A. These binding energies are low so that

O, is unlikely to physisorb at 298 K as the entropy of free O, at

298 K is 49 cal/mol-K giving a TAS term of 0.63 eV.
Dissociative Chemisorption. The structures and energetics

for the oxygen chemisorption are shown in Figure 3. The total

(i) -6.15

(h) Ether -1.37

(9) Ether -0.12

Figure 3. Top views of oxygen chemisorption on the basal planes of
defect-free (a, d), SW-defected (b, e), and SV-defected (¢, f) graphene
and graphite. Side views of oxygen chemisorption on defect-free (g),
SW-defected (h), and SV-defected (i) (12,0) zigzag single-walled
carbon nanotubes. Adsorption energies are shown in eV with optPBE-
vdw for graphene and graphite and with PBE for the nanotube. The
PBE values for graphene are shown in parenthesis. See Figure 1
caption for the colors of atoms.

magnetic moment is zero for the chemisorption products. The
addition of an oxygen molecule on graphene leads to the
formation of two epoxy groups (Figure 3a). This step is
endothermic by 1.44 eV. In comparison, the chemisorption of
molecular oxygen on the grapheme with an SW defect is
exothermic by —1.64 eV. Instead of forming two epoxy groups
on a perfect surface, the formation of two ether groups is
predicted around the SW defect. The most exothermic
structure is the one including two ether groups on two sides
of a seven-membered ring (Figure 3b). Additional adsorption
configurations are shown in Figure SS. The adsorption leading
to the formation of a mixture of an ether group and an epoxy
group or two epoxy groups is either less exothermic or
endothermic. On graphene with an SV defect, the oxygen
chemisorption leads to the formation of an ether group on the
basal plane with two defective bi-coordinated carbon atoms
and a dangling C—O bond with the third bi-coordinated
defective carbon atom (Figure 3c). This is much more
exothermic compared to the chemisorption on defect-free and
SW-defected graphene. The preference of forming an epoxide
on the defect-free structure and one pair of ether and carbonyl
groups on the SV-defected sites is consistent with the previous
studies with photoelectron spectroscopy®™®® and DET
calculations on graphitic materials.”” This dissociation energy
is also comparable to that on a four-atom (V4) vacancy on
graphene, where the formation of two ether groups was
predicted with PBE.%

The dissociative chemisorption of an oxygen molecule on
graphite is more endothermic or less exothermic as compared
to that on graphene. The calculated dissociation energies on
graphene and graphite differ by 0.36, 0.57, and 0.01 eV on a
defect-free, an SW-defected, and an SV-defected basal plane,
respectively (Figure 3d,f). Again, the TAS for a free O, makes

https://doi.org/10.1021/acs.jpcc.1c06741
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Figure 4. Calculated oxygen dissociation pathways on defect-free, SW-defected, and SV-defected graphene at the PBE level. The side-view
structures are shown at the top and the top views are shown at the bottom. Note: only local structures are shown and the colors for the defective
and normal carbon atoms are the same. The green and blue pathways on the defective graphene are exothermic.

it unlikely that the species on defect-free graphite will exist at
equilibrium at 298 K.

On the exterior wall of the defect-free carbon nanotube, the
oxygen chemisorption leading to the formation of two ether
groups (Figure 3g) instead of the epoxy groups formed on
defect-free graphene and graphite is predicted. Surprisingly,
this chemisorption is slightly exothermic by —0.12 eV. This is
partially due to the surface curvature, which provides
somewhat structural flexibility to avoid the ring strain in a
relatively less stable epoxide formed on the defect-free
graphene. On an SW defect, the most stable configuration
with two ether groups formed in a seven-membered ring
(Figure 3h) agrees well with that on SW-defected graphene
and graphite. The predicted chemisorption energy of —1.37 eV
is less exothermic than that on graphene and more exothermic
than that on graphite. The most stable configuration for
oxygen chemisorption on the SV-defected carbon nanotube
(Figure 3i) is similar to that on the SV-defected graphene and
graphite. An exothermic energy of —6.19 eV is predicted.

Oxygen Dissociation Pathway. The significantly different
chemisorption energies on the defect-free and the defective
materials shown above suggest that molecular oxygen could be
activated by a defect under mild conditions. The detailed
oxygen dissociation pathways on the defective materials were
studied by a series of activation energy calculations. Transition-
state calculations on defect-free materials were also inves-
tigated for comparison. As the most stable chemisorption
products on graphene and graphite are the same and the
chemisorption energies are comparable, our studies only focus
on the dissociation pathway on the graphene. The potential

energy surfaces for O, dissociation starting from the
physisorbed structures for graphene and nanotubes at the
PBE level are shown in Figures 4 and 5, respectively. It is
important to note that the chemisorption pathway includes
multiple intermediate steps. The total magnetic moment is
zero for all of the intermediates and the final products.
Unpaired electrons may exist for the transition states
depending on the materials.

On defect-free graphene, the formation of two epoxy groups
in molecular oxygen chemisorption is predicted to pass
through an intermediate with a C—O—O—C group (bl in
Figure 4). This step includes a spin crossing from the triplet to
the singlet state for the O, adsorbate with a barrier energy of
2.81 eV. The adsorbed oxygen atoms as well as the carbon
atoms in the transition state are in the singlet state with zero
magnetic moments. An epoxide is formed by breaking the
peroxyl —O—O— bond followed by the transfer of two oxygen
adatoms to adjacent bridge C—C sites. The second transition
state has a lower energy than the first, and the formation of a
surface C—O—0O—C group is the rate-limiting step. There are
no unpaired electrons for the second transition state. This
reaction mechanism for O, dissociation on defect-free
graphene is consistent with a previous report’” with the PBE
functional and the predicted barrier energies differ by only 0.10
eV.

A different mechanism is predicted for oxygen dissociation
on the SW-defected graphene. The formation of two ether
groups includes three steps, and the first two steps are similar
to that for oxygen dissociation on the perfect graphene. The
production of an intermediate including a C—O—0~-C group

https://doi.org/10.1021/acs.jpcc.1c06741
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Figure S. Calculated oxygen dissociation pathways on defect-free, SW-defected, and SV-defected (12,0) zigzag carbon nanotubes at the PBE level.
The side-view structures are shown at the top and the top views are shown at the bottom. Note: only local structures are shown and the colors for
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(b2 in Figure 4) take places on the two carbon atoms between
the two seven-membered ring, and the barrier is calculated to
be 1.50 eV, which is ~1.50 eV less than the energy barrier on
defect-free graphene. Again, the two unpaired electrons in the
O, adsorbate are paired by surface carbon atoms in this step to
form b2 and there are no unpaired electrons for the first
transition state. The energy barrier for the formation of an
epoxide intermediate (c2 in Figure 4) is also predicted to be
1.50 eV smaller than that on defect-free graphene. For the
second transition state (ts4 in Figure 4), approximately a total
of 0.4 unpaired electrons are predicted on the two oxygen
adatoms per unit cell. The third step to form two ether groups
is predicted to be the rate-determining step for the overall
reaction. This step breaks two epoxy C—O bonds followed by
oxygen transfer leading to the formation of two ether groups.
One of the two oxygen adatoms is predicted to have 0.1
unpaired electrons for the third transition state. The calculated
energy barrier is 1.90 and 1.46 eV relative to the physisorbed
structure and the reactant, respectively.

On the graphene with an SV defect, the calculated energy
barrier is only 0.29 eV for the formation of an intermediate
with two dangling C—O bonds with two bi-coordinated
defective carbon atoms. The transition state is only 0.06 eV
higher than the reactant asymptote. No energy barrier is found
for the formation of an ether group through a dangling C-O
intermediate. Again, spin crossing is predicted for oxygen
dissociation on SV-defected graphene and there are totally two
unpaired electrons on the oxygen atoms and one bi-
coordinated defective carbon atom for the transition state.

The small energy barrier for O, dissociation on an SV site is
consistent with the previous work using a cluster model for
graphene and a mixed quantum mechanics/molecular
mechanics (QM/MM) method, where the high-level calcu-
lations were performed at the B3LYP/6-31G level and the low-
level system was calculated using a universal molecular
mechanics force field.”’

The dissociation of O, on defect-free carbon nanotubes is
predicted to be a thermally neutral reaction including two steps
(Figure S). Again, the first process is to form an intermediate
with a C—O—0-C group on the exterior wall. This step also
includes a spin crossing from a triplet to a single potential
energy surface with an energy barrier of 1.98 eV. The energy
needed to overcome the second transition state to form ethers
is comparable to the first one. Each oxygen adatom has 0.5
unpaired electrons for the second transition state. The energy
barrier for the overall oxygen dissociation is 0.8 €V smaller
than that on defect-free graphene. The calculated activation
energy is slightly larger than that on the (8,0) single-walled
carbon nanotube,® where an energy barrier of 1.61 eV was
predicted with PBE. It is important to note that the formation
of two epoxy groups’ epoxide was previously predicted in the
dissociation of O,;* the formation of two ether groups is
predicted to be more favorable in the current work.

Oxygen dissociation on the SW-defected carbon nanotube is
exothermic for three elementary steps like the SW-defected
graphene. Again, oxygen chemisorption passes through a first
intermediate including a peroxyl group followed by a second
intermediate including an epoxy and an ether group before the
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Figure 6. Projected density of states of O 2p orbitals in the products of atomic adsorption on defect-free, SW-defected, and SV-defected graphene
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final stabilization step to form two ether groups. The transition
state for the second step has the highest energy with an energy
barrier of 1.52 eV relative to the O, physisorbed structure. The
energy barrier is 1.46 eV relative to the reactant. Approx-
imately, 0.1 electrons are predicted on each of the oxygen
adatoms for the first transition state; the second and the third
transition states are predicted to be singlets with no unpaired
electrons.

On the SV-defected nanotube, the dissociation should
readily occur without an energy barrier. This is generally
consistent with that on the graphene with an SV defect, as
shown above. The process takes place through an intermediate
including an epoxy group and a dangling carbonyl group on
the exterior wall (b3 in Figure S). The oxygen dissociation
pathway on the SV defect carbon nanotube includes a spin
crossing from the triplet to the singlet potential energy surface
and the spin in the initial reactant (a3 in Figure S) localizes on
the two oxygen atoms.

Electronic Density of States. Figure 6 shows the
projected density of states (DOSs) of the O 2p band in an
energy window between —10 and 2 eV for atomic oxygen
adsorption on different materials with and without a defect. On
the defect-free graphene, a peak for the highest occupied state
is calculated near —3.0 to —2.0 eV. The highest occupied O 2p
band center in the ether group on the SW-defected graphene is
shifted to the valence band by 0.45 eV as compared to that in
the epoxide on the defect-free graphene. The predicted Fermi
energies for both graphenes with an adsorbed O only differ by
0.05 eV. The O 2p band shift is in part due to more charge
transfer to O from the SW-defective carbon atoms than that
from the defect-free carbon atoms, predicted by the Bader
charge analysis, where the O in an ether is more negative than
the O in an epoxide. For the oxygen on the SV-defected
graphene, a strong peak is found near —9.0 eV together with a
weaker peak at the Fermi level. The DOSs of the 2p orbitals of
the three C atoms bonded to the O (not shown) also show a
strong peak near —9.0 eV and a weaker peak at the Fermi level.
The symmetric DOS distribution near the Fermi level for both
C and O 2p orbitals indicates that the covalent C—O bonds on
an SV defect are formed by sharing the unpaired electron from
the C around the vacancy and the O adsorbate. This is
different from the covalent binding on a defect-free and an
SW-defective site, where no unpaired electrons are predicted
without the adsorbate of O.

The DOSs for the O 2p band on the carbon nanotube
(Figure 6b) show similar peaks on both the defect-fee and SW-

defected surfaces, where ether formation is favored for both.
The oxygen 2p band on the SV-defected carbon nanotube is
also similar to that on the SV-defected graphene. The binding
on an SV site in the atomic oxygen adsorption is generally
consistent on graphene and the nanotube. The DOSs for the
atomic oxygen adsorption on graphite (Figure S6) show
consistent peak positions with a broader width as compared to
that on graphene.

Oxygen Adsorption Using Cluster Models. The DFT
results for oxygen adsorption on graphene and zigzag carbon
nanotubes using cluster models are shown in Figure 7. The

FPeheholgby-
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Figure 7. Optimized molecular structures and adsorption energies
(AHyg) in eV for graphene and nanotube with cluster models at the
M06-2X/6-311G(d,p) level. (a) and (c) for atomic and molecular
adsorption on graphene; (b) and (d) for atomic and molecular
oxygen adsorption on the nanotube; carbon atoms around a defect
shown in purple and oxygen atoms shown in red. For the adsorption
energy of atomic oxygen, one-half of the electronic energy of O, was
selected for the adsorbate. S = singlet in blue, T = triplet in black; and
Q_= quintet in red.

graphene with H atoms attached to the terminal carbon atoms
is predicted to be a closed-shell singlet for both defect-free and
SW-defected clusters. The adducts with the adsorption of an O
atom are predicted to be a triplet and the spin delocalizes on
the edge carbon atoms (Figure 8). Similarly, the triplet state is
predicted to be the ground state with atomic oxygen
adsorption on the nanotube. The spin also delocalizes on the
edge carbon atoms. Neither the epoxy nor the ether group has
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unpaired electrons on the graphene and nanotube, which
agrees well with the periodic DFT calculations. The cluster
model has excess spin localized on the edges of the cluster.
This most likely happens because the extended 7 system has a
very low singlet—triplet (S—T) splitting before substitution of
the oxygen as has been established for polyacenes up through
heptacene.”®® As an example, the adiabatic S—T splitting in
heptacene is 0.55 eV.”” Our cluster model has a much larger
extended 7 system, so the S—T splitting should be even smaller
and more susceptible to perturbations. Addition of the triplet
O atom perturbs the extended 7 system lowering the energy of
the low-lying triplet so that it is now below the singlet state by
~0.5 eV. This can happen because the excess spin density can
localize on the edges of the cluster. In the periodic system,
there are no edges for the spin to localize on, thus the triplet
state does not localize in the periodic system.

Consistent with the periodic DFT results, an epoxide and an
ether are predicted on defect-free and SW-defected graphene
cluster models. The adsorption energies are predicted to be
0.33 eV and —0.69 eV, respectively. With respect to the
nanotube, the formation of an ether is favored on both defect-
free and SW-defected cluster models. Again, this is consistent

with the periodic DFT calculations. The atomic oxygen
adsorption energy on the SW-defected nanotube is predicted
to be —3.72 eV, which is 1.18 eV more negative than that on
the defect-free cluster model.

Dissociation of O, was also studied and the results are
shown in Figure 7c,d for the cluster models of graphene and
the nanotube, respectively. Again, the spin also delocalizes on
the edge carbon atoms. An endothermic dissociation energy of
0.28 eV is predicted with the formation of two epoxy groups
on the cluster model of defect-free graphene; the product is
predicted to be a triplet. With the presence of a SW defect, the
oxygen chemisorption is predicted to be exothermic by —1.07
eV leading to the formation of a quintet product including two
ether groups in the seven-membered ring. The triplet state is
predicted to be only 0.18 eV higher in energy than the quintet.
For the cluster model of the nanotube, the dissociation of an
O, molecule results in the formation of a quintet and a triplet
for the defect-free and SW-defected cluster models. Again, the
SW defect lowers the dissociative adsorption energy by 1.22 eV
and a highly exothermic energy of —4.65 eV is predicted on the
SW-defected nanotube.

The most favorable oxygen binding sites as well as the
adsorption products are consistent using both cluster and
periodic models. The adsorption energies on graphene using
both models are comparable and more exothermic energies are
predicted for the nanotube using cluster models. The larger
exothermicity may be partially due to the presence of edge
carbon atom in the clusters, which may exhibit specific
chemical reactivities.”' The consistent results with respect to
the binding sites, adsorption products, and the more
exothermicities on the SW defects using both models suggest
that the NBO analysis from the cluster calculations can be used
to better understand the nature of the binding in the periodic
DEFT calculations.

NBO Analysis. The hybridization properties as well as the
weights of the hybrid orbital making a C—O bond from the
NBO analysis on the clusters are shown in Table 1. We
averaged those properties from the o and f spin orbitals as
there is no extra spin on the C—O—C group and the values for
both spin orbitals are generally consistent. The detailed
hybridization properties on the a and B spin orbitals are
shown in the Supporting Information. The epoxy C—O—-C
group on the defect-free graphene model arises from the
interactions between sp®'® hybrid orbitals on the two C atoms
and an sp®®® hybrid orbital on the O. For the ether on an SW
defect, one C—O bond is from the interaction between an

Table 1. Hybridization Properties of C—O Bonds in the Epoxide and the Ether Formed on the Graphene and Nanotube from
NBO Analysis Calculated at the M06-2X/6-311G(d,p) Level”

species bond h? % p© ho?
graphene-epoxide C1-0 sp®18 86.0% sp®s8
C2-0 sp®'? 86.0% sp®%°

graphene SW-ether C1-0 sp>3® 77.0% sp>®
C2-0 sp>¥’ 77.7% sp>%®

nanotube ether C1-0 sp>?’ 76.6% sp>%®
C2-0 sp>?® 76.6% sp>®

nanotube SW-ether C1-0 sp>* 77.8% sp>%
C2-0 sp>3¢ 77.1% sp>7®

% p* we (%) wto (%)? d¢° 80"

87.3% 35.3 64.7 0.22 —0.50
87.3% 3583 64.7 0.22 —0.50
74.0% 32.8 67.2 0.34 —0.53
74.9% 33.0 67.0 0.41 —0.53
75.5% 33.5 66.5 0.35 -0.53
76.0% 334 66.6 0.35 —-0.53
75.5% 33.0 67.0 0.37 —0.54
73.5% 332 66.8 0.34 —0.54

“Note: The composition, % p character, and the weight are the averaged values from « and f spin orbitals; the structures are shown in Figure 7.
bComposition of the natural hybrids of C and O. “Percentage of the p character of the natural hybrids of C and O. dWeight of the natural hybrid

orbitals to make a C—O bond. “Natural charge from natural population analysis (NPA)7.

H
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sp>> hybrid orbital on the C and an sp**° hybrid orbital on the
O. The other C—O bond is formed via the interaction between
an sp>* hybrid orbital on the C and an sp**® hybrid orbital on
the O. Thus, the hybrid orbitals on C and O have more p
character in the epoxide than that in the ether. For carbon
nanotubes, the % p characters of the hybrid orbitals on both C
and O are comparable to that on an SW-defected graphene and
ether formation is favored in these cases. The % p characters of
the hybrid orbitals on the O in the ether group on defect-free
and SW-defected nanotubes are comparable with the differ-
ence of less than 2%. The significantly different weights of the
hybrid orbitals of C and O suggest the C—O bonds in both the
epoxide and the ether are polar covalent bonds. On graphene,
the C—O bond in the ether on an SW defect is more polar than
that in the epoxide formed on the defect-free surface. The
polarities are comparable for the C—O bonds in the ether
group on defect-free and SW-defected nanotubes.

The different adsorption energies with the formation of an
ether and an epoxide on graphene correlate with less p
character (more s character) on the C and O atoms in the
ether group. The less 2p character (more 2s character) there is
in the hybrid orbitals on the C and O, the stronger the C—O
binding is predicted to be. The strain on the defective carbon
atoms may also play an important role in the adsorption
energy. For example, the presence of an SW defect increases
the electronic energy of 5.32 and 3.66 eV per formula unit for
the graphene (the model with 72C) and the nanotube (the
model with 192C), respectively, in the periodic calculations.
The defect-free carbon atoms are less strained and a weaker
oxygen binding with them is predicted as compared to the
binding with SW-defective carbon atoms on nanotubes (Figure
1), although ether formation is favored on both and the 2s
character in the hybrid orbitals is comparable.

B CONCLUSIONS

Plane-wave density functional theory has been used to study
oxygen adsorption on the SW-defected and SV-defected
graphene, graphite, and zigzag single-walled carbon nanotubes
to compare to the adsorption behavior on defect-free materials.
Atomic oxygen adsorption on defect-free graphene and
graphite leads to the formation of a stable epoxide-like
structure. In comparison, an ether-like structure is predicted on
the exterior wall of carbon nanotubes and SW-defected
materials. An SV site is predicted to be the most reactive for
atomic oxygen adsorption. The chemisorption of O, is
endothermic on defect-free graphene and graphite and slightly
exothermic on the defect-free nanotube. O, chemisorption is
exothermic on the defected materials. The presence of an SW
defect lowers the energy barriers by ~0.90 and 0.50 eV for O,
chemisorption on the graphene and the nanotube. The
formation of a peroxyl C—O—0O—C group plays an important
role for the dissociation. There is generally no energy barrier
for O, dissociation on the SV-defected graphene and nanotube.

On graphene, the more reactive SW defect toward O
adsorption is mostly due to the strained defective carbon
atoms being able to donate more electrons to an O to release
the epoxide ring strain to form an ether than the defect-free
carbon atoms. The more 2s character in the hybrid orbitals in
an ether than in an epoxide makes the C—O bond stronger in
the ether. Stronger C—O binding on an SW-defective carbon
nanotube than on a defect-free nanotube is in part due to the
SW defect having more flexibility to release the epoxide ring

strain to form an ether although ether formation is favored on
both and the 2s character in the two ethers is comparable.
The calculations show that graphene is slightly more reactive
than multilayer graphite in terms of oxygen adsorption. The
presence of curvature increases the reactivity of defect-free
materials. Impurities can be formed spontaneously on SV-
defected carbonaceous materials as O, dissociation readily
occurs on an SV defect. In catalytic reactions involving oxygen
for carbonaceous materials as the catalyst or as a support, gas-
phase O, can be activated by an SW defect under mild
conditions, whereas defect-free carbon atoms on the planar
graphene and graphite are generally inert for oxygen activation.
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