Downloaded viaINDIAN INST OF SCIENCE on October 4, 2022 at 05:13:22 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Derivative Works (CC-BY-NC-ND) Attribution License, which permits copying and
redistribution of the article, and creation of adaptations, all for non-commercial purposes.

This is an open access article published under a Creative Commons Non-Commercial No Q
A4

http://pubs.acs.org/journal/acsodf

ACS
AUTHORCHOICE

Stone—Wales Defect and Vacancy-Assisted Enhanced Atomic Orbital
Interactions Between Graphene and Ambient Gases: A First-
Principles Insight

Jeevesh Kumar, Ansh, and Mayank Shrivastava™

Cite This: ACS Omega 2020, 5, 31281-31288 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations ‘ @ Supporting Information

ABSTRACT: Graphene has magnificent fundamental properties for its
application in various fields. However, these fundamental properties have
been observed to get perturbed by various agents like intrinsic defects and
ambient gases. Degradation as well as p-type behavior of graphene under
an ambient atmosphere are some of the properties that have not yet been
explored extensively. In this work, interactions of different ambient gases,
like N,, O,, Ar, CO,, and H,O, with pristine and defective graphene are
studied using density functional theory (DFT) computations. It is -
observed that while the pristine graphene is chemically and physically inert °0 ° ? Nomalced k.
with ambient gases, except for oxygen, its interaction with these ambient (G G
gases increases significantly in the presence of carbon vacancies and
Stone—Wales (SW) defects. We report that Ar and N, are apparently not
inert with defective graphene, as they also influence its fundamental properties like band structure, mid gap (trap) states, and Fermi
energy level. We have also found that while oxygen makes pristine graphene p-type, the phenomenon amplifies in the presence of
SW defects. Besides, in the presence of carbon vacancies, N,, H,0O, and CO, also make the graphene monolayer p-type. Among
ambient gases, oxygen is the real performance and reliability killer for graphene. Its reaction is seeded by a carbon vacancy, which
initiates its degradation by local formation of graphene oxide.

Graphene under

B INTRODUCTION al.'® as well as Al-Hamdani et al,,'” and adsorption of CO, in
the study by Lee et al.”® These studies,'’ > however, also did
not explore the impact of the studied gases on the fundamental
properties of graphene like band structure, Fermi energy, and
mid gap (trap) states, which would directly influence the
electrical and optoelectronic properties of graphene-based
devices. Hence, theoretical insights into such environmental
effects, p-type behavior of graphene, and its degradation in an
ambient environment still remain to be probed in depth.

It is known that there are various structural defects that are
inherently 1present in graphene after growth or device
processing.”' ~** These defects, especially void and Stone—
Wales (SW), deteriorate electrical,”*** mechanical,”**” and
thermal™® properties of graphene. Defects in graphene also
influence its interactions with various sensitive gases.29_35 Due
to such intrinsic defects, abundant atmospheric gases,
especially inert gases like Ar and N,, can also interact with
graphene and influence its fundamental properties, as discussed

Graphene, since its discovery,1 has attracted remarkable
attention from industry and the research community due to
its excellent electrical,” thermal,® mechanical,* optical,5 and
magnetic’ properties. However, these properties of graphene
are strongly influenced by some of the major atmospheric
gases.””'” Ryu et al.” as well as Liu et al.” and Shim et al.” have
investigated p-type doping of graphene by oxygen and water,
respectively. The authors, however, have not given detailed
theoretical insights into the reported interactions. Yang et al."’
have studied the influence of atmospheric gases on electrical
transport in graphene; however, the authors did not discuss the
fundamental cause of the reported changes in doping and
mobility. Graphene over a metal substrate shows complex
interaction mechanisms with gases, like intercalation and
splitting of water on a Cu(111) substrate,"* decomposition of
water on a Ni(111) substrate,"* nanobubble implantation of
argon on a Ni(111) substrate,'” and sequestration of carbon
monoxide on a Ru(0001) substrate.'® Similar behavior of
graphene, however, cannot be expected after its transfer due to
the absence of catalysis action of corresponding metals.
Detailed investigations to probe the impact of ambient gases
on graphene are not available yet, except for preliminary
studies like the study by Grosjean et al,'” on the effect of
hydroxide,'” its interaction with water in the study by Freitas et
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Figure 1. (a) Observed distance of various molecules from graphene surfaces, poststructure optimization for minimum energy. (b) Energy of
various graphene—molecule systems explored, extracted poststructure optimization for minimum energy.
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Figure 2. Band structures of a 7 X 7 supercell of (a) pristine graphene, (b) a pristine graphene—Ar system, and (c) a pristine graphene—N, system.

later in this work. The impact of defects on interactions of
ambient gases with graphene has not been investigated yet,
except for investigations done by Li et al,’® in which the
authors probed defect-induced oxygen adsorption on gra-
phene.

In this work, using density functional theory (DFT)
computations, we have investigated the impact of ambient
gases on the fundamental properties of graphene in the
presence of a carbon vacancy and SW defects. Nitrogen (N,),
oxygen (O,), water (H,O), argon (Ar), and carbon dioxide
(CO,) molecules have been selected for the study due to their
abundant presence in the atmosphere. We have explored how
chemical and physical interactions of these gases with graphene
are influenced by a carbon vacancy and SW defects. We have
also investigated the strength of inertness of Ar and N, toward
graphene due to these defects. Furthermore, we have studied
atomic orbital interactions between the gases and carbon
atoms at the defect sites. Moreover, influences of the
fundamental properties of graphene like band structure,
Fermi energy, and mid gap (trap) states are explored too.
Using these explorations, we have explained why graphene
behaves as a p-type material under ambient conditions. Finally,
we have also revealed that oxygen in the presence of defects
makes graphene thermodynamically less stable by initiating
graphene degradation through graphene oxide formation at the
carbon vacancy site.

B RESULTS AND DISCUSSION

Bonding Features of the Interactions. Carbon
vacancies and Stone—Wales defects are prominent point
defects in CVD-grown graphene.”” It is worth exploring how
defects would affect interactions of ambient gases with
graphene, which can potentially perturb its fundamental
properties. To explore this, ambient gaseous molecules were
optimized over different graphene supercells (Supporting
Information (SI), Figure S3) to achieve their minimum energy
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conditions. It is observed that all of the molecules sit over
pristine graphene within the van der Waals (vdW) attraction
regime. Distances of Ar, CO,, H,O, N,, and O, from the
pristine graphene surface are ~3.54, ~2.97, ~2.38, ~3.14, and
~2.85 A, respectively, as shown in Figure la. Binding energies
of all of the molecules with different graphene surfaces (Figure
1b) were calculated using eq 1.

AE = Esys - (Emolecule + Egraphene) (1)

where E is the energy of the optimized graphene—
molecule system, while E jecye and Egppene are optimized
energies of the corresponding molecule and graphene,
respectively, under isolated conditions.Negative values of the
binding energies represent exothermic interactions, which
confirms that all of the interactions are thermodynamically
favorable. In the case of pristine graphene, all of the molecules
are bound with ~5 eV of energy, which signifies that their
interaction is physical (vdW interaction) in nature.

On the other hand, when a vacancy is created in the pristine
graphene (vac. graphene), it leaves behind an unbound orbital.
We have found that the unbound orbitals can enhance
interactions of graphene with different gaseous molecules. Ar,
CO,, and N, were found to have similar vdW interactions to
vac. graphene as they were found to place themselves ~3.53,
~3.12, and ~3.23 A above the graphene surface, respectively,
with ~5 eV vdW energy. H,O has a relatively stronger vdW
interaction with a bond distance of ~1.99 A due to hydrogen
bonding. Oxygen, however, shows a very different behavior
than other gas molecules in the presence of vac. graphene.
Oxygen releases an energy of ~14.54 eV per atom, during the
interaction with the vacancy site, which is greater than
combustion of one carbon atom (~10.44 eV), and therefore
it comes under the covalent regime of the carbon—oxygen

bond.
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Figure 3. Band structures of a 7 X 7 supercell of (a) graphene with a 1 C vacancy (vac. graphene), (b) a vac. graphene—Ar system, and (c) a vac.

graphene—N, system.
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Figure 4. Band structures of a 7 X 7 supercell of (a) graphene with an SW defect (SW graphene), (b) an SW graphene—Ar system, and (c) an SW

graphene—N, system.
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Figure S. Electron density (ED) comparison of (a) graphene—Ar and (b) graphene—N, systems for pristine and defective graphene cases. Insets
show respective zoomed-in plots near the overlap regions. The z-axis is along the plane normal to graphene’s plane and directed toward an Ar or N,

atom.

In the case of graphene with an SW defect, all of the
molecules were found to be placed above the graphene surface
having a vdW force of attraction between them (by releasing
energy ~5.5 eV). Distances of Ar, CO,, H,O, N, and O, from
the graphene surface are ~3.55, ~3.06, ~2.39, ~3.29, and
~2.16 A, respectively (Figure 1b). When the gas molecules
approach the surface at the SW site, the graphene plane
becomes curved near the interaction site to maintain a vdW
distance with the exposed molecule (S, Figure S3).

Are N, and Ar Gases Really Inert? Nitrogen and argon
gases are extensively used to provide an inert environment
during nanomaterial processing and characterizations.
Although we have discussed in the previous section that
these gases are not under a chemical bonding regime with
graphene, however, we need to explore whether the gases are
inert with graphene or they can perturb some of the
fundamental properties of graphene, like band structures,
Fermi levels, and position of energy states due to long-range
interactions. We also need to understand influences of the
point defects on such long-range interactions.
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Nitrogen and argon were found to be effectively inert in the
case of pristine graphene. Band structures, Dirac cone, and
Fermi level of pristine graphene were found to be unperturbed
in the presence of these gases (Figure 2).

On the other hand, a carbon vacancy opens a band gap in
graphene and adds two degenerate energy (trap) states, which
are ~0.19 eV above the Fermi level (Figure 3a). The valance
band maxima (VBM) are also separated from the valance band
due to the carbon vacancy. When argon approaches vac.
graphene, the degenerate mid gap (trap) states split into two
separate energy states (Figure 3b). One state stays near the
Fermi energy, while the other moves adjacent to conduction
band minima (CBM) and becomes part of the conduction
band. Fermi level is moved ~0.01 eV away from CBM due to
interaction, which implies drift of electrons from graphene
toward argon atoms when a carbon vacancy was present. In the
presence of nitrogen, one of the degenerate mid gap (trap)
states of vac. graphene disappeared from the forbidden gap,
while the other stayed near the Fermi energy level. The energy
state separated from the valance band due to the carbon
vacancy moves near VBM and becomes part of the valance
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Figure 6. Band structures of a 7 X 7 supercell of (a) a pristine graphene—CO, system, (b) a vac. graphene—CO, system, (c) an SW graphene—CO,
system, (d) a pristine graphene—H,O system, (e) a vac. graphene—H,O system, and (f) an SW graphene—H,O system.
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Figure 7. Electron density (ED) comparison of (a) graphene—CO, and (b) graphene—H,O systems for pristine and defective graphene cases.
Insets show the respective zoomed-in plots near the overlap regions. The z-axis is along the plane normal to graphene’s plane and directed toward

CO, and H,O atoms.

band. The Fermi energy level moves ~0.12 eV away from
CBM adjacent to VBM, which makes the system p-type.
Shifting of the Fermi level toward the valance band means an
electron drifts from vac. graphene toward nitrogen molecules
during the interaction.

A Stone—Wales defect in graphene perturbs the energy
states near the Dirac cone and opens a band gap of ~0.05 eV
(Figure 4a). When Ar and N, approach the SW graphene, they
perturb the system further and increase the band gaps to ~0.06
and ~0.08 eV, respectively (Figure 4b,c). They also separate
energy states of CBM and VBM from their conduction and
valance bands, respectively.

Electron density (ED), normal to the graphene plane (out of
plane, i.e., z-axis), has been computed for all of the cases, to
probe the consequences and impact of vacancy and SW defects
further (Figure S). ED within the bonding region (i.e., between
the graphene plane and the Ar atom) was found to be least
influenced by a carbon vacancy, which, however, was enhanced
in the presence of an SW defect (Figure Sa, inset). On the
other hand, both carbon vacancies and SW defects cause a
noticeable increase in ED within the bonding region of the
graphene—N, system (Figure 5Sb, inset). An increase in ED
within the bonding region signifies an enhanced atomic orbital
interaction/overlap between graphene’s C atom and an
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ambient Ar (N2) atom in the presence of an SW defect
(SW or C vacancy) in graphene.

Using the analysis presented so far, which is based on
perturbations in the band structure, Fermi energy, and ED, it
can be concluded that while Ar and N, are inert to pristine
graphene, their inertness toward graphene is compromised in
the presence of a carbon vacancy and SW defects. These
defects assist in enhanced atomic orbital overlap or orbital
interaction, which thereby perturbs the corresponding band
structure and Fermi energy, as well as introduces mid gap
(trap) states, which collectively can influence the electrical and
optoelectronic properties of graphene.

Graphene under CO, and H,0. CO, and H,O are also
found to be inert to pristine graphene, while they are found to
perturb the band structure as well as Fermi energy of graphene
while introducing mid gap (trap) states in the presence of a
carbon vacancy and SW defects (Figure 6).

In the presence of CO, and H,O, the energy gaps
introduced between valance and conduction bands of vac.
graphene are modulated to ~0.44 and ~0.49 eV, respectively.
They also assist in annihilating one of the degenerate mid gap
states of vac. graphene with a shift in Fermi level toward the
valance band, which makes these systems p-type (Figure 6b,e).
On the other hand, in the presence of CO, and H,O, the band
gap of SW graphene is increased to ~0.08 eV with a separation
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in VBM and CBM from the corresponding valance band and
conduction band, respectively (6c and 6f), as observed for N,.
Moreover, graphene was found to show p-type behavior in the
presence of a carbon vacancy and these gases.

ED in the interface region was found to increase due to a
carbon vacancy or SW defects in graphene when CO, or H,O
was present around it (Figure 7). The increase in ED signifies
that these defects enhance atomic orbital interactions or orbital
overlap, thereby improving the chemical bonding of graphene
with CO, and H,O in the presence of defects. In comparison
to a carbon vacancy defect, an SW defect favors a rather
increased atomic orbital overlap (Figure 7, insets), which
signifies SW defects to be more sensitive toward these gases.

Why Does Oxygen Cause Degradation? Unlike Ar,
CO,, H,0, and N,, O, perturbs the band structure of pristine
graphene. While it preserves the Dirac cone, it introduces new
energy states near the Fermi level and moves the Fermi level
~0.21 eV inside the valance band (Figure 8a). This makes the
system highly p-type. The observed p-type behavior of

graphene under ambient oxygen agrees well with previously
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reported experimental observations.” The introduced energy
states near the Dirac cone and Fermi level are further disturbed
by an SW defect (Figure 8b). An SW defect further enhances
the p-type behavior of graphene in the presence of oxygen, as is
evident from the downward shift in Fermi level by ~0.36 eV
inside the valance band.

Furthermore, a carbon vacancy was found to play a crucial
role in the degradation of graphene under an oxygen
environment. Oxygen was found to dissociate near the vacancy
site and form a bond with the unsaturation carbon atoms
(Figure 9a). One of the dissociated atoms places itself in the
graphene plane, whereas the other is moved out of the plane,
above the graphene surface. C—O bond lengths for these two
atoms are 1.38 and 1.23 A, respectively, which are within the
C—O covalent bond regime. In this process, it releases an
energy of ~14.54 eV, which apparently is greater than the
energy released from the combustion of a single carbon atom
(~10.44 €V).

Release of such high energy (~14.54 eV), due to covalent
interactions, suggests dissociation of oxygen molecules over the
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vacant site of graphene to be thermodynamically favorable. As
a result, the dissociated oxygen turns graphene into graphene
oxide locally, rehybridizes the system, and eventually
(postgraphene oxide formation) introduces a band gap of
~0.28 eV. Keeping these observations in mind, one can suggest
that a carbon vacancy seeds dissociation of the graphene layer
in the presence of oxygen.

ED along the z-axis (Figure 10a) further validates and
signifies that a carbon vacancy or an SW defect enhances
orbital overlaps between graphene and oxygen. ED of the vac.
graphene—oxygen system does not have a minimum present in
the bonding regime, which clearly shows the presence of a
covalent bond between carbon and oxygen.

Finally, the minimum electron densities inside the bonding
region of all studied gases have been compared to understand
the relative orbital interaction (Figure 10a). In all of the cases,
O, has the highest affinity (atomic orbital overlap) toward
graphene or a defect site. This is followed by CO,, H,O, N,,
and Ar successively. Further, the figure (inset) compares
changes in the minimum ED in the presence of a carbon
vacancy and SW defects. A carbon vacancy boosts orbital
overlap of graphene with O,, followed by CO,, N,, H,0, and
Ar (~0.3 A7) successively. An SW defect also boosts the
orbital overlap of all of the gases, which is maximum for O,,
followed by CO,, H,O, N,, and Ar successively.

Bl CONCLUSIONS

We have investigated interactions of N,, O,, Ar, CO,, and H,0
with pristine as well as defective (carbon vacancy and SW)
graphene. We have found that a carbon vacancy and an SW
defect play a significant role in the observed p-type behavior,
change in electrical or optoelectronic characteristics, and
degradation of graphene under these ambient gases or
atmospheric oxygen. Although pristine graphene is chemically
inert to Ar, CO,, H,0O, and N,, its atomic interaction with
graphene is enhanced by the presence of a carbon vacancy or
an SW defect. N, and Ar, which are extensively used for inert
environments, are apparently not inert to graphene.
Furthermore, their atomic orbital overlaps with graphene are
enhanced by these defects, which perturbs the band structure
and Fermi energy and introduces mid gap (trap) states in the
graphene band structure. N,, H,O, and CO, were found to
convert graphene into a p-type semiconductor when a carbon
vacancy was present. Pristine graphene was found to become
p-type in the presence of O, and SW defects. Oxygen was also
found to be reactive to graphene in the presence of a carbon
vacancy. It reacts with unsaturated carbon atoms near the
vacant site and degrades graphene by first forming graphene
oxide at the defect site and then releasing energy higher than
the combustion energy of a single carbon atom. This explains
the slow physical degradation of the graphene monolayer in
the presence of a vacancy and ambient oxygen.

B COMPUTATIONAL DETAILS

The DFT*“-based quantum computational method, supported
by QuantumATK package,””** was used throughout this work.

Computed Modules. For computations, a 7 X 7 supercell
of (i) pristine graphene, (ii) graphene with a single carbon
vacancy (vac. graphene), and (iii) graphene with a single
Stone—Wales defect (SW graphene) was considered. These
structures with the gas molecules (SI, Figure S2) under study
were optimized for minimum energy before creating
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computation modules to study the interaction among them.
To achieve this, respective gas molecules were brought close to
the graphene surface/defect before optimizing the structure to
achieve the minimum energy conditions. These energy-
optimized structures were used to study chemical and physical
properties of the systems.

The optimized C—C bond length is ~1.43 A, which is very
close to the previously reported C—C bond length (1.42 A) in
graphene. Bond lengths of N—N, O—0O, and C—O in the
corresponding molecules are ~1.12, ~1.25, and ~1.18 A,
respectively. The O—H bond length and the H-O—H bond
angle in H,O molecules are ~0.98 A and ~104.45°,
respectively. The computed bond lengths and angles are very
close to the previously reported values, which validates our
computational approach and parameters used.

Computational Parameters. Energy optimizations of all
of the simulating modules were done with a 0.01 eV/A force
and 0.001 eV/A3 energy cutoffs. The Perdew—Burke—
Ernzerhof (PBE) form of the generalized gradient approx-
imation (GGA)®’ functional was used in DFT computations
with § X § X 1 k-point sampling (SI, Figure S1). Periodic
boundary conditions were applied in all of the calculations to
emulate a large area graphene monolayer. A vacuum region of
~30 A was added in the supercells perpendicular to the
graphene plane to nullify interlayer interactions in the periodic
boundary condition. Grimme—D2 van der Waals (vdW)
correction”’ was considered in the calculations to capture
long-range vdW interactions. Although more modern dis-
persion-corrected DFT options, like Tkatchenko-Scheffler*'
and advance MOG6L,** are available, which are very effective
especially for large/bulky molecules,*”** Grimme—D2 correc-
tions were used in this work due to computational limitations
and relatively smaller sizes of studied molecules. All of the
band structures are plotted with normalized “k”, which is along
G—->M->L—>A—-> G- K- H— A Positions of G, M, L,
A, G, K, H, and A points on the k-axis are 0, 0.172, 0.258,
0.430, 0.516, 0.715, 0.801, and 1.0, respectively. Fermi energy
has been set to zero energy level in all of the band structure
plots.
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