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Imperfections of the organic matrix in coal and gas shales
are modeled using defective and defect-free graphene surfaces
to represent the structural heterogeneity and related chemical
nature of these complex systems. Based upon previous
experimental investigations that have validated the stability
and existence of defect sites in graphene, plane-wave electronic
density functional theory (DFT) calculations have been
performed to investigate the mechanisms of CO2 adsorption.
The interactions of CO2 with different surfaces have been
compared, and the physisorption energy of CO2 on the defective
graphene adsorption site with one carbon atom missing
(monovacancy) is approximately 4 times as strong as that on
a perfect defect-free graphene surface, specifically, with a
physisorption energy of ∼210 meV on the monovacancy site
compared to∼50 meV on a perfect graphene surface. The energy
associated with the chemisorption of CO2 on the monovacancy
site is substantially stronger at ∼1.72 eV. Bader charge,
density of states, and vibrational frequency estimations were
also carried out and the results indicate that the CO2 molecule
binds to the surface becoming more stable upon physisorption
onto the monovacancy site followed by the original CdO
bonds weakening upon CO2 chemisorption onto the vacancy
site.

1. Introduction

Annual carbon dioxide (CO2) emissions from fossil fuel
combustion have been increasing exponentially compared
to those in the preindustrial era. Globally, approximately
30.4 Gt of CO2 were added to the atmosphere through the
combustion of fossil fuels in 2008, which were almost twice
as much as the average emitted throughout the 1970s. Within
the U.S., fossil fuel combustion accounted for approximately
94% of CO2 emissions in 2008 (1). Worldwide economic
stability and development require energy, which today is
largely dominated by the direct combustion of fossil fuels.
The total primary energy supply of the world doubled in the
last 30 years due to the use of fossil fuels (2). With world
energy supply (fossil fuels accounting for 81%) expected to
rise by 52% between 2004 and 2030, global CO2 emissions
from energy generation is expected to reach 40.4 Gt CO2/
year by 2030 under present policies (3). The Intergovern-
mental Panel on Climate Change (IPCC) indicates the need

for an immediate 50-70% reduction in CO2 emissions to
stabilize global CO2 concentrations at 1990 levels by 2100
(4).

Various studies are focused on the potential to capture
and store CO2. After capturing directly from the industrial
sources, CO2 can be transported and injected into geologic
formations to minimize global emissions. Different kinds of
geologic formations have been proposed and investigated,
including unmineable coalbeds, deep saline aquifers, de-
pleted or depleting oil/gas reservoirs, etc., and each have
different mechanisms associated with CO2 storage (5). One
advantage of storing CO2 in coalbeds is that they are often
close in proximity to electricity generation sources (e.g., CO2

point sources). Another advantage is that CO2 injection into
coalbeds enhances subsequent methane (CH4) recovery (6).
Coalbed methane (CBM) represents more than 10% of
technically recoverable natural gas in the U.S. (7, 8). The
energy byproduct of enhanced coalbed methane production
also assists in offsetting the high costs of CO2 capture and
storage (CCS), which could make it an economically viable
option.

It is well accepted that coal in addition to the organic
components of gas shales are extremely complex matrices
comprised of molecular frameworks varying considerably in
pore size, shape, and network. Previous studies provide
indication that these systems are comprised of aromatic and
aliphatic structures and/or other functional groups acting
as bridges or comprising the chemical makeup of the pore
surfaces (9, 10). The presence of volatile components such
as water vapor, methane, and nitrogen- and sulfur-containing
compounds is also expected. Indeed, these functional groups
are expected to play a role in the adsorption mechanisms
associated with CO2 and methane on these systems depend-
ing on the local temperature and pressure. For instance, if
the temperature and pressure conditions favor surface-bound
water or various forms of dissociated water (e.g., hydroxyl or
carbonyl groups at the carbon surface) at the surface this
may lead to complex CO2-water-surface interactions. Rather
than CO2 interacting directly with a surface, it may react
indirectly via a shared proton. These types of investigations
will reveal whether these functional groups will act to
passivate or enhance the CO2-surface adsorption. Future work
will involve the investigation of these indirect surface
interactions, with the current work focusing specifically on
CO2-surface interactions. Also, it has been reported that at
the high pressures associated with sequestration that coal
becomes CO2 wet (11), thus providing support to the initial
focus on CO2-surface interactions.

Using electronic structure theory to investigate CO2

reactivity with defective carbon surfaces may also provide
insight into the mechanism associated with the observed
plasticization phenomena in ECBM operations. If the coal
cleat fractures become restricted because of the coal plas-
ticization, the gas permeability will be changed dramatically
(5, 9). Electronic structure theory is a molecular-scale analysis,
and the understanding of the properties of the adsorbed
phase of molecular CO2 (as opposed to bulk) will assist in
setting up models for the initial framework required to carry
out statistical modeling such as Monte Carlo (MC). For
instance, Grand Canonical MC has been successful at
reproducing adsorption phenomena at the bench-scale (12).
However, the agreement between the MC and experimental
adsorption experiments often involve structurally and chemi-
cally homogeneous systems such as zeolites and metal-
organic frameworks. With the chemistry of the organic matrix
unknown in the current systems it is crucial that the initial
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models for MC are as representative of the chemistry as
possible. For instance, existing models include the slit-pore
model with a homogeneous surface of carbon atoms
represented by a graphitic structure. Perhaps more realistic
models for the complex Earth systems of focus in the current
work are defective graphitic surfaces or surfaces with
embedded functional groups.

Pore surfaces in coal were modeled previously by various
idealized graphitic structures, including single-walled
carbon nanotubes (SWNTs) and single graphene layers
(13-17). In addition to CO2 storage in coalbeds, understand-
ing gas interactions with defective organic surfaces is crucial
for the estimation of initial natural gas in-place and produc-
tion in gas shales. In most gas shales the organic fraction is
less than 5%, and typical clay contents range from 30-50%,
and the gas is likely to be adsorbed both within the micropores
(<2 nm) of the organic fraction, in addition to the interlayer
spacing of the clays (18, 19).

Within the complex heterogeneous structure of the organic
matrices of coal and gas shales there likely exists a combina-
tion of defect sites and dangling bonds. Both the pore
structure and surface reactivity will influence the mechanism
associated with the CO2-surface interactions and subsequent
storage potential. Defect sites are defined in this work as
missing-atom sites while dangling bonds are in reference to
edge sites. A defect site with a missing carbon atom will leave
vacancies in which the carbon atoms at the vacancy are
undercoordinated. To a certain extent the charge in this
system will redistribute making these carbons slightly nega-
tive (possibly balanced by water existing in the local
environment), differing from the chemistry and electronic
structure of the edge sites, which do not have the influence
of localized and symmetric undercoordinated carbon atoms.
The focus of the current work will be on defect sites as a first
step, whereas future work will investigate the reactivity of
edge sites in addition to the influence of functional groups
including oxygen, hydrogen, nitrogen, and sulfur atoms.

Although the adsorption of CO2 on simplified graphitic
surfaces has been experimentally and computationally
investigated previously over the past several years (20-31),
there are a limited number of theoretical studies that take
chemical and structural heterogeneity into account. Xu
et al. (27) investigated the different dissociative adsorption
pathways of CO2 on a perfect graphite (0001) surface using
the first-principles-based B3LYP/6-31+G(d) hybrid density
functional method. It was determined in this study that the
two oxygen atoms of the CO2 molecule each react differently
with the surface, that is, one oxygen atom was reported to
participate in forming an epoxy group, while the other formed
either a gas-phase CO molecule (main reaction pathway) or
a lactone group. The physisorption energy was reported to
be ∼0.7 kcal/mol (∼30 meV), and the chemisorption energy
of the main chemical reaction ∼96 kcal/mol (∼416 meV)
after CO2 overcomes a forward barrier of ∼120 kcal/mol (∼520
meV). Density functional theory within the Perdew-Wang
91 (32) version of GGA was employed by Cabrera-Sanfelix
(31) to investigate the adsorption of CO2 on a defective
graphene (0001) sheet with a single vacancy site. The
physisorption energy was calculated to be ∼136 meV.
Subsequently, chemisorption occurred after overcoming an
energy barrier of about 1 eV relative to the gas phase, and
a lactone group was formed with an exothermicity of about
1.4 eV. Carbon atoms of the graphene surfaces in this previous
work were allowed to relax with the exception of a single
carbon atom located at the edge of the small unit cell (4 ×
4), which leads to an artificially induced contraction of the
lattice during the geometry optimization, and subsequent
asymmetric chemisorption of CO2 onto the monovacancy
site.

The objectives of this work were to apply plane-wave
electronic density functional theory to gain a more accurate
picture of the mechanism of CO2 adsorption on defective
graphene surfaces by investigating the effect of employing
different unit-cell sizes with partial or full flexibility of surface
carbon atoms, and also to obtain partial charge distribution
of defective graphene surfaces to serve as an accurate
framework for future work involving adsorption isotherm
predictions using statistical-based methods.

2. Computational Methodology
The Vienna ab initio simulation package (VASP) (33, 34) was
used for all calculations and plane-wave electronic density
functional theory (DFT) was employed due to its balanced
computational efficiency and accuracy. The projector aug-
mented wave (PAW) potential (35, 36) was used to describe
the core-valence electron interaction of the carbon and
oxygen atoms. The Perdew-Wang 1991 (PW91) version of
the generalized gradient approximation (GGA) (32) was
compared to other GGA methods and to the local density
approximation (LDA).

An idealized carbon-based pore surface was represented
using a graphene slab and a unit cell with periodic boundary
conditions along three spatial directions. Previous investiga-
tions (31, 37) have confirmed that graphene is a sufficient
system to model the CO2-surface interactions within a slit
pore of a graphite framework due to the weak influence the
neighboring carbon layers have on the adsorption energy. In
the current work a vacuum region of 18 Å between periodic
basal planes was used, along with 5 × 5 × 1 Monkhorst-Pack
(38) k-point sampling, and a plane-wave cutoff of 400 eV.
The perfect graphene basal plane surface and three defective-
graphene surfaces each with unique vacancy sites were
investigated. Specifically, the following three vacancy sites
were studied: the vacancy site with one carbon atom missing
(monovacancy or V1) (39), the double vacancy (C2), which
is comprised of two pentagonal rings and one octagonal ring
referred to as the 5-8-5 defect, and the Stone-Wales (SW)
defect (5-7-7-5) (39, 40) whose importance is often
highlighted with respect to its demonstrated mechanical
properties in carbon nanotubes and other graphitic materials,
which are thought to be responsible for nanoscale plasticity
and ductility (41). Since the monovacancy site was found to
be the most reactive toward CO2, results associated with this
defect site in addition to the defect-free graphene are
discussed in detail. A thorough discussion of the adsorption
mechanisms associated with CO2 on the C2 and SW defect
sites is available in the Supporting Information (SI). Due to
the heterogeneity of the carbon matrix of coal and those
comprised of gas shales, it is assumed that defect sites of
these types in addition to graphene edge sites could be
characteristic of active sites for adsorption on pore surfaces.

The adsorption energies, Eads, can be calculated from
eq 1:

where Esurf and ECO2correspond to the total energies of the
optimized defective surface and the isolated gas-phase CO2

molecule, respectively, and Esurf+CO2represents the total energy
of the optimized surface-CO2 system. The CO2 molecule was
initially placed at a certain molecular height with various
possible configurations, where it was considered to be
noninteracting with the defective surface. The molecular
height refers to the distance between the central carbon atom
of the CO2 molecule and a fixed reference carbon atom in
the basal plane in the z-direction. The physisorption pathway
of CO2 was determined by optimizing the geometry of CO2

upon a given surface at varying stepwise distances from the

Eads ) Esurf+CO2
- Esurf - ECO2

(1)
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surface. After examining a number of possible pathways with
different CO2 orientations, the CO2 molecule was allowed to
fully relax at each CO2-surface height considered. The
potential energy associated with each CO2-surface distance
was plotted, with the minimum energy representing the CO2

physisorption energy. The chemisorption state was deter-
mined by moving the CO2 molecule further along the
minimum energy path toward the vacancy site to a second
potential well (deeper than the first). The potential energy
surface plots are presented in the SI.

Vibrational frequencies for gas-phase CO2, physisorbed
and chemisorbed states have been calculated. Density of
states, Bader charge, and charge difference analyses were
also carried out to further understand the electronic structure
of both the defective surface and CO2-surface complex
throughout the adsorption process.

3. Results and Discussion
3.1. Inclusion of All-Atom System Flexibility. Within the
current investigation, to determine the characteristics of an
isolated vacancy site, a 6 × 6 unit cell was employed to avoid
interaction between periodic unit cells that may be encoun-
tered using the 4 × 4 unit cell, which was employed by
Cabrera-Sanfelix (31). Two sets of 6 × 6 unit cells were
investigated within the defective graphene surface calcula-
tions. Within the first type of the 6 × 6 unit cell, the surface
carbon atoms that were nearest and next-nearest neighbors
of the vacancy site were allowed full flexibility. The third and
fourth nearest-neighbors were fixed in order to minimize
elastic interactions between periodic vacancy defects. A
second set of 6 × 6 unit-cell calculations were carried out,
in which all the surface carbon atoms were allowed full
flexibility, providing a more realistic representation. Calcula-
tions were also carried out using the small unit cell (4 × 4)
and are available in the SI.

The physisorption energies were calculated to be ∼50
meV for CO2 onto the perfect graphene and ∼210 meV for
CO2 onto the monovacancy site with the 6 × 6 unit cell with
full flexibility, which are consistent with the results of ∼51
meV for the perfect graphene and ∼225 meV for the
monovacancy site calculated by the 4 × 4 unit cell. However,
the chemisorption predictions are different depending on
the size of the unit cell used and extent of system flexibility,
as shown in Figure 1 (a) and (c). In the current work the CO2

adsorbs to the defect site in a symmetric fashion, which is
expected since CO2 and the surface are both symmetric
systems. All previous studies have concerning CO2-graphi-
tic surface interactions have postulated asymmetric adsorp-
tion behavior of CO2 on surface defect sites (27, 31), which
is counterintuitive to what is expected due to the symmetry
of the CO2-surface system. The current work is the first to
reveal a symmetric mechanism of adsorption. Therefore, the
adsorption mechanisms discussed in the remainder of the

manuscript are concerning the 6 × 6 unit cell with all of the
surface carbon atoms flexible.

3.2. Adsorption Energy and Structure. The physisorption
energy of CO2 on the monovacancy site is ∼210 meV, and
the chemisorption energy is ∼1.72 eV. The details of the CO2

physisorption calculations for the defect and defect-free
graphene surfaces are available in the SI and only the
physisorption and chemisorption mechanism of CO2 on the
monovacancy site will be presented in detail. As shown in
Figure 1 (b), when CO2 is physisorbed on the monovacancy
site, the molecular height of the CO2 molecule is 3.45 Å, which
is comparable to the DFT results of 3.47 Å predicted by
Cabrera-Sanfelix (31). Due to the interactions between the
adsorbent and adsorbate, the graphene surface carbon atoms
move toward the CO2 molecule, with the height of the highest
carbon atom being 0.75 Å. Similarly, as shown in Figure 1 (c),
when CO2 is chemisorbed on the monovacancy site, the
height of the previous central carbon atom decreases to 2.01
Å, and the two oxygen atoms of the CO2 molecule attract the
surface carbon atoms allowing them to move upward,
resulting in a height of 1.32 Å.

The interaction with defective graphene (monovacancy)
surfaces yields stronger CO2-surface interactions compared
to perfect graphene or the other two vacancy sites, that is,
5-7-7-5 and 5-5-8. More specifically, the physisorption
energy of CO2 on the defective graphene site with one carbon
atom missing (monovacancy) is approximately 4 times as
strong as that on a perfect graphene surface or the other two
vacancy sites, 5-7-7-5 and 5-8-5.

3.3. Geometric Structure and Vibrational Frequency
Predictions. As shown in Table 2, the bond lengths and bond
angle of physisorbed CO2 changed compared to the gas-
phase CO2 molecule. CO2 is a linear molecule in the gas phase
(42); however, when CO2 is physisorbed, the bond angle
becomes ∼178°. The vibrational frequencies of gas-phase
CO2 and physisorbed CO2 on the monovacancy site were
also calculated. The vibrational frequencies of the asymmetric
(ν3) and symmetric stretching (ν1) modes for gas-phase CO2

were calculated to be 2360 cm-1 and 1321 cm-1, which are
comparable to the experimental value of 2349 cm-1 and 1333
cm-1, respectively (42, 43). The doubly degenerate CO2

bending frequency (ν2) for gas-phase CO2 is calculated to be
638 cm-1, which is comparable to the experimental value of
667 cm-1 (42, 43). There are slight discrepancies between the
DFT-calculated vibrational frequencies and the experimental
values, which is fairly typical in quantum chemistry calcula-
tions (44). The discrepancy between the DFT result and the
true vibrational frequency arises in part because of the
harmonic treatment of the vibrations, but is also due to
the inexact nature of DFT in solving the Schrödinger equation.
To correct for this discrepancy, an empirical scaling factor
can be applied, with the scaling factors for GGA typically
ranging between 0.95 and 0.99 (44), which is inline with the

FIGURE 1. Structures of CO2 physisorption and chemisorption on the monovacancy site using a 6 × 6 unit cell with partial to full
flexibility: gray, carbon atoms; red, oxygen atom.
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scaling required for our predictions to agree with experi-
mental measurements. The calculated CdO asymmetric
stretching mode (ν3) for physisorbed CO2 of 2353 cm-1 is
comparable to the value reported in the literature of 2356
cm-1 (31). This calculated CdO asymmetric stretching mode
for physisorbed CO2 downshifts by 7 cm-1 to a slightly lower
value compared to the calculated gas-phase CO2 of 2360 cm-1.
In terms of experimental comparison, there are no direct
results of CO2 physisorbed on the graphene monovacancy
site, but it is reasonable to compare with CO2 physisorbed
on different coal and other carbon materials since the
monovacancy site in addition to other defects are likely to
exist in the undercoordinated and heterogeneous carbon
frameworks of these systems. The experimental asymmetric
stretching frequencies (ν3) of physisorbed pure CO2 down-
shifts to the range of 2335-2332 cm-1 for CO2 adsorbed in
various dried coals (45) measured using attenuated total
reflectance-Fourier transform infrared (ATR-FTIR) spectros-
copy as a function of time at constant CO2 pressure (∼0.62
MPa) and temperature (∼328.15 K). Downshifts to the value
of 2326 cm-1 for CO2 adsorbed on a C60 film (crystal sizes in
the range of 0.025-0.2 µm), and downshifts to the value of
2341 cm-1 for CO2 on a graphite film (with cavity of 10-30
µm in diameter, and assume CO2 adsorbs on the basal plane)
recorded using Perkin-Elmer 580B Infrared and Nicolet 520
FTIR spectrophotometers at equilibrium pressures less than
100 mTorr (∼13.3 Pa) and temperatures in the range of
120-150 K (46). To a reasonable approximation, each of the
vibrations within the CO2 molecule can be regarded as a
harmonic oscillator, with the vibrational frequency propor-
tional to the square root of the bond’s force constant,
reflecting the strength of the bond through its magnitude
(47). The fact that the vibrational frequencies are higher
indicate that the CdO bond is stronger when the CO2

molecule is physisorbed onto the monovacancy site than
that physisorbed on the perfect carbon materials like C60

and graphite. Upon interaction with the monovacancy site,
the doubly degenerate CO2 bending mode (ν2) of CO2 is
separated into two different vibrations attributed to the
change of symmetry of the molecule, that is, an in-plane
bending mode and an out-of-plane bending mode. The
bending modes (ν2) were calculated to be 631/588 cm-1 for
CO2 on the monovacancy site. These decoupling bending
modes (ν2) were reported to be 654/652 cm-1 for CO2 on C60,
and 662/657 cm-1 for CO2 on graphite (46), both showed a
downshift compared to the ν2 mode in the gas phase. The
asymmetric (ν3) and symmetric (ν1) modes of the CsO bond
were calculated to be 1319 cm-1 and 1256 cm-1, respectively.
These values are much lower than those of the carbon-oxygen
double bonds in the CO2 molecule. Together with the fact
that the carbon-oxygen bond length increases, it can be
concluded that the CdO bonds are broken when the CO2

molecule is chemisorbed on monovacancy site. In terms of
CO2 chemisorption on the defective carbon surfaces, high
temperature and/or pressure is required to overcome the
energy barrier of the chemisorbed state. To the authors’
knowledge there exist no experimental vibrational frequency
data at the high temperature (may be up to ∼330 K) and
pressure conditions (may be more than ∼5 MPa) (48)
representative of coal and gas shale at sequestration depths
for comparison with the theoretical predictions of the current
work.

3.4. Electronic Structure. The change in charge density
was plotted for the CO2 physisorption and chemisorption
complexes on the surface with the monovacancy site. Positive
values in the change of charge density indicate a gain of
electrons, with negative values representing a loss. As shown
in Table 3 (a), when CO2 is physisorbed onto the surface, the
reactive surface carbon atom donates electrons to the region
between the CO2 central carbon atom and itself to strengthen
the attraction between CO2 and the surface. In addition, two
small regions of electron accumulation appear near both

TABLE 1. Perfect and Defective Graphene Surfaces Investigated

TABLE 2. Geometry and Vibrational Frequency Comparison

gas-phase physisorption chemisorption

experimental theoretical
current
work theoretical experimental

current
work

current
work

CdO bond
length (Å)

1.16 (42) 1.176 1.175 1.35 (C-O)

bond angle
(degree)

180 (42) 180 178 111 (O-C-O)

CdO stretching
(cm-1)

asymmetric ν3 2349 (42, 43) 2352 (31) 2360 2356 (31) 2335-2332
(various coals) (45)

2353 1319

2326 (C60) (46)
2341 (graphite) (46)

symmetric ν1 1333 (42, 43) 1285 (31) 1321 1322 (31) 1314 1256

CdO bending
(cm-1)

ν2 667 (42, 43) 638 654/652 (C60) (46) 631/588

662/657 (graphite) (47)
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oxygen atoms; therefore, there is higher electron density
surrounding CO2 compared to that of CO2 in the gas phase,
which once again indicates that the CO2 molecule binds to
the surface becoming more stable upon physisorption onto
the defect site.

This conclusion generated by the charge difference
analysis can also be determined by a Bader charge analysis
(49). Positive values of a Bader charge analysis represent the
gain of electrons compared to that of the original structure,
while negative values represent a loss. As shown in Table 3
(a), the reactive surface carbon atom loses 0.05 electrons,
and each of the two oxygen atoms gain 0.0178 and 0.006
electrons, respectively, consistent with the results of the
change in charge density calculations.

A similar analysis was carried out for CO2 chemisorption
on the monovacancy site. As shown in Table 3 (b), the electron
density moves toward the region between the reactive surface
carbon atom and the CO2 central carbon atom, as well as the
region between each vacancy carbon atom and oxygen atom.
The accumulation of electrons in these regions indicates a
new CsC bond and the formation of two CsO bonds. It can
also be seen from the profile that electron densities move
away from the region between each oxygen atom and the
CO2 central carbon atom, and thus the original CdO bonds
are weakened upon CO2 chemisorption onto the vacancy

site. Within both scenarios, the defect site seems to allow for
enhanced electron transport and versatility depending on
the acid-base nature of the adsorbate, with one defect carbon
atom acting as a Lewis base donating its electron density to
the carbon atom of CO2 and the other two defect carbon
atoms acting as Lewis acids withdrawing electron density
from the two oxygen atoms of CO2.

Again, using the Bader charge analysis, as shown in Table
3 (b), the CO2 central carbon atom gains electrons while the
reactive surface carbon atom lose electrons, which is
consistent with the fact that a new CsC bond forms. In
addition, each vacancy carbon atom donates electrons to
form a new CsO bond. In its final chemisorbed state, the
CO2 molecule is chemisorbed on the defective graphene
surface.

Our current work suggests that CO2 bonds stronger to the
defective graphene surface than perfect graphene. Under-
standing the mechanism by which CO2 adsorbs on defective
graphene surfaces will ultimately provide insight into not
only the mechanism associated with potential long-term
storage of CO2 in coalbeds and gas shales and the feasibility
of these strategies as carbon abatement options, but also an
idea for screening and designing of organic porous materials
for CO2 capture. Additionally, these focused CO2-surface
investigations may provide insight into the mechanism by

TABLE 3. Change in Charge Density (Contour) and Bader Charge Analysis for CO2 Physisorbed on the Monovacancy Site. Black
Dots in Contour: Surface Carbon Atoms; Grey Dot in Contour: CO2 Central Carbon Atom; White Dots in Contour: CO2 Oxygen
Atoms
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which coal may plasticize upon CO2 interaction. For the
application of CO2 storage, the existence of H2O may affect
the partial charge distribution of the vacancy sites, and this
effect will be investigated in the future work.
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