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A DENSITY FUNCTIONAL
STUDY OF THE ADSORPTION OF CARBON
DIOXIDE MOLECULE ON GRAPHENE

The physisorption of a CO2 molecule on a graphene sheet using ab initio density functional
theory is investigated. The geometrical structure of graphene, including various parameters
viz. the bond lengths and bond angles are calculated for a graphene sheet under the adsorption
of a CO2 gas. Additionally, the density of states of a graphene sheet is calculated with &
without adsorption of CO2 molecules. It is observed that the CO2 molecule is adsorbed on
the graphene sheet with the adsorption energy of about 61.7 meV or less. The HOMO-LUMO
energy levels of the graphene sheet before and after the adsorption of a CO2 molecule remain
unaltered. Therefore, the graphene sheet cannot detect a CO2 molecule owing to their weak
interaction.
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1. Introduction

The phenomenon of adsorption was discovered over
two centuries ago [1, 2]. At present, the adsorption
of gases on porous solid substrates is of increasing
significance in both science and engineering. Vari-
ous processes based on the adsorption principle, such
as the gas sensing, separation of chemicals, biochem-
ical processes etc., have been devised and are con-
stantly being improved. A consistent research, both
experimental and theoretical, is being carried out to
tailor new substrates for the efficient adsorption of
gases. Semiempirical and ab initio methods [3] have
been devised based on quantum mechanical laws, for
the modeling of atoms, molecules, radicals, ions, and
their interactions. In particular, the properties of a
molecule in a ground electronic state are determined
by the ground-state electron density instead of the
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wave function in the modeling on the basis of density
functional theory [4-6].

Extensively studied molecular systems are carbon-
based substrates, which include carbon nanotubes,
graphene, and fullerenes. In particular, the inter-
face between sp®-bonded carbon materials, and
other molecular species, is being widely studied
both experimentally and theoretically for various
promising applications for nanoelectronic devices and
Nanosensors.

Graphene, a member of sp?>-bonded carbon ma-
terials, is a flat single film of carbon atoms packed
tightly into a two-dimensional (2D) honeycomb lat-
tice, which exhibits fascinating electric and transport
properties. Adsorption of various chemical species on
graphene has been studied using the semiempirical
and ab initio methods including density functional
theory [7-12]. A. Montoya et al. [12] refer to ex-
perimental and theoretical studies, providing a fur-
ther insight into the mechanism of CO; chemisorption
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on carbonaceous surfaces using the density functio-
nal theory.

The carbon monoxide gas detection is studied on
Al-doped graphene [13] by means of density func-
tional theory, wherein it is reported that a large elec-
trical conductivity change is observed after the ad-
sorption of CO on Al-doped graphene. Thereby, Al-
doped graphene may be used as an excellent candi-
date for sensing a CO gas. Earlier, the molecular
dynamics approach [14] was used to carry out the ph-
ysisorption of CO» on a graphite basal plane in the
temperature range of 100 to 130 K. J. Zhao et al. [15]
has reported the adsorption of various gas molecules
on single-walled carbon nanotubes (SWNTs) and
bundles using a first-principle method, wherein the
equilibrium position, adsorption energy, charge trans-
fer, and electronic band structures are obtained for
different kinds of SWNTs. Adsorption of CO2 and
CH, at atmospheric pressure and at the temperature
300 K on a graphene sheet modified with titanium is
reported [16] by I. Carrilla et al.

A search for available studies with reference to
graphene as described above suggests that no study of
the physisorption of a CO5 molecule onto graphene at
various adsorption sites has been attempted till date;
instead, a few studies regarding either chemisorptions
or physisorption of CO; on graphite [12], carbon nan-
otubes [15], and a graphene sheet modified with tita-
nium [16] have been done. Accordingly, the present
work is directed to use density functional theory to
study the physisorption of (CO2) molecule on a single
graphene sheet at various adsorption sites. The calcu-
lations carried out in this work are based on density
functional theory (DFT) and are performed, by using
Gaussian 03 [17].

It is worthwhile to fully understand the possibility
of detection of a CO; molecule by graphene, which
means, in turn, that it is important to understand the
interaction between graphene and a CO; molecule.
The present study aims at understanding this inter-
action between graphene and CO4 using density func-
tional theory. We determine the exact orientation of a
CO; molecule on the graphene sheet along with its fa-
vored adsorption sites by calculating CO; molecule’s
binding energy.

2. Computational Details

It is known that density functional theory predicts a
molecular structure with high accuracy as compared
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Fig. 1. A — COgz-graphene system with CO2 adsorbed on
site (a) (top view), wherein the CO2 molecule is positioned
in parallel to the graphene sheet. The grey spheres indicate
carbon atoms, the red indicate the oxygen atoms, whereas the
whitish grey spheres indicate the hydrogen atoms meant for
terminating the dangling bonds; B — COgz-graphene system
with COg2 adsorbed on site (a) (side view)

to the predictions drawn from other methods. In the
present study, a single sheet of graphene was built us-
ing Gaussview 4.1.2, wherein a limited size graphene
model with 32 carbon atoms and 14 hydrogen atoms
was obtained. The hydrogen atoms are meant for ter-
minating the dangling bonds of carbon atoms at the
edges. The atomic positions in the graphene sheet
of one-carbon-atom in thickness were optimized us-
ing the DFT method with local spin density approx-
imation (LSDA) and PBEPBE density functional,
which is the pure GGA functional, along with the 6-
311++G(d, p) basis set until the total energy change
becomes less than 0.0001 eV.

A carbon dioxide molecule was separately opti-
mized in a manner similar to the graphene sheet
as described above and then positioned in a close
proximity to the optimized graphene sheet forming
a CO2-graphene system as shown in Fig. 1. The
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Fig. 2. Nine adsorptlon sites for CO2 adsorbed on graphene
[top view images], wherein at (a) to (f) adsorption sites, the
CO2 molecule is parallel to the graphene sheet and, at sites
from (g) to (h), the CO2 molecule is perpendicular to the
graphene sheet. (a) T-B-T, (b) H-B-H, (¢) T-H-T, (d) H-T-
B, (e) H-T-H, (f) B-H-B (g) H (one oxygen atom downward
and one upward with a carbon atom there between), (h) T
(oxygen atom downward) and (i) B (oxygen atom downward
between two carbon atoms). T, B and H denote top site of
C atoms, bridge site of C-C bond, and hollow site of carbon
hexagon, respectively. Grey and red spheres are denoted as C
and O atoms, respectively
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Fig. 3. Adsorption energies of the CO2 molecule at orienta-
tions (a) to (i) are plotted. It is evident from the graph above
that, for sites or orientations (a) to (f), the adsorption energies
are high, which means that these sites are stable as compared
to orientations (g) to () where the adsorption energies are less
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CO2 molecule was placed at nine different sites on
a graphene sheet as shown in Fig. 2. The so-
obtained CO»-graphene systems were again opti-
mized in a manner similar to that described above
for a graphene sheet with LSDA and GGA function-
als and 6-311++G(d, p) basis set. A comparison
of the geometry of optimized CO,-graphene system
and with that of optimized pristine graphene (without
CO;) was carried out. Further, the optimized CO»-
graphene system and optimized pristine graphene was
utilized for calculating the adsorption energy and the
density of states.

3. Results and Discussions

The structures of graphene with adsorbed CO, for
all nine combinations are displayed in Fig. 2. It is
observed that the graphene sheet retains its original
shape, with negligible changes in the bond lengths
and the bond angles between atoms which are in a
close proximity to the CO2 molecule. Further, the
adsorption energies of a CO; molecule adsorbed onto
the graphene sheet at the nine sites are calculated
using the equation

Eadsorptionenergy = Egraphene + CO2 - (ECOZ-graphene)-
(1)

The adsorption energies are calculated for the nine
adsorption sites with LSDA, unrestricted-LSDA,
GGA, and unrestricted-GGA with 6-3114++4+G (d, p)
basis set. It is found that the adsorption energies
for restricted and unrestricted functionals are exactly
the same. Hence, only LSDA and GGA are reported
and tabulated in Table 1 along with the perpendic-
ular distance (d) between the CO2 molecule and the
graphene sheet after optimization.

It is found that the adsorption energy of the CO,
molecule is higher for adsorption sites (a) to (f) as
compared to that for adsorption sites (g) to (i) with
a difference of about 24 meV for LSDA and about
20 meV for GGA. This means that the adsorption
sites (a) to (f) are more stable as compared to the
adsorption sites (g) to (i). Figure 3 is a graph of
adsorption energies versus the position or orienta-
tion (adsorption sites) of a COs molecule on the
graphene sheet. A comparison of the adsorption ener-
gies calculated by LSDA and GGA shows that there
is a huge difference between the adsorption energies,
wherein LSDA overestimates the adsorption energies.
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Table 1. Calculated values of adsorption
energy of CO2 molecule on carbon nanotubes
using first principles (various SWNT)

. A E.dsorption |Distance| E,gsorption |Distance
Adsorption sites (me\p/) (d) A° (me\p/) (d) A°
a 209.19 2.98 59.70 3.54
b 211.18 2.99 60.15 3.49
c 209.11 2.97 59.86 3.54
d 212.13 3.05 61.66 3.65
e 211.25 3.03 60.29 3.62
f 207.24 3.07 55.59 3.60
g 185.46 2.92 37.02 3.42
h 189.25 2.90 41.10 3.38
i 188.24 2.87 40.72 3.37
Eadsorption [15] 109 3.2
97 3.54
89 3.23

Table 2. The altered bond lengths
and bond angles at the adsorption of a CO2
molecule on the graphene sheet

Bond Length
Bond
Graphene CO2-Graphene
C3-C4 1.43540 1.43577
C4-C8 1.42281 1.42292
C3-C7 1.42281 1.42292
C4-Cb 1.42281 1.42292
C3-C2 1.42281 1.42292
Angle Bond Angle
C2-C3-C4 119.9874 119.9902
C3-C4-C5 119.9874 119.9902
C3-C4-C8 119.9874 119.9902
C4-C3-C7 119.9874 119.9902

Further, the calculated values of adsorption energy
of a CO2 molecule on carbon nanotubes [15] using
the first principles (various SWNTs) are tabulated
in Table 1.

The adsorption energy values calculated herein
agree with those in [15] in the order of magnitude:
from 37 meV to 62 meV for the present calculations
and from 89 to 110 meV reported in [15]. This dif-
ference is attributed to the fact that the carbon nan-
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Fig. 4. DOS for a pristine graphene sheet and a graphene
sheet adsorbed with a CO2 molecule on the adsorption site (a)

otubes are curved graphene surfaces, whereas, in the
present case, the graphene sheet is flat.

The highest occupied molecular orbital (HOMO)
and lowest unfilled molecular orbital (LUMO) are
also calculated for each of nine combinations. It is
found that the HOMO-LUMO levels and the HOMO-
LUMO gap of a graphene sheet before and after the
adsorption of CO. at all the sites do not change,
which means that the HOMO-LUMO level and the
HOMO-LUMO gap are independent of the orienta-
tion and the adsorption site of a CO5 molecule. Fur-
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ther, it is found that the HOMO-LUMO gap has a
value of 1.92 eV, and the Fermi level is found to be
the same as the HOMO level and is numerically equal
to —4.82 eV.

The altered bond lengths and bond angles at the
adsorption of a CO2 molecule on the graphene sheet
are listed in Table 2.

It is found that the bond lengths and the bond
angles of a graphene sheet with adsorbed CO2 are
perturbed only marginally for atoms in a close vicin-
ity of the CO, molecule; however, the perturba-
tion is very small. Table 2 presents only the per-
turbed bond lengths and the bond angles for carbon
atoms in a very close vicinity of the CO; molecule
for orientation (a) with GGA and 6-311++G (d, p)
basis set.

The density of states of the CO;-graphene sheet
system: To verify the effects of the adsorption of a
CO2 molecule on the graphene sheet electronic prop-
erties, the total density of states (DOS) of the CO»-
graphene system are calculated for GGA level of the-
ory with 6-3114++G(d, p) basis set and are compared
with those of the graphene sheet without CO,. It is
found that the orientation and the adsorption sites
of a CO, molecule do not change the DOS appre-
ciably for various orientations. The DOS for the
graphene sheet without CO. is shown in Fig. 4, A
and the DOS for the graphene sheet with CO. ad-
sorbed on it at adsorption site (a) is shown in Fig.
4, b. Further, the analysis of DOS (Fig. 4, A and
B) shows that the contribution of CO» electronic lev-
els to the total density of states is localized between
—14.7 to —11.8 €V and —10 to —8.28 €V in the va-
lence bands and around 0.44 to 9 €V in the con-
duction bands, which are far away from the Fermi
level or the HOMO-LUMO gap. This shows that
the adsorption of CO> does not change the HOMO-
LUMO gap. The same is the case for remaining
eight adsorption sites (b to i) [for which the DOS
is not shown)].

4. Conclusions

The physisorption of CO2 on graphene using ab ini-
tio density functional theory method has been inves-
tigated. It is observed that graphene with adsorbed
COy; retains its original shape, and the bond angles
are not altered significantly. The adsorption energy
of a CO4 molecule on the graphene sheet was found to
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be 61.7 meV or less, whereas the DOS analysis of pris-
tine graphene and the graphene-CQO; system provided
a reason for the weak adsorption energy. Further, the
HOMO-LUMO gap is independent of the orientation
and the adsorption site of the CO5 molecule. It may
be concluded that the graphene sheet has very low
sensitivity to CO, molecules.

We thank Dr. S.B. Nimse, honorable Vice Chan-
cellor, Swami Ramanand Teerth Marathowada Uni-
versity, Nanded, MS India, for providing the facility,
support, and motivation for the present work.
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A.II. Taxyp, H.II. Bapoi,
I1.II. Bapdanypxrap, P.C. Xaiprap

JOCJII2KEHHS AICOPBIII MOJIEK YJIA
BYIVIEKNCJIOI'O I'A3Y HA 'PA®EHI METOJOM
OYHKITIOHAJIA IMTIJIBHOCTI

Peszmome

Hocainzxeno ¢dizicopbuiro mosekynu COg2 Ha miacTuHi rpade-
Hy, BUXOASYHY 3 IEPIINX IPHHIUINB Teopil (pyHKIioHANa IiiIb-
HOCTi. PO3paxoBaHo reoMerpudHy CTpPyKTypy rpadeny (mos-
JKWHE 1 KyTiB 3B’a3KiB) Jyis amcop0Ouii ByryIeKHCIOro ra3y Ha
minactuHi rpadeny. Busnaueno miisbHicTh CcTaHIB AIs 1uIacTu-
HU rpadeny 3 azacopbiiero i 6e3 mei. Ilokazano, mo eHepria
azcopbuii CO2 mosekynu popiBHIOE npubiauzso 61,7 meB abo
Memnmre. o i micisg amcopbuii MoeKyJu ByTJIEKHCIIOr0 ra3y piB-
i HOMO-LUMO nnacruuu rpadeny He 3miHomrhca. Tomy
mnacTuHa rpadeny He Mmoxke nerekTyBatu CO2 MOJEKyIy BHa-
CJiMOK ciabKoi B3a€MOIil.
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.11. Taxyp, H.II. Bapde,
II.II. Bapdanyprap, P.C. Xauphrap

NCCJIEJOBAHUNE AJCOPBLIN MOJIEKVYJIBI
YIVIEKHNCJIOT'O T'A3BA HA TPA®EHE METOJOM
OYHKIIMOHAJIA IIJIOTHOCTU

Pesmowme

Uccnenyerca dpusucopbiua momekynsl CO2 Ha MIacTHHE Ipa-
deHa, HCXOAs K3 MEPBBIX IPUHIIAIIOB TEOPUU (PYHKIMOHAIA
mnorHocTu. Paccumrana reomerpudeckas CTPyKTypa rpade-
Ha ([JIMHBI U yIJIOB CBA3el) IUIs aaCcopOmmu yriIeKucoro rasa
Ha mwiactuHe rpadena. OnpeaesneHa MJIOTHOCTH COCTOSHUM JJ1st
miracTuHbl rpadesa ¢ azcopbuueit u 6e3 mee. Ilokazano, 4To
sueprus agcopbuun CO2 Monekysbl paBHa npuMepHo 61,7 m3B
wiu MeHbme. JIo u mocie ancopOIuy MOJIEKYJIbl YIJIEKHUCIIOrO
raza yposau HOMO-LUMO nnacruns: rpad)eHa He MEHSIOTCS.
ITosTomy mimactuHa rpadeHa He MoxkeT AeTeKTHpoBaTb COs
MOJIEKYJIy W3-33 HX CJIa00ro B3aMMOZIEHCTBUL.
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