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The adsorption of carbon dioxide on graphene sheets was theoretically investigated using density functional
theory (DFT) and MP2 calculations. Geometric parameters and adsorption energies were computed at various
levels of theory. The CO2 chemisorption energies on graphene-C40 assuming high pressure are predicted to be
71.2-72.1 kcal/mol for the lactone systems depending on various C-O orientations at the UCAM-B3LYP level
of theory. Physisorption energies of CO2 on graphene were predicted to be 2.1 and 3.3 kcal/mol, respectively,
at the single-point UMP2/6-31G** level of theory for perpendicular and parallel orientations.
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Introduction
It is well known that the vast usage of carbon-based fossil
fuels has caused an increase in the concentration of atmospheric carbon dioxide (CO2). This seems to be the major
reason for the average global surface temperature rise of 0.6
o
C over the past century.1 Efforts to reduce the greenhouse
gas CO2 has been one of the most challenging issues in
environmental protection. To solve this problem, there have
been many investigations to control CO2 emissions by
capturing and separating technologies such as absorption,
adsorption, membranes and so forth.2 Among them, adsorption technologies using metal oxide, zeolite, or activated
carbons etc. have been developed.3 In recent years, the
adsorption of various atmospheric gases including CO2 on
carbon nanotubes (CNT) or graphene as a candidate of
adsorber beds has been experimentally and theoretically
investigated.4-19
Some past researches for the single-walled carbon nanotube
(SWNT) and metal-doped CNT have focused on the adsorption of H2 as a candidate of hydrogen storage materials.4-7
Also, studies on the electronic properties of SWNTs exposed
to various gases such as O2, NO2, and NH3 have been
followed to demonstrate the possibility of becoming a
nanotube molecular sensor.8,9 The investigation on the adsorption of gases on SWNT expanded to more various gases
(NO2, O2, NH3, N2, CO2, CH4, H2O, H2, Ar) using the first
principle methods in Zhao et al.'s 2002 work.10 The adsorption (physisorption) energy of CO2 gas on purified SWNTs
has been experimentally measured and theoretically predicted by Cinke et al. in 2003.11 Experimental and theoretical investigation for the mechanism of CO2 chemisorption
on carbonaceous surfaces has been presented to understand
the detailed gasification mechanism and surface characterization on graphene planes by Montoya et al. in 2003.12 In the
low-coverage region, their experimental adsorption energy
varies from 75 to 24 kcal/mol, depending on binding sites
and carbon-oxygen interactions such as lactone, heterocyclic,
and furan-type complexes. In the same year, Matranga et al.

reported the result of the IR spectroscopic study of trapped
CO2 in SWNT bundles.13
Since single-layer graphene sheets have been successfully
produced in experiments by Geim and coworkers in 2004,14
intensive investigations on the fundamental properties of
graphene-based structures have been initiated. Johnson and
coworkers reported the experimental and theoretical adsorption energies and vibrational frequencies of CO2 adsorbed at
different sites on SWNT bundles and on graphene surface.15
In 2005 Radovic reported the theoretical results on the
mechanism of CO2 chemisorption on zigzag carbon active
sites in a graphene layer.16 In the following year, the adsorption energies of various atmospheric gases including CO2 on
a single atom defected graphite surface was predicted using
the ONIOM DFT method by Allouche and Ferro.17 Also,
Irle and coworkers have presented the prediction of reaction
pathways and rate constants for the dissociative adsorption
of COx and NOx (x = 1-2) on the C96H24 graphene model
using the ONIOM DFTB-D method.18 In 2008, the adsorption of gas molecules (CO, NO, NO2, O2, N2, CO2, and NH3)
on graphene nanoribbons (GNRs) was studied by Duan and
coworkers.19 More recently, Cabrera-Sanfelix reported the
binding energy of ~136 meV for physisorption and approximately 1.4 eV for chemisorption by the lactone group
formation of CO2 on a defective graphene sheet.20 Last year,
the physisorption and chemisorption energy were predicted
to be ~210 meV and ~1.72 eV, respectively, for CO2 adsorption on the defective graphene site with one carbon atom
missing (monovacancy) by Liu and Wilcox.21 Also, Mishra
and Ramaprabhu have demonstrated the CO2 adsorption
capacity of graphene, prepared via hydrogen induced exfoliation of graphitic oxide at moderate temperatures. They
confirmed the physical adsorption of CO2 in graphene by
FTIR study.22
This work reports DFT and MP2 calculations of the
chemisorption and physisorption of CO2 on graphene sheets.
Three models of graphene sheet are considred, C32 (3-4-3)
and C40 (4-5-4); geometric parameters and adsorption energies are calculated at various levels of theory. Harmonic
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vibrational frequencies are also predicted to confirm that the
optimized geometries are true minima.
Theoretical Approach
The possible structures of the graphene models are fully
optimized at the B3LYP23 level using the 6-31G** basis set.
A long-range corrected (LC) DFT method, CAM-B3LYP,24
in Gaussian-0925 is also used for better description of the
weakly binding physisorption of CO2 on graphene sheets
and compared with results from MP2 calculations. Harmonic
vibrational frequencies are evaluated using analytic second
energy derivatives at the B3LYP, CAM-B3LYP, and MP2
levels with the 6-31G** basis set. MP2 binding energies are
obtained using single-point energy calculations at the B3LYPoptimized geometries. All possible high spin electronic
states have been examined to find the ground state using the
unrestricted wavefunction such as UB3LYP, UCAM-B3LYP
and UMP2. All optimized geometries are confirmed to be
true minima by all real frequencies.
The two models of graphene sheet are constructed using
either three or four lines of benzene rings. For example, the
C32 (3-4-3) case has three benzene rings in the first row, four
rings in the second line, and three in the last, consisting of a
total of 32 carbon atoms. Binding energies were calculated
for chemisorption by the formation of lactone groups by
CO2 on the graphene sheets. Two orientations of physisorption – perpendicular and parallel – are investigated depending on the direction of CO2's approach to the graphene.
Adsorption energies are calculated using E(graphene-CO2)
{E(CO2) + E(graphene)}. Zero-point vibrational energies
(ZPVEs) are considered and compared with experimental
adsorption energies. All computations were carried out using
the Gaussian09 program package.
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Å, much longer than the 1.14 Å of pure CO2. The other C-O
bond length (R4) is predicted to be 1.20 Å, still a little longer
than that of pure CO2. The ∠OCO bond angle is calculated
to be 120.9o. The bonds between the CO2 and the graphene
surface are calculated to be 1.48 Å for C-C and 1.37 Å for CO. The C-C bonds in the benzene ring at the outer edge of
the graphene-C32 varied in length from 1.24 to 1.42 Å. The
C-C bond lengths in the inner ring show less variation,
ranging from 1.42 to 1.44 Å and showing a perfect plane.
The structure generated by UCAM-B3LYP calculation is not
too different from that generated by B3LYP, which means it
is not very helpful in describing chemisorption, despite it
being useful to characterize weakly bound long-range interactions such as physisorption.
The geometric parameters for the chemisorption of CO2
on graphene-C40 at various levels of theory are also listed in
Table 1. The optimized structures at the UB3LYP/6-31G**
level of theory are shown in Figure 1(b, c). There are two
similar but distinct active binding sites at which lactone
groups can form during CO2 chemisorption on graphene-C40
surface: site A at the graphene's outer edge and the inner site
B. The bond between the carbon of the adsorbed CO2 and its
O atom directly bonded at site A to a graphene carbon (1.45
Å) is predicted to be slightly longer than those calculated

Results and Discussion
Structures. The geometric parameters for the chemisorption of CO2 on the graphene-C32 at various levels of theory
are listed in Table 1 and the optimized structure at the
UB3LYP/6-31G** level of theory is presented in Figure
1(a). The formation of lactone groups has been reported to
be the most exothermic process of CO2 chemisorption on a
zig-zag graphene model.12 In the adsorbed CO2, the bond
length (R3) between the central C atom and the O atom
directly bonded to the graphene-C32 is calculated to be 1.44

Figure 1. The optimized structures of CO2 chemisorption on the
graphene at the UB3LYP/6-31G** level of theory.

Table 1. Geometric parameters for CO2 chemisorption on graphene sheets at various levels of theory
C32CO2(A)
R1(C-C)
R2(C-O)
R3(C-O)
R4(C-O)
θ(O-C-O)

C40CO2(A)

C40CO2(B)

UB3LYP

CAM-UB3LYP

UB3LYP

CAM-UB3LYP

UB3LYP

CAM-UB3LYP

1.48
1.37
1.44
1.20
120.9

1.48
1.37
1.42
1.19
121.3

1.47
1.37
1.45
1.20
120.6

1.48
1.36
1.43
1.19
120.9

1.48
1.37
1.44
1.20
120.9

1.48
1.36
1.42
1.19
121.3
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configuration, the carbon atom of CO2 is oriented in the
direction of the C-C bond of the benzene ring. The shortest
distances between the carbon atom of the CO2 and the
graphene's surface are predicted at the UB3LYP/6-31G**
level of theory to be 4.51 Å for the perpendicular configuration and 3.57 Å for the parallel configuration. They are
reduced to 4.21 Å and 3.30 Å, respectively, at the UCAMB3LYP/6-31G** level of theory. As expected, the UCAMB3LYP result (3.3 Å) for the || configuration is in better
agreement with the experimentally observed 3.2 Å. The
distances between CO2 and the graphene are calculated to be
4.28 Å for the ⊥ configuration and 3.30 Å for the ||
configuration on both the C40 surface at the UCAM-B3LYP/
6-31G** level of theory (refer to Figure S1 in supplemental
material). The differences between the calculated distances
between the adsorbed CO2 and each of the graphene surfaces
are not sufficiently significant to make the simplest C32
surface inadequate for modeling the physisorption of CO2 on
graphene.
Adsorption Energies. Relative energies of CO2 chemisorption by the formation of lactone groups on each of the
graphene surfaces calculated at the UB3LYP/6-31G**,
UCAM-B3LYP/6-31G**, and UMP2/6-31G** levels of
theory, experimental observations and previous theoretical
predictions are listed in Table 2. The relative energies are
calculated using E(graphene-CO2) {E(CO2)+E(graphene)}
for both chemisorption and physisorption. Here, the absolute
energies are chosen from the ground electronic state. The
geometries of base and graphene models at all possible high
spin electronic states are fully optimized and their absolute
energies at the UB3LYP/6-31G** level of theory are listed
in Table 3. The ground states are a triplet state for all
graphene-C32 models and the C40CO2, B model, and a quintet

Figure 2. The optimized structures of CO2 physisorption on the
graphene-C32 at the UCAM-B3LYP/6-31G** (UB3LYP/6-31G**)
level of theory (⊥: Located perpendicular on the graphene sheet,
|| : Located parallel on the graphene sheet.

using a C32 model. All the other C-O bond lengths at sites A
and B are calculated to be close to those calculated using the
C32 model. The C-C bonds in the benzene rings at the outer
edge of the C40 surface vary in length from 1.23 to 1.41 Å.
The C-C bonds away from the edge are almost similar (1.411.44 Å) and show an undistorted plane.
The optimized structures of CO2 physisorption on the
graphene-C32 at the UCAM-B3LYP/6-31G** and UB3LYP/
6-31G** levels of theory are shown in Figure 2. There are
two optimized configurations, parallel ( || ) and perpendicular
(⊥), depending on the direction of the CO2's approach to the
surface. An oxygen atom of the CO2 approaches the center
of the benzene ring in both configurations. In the parallel

Table 2. Absolute energies (E, in hartree), adsorption energies (ΔE, in kcal/mol) of CO2 on graphene sheets at the UB3LYP, CAM-UB3LYP
and UMP2/6-31G** levels of theory. Energies in parentheses include zero-point vibrational energy (ZPVE) corrections
UB3LYP/6-31G**
E
Base

CO2
C32
C40
C32CO2
C32(CO2)6

Chem C40CO2

Phys
C40CO2
a

ΔE

-188.580940
-1218.609971
-1523.338060
A

E

UMP2/6-31G**
ΔE

-188.512845
-1217.907576
-1522.466395

E

ΔE

Exp.

Previous
study

B.E

B.E

-188.107309
-1215.040313
-1518.339457

A
B

-1407.296267
-2350.661701
-1712.024002
-1712.068819
-3032.825977
-2655.399552

66.1(62.3)
59.2
65.9(62.3)
94.0(90.2)
65.9
60.2

-1406.538213
-2349.621298
-1711.096891
-1711.139670
-3031.477133
-2654.189302

73.9(70.2)
66.6
73.8(70.8)
100.7(98.0)
71.2
67.5

⊥
||
⊥

-1407.191721
-1407.191564
-1711.919515

0.3(0.2)
0.2(0.1)
0.3(0.2)

-1406.421699
-1406.422135
-1710.980646

0.8(0.7)
1.1(0.9)
0.9(0.7)

-1403.150982
-1403.152942
-1706.449951

2.1
3.3
2.0

||

-1711.919337

0.2(0.1)

-1710.981019

1.1(0.9)

-1706.451553

3.0

C40(CO2)8
C40(CO2)6
C32CO2

CAM-UB3LYP/6-31G**

75a

e

4.1
0.55f
4-9a

85a
95.7b
32.3c
39.7d
⊥( || )
3.5g
1.4 (3.4)h
0.5b
3.0 (3.1)c
1.2d

Ref 12: The most stable complex formed by the chemisorption of CO2 on the graphene edge sites by the lactone group. bRef 18. cRef 20. dRef 21: for
the chemisorption of CO2 on the monovacancy site. eRef 26. f Ref 11: for the physisorption of CO2 on SWNT. gRef 10. hRef 15
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Table 3. Multiplicities (M), <S2> values, the differences <S2> - S(S+1), and absolute energies(in hartree) of bases and graphene models at
different electronic states at the UB3LYP/6-31G** level of theory
M

<S2>

<S2> S(S+1)

Base(C32)

15
13
11
9
7
5
3
1

56.08
42.09
30.06
20.09
12.03
6.10
2.02
0

0.08
0.09
0.06
0.09
0.03
0.10
0.02
0.00

-1218.268855
-1218.346183
-1218.393518
-1218.438277
-1218.503577
-1218.549203
-1218.609971
-1218.548851

Chem
(C32CO2)
-1407.030388
-1407.078002
-1407.128142
-1407.185388
-1407.240753
-1407.296267
-1407.234440

state for all other graphene-C40 models. The spin contamination in the UB3LYP wave function is not significant as
pointed out by Sarofim and coworkers.27 Results at the
UCAM-B3LYP/6-31G** level of theory are listed in Table
S1 of supplemental material. The energy of weakly bound
systems such as physisorption energy predicted by B3LYP is
generally lower than that calculated by MP2. Therefore, a
long-range corrected (LC) DFT method (CAM-B3LYP) is
used here for better description.
The chemisorption of CO2 by lactone group formation on
graphene-C32 is predicted at the UB3LYP/6-31g** level of
theory to have an energy of 66.1 kcal/mol at site A. This is
within the range of experimental observations (75-24 kcal/
mol).12 The UCAM-B3LYP binding energy is predicted to
be 7.8 kcal/mol higher (73.9 kcal/mol) than UB3LYP result.
CO2 chemisorption energies on graphene-C40 are predicted
to be 65.9 kcal/mol at site A and 94.0 kcal/mol at site B. The
values are increased to be 73.8 kcal/mol (site A) and 100.7
kcal/mol (site B) at the UCAM-B3LYP level of theory. After
ZPVE correction, the binding energis are reduced to 70.3
and 98.0 kcal/mol. To eliminate or minimize the site dependency, the chemisorption energies assuming high pressure
have been estimated using graphene models fully covered by
CO2 on every possible adsorption site, that is, C32(CO2)6,
C40(CO2)6 and C40(CO2)8 as shown in Figure 3. The UB3LYP
binding energy is calculated to be 65.9 kcal/mol for
C40(CO2)8, which is the same with the result of C40CO2 (site
A), while the chemisorption energies for C32(CO2)6 and
C40(CO2)6 are predicted to be little lower. The UCAM-

<S2>

<S2> S(S+1)

Base(C40)

56.13
42.10
30.10
20.10
12.10
6.04
2.08
0

0.13
0.10
0.10
0.10
0.10
0.04
0.08
0.00

-1523.071587
-1523.146310
-1523.197949
-1523.255653
-1523.306934
-1523.338060
-1523.295810
-1523.251414

Chem
(C40CO2, A)

Chem
(C40CO2, B)

-1711.834697
-1711.887518
-1711.936449
-1711.992697
-1712.024002
-1711.982407
-1711.923195

-1711.932522
-1711.984935
-1712.037357
-1712.068819
-1712.008035

B3LYP binding energy is predicted to be 71.2 kcal/mol. The
adsorption energy dependency for the lactone system with
the C-O oriented towards the center of the edge line or
outwards has been also tested in Table S2 and Figure S2. of
supplemental material and the values are varied from 71.2
kcal/mol to 72.1 kcal/mol. This result is in reasonably good
agreement with the experimentally observed 75 kcal/mol.
Physisorption energies of CO2 on each of the graphene
surfaces are calculated at various levels of theory, and are
compared with experimental observations and previous
theoretical predictions in Table 2. At the UB3LYP level of
theory, the predicted physisorption energies (0.2-0.3 kcal/
mol) are significantly underestimated relative to experimental
results (4.1 kcal/mol)26 and do not differ greatly with the size
of the graphene model or the configuration, ⊥ or ||. The DFT
method improved for weakly bound systems (UCAMB3LYP) predicts physisorption energies of 0.8 and 1.1 kcal/
mol for the ⊥ and || configurations, respectively, on C32CO2
model. While improved, the result remains an underestimate. The single-point UMP2 adsorption energies of all the
graphene models (2.0-2.1 kcal/mol for the ⊥ configuration
and 3.0-3.3 kcal/mol for the || configuration) are in reasonably
good agreement with experimental observations. The larger
binding energy in the parallel configuration can be explained
by quadrupole-quadrupole interactions between the CO2 and
the C-C bonds on the graphene's surface. Overall, the size of
the graphene model is shown not to be important to
describing physisorption energy, while consideration of
electron correlation effects (as by the UMP2 method) is very

Figure 3. The geometries of graphene models fully covered by CO2; (a) C32(CO2)6 (b) C40(CO2)6 (c) C40(CO2)8.
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important.
Conclusion
The geometric parameters and energies of the chemisorption and physisorption of CO2 on graphene were calculated
at various levels of theory. The formation of lactone groups
is the most exothermic process in CO2 adsorption on graphene and chemisorption by this route was investigated here.
At the UCAM-B3LYP level of theory, the CO2 chemisorption energies on graphene-C40 assuming high pressure are
predicted to be 71.2-72.1 kcal/mol for the lactone systems
depending on various C-O orientations. This result is in
reasonably good agreement with the experimentally observed
75 kcal/mol.
Two configurations of physisorption, parallel ( || ) and
perpendicular (⊥), that result depending on the direction of
CO2's approach to the graphene surface were also optimized.
Single-point UMP2 adsorption energies were calculated to
be 2.0-2.1 kcal/mol for the ⊥ configuration, and 3.0-3.3 kcal/
mol for the || configuration in each of the considered graphene models. These results are in reasonably good agreement
with experimental observations and previous theoretical
predictions. The size of the graphene models was shown not
to have too great an effect on the physisorption energy, while
consideration of electron correlation effects was shown to be
very important.
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