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Abstract: Density functional theory (DFT) calculations were employed to investigate
the energetics of carbon dioxide migration within hydrated or anhydrous graphene

oxides (GOs). When anhydrous GO structures contain a carbon dioxide molecule, the

carbon dioxide interacts repulsively with the GO layers to increase the interlayer spacing.

The repulsive electrostatic interactions are reduced by the insertion of water molecules
into CO,-containing GO structures due to the occurrence of attractive water—layer
interactions through hydrogen bonding. Consequently, the interlayer spacings in CO,-
containing hydrated structures are shortened compared with those in the anhydrous
structures. The results indicate that the intercalated water molecules have the ability to
connect the GO layers in the presence of carbon dioxide. Furthermore, the DFT
calculations indicated that the GO interlayer spacings, which are influenced by the
intercalation of water molecules, control carbon dioxide migration within the GO layers.
The importance of the interlayer spacings on the migration of carbon dioxide arises
from the occurrence of repulsive interactions between CO, and oxygen-containing
groups attached on the graphene sheets. When the GO interlayer spacings are short
due to the presence of intercalated water molecules, the repulsive interactions between
carbon dioxide and the GO layers are strong enough to prevent CO, from migrating
from its original position. Such repulsive interactions do not occur during the
migration of CO, within anhydrous GO structures because of the relatively longer
interlayer spacing. Accordingly, CO, migrates within anhydrous GO with a less
significant barrier, indicating that carbon dioxide molecules are easily released from the

GO.
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Introduction
Graphite oxides are generated via oxidation treatment of graphite under various

conditions."® The few layers within these structures, graphene oxides (GO), have

11

attracted attention from many researchers’'' because of their use for the mass

12,13

production of graphene and because of their unique electronic properties that can be

14-21

tuned by the degree of oxidation. To understand the structure—functionality

relationships of graphene oxides, state-of-the-art techniques have been employed.”*
Although the structural features of GOs have been debated, there is a consensus that
various types of oxygen-containing groups, such as epoxy, hydroxyl and carboxyl
groups, are bound to graphene sheets to disrupt the sp” frameworks.

The presence of the oxygen-containing groups weakens the van der Waals forces
between the graphene sheets. Rather than van der Waals forces, hydrogen-bonding
interactions occur between the functional groups attached to the adjacent layers.
Consequently, the spacing between adjacent GO layers is increased relative to that in
graphite (3.35 A). Another important factor in determining the interlayer spacings is

the intercalation of water molecules.’¢*

The affinity to water molecules is a
consequence of the presence of hydrogen bonding with the oxygen-containing groups
attached to the graphene surface. The intercalation of water further enhances the
interlayer spacings in GO structures compared with those in anhydrous structures.***
According to Ref. 24, the interlayer spacings in the hydrated GO structure range from

5.6 to 12 A depending on water content. As a result, the chemistry of GO layers is

strongly sensitive to humidity.
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Because of their layered structures, GOs have the potential to capture gases such

39,40 37,41

as dihydrogen and carbon dioxide. We are interested in how carbon dioxide
molecules are trapped between GO layers because of environmental concerns.
According to the Fourier transform infrared (FT-IR) measurements in Refs. 37 and 41,
carbon dioxide is formed during the thermal treatment of GO films. Subsequently, the
resultant carbon dioxide molecules are intercalated between the GO layers.
Thermogravimetric analyses (TGA) combined with mass- and IR-spectrometers (TGA-
MS and TGA-IR) indicated that the CO,-intercalated GO structures are stable up to
120°C. The intercalated carbon dioxide molecules are released at approximately
160°C by decomposition of the GO structures. Interestingly, the removal of CO, is
accompanied by the release of water molecules from the GO layers. Therefore, one
expects that water molecules have important roles in trapping carbon dioxide molecules
in the interlayer spaces of graphene oxides.

Despite the interesting experimental reports, our knowledge on the mechanisms
of trapping carbon dioxide molecules in the GO interlayer space, as well as the roles of
water molecules in the trapping of carbon dioxide, is still lacking. To increase our

understanding on this topic, quantum chemistry calculations,**™’

especially density
functional theory (DFT) calculations, provide useful information. By utilising DFT
calculations with periodic boundary conditions, the present study focuses on carbon

dioxide migration in the interlayers of hydrated or anhydrous GO structures, which is

one event during the release of trapped carbon dioxide.
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1. Calculation Method

DFT calculations implemented in the Gaussian 09 code™ were employed to
investigate the structures of anhydrous and hydrated graphene oxides consisting of a
double-honeycomb layer. To obtain geometrical information on the double-layered
graphene oxides, DFT calculations were performed under periodic boundary condition.
As shown in Figure 1, the supercells contain 16, 32, and 64 carbon atoms,
corresponding to 2x2x2, 2x4x2 and 4x4x2 cells of graphene, respectively. By using
the small and medium supercells corresponding to the 2x2x2 and 2x4x2 cells,
respectively, we first added a few hydroxyl groups to the graphene models to construct
graphene oxides. After obtaining the graphene oxide structures, one carbon dioxide
molecule was inserted into the interlayer space of a certain GO structure whose
interlayer spacing was sufficiently large to accommodate CO, molecules. To
investigate the behaviours of carbon dioxide on the inside of the graphene oxides, we
used the large unit cell that contained 64 carbon atoms (4x4x2 cell). In PBC
optimization of the two dimensional systems, we used k-point meshes that were
automatically generated in the Gaussian program (18x18 k-point mesh for the small
supercell, 10x18 k-point mesh for the medium supercell, and 10x10 k-point mesh for
the large supercell). The 10x10 k-point mesh is sufficient to converge the total energy
of'a GO model in the larger unit cell, as shown in supporting information.

In anhydrous and hydrated GOs, hydrogen bonding interactions are key in
determining their layer structures.’® To explore the feasibility of using DFT

calculations to describe the hydrogen bonds, we considered the PBE functional® and the
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B97D functional, in which a dispersion correction is included.”” By using the different
functionals, we obtained the local minimum of a water dimer with Cs symmetry, as well
as one water molecule that attached to two OH groups on the graphene sheet. Here,
the 6-31G**%! and 6-31++G**%* basis sets were used. The optimised structures are
displayed in Figure 2, and key parameters of these structures (hydrogen bonding
separations and its stabilization energy) are shown in Table 1. In the optimised
structure for the water dimer, one hydrogen bond is formed between an H atom of one
water molecule with the O atom of the other molecule. The HOH--OH separations are
approximately 1.91 A, and they are not sensitive to the considered functionals (PBE or
B97D) or to whether diffuse functions are used. Subsequently, we evaluated the
stabilisation energies by the dimer formation, as tabulated in Table 1. Table 1
indicated that the stabilisation energies were also independent of the functionals and
basis sets that we considered. Note that the calculated stabilisation energies, especially
the PBE values, are consistent with previously reported experimental values.** This
consistency, which has also been reported by several researchers,®” indicates that the
PBE functional is the best functional for describing the hydrogen-bonding interactions.
We also investigated the addition of one water molecule into a single GO layer using the
two functionals.®® Table 2 lists the two key parameters that are the basis for
understanding the behaviours of water molecules within double GO layers, which will
be discussed below. As can be seen in Table 2, there is similarity between the B97D
and PBE calculations in the key parameters,” although the stabilization energy in the

B97D calculation was less significant than the PBE case. Similar trend was found
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from Figure 2 and Table 2 in interactions of a single OH-attached graphene with CO,.
The results indicate that the dispersion corrections in the B97D functional are not
important in describing hydrogen-bonding interactions in both systems.

Considering the above discussion, we chose the PBE functional to describe
hydrogen-bonding interactions in the following. With respect to the basis sets, Tables
1 and 2 also shows that the PBE/6-31G** calculations provide results that are
qualitatively similar to those from the PBE/6-31++G** calculations. Due to limited
computational resources, we cannot use the 6-31++G** basis sets. Instead, the 6-
31G** basis sets were employed. Our previous studies’® have shown that DFT
calculations with the 6-31G** basis sets are sufficiently accurate for reproducing the

experimental data of nanocarbon materials.

2. Results and Discussion
2.1. Structural Features of Graphene Oxides with Different Degrees of
Oxidation

First, we discuss the interlayer spacings in double GO layers with different
degrees of oxidation. In these analyses, we used smaller supercells containing 16 or 32
carbon atoms with some attached hydroxyl groups. After conducting the DFT
calculations, the local minima of these structures were obtained, as shown in Figure 3.
The optimised structures in Figure 3 have hydrogen bonds, which are indicated by
dotted lines. There are various types of hydrogen bonds, which are schematically

depicted in Chart 1. With the exception of the Cic(OH)s structure, the optimised
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structures have interlayer hydrogen bonds: accepter oxygen atoms on a layer are
connected to donor hydrogen atoms of OH groups on the other layer (Chart 1a), with
hydrogen bond lengths ranging from 1.8 to 2.5 A. In addition, intralayer hydrogen
bonds were found in the C;4(OH)4, C352(OH)4, and Csp(OH)g structures (Chart 1b),
whose ratios of the number of oxygen atoms to that of carbon atoms ([O]/[C]) are 0.125
~ 0.25. Figure 3 and Table 3 show that the computed interlayer spacings increase as
increasing the [O]/[C] values.”!  Our DFT calculations are similar to those that have
previously been reported in Refs. 45 and 50.

In graphene with a high degree of oxidation, slightly different structural features
were observed, as shown in Figure 3. The C;4(OH)¢ structure ([O]/[C] = 0.375)
contains one water molecule, which was generated during the optimisation process
where the H atom of an OH group migrates toward the adjacent OH group.
Concurrently, one epoxy group was formed on a layer. The optimised structure
(C160(0OH)4-H;0) has hydrogen bonds mediated by the water molecule, and these bonds
range from 2.02 to 2.46 A. In these hydrogen bonds, the two hydrogen atoms of a
water molecule point towards oxygen atoms attached to graphene, and at the same time,
the water oxygen atom is bound to the hydrogen atom of an attached hydroxyl group, as
shown in Chart 1c. Negative charges on the oxygen atoms are important for forming
the hydrogen bonds.”>  Due to the presence of water molecules between the GO layers,
the structure has a relatively long interlayer spacing (d = 7.08 A). In terms of intralayer
hydrogen bonding, chain-like orientations were found, being similar to those reported in

Ref. 53. Ref. 73 indicates that such chain-like orientations are preferable to
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. . . . 37,41
amorphous orientations. Based on previous experimental reports,””

we hypothesise
that water molecules play an essential role in controlling the migration behaviours of
intercalated carbon dioxides. Thus, the hydrated structure with a relatively large
interlayer spacing is the simplest model that provides us with a preliminary idea for

elucidating the roles of water molecules in trapping carbon dioxide molecules within

GO layers.

2.2.  Carbon Dioxide in the Interlayer Space of Graphene Oxides

In this section, we examine the behaviours of a carbon dioxide molecule that is
present in the interlayer space of graphene oxides. For this purpose, we quadrupled the
C160(OH)4-H,0 structure (Figure 3c) to construct Cs4O4(OH)6-4H,0, whose side and
top views are shown in Figures 4(a) and 4(b), respectively. There are four water
molecules present in the 4x4x2 cell. The neighbouring oxygen atoms between
adjacent water molecules are separated by 5.02 A, as shown in Figure 4(c). Because
the oxygen separation in carbon dioxide is 2.36 A, the space surrounded by the four
water molecules is too small to accommodate one carbon dioxide molecule. To trap
one carbon dioxide molecule between the GO layers in this model, we removed some
water molecules from the Cg404(OH);6°4H,0 structure to construct Cs404(OH);4-nH,O
structures. Here, the number of water molecules (7) ranges from 0 to 3. Then, we
placed carbon dioxide into the interlayer of the CgsO4(OH)i6'nH,O structures. By
using the initial CgsO4(OH)j6-nH,O and CO,@CesO4(OH)6-nH,O geometries, we

obtained local minima.



Physical Chemistry Chemical Physics

2.2.1. Structural Features of C4,04(OH)¢°'#H,0

First, let us focus on how the structural features of Cg4O4(OH);6-#H,O depend
on the number of water molecules. Figure 5 displays the optimised geometries for the
C6404(OH);6-nH,0 structures. The anhydrous GO structure (CgsO4(OH)i6) has a
stacking behaviour that slightly deviates from AA stacking. The observed stacking
behaviour is 5.5 kcal/mol more stable than the corresponding AB stacking.”*  As
mentioned above, oxygen-containing groups are connected by hydrogen bonds between
adjacent GO layers (/). Here, we evaluated interaction energies due to the interlayer

hydrogen bonds, E(/-/), defined in the following,

E(l-]) = Eioal([C6404(OH)16]°)~ Erorai(top layer of [Cs04(OH)16])

— Ea(bottom layer of [Cg4O04(OH)16]")

where [CesO4(OH)i6]” 1s the Ce4O04(OH)j6 structure taken from an optimised
C6404(OH)16-nH,O  structure, FEioi([CaO4(OH)16]’) is the total energy of the
[C6404(OH);6]” structure, and Eioi(top layer of [CesO4(OH)16]°) or Eiorai(bottom layer of
[C6404(OH)6]’) is that of the top or bottom layer taken from the [CgsO4(OH)6]’
structure. BSSE-corrected E(/-/) values are listed in Table 4. The negative E(/-/)
value in the anhydrous structure indicates that the two layers interact attractively

through interlayer hydrogen bonds.

10
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In contrast to the anhydrous GO structure, different stacking behaviours were
observed in the hydrated structures (Figure 5). In these situations, water molecules
strongly interact with the GO layers through hydrogen-bonding interactions. In fact,
the water molecules orient their H atoms towards the oxygen atoms of epoxide or
hydroxyl groups on GO. In addition to the interlayer hydrogen bonds, interactions of
water molecules with a GO layer are responsible for determining the hydrated structures.
Figure 6 shows that the interlayer spacings increase as the number of intercalated water
molecules increases. The results suggest that direct interlayer hydrogen-bonding
interactions would be weakened by the insertion of water. Instead, the interactions of
water molecules with the GO layers would become dominant. To quantitatively
determine these changes in terms of the interactions, we evaluated the water—layer
interaction energies (E(w—/)) and then compared them with the corresponding E(/-/)

values, as shown in Table 4. The E(w—/) values are defined as follows,

Ew-I) = (Eiul(Css04(OH)16'nH20)— nEiora(H20)—Eioai(CssO4(OH)16)) / 1

where Eioai(Cs404(OH) 6-nH,0) is the total energy of an optimised CesO4(OH);6-nH,O
structure and Eyya)(Ce404(OH)16) and E(H,O) are those of CgsO4(OH)j¢ and water
molecules taken from the optimised CgO4(OH)i6-nH,O structure, respectively. As
shown in Table 4, the calculated E(w—/) values are approximately —10 kcal/mol. The
negative E(w—[) values indicate that attractive interactions occur between water

molecules and the two GO layers.

11
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Based on the E(/~/) and E(w-/) values in Table 4, the water—layer interactions
are dominant in the hydrated GO structures. The importance of the water-layer
interactions arises from the formation of a large number of hydrogen bonds, as shown in
Figure 5. When some number of water molecules exist within the layers, hydrogen
bonding networks in Chart 1c are created to gain the stabilisation energy due to the
water—layer interactions. Then, the water—layer interactions are strong enough to
change the GO stacking pattern. In contrast, the CgO4(OH) 6-HO structure, whose
interlayer spacing is relatively short, has a slightly different orientation of intercalated
water molecules in Chart 1d. In this situation, interlayer hydrogen bonds influence the
orientations of water molecules within the GO layers. Therefore, the interlayer-
hydrogen interactions are also a key in determining the Cg4O4(OH);6-H,O structure, in

addition to the water-layer interactions.

2.2.2. Carbon Dioxide in the Interlayer Space of Graphene Oxides

When carbon dioxide exists in the interlayer space of graphene oxides, the state
of affairs is slightly different in terms of the structural and energetic features in Figure 7.
As shown in Figures 5 and 7, the presence of carbon dioxide within the GO layers
significantly enhances the interlayer spacing. In particular, long interlayer spacing was
found in CO,@Ces04(OH);6 (8.45 A). The two oxygen atoms of carbon dioxide have
negative charges, and at the same time, negative charges exist on the oxygen atoms

attached to the GO layers.”” The repulsive electrostatic interactions between the

12
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negatively charged oxygen atoms are counteracted by the enhancement of the interlayer

spacing. The interactions of CO, with the GO structures were evaluated as follows,

E(COx-) = Etotal( CO2,@Cs404(OH) 16'nH20) — Etoral(CO2) — Eioral(C6404(OH)16°nH,0),

where  Eiu(CO,@Css04(OH)16'nH,O) is the total energy of an optimised
CO,@Css04(OH) 6 nH,0 structure and FEioa1(CeaO4(OH)16-nH20) and Eiomi(CO7) are
the total energies of CgO4(OH)j6-nH,O and CO,, respectively, taken from the
optimised CO,@Ces04(OH);6-nH,0 structure.

Less significant £E(CO,—/) values are observed in Table 4, indicating that the
interactions between CO, and the GO layers are quite weak. In particular, the CO,-
containing hydrated GO structures have positive E(CO,—/) values, indicating that
repulsive interactions occurred between CO, and the GO structures. Relatively large
separations between the oxygen atoms were observed in the CO;-containing GO
structures, and thus, the weak repulsive interactions are understandable. Within the
hydrated cases, the weak repulsion is easily counteracted by attraction by the water—
layer interactions. Consequently, the interlayer spacings in CO,@CgsO4(OH);6°nH,0
are smaller than those in CO,@Cs4O4(OH)6. Table 4 indicates that the water—layer
interactions are a dominant factor for determining the CO,@CgsiO4(OH)i6-nH,0
structures. Consequently, water molecules have the ability to connect adjacent GO

layers in the presence of carbon dioxide. This ability of the intercalated water

13
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molecules is important in controlling the migration of carbon dioxide in the interlayer of

the GO structures, as will be discussed below.

2.2.3. Migration of Carbon Dioxide in the Interlayer Space of GO Structures

The previous section revealed that substantial attraction does not occur between
carbon dioxide and the double graphene oxides. Unfortunately, the DFT findings
cannot explain the trapping of carbon dioxide in the interlayer space, which was
experimentally reported in Refs. 37 and 41. To increase our understanding of the
mechanism for CO, trapping, we consider how carbon dioxide migrates within the
double GO layers in the presence or absence of intercalated water molecules. Here, we
scanned the total energy of the migration of CO, along the (a;+a,) axis of the graphene
oxide structure, as shown in Figure 8. The degree of CO, migration from the original
structure is defined as 7. The original structure, which corresponds to the optimised
CO,@Cs04(OH)15'nH,0O structure, is at 7 = 0 A. During CO, migration, the
C6404(OH) 6-nH,O  structure is fixed to that taken from the optimised
CO,@C404(OH)16'nH,0 by removing CO,, and the orientation of CO, with respect to
the two layers (in particular, its height (z coordination)) is maintained constant. Figure
9 shows energy profiles for the migration of CO, within the CgO4(OH)i6-nH,0O
structure. By scanning the total energies in Figure 9, we obtained the transition states
of the CO,@C404(OH) 16 and CO,@Cs04(OH) 6-nH,0 structures at 7= 3.2 and 2.6 A,

respectively. As shown in Figure 9, the activation energy for CO, migration (E,) is

14
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sensitive to the number of water molecules; the E, values decrease from 44.0 to 8.4
kcal/mol when 7 decreases from 2 to 0.7

The energy barrier is caused by CO, exerting repulsive interactions with water
molecules and with oxygen-containing groups attached to graphene sheets. As shown
in Figure 10, the transition state has the oxygen atoms of carbon dioxide separated from
the oxygen atoms of the water molecules by approximately 3.4 A and from the oxygen
atoms of functional groups on the GO layers by 2.2 A. Their oxygen separations were
shorter than those in the corresponding original structures (7 = 0 A), as shown in
Figures 7 and 10. Because the oxygen atoms in CO,, H,O, and the functional groups
have negative charges, repulsive electrostatic interactions occur in the transition states.

In terms of the repulsive interactions occurring in the transition states, water
molecules play two roles. One role is that water molecules directly repel carbon
dioxide through electrostatic interactions. The other role is that water molecules
connect the two GO layers through hydrogen bonds. The two layers being closely
separated strongly repel the intercalated carbon dioxide. Thus, the spacings between
the adjacent GO layers, which are connected by water molecules, become essential in
determining how strong repulsive interactions operate between CO, and GO layers. At
a short interlayer spacing, carbon dioxide is close to the oxygen atoms of the attached
functional groups. Then, the migration of CO, is strongly hindered by oxygen-
containing groups through their repulsive interactions. This situation can be observed
in the CO,@Cs404(OH);16-2H,0 structure, whose interlayer spacing is 7.70 A. In

contrast, the anhydrous graphene oxide has an interlayer spacing of 8.45 A. The

15



Physical Chemistry Chemical Physics

spacing is too long to exert repulsive interactions between CO; and oxygen-containing
functional groups. Therefore, the smaller activation energy for CO, migration (8.0
kcal/mol) in the anhydrous GO is reasonable. The DFT calculations revealed that the
kinetics for CO, migration within graphene oxides layers are influenced by the number
of intercalated water molecules. Accordingly, we proposed from the DFT calculations
that water molecules play an important role in effectively trapping carbon dioxide
molecules.

The DFT findings are directly linked to the experimental reports in Refs. 37 and
41. When water molecules exist in the interlayer space of graphene oxides, the
migration of carbon dioxide molecules is hindered, as our DFT findings indicate that the
molecules are trapped in the interlayer space. According to Refs. 37 and 41, heat
treatments release water molecules from the GO interlayer space, which occurs
concomitantly with the removal of carbon dioxide. The experimental findings can be
well interpreted based on our DFT findings because we found that the release of water
enhances the GO interlayer spacings, allowing the inner carbon dioxide molecules to
move easily and finally be released. Consequently, the intercalated water molecules
would control the migration of carbon dioxide molecules within the graphene oxide
layers, which is key for graphene oxides to capture carbon dioxide molecules in their

interlayer space.

Conclusions

16
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We employed density functional theory (DFT) calculations under periodic
boundary conditions to investigate how carbon dioxide migrates in the interlayer space
of hydrated or anhydrous graphene oxides (GOs). First, we obtained information on
the geometrical features of the anhydrous and hydrated structures. The DFT
calculations revealed that interlayer hydrogen-bonding interactions and water—layer
interactions are responsible for determining the layer structures of GOs. When a
carbon dioxide molecule is present in the anhydrous GO structure, the intercalated CO,
repels the GO layers through electrostatic interactions to separate adjacent GO layers,
compared with the pristine case. The repulsive electrostatic interactions are
counteracted by the insertion of water molecules because attractive interactions occur
between the water molecules and GO layers. In fact, the insertion of water into CO»-
containing GO structures decreases their interlayer spacings. Accordingly, the
intercalated water molecules have the ability to connect the CO,-intercalated GO
structures.

Furthermore, the presence of intercalated water molecules strongly influences
the migration of carbon dioxide within GO layers. When intercalated water molecules
are present in CO,-containing GO structures, their interlayer spacings are relatively
smaller than in the anhydrous structures. Subsequently, significant repulsive
interactions between CO; and the GO layers prevent CO, from migrating from its
original position. Such repulsive interactions cannot occur in anhydrous GO structures
because the anhydrous structures have larger interlayer spacing. In this case, carbon

dioxide can easily migrate in the interlayer space of double GO layers to exit the

17
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structure. Consequently, the spacing of the GO layers, which are connected by water
molecules through hydrogen bonds, determines the carbon dioxide migration kinetics.
The DFT findings are helpful for understanding the mechanisms of trapping carbon
dioxide molecules in the interlayer space of hydrated graphene oxides and for designing

nanocarbon materials as promising candidates for capturing greenhouse gases.

Electronic supplementary information (ESI) available: Dependence of total energy
of Cg404(OH);6 - 4H,O on k-point meshes (S1); Cartesian coordinates of optimised
geometries in Figure 2 (S2); Cartesian coordinates of optimised geometries in Figure 3
(S3); Cartesian coordinates of optimised geometries in Figure 4; S5 Cartesian
coordinates of optimised geometries in Figure 5 (S4); Cartesian coordinates of
optimised geometries in Figure 7 (S6); Cartesian coordinates of transition states for CO,
migration within graphene oxide models in Figure 10 (S7); Complete lists in Ref. 58

(S8). See DOLXXX.
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calculations. =~ The B97D-calculated interlayer spacings of Cs(OH),, Cic(OH),
C32(OH)4, C32(OH)4, C32(OH)s, Ci6(OH)4, and C6(OH)s are 5.32, 5.12, 5.23, 6.10, 6.40,
and 7.69 A, respectively.
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of CO,@Cs404(OH);6-nHO by removing COa. To obtain further proper
understanding of the activation energy, we relaxed coordinates of attached groups (OH
or O groups) and H>O molecules in the transition states (Figure 10), however those of
other atoms are fixed. The activation energies for the CO, migration within the
partially relaxed CO,@Cs404(OH);6-nH,0 are 7.9, 24.7, and 37.4 kcal/mol forn =0, 1,
and 2, respectively. The E, values are similar to those obtained by using the fixed

C6404(0OH);6-nH,0 geometries.
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Figure Captions

Figure 1. Supercells of double graphene layers, which are used to construct
graphene oxides; (a) a supercell containing 16 red atoms (2x2x2 cell), (b) a supercell
containing 32 atoms (16 red and 16 blue atoms) (2x4x2 cell), and (c) a supercell
containing 64 atoms (16 red, 16 blue, and 32 green atoms) (4x4x2 cell). Graphene
models with AA or AB stacking were used as the initial geometries to obtain optimised

double-layered graphene oxides. Lattice vectors are given.

Figure 2. (a) Optimised structures for a water dimer with C; symmetry were
obtained from the PBE/6-31G** and B97D/6-31G** calculations. In the optimised
structures, an H atom of a water molecule binds to the oxygen atom of the other water
molecule through hydrogen bonds (the HOH:--OH separation). Dependences of the
separations on basis sets are tabulated in Table 1. Optimised structure for a single
graphene oxide attached by one water molecule (b) or one carbon dioxide (c), obtained
from the PBE/6-31G** and B97D/6-31G** calculations. The unit cell contains eight
carbon atoms and two hydroxyl groups. There are hydrogen bonds between the water
and the single GO layer (HOH--OH separations), and between the carbon dioxide and
the GO layer (OCO--HO separations). Dependences of the separations on basis sets

are tabulated in in Table 2.

Figure 3. Optimised structures for graphene oxides consisting of smaller supercells

(2x2x2 or 2x4x2 cell) with a few attached hydroxyl groups. (a) Cis(OH),, (b)
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Ci6(OH)4, (c) Ci6(OH)s, (d) C52(OH),, (¢) C32(OH)4 and (f) C32(OH)s.  Water oxygen
atoms, oxygen atoms attached on graphene layers, graphene carbon atoms, and hydrogen
atoms are represented by green, red, blue, and grey balls, respectively. Filled balls
represent atoms in the supercell, and hollow balls represent atoms located in
neighbouring supercells.  Their optimised interlayer spacings are given in A.
Hydrogen bonds are represented by dotted lines. The ratios of the number of oxygen

atoms to that of carbon atoms are given.

Figure 4. We quadrupled the C;¢O(OH)s-H,O structure to create the
C6404(OH);14-4H,0 structure. (a) Side view of the optimised CgsO4(OH)16°4H,0
structure. Water oxygen atoms, oxygen atoms attached on graphene layers, graphene
carbon atoms, and hydrogen atoms are represented by green, red, blue, and grey balls,
respectively. Filled balls represent atoms in the supercell, and hollow balls represent
atoms located in neighbouring supercells. Hydrogen bonds are represented by dotted
lines. (b) Top view of the optimised Cs4O4(OH);6-4H,0 structure. Atoms on the top
layer are represented by filled balls, and those on the bottom layer are represented by
hollow balls. (c) The four intercalated water molecules, taken from the optimised

structure, are depicted.

Figure 5. Optimised structures for anhydrous and hydrated graphene oxides

(C6404(OH)6-nH,0) obtained from the PBE calculations. (a) Side views of the

optimised structures. Their interlayer spacings are displayed in A. Water oxygen
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atoms, oxygen atoms attached on graphene layers, graphene carbon atoms, and hydrogen
atoms are represented by green, red, blue, and grey balls, respectively. Filled balls
represent atoms in the supercell, and hollow balls represent atoms located in
neighbouring supercells. Hydrogen bonds are represented by dotted lines. (b) Top
views of the optimised structures. Atoms on the top layer are represented by filled

balls, and those on the bottom layer are represented by hollow balls.

Figure 6. Variations in the interlayer spacings (A) of CgO4(OH)¢-nH,O and
CO,@Css04(OH)16'nH,O as a function of the number of water molecules in the
structure. Blue dots represent the interlayer spacing of CesO4(OH)16-nH,0, and red

dots represent that of CO,@Cs404(OH);6-nH,0.

Figure 7. Optimised structures for anhydrous and hydrated graphene oxides
(CO,@Cs404(0OH);4-nH,0) obtained from the PBE calculations. (a) Side views of the
optimised structures. Their interlayer spacings are displayed in A. Water oxygen
atoms, oxygen atoms attached on graphene layers, graphene carbon atoms, CO, carbon
atoms, and hydrogen atoms are represented by green, red, blue, purple, and grey balls,
respectively. Filled balls represent atoms in the supercell, and hollow balls represent
atoms located in neighbouring supercells. (b) Top views of the optimised structures.
Atoms on the top layer are represented by filled balls, and those on the bottom layer are

represented by hollow balls.
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Figure 8. CO; migration along the a; + a, vector from its original position in
CO,@Css04(OH)16'nH,O.  The migration is projected on the bottom layer by
removing the top of layer of an optimised CO,@CesO4(OH);6-nH,0 structure. The
degree of migration of carbon dioxide from its original position is given by 7. The

structures at 7= 0 correspond to the optimised CgO4(OH);6°nH,0 structures.

Figure 9. Energy profiles of the migration of carbon dioxide within the
C6404(OH);4-nH,0 structures. 7T, the degree of migration of carbon dioxide from its
original position, is defined in Figure 8. Energies of CO, migration in the interlayer
spaces of Cgs04(OH)16-2H,0, Cg404(OH)16'H,0, and CgsO4(OH)16 structures are
represented by blue, green, and red marks, respectively. Energy barriers of migration
of carbon dioxide within anhydrous and hydrated graphene oxides (£,) were obtained;
44.0 kcal/mol for Cgs04(OH)6-2H,0, 28.0 kcal/mol for CgsO4(OH);6-H,O, and 8.4

kcal/mol for C6404(OH) 16-

Figure 10.  Transition states of CO;, migration within Cs404(OH)6-nH>O structures.
(a) Top views of transition states, whose top layer is removed, and their side views.
Water oxygen atoms, oxygen atoms attached on graphene layers, graphene carbon atoms,
CO; carbon atoms, and hydrogen atoms are represented by green, red, blue, purple, and
grey balls, respectively. Key oxygen separations between carbon dioxide and attached

hydroxyl groups are given in A.
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Table 1. Accuracy of density functional theory calculations in describing the

hydrogen-bonding interactions that occurred in the water dimer in Figure 2.

Method / Basis sets

PBE/6-31G** PBE /6-31++G** B97D/6-31G** BI97D /6-31++G**

Binteract ) -5.5 -5.5 -4.9 -4.8
H,0 dimer HOH* *OH 2 1.91 1.91 1.97 1.95
1) Eineract(kcal/mol); interaction energy by binding of a water molecule to the other water molecule.

Einteract 18 defined by E(water dimer) — 2 E,,(water monomer), where E,,(Water dimer) is the
total energy of the optimized water dimer, and E,(water monomer) is that of the optimized
water monomer. Then, BSSEs in Ey,(water dimer) were corrected according to Ref. 63.
Negative Ejyerae Values indicate that attractive interactions occur in the water dimer or between
water and graphene oxide.

2) HOH--OH (A); separation between an acceptor H atom and a donor O atom in hydrogen bond
formation.
Table 2. Accuracy of density functional theory calculations in describing the

hydrogen-bonding interactions that occurred between water and graphene oxide (H,O—

GO) and between carbon dioxide and graphene oxide (CO,—GO) in Figure 2.

Method / Basis sets

PBE/6-31G**  PBE /6-31++G**+6-31G** B97D/6-31G** B97D /6-31++G**+6-31G**

Einteract ) —4.1 -3.7 2.0 2.1

H0-GO  pon.op 2 2.17,2.14, 2.12,2.29, 2.26,2.31, 2.28,2.42,
2.60 2.58 2.68 2.92

Eingeract -0.3 -0.8 0.2 0.0

C0,-GO c1n D 2.80,2.86 2.85,2.88 3.10,3.15 3.22,3.37
OCO HO 9 i 9 i) 9 9 i) 9

2.94, 3.00 3.11, 3.13 3.21, 3.25 3.38, 3.51

1)  Eiyeract (kcal/mol); interaction energy by binding a water molecule to a single graphene-oxide layer.
Einteract 18 defined by Emi(H,0-GO) — Eu(GO) — Eui(H20), where E(H,O0-GO) is the total
energy of the optimized structure for H,O binding into a single GO, E,,;(GO) is that of the optimized
GO structure, and E,(H,0) is that of the optimized water molecule. Then, BSSEs in E . (H,O—
GO) were corrected according to Ref. 63. Negative Ej,.. values indicate that attractive
interactions occur in the water dimer or between water and graphene oxide.

2) HOH--OH (A); separation between an acceptor H atom and a donor O atom in hydrogen bond
formation.

3)  Eineraet (kcal/mol); interaction energy by binding a carbon dioxide molecule to a single graphene-
oxide layer. Ejyere 18 defined by Eo(COy—GO) — Eui(GO) — Eora(COy), where Ey(CO,—GO) is
the total energy of the optimized structure for CO, binding into a single GO, E,,(GO) is that of the
optimized GO structure, and E;(CO,) is that of the optimized structure for CO, molecule. Then,
BSSEs in E,,(CO,—GO) were corrected according to Ref. 63. Negative Eiy . values indicate that
attractive interactions occur in the water dimer or between water and graphene oxide.

4) OCO--HO (A); separation between an acceptor H atom of an attached OH group and a donor O atom
of CO; in hydrogen bond formation.

30

Page 30 of 32



Page 31 of 32

Physical Chemistry Chemical Physics

5) The 6-31++G** basis set was used for water (carbon dioxide) and attached OH groups, and the 6-
31G** basis set was used for the other atoms.

Table 3. Optimised interlayer spacings of graphene oxides in PBE calculations in
Figure 3.

Structure labels [0J/[C]1”  Oxygen-containing groups Interlayer spacing”
Ci32(OH), 0.063 OH 5.07
C16(OH), 0.125 OH 4.92
C32(0H)4 0.125 OH 5.03
C32(OH)s 0.188 OH 571
Ci6(OH)4 0.250 OH 5.95
Cis(OH)s 0.375 H,0, OH, O 7.05

1) [OV/[C]; ratio of the number of oxygen atoms to that of carbon atoms.
2) Interlayer spacings in A

Table 4. Energetics of the optimised CgsO4(OH)16-nH,0 and CO,@CgsO4(OH);6°

nH,O structures.

CO; 0 1 2 3 4
E(-1) D Absence 7.2 4.8 4.0 ~1.4 1.2
E(w-1) ? Absence - -10.9 7.7 93 9.1
Interlayer spacing Absence 5.87 6.42 6.71 7.00 7.08
E(-1) " presence 0.3 0.5 0.6 0.3 -
E(w-1) ? presence - -10.5 -10.1 9.8 -
E(COx-1)Y presence 2.7 0.1 2.0 4.1 -
Interlayer spacing presence 8.45 7.90 7.70 7.65 -
1) E(/~]) (kcal/mol); interlayer interactions defined in Eq. (1). Negative values indicate attractive
interactions.
2) E(w-I) (kcal/mol); interactions of one water molecule with a double-layered graphene oxide,

defined in Eq. (2). Negative values indicate attractive interactions.

3) E(COy-I) (kcal/mol); interactions of carbon dioxide with a double-layered graphene oxide,

defined in Eq. (3). Negative values indicate attractive interactions.
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DFT calculations revealed that migration of CO, within graphene oxides is influenced by the

presence or absence of intercalated waters.
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