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There is now increasing recognition of the potential of graphene membranes for gas separation, with the
application to CO, capture being one of specific interest; however, the co-adsorption of H,O which
saturates flue-gas remains a major impediment. Towards enhancing hydrophobic characteristics of
graphene while increasing specificity to CO,, we investigate here the adsorption characteristics of CO,
and H,O on four different kinds of graphene sheet — namely, hydrogen-terminated and fluorine-
terminated pristine sheets, and the corresponding Stone-Thrower—Wales (STW) defect-incorporated
sheets using density functional theory methods. Our results reveal that fluorine termination enhances
hydrophobicity and favours the adsorption of CO,, while reducing that of H,O, in comparison to
hydrogen termination. On the other hand, H,O adsorption affinity is increased on introducing the
Stone-Thrower—Wales defect in both H-terminated and F-terminated sheets, while for CO, the affinity
change is more marginal, evidenced from the change in height of the adsorbed molecule above the
surface, and of the adsorption energy. The Henry law constant for H,O is reduced by 54% on
F-termination, for both pristine and defective H-terminated graphene sheets, while for CO, it is

increased by 12% and reduced by 18% respectively, on F-termination of the two sheets; indicating the
Received 24th June 2014

Accepted 13th August 2014 pristine F-terminated sheet as the preferred option. From the density of states analysis, the Fermi level

shows a 0.7 eV shift towards the valence band for fluorine termination in both pristine and STW sheets,
DOI: 10.1039/c4ra06184e but is not influenced by CO, and H,O adsorption. Fluorine termination is shown to have a significant

www.rsc.org/advances effect on the valence band, and offers a convenient route for tuning the electronic structure of graphene.

passivate) its edge sites,” and the presence of in-plane defects,
importantly Stone-Thrower-Wales®*® (STW) defects. Brenner
et al” experimentally demonstrate orders of magnitude in

1. Introduction

Graphene is a 2d nanomaterial comprising a monolayer of sp>

hybridized carbon atoms, that is attracting enormous interest
because of its unique electronic, optical, mechanical and
surface properties, which have the potential to enable a wide
range of applications, besides offering new opportunities in
fundamental physics." Among the applications under investi-
gation are those in battery and electrochemical energy storage,”
electronics and semiconductor devices,® biodiagnosis and
biomedicine,* and membranes for gas separation.>® The critical
feature of graphene that influence its performance in these
applications is its electronic structure, which governs its
conductivity as well as interaction with adsorbed fluids. The
inherent electronic structure of graphene can be dramatically
modified by the kind of functionalisation used to terminate (i.e.
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enhancement in the density of charge carriers on edge doping,
which in turn leads to large increase in conductivity. Such
changes in electronic structure will also affect the adsorption
affinity of graphene, with the extent depending on the adsorp-
tive in question. For example, drastic changes in the electronic
structure of graphene have been theoretically estimated when
edge sites are terminated by fluorine,' leading to enhancement
in hydrophobicity.”** On the other hand high moisture and
water transport rates have been observed in a nanoporous gra-
phene membrane having edges terminated by oxygen-contain-
ing moieties™ (although some H-termination was not
discounted), suggesting hydrophilicity. Using DFT Santos
et al.*® explored the hydrogenation and fluorination at different
concentration and sites of corannulene, and showed that the
fluorination is energetically more favourable than hydrogena-
tion of corannulene. Such results emphasise the significant
effect of the edge-terminating group in graphene on its
adsorption properties.

Studies with nanoporous graphene membranes have
confirmed the importance of appropriate choice of edge group.

This journal is © The Royal Society of Chemistry 2014
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Extremely high H,/CO, selectivities of the order of 10% with high
H, permeance have been theoretically estimated when the edge
sites are passivated by nitrogen, and even higher selectivity for
H,/CH, separation estimated with edge sites functionalised by
hydrogen.® Similarly, fluorine functionalisation of edge groups
has been theoretically shown to enhance CO, permeation and
CO,/N, selectivity in nanoporous graphene,® by decreasing the
energy barrier for CO, while increasing that for N,. An obvious
effect of functionalisation is that of modulating pore size,
evident from comparison of MD simulations of permeation
through unfunctionalised nanoporous graphene with experi-
mental data;'® these show large overprediction at small pore
size where functionalisation is expected to significantly reduce
the accessible aperture size. All of these studies demonstrate the
importance of appropriate edge-functionalisation in promoting
selectivity; nevertheless, the mechanism by which this is ach-
ieved, besides affecting accessible pore size, is an issue
requiring further investigation.

Besides nanoporous graphene membranes, appropriate
choice of edge-functionalising agent is also relevant to nano-
scale membranes comprising stacked graphene layers, a subject
of recent attention."”*® Unexpected defect-mediated selective
permeation in graphene oxide (GO) membranes has been
reported, with H,/CO,, O,/N, and CO,/N, selectivities exceeding
those of state-of-the-art microporous membranes.”””*®* The
defects are considered to be structural, governed by the degree
of interlocking of the graphene layers.'® An interesting finding
reported by Kim et al.,*® is that while permeances of H,, N, and
0O, decreased on increasing humidity, that of CO, increased by a
factor of 50, leading to selectivity increase for carbon dioxide.
Although the permeability decrease is likely due to the hydro-
philic nature of GO and the consequent greater water adsorp-
tion at higher humidity, the reason for the large increase for
CO, is not obvious. Indeed, quite the opposite effect is predicted
by Yumura and Yamasaki," whose density functional theory
calculations indicate reduction in interlayer spacing in GO, and
increase in the barrier for CO, migration, as a result of hydra-
tion. On the other hand, significant low pressure enhancement
of CO, adsorption by pre-adsorbed water in carbon nanotubes,
due to the effect of CO,/H,0 interactions, particularly when the
water is present as small clusters, has recently been reported by
Liu and Bhatia.*® The possibility therefore exists that adsorbed
water is present as small clusters in GO membranes, due to the
highly confined and disordered nature of the interlocking
spaces, which is supported by the findings of Nguyen and
Bhatia®** on the adsorption and dynamics of water in disor-
dered carbons. Nevertheless, regardless of the mechanisms
involved, these findings suggest the importance of investigating
the effects of edge functionalisation on adsorption on graphene
surfaces.

Various kinds of defects, such as vacancies, substitutional
impurities, adatoms and topological imperfections are formed
during the growth of graphene,* and are known to significantly
alter its electronic structure and adsorption properties.**
Gueorguieve et al.>® carried out a first-principle investigation of
defects in carbon-phosphide structures (CP,) and found that
tetragon defects are energetically stable in CP,, and also inhibit
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buckling in the graphene sheets, which provides fullerene like
shape. The Stone-Thrower-Wales®® defect is a typical topolog-
ical defect in carbons,”®*” arising from bond rotation and rear-
rangement of four six-membered rings into two pentagons and
two hexagons. Besides being formed during graphene
synthesis, such defects can also be introduced by electron
irradiation,”** and have been imaged using transmission
electron microscopy.** While such defects have been theoreti-
cally shown to have negligible effect on the hydrophilic or
hydrophobic properties of graphene,** they appear to improve
its adsorption affinity for several other molecules. Thus, Dutta
et al.*® report enhancement of the binding strength of CO, by
defects in graphene, compared to the pristine material. In
particular, they find 20-25% increase in binding energy of CO,
on introduction of the Stone-Thrower-Wales defect. In other
work, Zhang et al.** report significant increase in adsorption
energy of CO, NO and NO, on defective graphene over its pris-
tine counterpart, with B- or N-doping giving somewhat lower
enhancement. Similarly, enhancement of H,CO binding with
and without Al dopant, and of ethanethiol binding, on intro-
duction of the STW defect in graphene is reported by Qin
et al.,**** based on the density functional theory (DFT) calcula-
tions. The STW defect has also been shown to stabilize adsor-
bed hydroxyl groups on the graphene surface,* increasing
binding energy and the barrier for recombination to form water.
These and other studies® suggest that significant sensitivity
enhancement in the gas sensing performance of graphene can
be achieved on defect introduction.

A separation where the effects of functionalisation and
defects is particularly important is that of CO, from flue gas, for
which graphene has been suggested to have good potential.*®
This separation is relevant to the important area of carbon
capture, now the subject of a major world-wide effort due to the
significant climate change effects associated with the large
emissions of CO, arising from human activity. However, while
the capture of CO, using mesoporous or nanoporous materials
is receiving widespread attention,**** a significant concern is
that of co-adsorption of water which saturates flue gas. Since
water is strongly adsorbed on hydrophilic materials such as
zeolites and metal-organic framework materials,"®*° it has the
potential to severely degrade the performance of an adsorbent,
and the use of a hydrophobic carbon has been suggested as a
preferred option.*® The emerging nanoporous or stacked gra-
phene membranes with fluorine functionalisation to enhance
hydrophobicity would appear to be a potentially promising
option. Further, the effect of defect introduction with simulta-
neous fluorine-termination of edge sites on H,O and CO,
adsorption would be particularly interesting, because of the
potential to selectively inhibit water adsorption while
enhancing interactions with CO,.

In the present work, we investigate the effect of simultaneous
STW defect introduction and fluorine/hydrogen-termination at
the edges of the graphene sheet on the adsorption of CO, and
H,0 using the density functional theory. For comparison, the
pristine graphene sheet functionalised with hydrogen and
fluorine atoms at edges is also studied. Recent work'® has
shown that surface adsorption has an important influence on
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the flux in nanoporous membranes and, except for non-
adsorbing gases, the surface flux can be comparable to the
direct pore flux. Thus, while we investigate adsorption on the
edge-functionalised sheet with STW defects but without intro-
duction of pores, the results are relevant even for separation
using nanoporous graphenes. The results from this work
provide fundamental insights into the adsorption properties of
CO, and H,O0 on the H and F edge-terminated graphene sheet
with STW defect, and the effects of these strategies on the
selectivity of CO, over H,O.

2. Computational details

We constructed a rhombic 4 x 4 graphene sheet of side ~9.77 A,
having a total of 48 carbon atoms depicted in Fig. 1. The gra-
phene sheet is functionalised along its edges with 18 hydrogen
or fluorine atoms. Further, the Stone-Thrower-Wales defect is
incorporated in the center of both hydrogen and fluorine
passivated sheets. For convenience, we label the structures as P-
Gr/H, P-Gr/F, STW-Gr/H, STW-Gr/F, where P-Gr represents
pristine (P) graphene (Gr) and STW-Gr denotes Stone-Thrower-
Wales (STW) incorporated graphene (Gr) sheet and /H, /F
denotes the edge functionalised by hydrogen and fluorine
atoms respectively. For further discussion, pristine sheet refers
to the sheet without any defect. Gas molecules such as CO, and
H,O0 are adsorbed on these four kinds of sheets. For the pristine
sheet, in total there are three sites of adsorption, shown as top
(T), bridge (B) and hollow (H) in Fig. 2. In the case of the
adsorption of CO,, as it is a linear molecule, there are two
possible orientations with respect to the graphene sheet; these
are the parallel orientation of CO, as shown in Fig. 2, and the
perpendicular position with the oxygen pointing towards the
sheet, as depicted in Fig. 3. When a STW defect is introduced in
the sheet, the possible sites of adsorption on the hollow site
splits into two as: one on the heptagon ring (H-hept) and the
other on the pentagon ring (H-pent) of the defect as shown in
Fig. 4a and b respectively. The structures for all the possible
orientation and adsorption sites were optimized using the
density functional methodology with PBE1PBE/6-31G* level of
theory. The PBE1PBE functional provides high in accuracy for
weak and non-bonded interactions,* and is well suited for the
present work, as is the 6-31G* basis function, commonly used
for physisorption in carbon nanomaterials.'®*>* All the

Fig. 1 Dimensions (A) of graphene sheet considered.
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calculations were performed using Gaussian 09 (ref. 47) soft-
ware. Frequency calculations were carried out on the fully
optimized structures to confirm their minima. To calculate
charge transfer, Mulliken charge*® are used as they are available
from orbital based ab initio calculations. However, these
charges depend on the choice of basis set unlike Bader
charges.”” Nevertheless, recent studies®®** have shown that
Mulliken charges are consistent with the Bader charge for
charge transfer calculations, hence we report here charge
transfer values based on Mulliken charges. The Total Density of
States (TDOS) and the Partial Density of States (PDOS) plot were
obtained using Multiwfn programs.*

The adsorption energy of CO, and H,O on the graphene
sheets was calculated using the formula:

Ead = E(gas+graph) - (Egraph + Egas)

where E(gasigraph)y Egraph and Eg,s are the total energies of the
structure with the gas molecule adsorbed on graphene, bare
graphene sheet and the isolated gas molecule respectively.
Further, to study the effect of temperature on the hydropho-
bicity, the adsorption energy of H,O on fluorine terminated
sheets was calculated at four different temperatures, 323 K,
382 K, 441 K and 500 K respectively.

The electronic structure of the CO, and H,O adsorbed
complexes and the four kinds of graphene sheets are investi-
gated, in order to obtain insight into the adsorption and
sensing ability of the sheet for the gas molecules. The electronic
structure is characterised by Eyomo and Eyumo, which represent
the highest occupied molecular orbital (HOMO) energy and the
lowest unoccupied molecular orbital (LUMO) energy, respec-
tively. The difference between Eyymo and Exomo is defined as
the band gap, E,, and

Er g = |[ELumo(Gr sheet) — Exomo(gas)|

En1 = |[ELumo(gas) — Enomo(Gr sheet)|

3. Results and discussion
3.1 Structure and energetics

The optimized geometries of the hydrogen and fluorine atoms
terminated graphene sheets with and without the Stone-
Thrower-Wales defect are shown in Fig. 5(a)-(d). The pristine
sheet (sheet without defect) is also considered for comparison
with the defect sheets. Table 1 provides the optimized structural
parameters of the various sheets, showing the C-C bond lengths
of the defect sheets to have a marginally wider range. The bond
lengths on the zig-zag as well as the armchair edges also show a
marginal but weaker increase. The smaller length of the C-C
bonds of the armchair edges indicates them to be stronger than
those on the zig-zag edges. Further, the C-H and C-F bonds in
the hydrogen and fluorine terminated pristine graphene sheet
(P-Gr/H,F) have bond length of 1.08 A and 1.33 A respectively.
The Mulliken charge for all the hydrogen atoms along
H-passivated edges have a uniform value of 0.173e. However,

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Illustration of CO, adsorption on pristine graphene sheet in the parallel position, at a (a) top (T), (b) bridge (B), and (c) hollow (H) site.

() (b)

©

Fig. 3 Illustration of CO, adsorption on pristine graphene sheet in the perpendicular position, at a (a) top (T), (b) bridge (B), and (c) hollow (H) site.

D

() (b)

Fig. 4 Ilustration of CO, adsorption at a Stone-Thrower—Wales
defect in a graphene sheet, at a (a) hollow in heptagon (H-hept), and (b)
hollow in pentagon (H-pent) site.

the fluorine atoms along the edges of the F-passivated sheet
possess a charge value of —0.257e. This larger value for F is
because of the electronegative nature of fluorine atoms, which
results in electron density delocalization around the fluorine
atoms, leaving the carbon atom positively charged, thereby
making the C-F bond polar. The C-H and C-F bond length are
unaltered due to the incorporation of Stone-Thrower-Wales
defect. The C-C bond (vertical bond, rotated 90°) in the Stone-
Thrower-Wales defect of the fluorine terminated sheets has a
reduced bond length of 1.34 A.

The formation energy of the STW defect in the F-terminated
and H-terminated sheet is calculated using the formula:

Er = Eqg — Ep,q

where Ey is the defect formation energy, while Eq, and E, are
the corresponding energies of the defect incorporated sheet and
the pristine graphene sheet respectively. The above formula is

This journal is © The Royal Society of Chemistry 2014

(©) (d)

Fig. 5 Optimized structures of the four kinds of graphene sheets
considered. (a) Hydrogen terminated pristine (P-Gr/H), (b) fluorine
terminated pristine (P-Gr/F), (c) hydrogen terminated Stone-—
Thrower—Wales defected sheet (STW-Gr/H), and (d) fluorine termi-
nated Stone-Thrower—Wales defected sheet (STW-Gr/F) sheet.

appropriate when the number of carbon atoms in both the
graphene and defect sheets is the same, as is the case here.
Through this, we calculate the defect formation energy in
hydrogen terminated sheet and fluorine terminated sheets to
be, Ex(STW-Gr/H) = 3.1766 eV, and Ep(STW-Gr/F) = 3.3785 eV,
respectively. This defect formation energy is the energy cost for
the formation of the Stone-Thrower-Wales defect. It is evident
that defect sheets having both kinds of terminations are equally
feasible, based on their comparable formation energies.

RSC Adv., 2014, 4, 39576-39587 | 39579
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Table 1 Optimized structural parameters of the four kinds of gra-
phene sheets examined

Zig-zag edge Armchair edge
Structures ~ Bond length (A)  bond length ()  bond length (A)
P-Gr/H 1.352-1.444 1.389-1.443 1.352-1.408
P-Gr/F 1.351-1.444 1.386-1.436 1.351-1.406
STW-Gr/H 1.347-1.471 1.385-1.451 1.363-1.408
STW-Gr1/F 1.346-1.473 1.381-1.443 1.362-1.408

3.2 Adsorption of CO, and H,0

In order to find the most favourable adsorption configurations,
the gas molecules under investigation are initially placed above
the graphene sheets. The gas molecules are placed with
different orientations at different possible sites of adsorption
on the graphene and with respect to the hexagon ring and the
STW defect in the sheet. The adsorption height is determined by
the minimum distance between the gas molecule and the gra-
phene sheet normal to the surface.

3.2.1 CO,. For the adsorption of CO,, we take into account
two possible orientations of CO,. (i) The CO, molecule placed
parallel to the graphene sheet (i.e. both carbon and oxygen
adjacent to the sheet), and (ii) CO, placed perpendicular to the
surface (i.e. the molecule axis is perpendicular to the graphene
sheet with only one of the oxygen atoms adjacent to the sheet).
Fig. 6 shows the optimized geometries of the most stable
configurations of CO, adsorbed complexes. The various
possible adsorption sites, bond length and bond angle of the
adsorbed CO, molecule, adsorption energy and adsorption
height and Mulliken charges of the molecule for the parallel
orientation are listed in Table 2. Likewise, these parameters are
listed in Table 3 for perpendicular orientation. The perpendic-
ular orientation of CO, in the initial geometry optimizes to the
parallel orientation of CO, with respect to the graphene surface,
indicating that the CO, molecule prefers to align parallel to the
graphene surface. Thus, in both initial orientations, the
configuration of CO, converges to that corresponding to
the same local energy minimum, i.e. CO, aligned parallel to the
graphene plane and placed across the C-C bond of the gra-
phene ring. Thus, the bridge position is the most stable site of
adsorption on the examined graphene sheets for the CO, gas
molecule. In particular, the CO, molecule prefers the bridge
position of the pentagon ring on the STW-Gr/H sheet and the
bridge position of the heptagon ring on the STW-Gr/F sheet.

In all the optimized configurations, the adsorption height
(minimum atom to surface distance between the adsorbed CO,
and the graphene sheet) varies from 3.42 A to 3.47 A. The most
stable configurations of the adsorption of CO, on P-Gr/H, STW-
Gr/H, P-Gr/F and STW-Gr/F sheets are identified by the letter ‘@’
in the 3rd column of Table 3. The adsorption energy of CO, on
the most stable configurations of P-Gr/H, P-Gr/F, STW-Gr/H and
STW-Gr/F sheets are —47.39 meV, —50.33 meV, —52.87 meV and
—46.72 meV respectively, consistent with the physisorption
energy for CO, of ~50 meV on perfect graphene, reported by Liu
et al.** The adsorption height of CO, on the STW-Gr/H is 3.45 A,

39580 | RSC Adv., 2014, 4, 39576-39587
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Fig. 6 Optimized geometries of stable configurations of CO, adsor-
bed complexes. (a) P-Gr/H with CO,, (b) P-Gr/F sheet with CO,, (c)
STW-Gr/H sheet with CO,, (d) STW-Gr/F sheet with CO,. (e) and (f) are
side views of (c) and (d) respectively.

which is 0.02 A lower than on the pristine sheet. This lower
adsorption height and the higher magnitude of the adsorption
energy shows that the CO, molecules is more strongly phys-
isorbed on the STW-Gr/H compared to the pristine sheet. The
HOMO-LUMO band gap value of STW-Gr/H also increases to
1.43 eV from the value of 1.38 eV for the P-Gr/H sheet. Thus, the
incorporation of the Stone-Thrower-Wales defect in the pris-
tine hydrogen terminated sheet has significant influence on the
adsorption of CO,. In the case of fluorine terminated sheets,
introducing the Stone-Thrower-Wales defect decreases the
magnitude of the adsorption energy to 46.72 meV, despite the
adsorption heights reducing to 3.42 A (which is 0.04 A lesser
than the P-Gr/F). Thus, P-Gr/F (having adsorption energy of
—50.33 meV) has better adsorption affinity for CO, than its
defective counterpart STW-Gr/F. On introducing the Stone-
Thrower-Wales defect in the F-terminated sheet, the graphene
sheet suffers in-plane bending (Fig. 6f), due to the reduction of
the electron density in the heptagon rings. The bond length of
the CO, molecule in the adsorbed complex is unaltered
from the free CO,, while the bond angle is marginally reduced
to 179.38° and 179.96° in the H- and F-terminated sheets
respectively.

The charge transfer between the graphene sheet and the gas
molecule using Mulliken population analysis provides a clear
picture about the amount of donation or back donation of
electrons between the systems. The negative values of Mulliken
charges on the CO, indicate that the charges are transferred

This journal is © The Royal Society of Chemistry 2014
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Table 2 Structural parameters, adsorption energy, molecule height, and Mulliken charges for CO, molecule adsorbed in parallel position at
different possible sites [top (T), hollow (H), bridge (B), H-hept (hollow at heptagon) and H-pent (hollow at pentagon)] on the four kinds of

graphene sheet

Adsorption sites-

with parallel
orientation i
Complex Total energy CO, bond length (A), Adsorption Molecule Mulliken
(adsorption of CO,) Initial Final (Hartrees) bond angle (deg.) energy E,q (meV) height d (A) Charge (e)
P-Gr/H H B —2026.48115 1.165, 179.395 —43.58 3.44 —0.00271
T B —2026.48109 1.165, 179.441 —41.94 3.44 —0.00233
B B —2026.48117 1.165, 179.442 —44.13 3.47 —0.00239
P-Gr/F H B —3811.00025 1.165, 179.935 —50.16 3.45 —0.00108
T B —3811.00025 1.165, 179.961 —50.05 3.45 —0.00107
B B —3811.00025 1.165, 179.961 —50.05 3.45 —0.00107
STW-Gr/H H-hept B —2026.36433 1.165, 179.541 —41.44 3.47 —0.00263
H-pent B —2026.36468 1.165, 179.259 —50.96 3.45 —0.00267
T B —2026.36432 1.165, 179.554 —41.16 3.46 —0.00257
B B —2026.36433 1.165, 179.541 —41.44 3.47 —0.00263
STW-Gr/F H-hept B —3810.87587 1.165, 179.978 —44.07 3.42 —0.00203
H-pent B —3810.87595 1.165, 179.837 —46.25 3.43 —0.00099
T B —3810.87587 1.165, 179.978 —44.07 3.42 —0.00204
B B —3810.87584 1.165, 179.933 —43.39 3.46 —0.00176

Table 3 Structural parameters, adsorption energy, molecule height, and Mulliken charges for CO, molecule adsorbed in perpendicular position
at different possible sites [top (T), hollow (H), bridge (B), H-hept (hollow at heptagon) and H-pent (hollow at pentagon)] on the four kinds of

graphene sheet

Adsorption sites-
with perpendicular

Complex orientation )
(adsorption Total energy CO, bond length (A), Adsorption Molecule Mulliken
of CO,) Initial Final (Hartrees) bond angle (deg.) energy E,q (meV) height d (A) charge (e)
P-Gr/H H B —2026.48123 1.165, 179.431 —45.75 3.46 —0.00235
T B —2026.48129 1.165, 179.386 —47.39 3.47 —0.00271
B B —2026.48116 1.165, 179.364 —43.85 3.44 —0.00278
P-Gr/F H B —3811.00025 1.165, 179.961 —50.32 3.46 —0.00107
T B” —3811.00026 1.165, 179.961 —50.33 3.46 —0.00107
B B —3811.00025 1.165, 179.941 —50.11 3.45 —0.00106
STW-Gr/H H-hept B —2026.36466 1.165, 179.385 —50.42 3.44 —0.00291
H-pent B —2026.36466 1.165, 179.385 —50.42 3.44 —0.00291
T B —2026.36464 1.165, 179.402 —49.87 3.42 —0.00312
B B” —2026.36475 1.165, 179.272 —52.87 3.45 —0.0021
STW-Gr/F H-hept B —3810.87587 1.165, 179.978 —44.07 3.43 —0.00204
H-pent B —3810.87595 1.165, 179.978 —46.47 3.43 —0.00099
T B* —3810.87596 1.165, 179.978 —46.72 3.42 —0.0016
B B —3810.87587 1.165, 179.978 —44.07 3.44 —0.00195

% Most stable configuration.

from the graphene sheet to the adsorbing gas molecules. From
Table 3, it is seen that although the amount of charge trans-
ferred from the graphene sheet to CO, is larger in the hydrogen
terminated than in the fluorine terminated sheet, the magni-
tude of adsorption energy is greater for the fluorine termina-
tion. This indicates that among the pristine sheets, fluorine
termination is more favourable for CO, adsorption. Further, the
hydrogen terminated sheet with the Stone-Thrower-Wales
defect experiences similar charge transfer to the gas molecule as
the pristine hydrogen terminated sheet, while the magnitude of

This journal is © The Royal Society of Chemistry 2014

the adsorption energy increases from 47.39 meV to 52.87 meV
on introducing the defect. Thus, it is evident that the incorpo-
ration of the Stone-Thrower-Wales defect in the hydrogen
terminated sheets increases the strength of adsorption of CO,.
On the contrary in the fluorine terminated sheet, pristine gra-
phene has more affinity to CO, than the defect sheet, based on
its higher magnitude of adsorption energy of 50.33 meV
compared to 46.72 meV for STW-Gr/F. All the above results
indicate that among the four sheets considered, STW-Gr/H has
better adsorption affinity for CO, than the other sheets.
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3.2.2 H,0. Similar to CO,, several initial adsorption
configurations are considered for the adsorption of H,O on
graphene. The optimized geometries of the most stable
configurations of H,O on graphene are depicted in Fig. 7. The
structural parameters of the adsorbed H,O molecule on the
graphene surface, along with its adsorption energy and
adsorption height, for all the adsorbed complexes are given in
Table 4. For discussion we have considered only the most stable
configurations identified by the letter ‘a’ in the 3rd column of
Table 4. For the adsorption of H,O on the four kinds of gra-
phene sheets, we find no significant changes in the structural
parameters of the gas molecules (there is only a slight decrease
in its bond angle and no change in bond length). This indicates
that there is no substantiate charge transfer between the gra-
phene sheet and the gas molecule, confirming that the inter-
action between the graphene sheet and the H,O gas molecule is
essentially that of physisorption. In the optimized geometries
for the H,O adsorbed systems, the position of H,O varies from
the initial position and it moves to the stable site of the
adsorption (i.e. hollow site), unlike CO, which prefers the
bridge site for adsorption. The adsorption height and energy for
H,O on the most stable configuration of hydrogen terminated
pristine sheet are 2.81 A and —101.25 meV respectively. Further,
our adsorption energy value reasonably agrees with the energies
reported by Courty®® (—2.44 kcal mol '; —105.80 meV) and
Sudiarta et al.>® (—2.32 keal mol™*; —100.60 meV) based on their
experimental and theoretical calculations respectively. Incor-
poration of the STW defect in the sheet of the most stable
configurations, decreases the adsorption height to 2.79 A,

© (d)
™ 2

O CROWIRPIMPIIITRL S Mg st
(e) ®

Fig. 7 Optimized geometries of stable configurations of H,O adsor-
bed complexes. (a) P-Gr/H with H,O, (b) P-Gr/F sheet with H,O, (c)
STW-Gr/H sheet with H,O, (d) STW-Gr/F sheet with H,O. (e) and (f) are
side views of (c) and (d) respectively.
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indicative of enhanced adsorption affinity for H,O evident also
from the higher magnitude of adsorption energy of —110.37
meV of the H,0. The hydrogen atom of the H,O molecule is
closer to the graphene sheet for the P-Gr/H and STW-Gr/H
compared to the F-terminated sheets, revealing the greater
attractive nature of the carbon atoms of the H-terminated
sheets towards the hydrogen atom of the water molecule via 7-
H interactions in the hydrogen terminated graphene sheet.

The fluorine terminated sheet shows some in-plane bending
of the sheet on the introduction of the Stone-Thrower-Wales
defect visible in Fig. 7f. In the optimized geometry, the oxygen
atom of the H,O is closer (atom to surface distance) to the fluo-
rine terminated STW sheets as compared to the F-terminated
pristine sheet. The reason may be due to the reduced electron
density of the defect, which makes the carbon atoms of the sheet
positive, thereby attracting the partial negative charge of the
oxygen atom in the water molecule. The adsorption energy of the
H,0 molecule on P-Gr/F and STW-Gr/F are —81.06 meV and
—90.59 meV and its adsorption heights are 3.29 A and 3.31 A
respectively. The adsorption height for H,O is significantly
increased in the fluorine terminated sheet compared to the
hydrogen terminated sheet, from 2.79 A to 3.31 A for the STW
sheet, and from 2.81 A to 3.29 A for the pristine sheet. This is a
clear indication of increase of hydrophobicity on edge fluorina-
tion, evident also from the associated decrease in magnitude of
the adsorption energy. Unlike CO, adsorption, STW-Gr/F has
stronger adsorption for H,O than the P-Gr/F, which is evident
through the higher magnitude of the adsorption energy for the
F-terminated STW sheet. The adsorption heights were measured
from the oxygen atom of the water molecules to the graphene
sheet, as the oxygen atom is closer to the graphene sheet. Thus,
P-Gr/F and STW-Gr/F sheets have lower affinity energy for H,O
than hydrogen terminated sheets, and are more hydrophobic.

In all the systems, the negative values of Mulliken charges on
the H,O molecule indicate that the charge transfer from the
graphene sheet to the water molecule is comparatively lower in
STW-Gr/H (—0.00798e) than for the P-Gr/H (—0.01043¢) sheet.
On the contrary, the fluorine terminated sheets gain charge
from the water molecule, in particular STW-Gr/F (0.00907¢)
gains more charge than P-Gr/F (0.008396e) from the water
molecule due to the reduced electron density of the heptagon
ring of the defect. Similar to the adsorption of CO,, STW-G1/H
has better adsorption ability for H,O than the other kinds of
sheets examined, evident from its larger adsorption energy. In
order to explore the effect of temperature on the hydrophobicity
induced by the fluorination of graphene, we performed
adsorption calculations for H,O on both F-terminated sheets
with and without STW defect at four different temperatures of
323 K, 382 K, 441 K and 500 K, and the results obtained are
given in Table 5. From the adsorption energy values we see no
significant influence of temperature on the adsorption of H,O
on STW-Gr/F, over the temperature range of 323-500 K; however
in P-Gr/F, a minor decrease in the adsorption energy of H,O, of
the order of 6 meV, is observed at temperatures of 382 K and 441
K. These results indicate that the hydrophobic nature of fluo-
rinated graphene sheets remains unchanged even beyond room
temperature.
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Table 4 Structural parameters, adsorption energy, molecule height, and Mulliken charges for H,O molecule adsorbed at different possible sites
[top (T), hollow (H), bridge (B), H-hept (hollow at heptagon) and H-pent (hollow at pentagon)] on four kinds of graphene sheet

Adsorption sites

Complex (adsorption Total energy H,O0 bond Adsorption Molecule Mulliken
of H,0) Initial Final (Hartrees) length (A), bond angle (deg.) energy E,q (meV) height d (A) charge (e)
P-Gr/H H H —1914.42629 0.965, 103.149 —100.44 2.77 (H) —0.01074
T H? —1914.42632 0.965, 103.137 —101.25 2.81 (H) —0.01043
B H —1914.42629 0.965, 103.188 —100.44 2.82 (H) —0.00970
P-Gr/F H H —3698.94442 0.965, 103.984 —80.54 3.34 (0) 0.007811
T H¢ —3698.94444 0.965, 103.904 —81.06 3.29 (0) 0.008396
B H —3698.94418 0.965, 103.984 —73.98 3.32 (0) 0.007887
STW-Gr/H H-hept H —1914.30986 0.965, 103.269 —108.91 2.84 (H) —0.01327
H-pent H¢ —1914.30991 0.965, 103.037 —-110.37 2.79 (H) —0.007989
T H —1914.30991 0.965, 103.037 —110.37 2.79 (H) —0.007987
B H —1914.30991 0.965, 103.036 —110.26 2.79 (H) —0.00802
STW-Gr/F H-hept H¢ —3698.82063 0.965, 104.006 —90.59 3.31 (0) 0.009071
H-pent H —3698.82002 0.965, 103.898 —73.99 3.17 (0) 0.009452
T H —3698.82002 0.965, 103.898 —74.05 3.17 (0) 0.009458
B H —3698.82063 0.965, 104.006 —90.59 3.31 (0) 0.00907

“ Most stable configuration.

Table 5 Effect of temperature on the hydrophobicity induced by
fluorine-terminated graphene sheets

Adsorption energy of H,O (meV)

Temperature

(K) P-Gr/F STW-Gr/F
298 —81.06 —90.59
323 —81.01 —91.00
382 —74.80 —90.54
441 —74.80 —90.53
500 —80.99 —90.98

In summary, fluorine termination decreases affinity of gra-
phene for the water molecule, and increases hydrophobicity for
both pristine and STW sheets. Consistent with this increased
hydrophobicity, the adsorption height increases for the fluorine
terminated sheet compared to the hydrogen terminated sheet.
Following the results in Table 4, fluorine termination reduces
the magnitude of the adsorption energy of H,O by about 20 meV
for both the pristine and STW sheets, which corresponds to
about 54% reduction in the Henry law constants, based on the
Boltzmann factor. On the other hand, while it increases affinity
for CO, on the pristine sheet, it reduces affinity for the STW
sheet. Based on the increase in adsorption energy of about 3
meV on fluorine-termination of the pristine sheet, a 12%
increase in the Henry law constant for CO, is predicted, while
for the STW sheet the decrease in adsorption energy of about 5
meV corresponds to a reduction in the Henry law constant by
18%. The incorporation of the Stone-Thrower-Wales defect
aids the adsorption of both H,O and CO, in the sheet, except for
the STW-Gr/F sheet in which the adsorption ability for CO,
decreases. While these studies have been performed with gra-
phene sheets of small dimension (4 x 4 rhombic sheet of side
~9.77 A), it would be interesting to study the effect of sheet size
on both kinds of functionalization. Based on earlier studies®>®

This journal is © The Royal Society of Chemistry 2014

we speculate here that the functionalization will have negligible
effect with respect to increase in the sheet size beyond a certain
value. It therefore remains to investigate the range of sheet sizes
over which the functionalised edge sites will have significant
influence. This trend will be explored in subsequent work.
Further insights of the adsorption are obtained from the elec-
tronic properties of the graphene sheets, discussed below.

3.3 Electronic properties

3.3.1 HOMO-LUMO gap. The HOMO-LUMO distributions
(depicted in Fig. S1 of the ESI}) indicate that the hydrogen
terminated sheets have delocalization of the m-electron cloud
over the carbon atoms, while the hydrogen atoms do not have
any charge population. However, in the case of fluorine termi-
nated sheets, both the HOMO and LUMO have charges of sigma
orbitals localized on the fluorine atoms, while the 7-electron
cloud are on the carbon atoms. In the defect sheet involving
hydrogen and fluorine termination, the heptagon ring of the
defect possess little amount of m-electron cloud, whereas sigma
orbital of electrons are localized on the rotated C-C bond of the
Stone-Thrower-Wales defect. The 90° rotation of the C-C bond
has very little influence on the electron density, evident from the
HOMO and LUMO plot.

From the HOMO-LUMO distribution for the most stable
configurations of CO, adsorbed complexes (depicted in
Fig. S21), it is evident that the carbon dioxide molecule does not
lead to any changes in the HOMO as well as LUMO orbital
distributions, indicative of the physisorptive nature of the
interaction. The frontier orbital energy difference of the gra-
phene sheet and the gas molecules and the band gap values for
the adsorbed systems are listed in Table 6. The energy gap value
of the defect sheet is 0.05 eV higher than the pristine sheet for
both hydrogen and fluorine termination. The HOMO-LUMO
gaps of the four kinds of graphene sheet show no appreciable
change on the adsorption of CO, and H,O. From the table, it is
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Table 6 Band gap for the bare sheet, and E _y, Eq-( for the adsorption of CO, and H,O on four kinds of graphene sheet
Adsorption of CO, Adsorption of H,O
Band gap of

Complex bare sheet (eV) Band gap (eV) Ey p (eV) Exy (eV) Band gap (eV) Er u (eV) Eyy (eV)
P-Gr/H 1.379 1.379 7.445 5.535 1.381 5.316 6.577
P-Gr/F 1.349 1.349 6.685 6.264 1.349 4.557 7.306
STW-Gr/H 1.429 1.431 7.566 5.462 1.432 5.438 6.505
STW-Gr/F 1.401 1.403 6.803 6.198 1.404 4.675 7.241

noted that for all the four types of graphene sheet considered,
the frontier orbital energy difference for the adsorption of CO,
follow Ey_g > Eqy_1. The energy difference between E;,_y; and Eyy g,
is higher for the hydrogen terminated sheet than for the fluo-
rine terminated sheet. Thus, in the P-Gr/H sheet an electron has
to overcome a barrier of 5.535 eV for transfer to the gas mole-
cule, whereas the gas molecule needs to cross the barrier of
7.445 eV to transfer an electron to the P-Gr/H. Consequently, the
P-Gr/H prefers to transfer the electrons to the CO, molecule.
The large difference in the value of E;_y — Ey_1, also accounts
for larger charge transfer from the hydrogen terminated sheet
to the CO, molecule compared to the F-terminated sheet. In the
case of fluorine terminated sheets, the energy difference
between E; y and Ey is much smaller compared to the
hydrogen terminated sheets, due to the presence of electro-
negative fluorine atoms in the sheet. Hence, the charges
transferred from the graphene sheet to CO, in P-Gr/F and STW-
Gr/F are comparably lower than in the P-Gr/H and STW-Gr/H
sheets.

The HOMO and LUMO distribution of the stable configura-
tions of H,O adsorbed complexes (cf: Fig. S3 of ESIt) do not vary
significantly from the bare graphene sheet, due to the phys-
isorptive nature of the interaction and there is no localization of
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—— STW defect
——— Hydrogen atoms

density of states
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electrons around the water molecule. The frontier molecular
orbital energy difference between the water molecule and the
graphene sheet follows Ey 1 > E;_y for all the four kinds of
sheets, so that H,O provides electrons to the graphene surface.
The energy difference between Ey_;, and Ej,_y is higher for the
fluorine terminated sheets than for the hydrogen terminated
sheets, opposite to the case of CO, adsorption. The reason for
this behaviour may be due to the localization of electron density
along the edges of fluorine terminated sheets, evident through
its HOMO-LUMO plot in Fig. S3.1 In the P-Gr/F and STW-G1/F
graphene sheets the electrons require an energy in excess of
7.306 eV and 7.241 eV respectively, for their transfer to the water
molecule. However, for charge transfer from water to the sheet
the corresponding energy required for electron is lesser that is
4.557 eV and 4.675 eV. Therefore, the sheets gain charges from
the adsorbed water molecule. The corresponding Mulliken
charges of H,O on the adsorbed complexes of P-Gr/F and STW-
Gr/F are 0.008396e and 0.00907e respectively. On the whole,
from the above results it is seen that more facile charge transfer
occurs in the adsorption of water molecules on the fluorine
terminated sheets compared to the H-terminated sheets.

3.3.2 Density of states. To understand the electronic
structure of the physisorbed complex, the Total Density of
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Fig. 8 TDOS and PDOS of four kinds of sheets considered, in the absence of adsorption.
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Table 7 Fermi level for the bare sheet, for the adsorption of CO, and
H,O on four kinds of graphene sheet

Fermi level (eV)

Graphene sheet Bare sheet CO, H,O

P-Gr/H —3.66 —-3.67 —3.76
P-Gr/F —4.41 —4.41 —4.33
STW-Gr/H —-3.56 —3.58 —3.64
STW-Gr/F —4.31 —4.32 —4.25

States (TDOS) and the Partial Density of States (PDOS) are
calculated for the CO, and H,0 adsorbed complexes, along with
the bare graphene sheets. The TDOS and PDOS plots for the
bare graphene sheets are depicted in Fig. 8(a)-(d), and the
Fermi levels of the bare graphene sheets and the adsorbed
complexes are listed in Table 7. In the PDOS of P-Gi/H, the
hydrogen atoms terminated at the edges provide meagre
contribution to HOMO and the high-lying regions of LUMO.
The peaks of carbon atoms do not change significantly from the
TDOS for both the H and F functionalised sheets, indicating
that the edge functionalisation does not influence the electronic
structure of the graphene sheet. Initially the Fermi level of the
P-Gr/H is located at —3.66 eV and the inclusion of Stone-
Thrower-Wales defect leads to the broadening of the valence
bands, which subsequently shifts the Fermi level to —3.56 eV.
The distinct double peak in the TDOS of STW-Gr/H appears due
to the 90° rotation of the C-C bond in the Stone-Thrower-Wales
defect, which is also visible in the PDOS. The contribution of
hydrogen atoms and the Fermi level position remains the same
in both the defect and pristine form.

In the case of the fluorine-terminated sheet, Fig. 8 indicates
that the fluorine atoms have their peaks in the valence band
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region alone, with no contribution to the conduction bands.
Further, as fluorine atoms act as acceptors, the Fermi level
downshifts to the valence band at —4.41 eV. Thus, the contri-
bution of fluorine atoms in the valence band region is signifi-
cant. Likewise, in the PDOS of STW-Gr/F the Fermi level also
shifts towards the valence bands at —4.31 eV. Thus, fluorine
termination downshifts the Fermi level by upto 0.7 eV
compared to hydrogen termination. In the defect sheet, even
though the fluorine atoms have significant contribution in
HOMO, the contribution of the Stone-Thrower-Wales defect is
higher, which is visible through the peaks. Thus, the Stone-
Thrower-Wales defect in the fluorine terminated sheets is
responsible for the peak height reduction of TDOS in the
valence band region.

The TDOS and PDOS for the adsorption of CO, on the four
kinds of graphene sheets are shown in Fig. 9. From the figures,
we observed that there is no significant change in the Fermi
level compared with the bare sheet, indicating that the elec-
tronic structure of the sheet does not change after adsorption.
The curves shows only minor changes on adsorbing CO,, con-
firming the weak interaction. The total density of states for the
CO,-adsorbed systems is localized between —16.6 eV and —8.6
eV and around 0.18 eV and 4.4 eV (values are from Fig. 9) in the
valence and conduction bands respectively. This suggest that
adsorption of molecule CO, has made significant changes in
the low-lying valence and the conduction bands. Likewise, the
adsorption of CO, on P-Gr/H and STW-Gr/H has induced some
prominent peaks in the HOMO. The peak height of the HOMO
is pronounced in the P-Gr/F and STW-Gr/F sheets, indicating
that the CO, adsorption has influenced the valence band
region.

The TDOS and PDOS plots for the adsorption of H,O on the
four kinds of graphene sheets are depicted in Fig. 10. The
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Fig. 9 TDOS and PDOS of H,O adsorbed complexes for the four kinds of sheets considered.
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Fig. 10 TDOS and PDOS of H,O adsorbed complexes for the four kinds of sheets considered.

adsorption of H,O on both hydrogen and fluorine terminated
sheets, does not have any impact on the Fermi-level, evident
through Table 7. This behaviour reveals that the electronic
structure of the fluorinated sheet is not changed due to the
adsorption of H,O. After the adsorption of H,O, the density of
states does not change drastically, indicating the weak inter-
action. Indeed, the changes in the density of states are smaller
for the adsorption of H,O compared to CO,. Among the four
sheets, STW-Gr/H does show a minor change due to the
adsorption of H,0. The total DOS for the adsorbed systems is
localized between —15.38 eV and —6.44 eV in the valence bands
and around 1.66 eV in the conduction bands.

Thus, the graphene sheet is not significantly influenced in its
valence and conduction bands due to hydrogen termination,
whereas there is a substantial effect on its valence bands due to
fluorine termination, evident through the increase in peak
heights. The changes in the total density of states on adsorption
of CO, is more significant than the adsorption of H,O.

4. Conclusion

The co-adsorption of H,O, which saturates industrial and power
plant flue gas emissions, has been a major impediment to the
development of processes for CO, capture. Our results show
that edge fluorination of pristine graphene offers an attractive
route for enhancing hydrophobicity, while increasing affinity
for CO,, thereby inhibiting H,O co-adsorption. We find that for
pristine graphene sheets, hydrogen termination leads to
stronger adsorption of H,O than fluorine termination, while the
opposite is the case for CO,. On the other hand, incorporation
of Stone-Thrower-Wales defects enhances adsorption of both
CO, and H,0 molecules compared to the pristine sheet, and in
these sheets hydrogen termination leads to stronger adsorption

39586 | RSC Adv., 2014, 4, 39576-39587

for both gas molecules as compared to fluorine termination.
While our investigations have centred around graphene, these
results are expected to hold in general for nanoporous carbons,
due to their underlying turbostractic structure comprising
defective and misaligned graphene sheets. Such carbons are
increasingly being considered as an attractive alternative for
CO, capture, due to their intrinsic hydrophobicity when free
from hydrophilic surface functionalities.® All the above find-
ings imply that the pristine graphene sheets and carbons with
fluorine passivation of edge sites, and having high degree of
short-range ordering, are good candidates for CO, adsorption
while suppressing co-adsorption of H,O.
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