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GRAPHENE WETTING BY METHANOL OR WATER

The spatial distributions of the valence-electron density and the total energy reliefs for water (or
methanol) migration on the free surface of graphene are obtained, by using the electron density
functional and ab initio pseudopotential methods. Water and methanol molecules are found
to migrate along the surface of graphene with an energy relief with barriers and wells. The
interaction of water molecules located on the opposite sides of the graphene plane through the
regions in the graphene plane with a low electron density is detected. The hovering of molecule
over the graphene plane is found to locally change plane’s conductivity. The estimate of energy
costs during the propagation of adsorbent molecules over the graphene surface testifies to the
graphene hydrophobicity.
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1. Introduction
and Statement of the Problem

Graphene is a two-dimensional allotropic modifica-
tion of carbon formed by a monolayer of sp2-hybridi-
zed carbon atoms that are bound by o- and 7-bonds
into a hexagonal two-dimensional crystal lattice pos-
sessing a unique combination of properties. Despite
the intense studies of graphene, there are few re-
ports containing the information on the interaction
between water (methanol) and graphene, which could
be important for using graphene in protective coat-
ings [1-7]. The information concerning the wetting
of graphene by water and methanol can promote
the development of various applications. In particu-
lar, hydrophobic and superhydrophobic surfaces have
a low surface energy and, as a rule, are electric in-
sulators. A conformal coating of such surfaces with
graphene can result in the creation of a new class of
conducting superhydrophobic surfaces, which can be
applied in various domains [8-11]. Bearing all that
in mind, we calculated the energy barriers for water
and methanol migration along the graphene plane in
the framework of the electron density functional and
ab initio pseudopotential methods. All calculations
were carried out with the help of our own program
code [12].
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2. Models and Calculation Methods

All our estimates of static structural properties in
terms of the energy evolution are based on the follow-
ing assumptions: (i) electrons are in the ground state
for every instant positions of nuclei (the Born—-Oppen-
heimer adiabatic approximation); (ii) many-particle
effects are estimated in the framework of the local
electron density functional formalism, and (iii) the so-
called frozen core approximation, i.e. pseudopotenti-
als, is used. The theory of pseudopotentials makes it
possible to use the convenient mathematical appara-
tus of Fourier transformations, because, owing to the
pseudopotential weakness, plane waves can be used
as the basis functions at expanding one-particle elec-
tron wave functions. Due to the artificial symmetry of
examined objects, the expression for the total energy
can be written simpler in the momentum space. The
total energy per unit cell looks like
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Fig. 1. Schematic diagram of the water (or methanol) mole-
cule migration on the graphene plane
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where the vector k belongs to the first Brillouin zone,
G is the reciprocal lattice vector, ¥;(k + G) is the
wave function, the subscript ¢ marks occupied states
for a definite k, p(G) is the coefficient in the expan-
sion series of the valence-electron density, the primed
sum sign means that the term corresponding to G = 0
is absent, the subscript 7 enumerates atoms in the
unit cell, S, (G) is the structural factor, V,X is a local
spherically symmetric pseudo-potential independent
of the quantum orbital number [, AVZ’ZXL is the non-
local correction to VX' dependent on I, Z, is the ion
charge, and Ygwalqa is the Madelung energy of point-
like ions in a uniform negative background.

The coefficients in the Fourier series of the electron
charge density are calculated by the formula

p(G)=> "> Wi(k+ G)¥;(k + aG), (2)
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where U;(k + G) are the coefficients of the expan-
sion in plane waves of the one-particle wave function,
which can be obtained from band-structural calcula-
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tions, and « is the operator of symmetric transforma-
tions from the point symmetry group for the unit cell.

In order to calculate the exchange and correlation
energies per electron, €,., we used the Ceperley—Al-
der approximation parametrized by Perdew and Zun-
ge. The integration over k was substituted by calcu-
lation at I'-point.

The capability of graphene to be wetted by wa-
ter or methanol was estimated from the energy ex-
penses needed for the adsorbent molecules to propa-
gate over the surface. The calculation procedure was
as follows. First, the adsorption bond length was de-
termined, i.e. the distance between water (methanol)
molecules at their migration was chosen. The choice
was associated with the fact that the minimum dis-
tance between a water molecule and the graphene
plane should be equal to the sum of the Bohr radii of
the largest atom in the water molecule and the car-
bon atom. The maximum distance of the molecule
from the graphene plane was determined by the dis-
appearance of the electron density exchange between
the molecule and graphene. Then, the following sce-
nario of surface diffusion was used. Within a dif-
fusion step between two surface positions, the ad-
sorption bond length was assumed to remain in-
variable. The direction of molecule migration was
selected along the hexagon diagonal (the direction
[1100]). Then the initial positions of molecules with
respect to carbon atoms in graphene and the dis-
placement step were chosen. A trajectory of the
described migration is shown in Fig. 1. The total
energy was calculated for every atomic configura-
tion corresponding to the elementary step of sur-
face diffusion, thus generating the energy relief along
the migration trajectory of a water (or methanol)
molecule.

Since the calculation algorithm was developed,
by assuming the translational symmetry of the re-
searched atomic system, a supercell of tetragonal type
was created first of all. Its parameters and atomic
basis depended on the research object. The atomic
basis of a primitive cell in the artificial lattice re-
producing the graphene plane covered with water
molecules from both sides included 30 atoms; and 36
atoms in the case of the plane covered with methanol
molecules. The account of the translational symme-
try was equivalent to the consideration of an infi-
nite graphene plane covered with water (or methanol)
molecules at a concentration of 8.3%.
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3. Results of Calculations
and Their Discussion

With the help of our own program code [12], we cal-
culated the total energies of the model atomic system
and the spatial distributions of the valence-electron
density. In addition, the cross-sections of those spa-
tial distributions were determined for the I'-point in
the Brillouin zone of the 3D superlattice.

In Fig. 1, a schematic diagram of water (or metha-
nol) molecule migration along the graphene plane is
shown. The direction of water (or methanol) motion
is designated by an arrow, the points mark the posi-
tions of molecules, at which the energy of the studied
object was calculated. Top and bottom points mark
the positions of molecules that move on different sides
of the graphene plane. Figure 1 also demonstrates the
atomic basis of the primitive cell in the artificial lat-
tice. The water molecule is oriented by its oxygen
atom toward the graphene plane.

Figures 2 to 4 illustrate variations of the total en-
ergy of the graphene plane during the migration (sur-
face diffusion) of water (or methanol) molecules along
it. The molecules are separated from the graphene
plane by distances, which are probable for the sur-
face diffusion processes. It should be noted that the
migration of molecules occurs simultaneously on the
both sides of graphene plane. The model trajectory
(see Fig. 1) contains a point (this is position 0, at
which the molecule is located above the carbon atom),
when the molecules are the closest to each other. At
the same time, molecules at position 2 (the atomic
hexagon center in the graphene plane) are the most
distant from each other.

Figures 2 and 3, which demonstrate the potential
reliefs for water molecules that migrate in the same
direction along the graphene plane, but at different
distances from it, reveal strong quantitative differ-
ences. In particular, when water molecules migrate at
a short distance from the both sides (lower and upper)
of graphene plane and, so to say, feel each other, the
model atomic system has the highest energy, when
the water molecule is located at the hexagon center
(the potential relief has a barrier at this point). When
water molecules are located in vicinities of carbon
atoms, which screen their interaction, the energy of
the atomic configuration decreases. In other words,
water molecules, when approaching the hexagon ver-
tices, turn out in an energy well. The energy differ-
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Fig. 2. The potential relief for a water molecule in the direc-
tion [1100] along the graphene surface. The distance between
the water molecule and graphene equals 1.9 A. The energy
is reckoned in atomic unities per atom, and the distance in
angstroms
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Fig. 3. The same as in Fig. 2, but for the distance between
the water molecule and the graphene plane equal to 2.9 A
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Fig. 4. The same as in Fig. 2, but for the distance between
the water molecule and the graphene plane equal to 3 A

ence between the maximum and the minimum of the
potential relief amounts to 0.21 a.u. per atom. When
water molecules migrate at a long distance from the
both sides (lower and upper) of the graphene plane
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Fig. 5. Distributions of the valence-electron density near an unconfined graphene plane: longitudinal (a) and transverse (b)
cross-sections of spatial distribution through the centers of atoms. Spatial distributions of the valence-electron density for isovalues
of 0.6-0.7 (¢) and 0.1-0.2 (d and e, at different aspect angles) times the maximum value

Fig. 6. Spatial distributions of the valence-electron density
near a graphene film covered with migrating water molecules
for isovalues of 0.4-0.5 times the maximum. Molecules are at
a distance of 1.9 A from the graphene plane and move along
the direction [1100]. The numbers of panels correspond to the
numbers of positions in Fig. 1

Fig. 7. The same as in Fig. 6, but for the distance between
the water molecule and the graphene plane equal to 2.9 A

and do not feel each other, the energy profile of mi-
gration has the same character. But the energy dif-
ference between the maximum and the minimum of
the potential relief amounts to only 0.07 a.u. per
atom. Hence, the height of the energy barrier for the
migration of water molecules on the graphene surface
diminished by 66%.
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Fig. 8. The same as in Fig. 6, but for the distance between
the water molecule and the graphene plane equal to 3 A

Attention should be paid to a feature in the elec-
tron density distribution in the case of a free un-
confined graphene plane. At the centers of atomic
hexagons, the own electron density of graphene equals
zero (Fig. 5). This natural vacuum “hole” in the
graphene plane creates a channel, through which wa-
ter molecules located on the different sides of the
graphene plane can interact. The reality of this in-
teraction is confirmed by spatial distributions of the
electron density and their cross-sections depicted in
Figs. 6-11. Figures 6-8 illustrate variations in the
spatial distribution of the valence-electron density
that accompany the migration of water (or methanol)
molecules along the graphene surface in the direction
[1100], with the molecules being at certain distances
from the graphene plane that are probable for the
surface diffusion processes. Figures 9-11 demonstrate
the cross-sections of those distributions in mutually
perpendicular planes.

Concerning the migration of methanol molecules
at a long distance from the graphene plane (3 A),
the corresponding energy barrier height amounts to
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Fig. 9. Mutually perpendicular cross-sections of the valence-electron density near
the graphene plane at various positions of a water molecule on the migration trajec-
tory. The molecule is at a distance of 1.9 A from the graphene plane. The numbers

of panels correspond to the numbers of positions in Fig. 1
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Fig. 10. The same as in Fig. 9, but for the distance between the water molecule and

the graphene plane equal to 2.9 A
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Fig. 11. The same as in Fig. 9, but for the distance between the water molecule and

the graphene plane equal to 3 A

0.13 a.u., which is by 50% larger than in the case of
water molecules that move at the same distance.
Elementary atomic processes running on the gra-
phene surface during its wetting by water or al-
cohol are governed by interactions between adsor-
bent molecules and the surface. An exchange of the
electron charge was registered between migrating
molecules and the nearest graphene atoms, with the
exchange intensity depending on the position of the
adsorbed molecule on the surface (see Fig. 6). Ano-
ther situation was also observed when the valen-
ce-electron bridges in the vacuum gap between the
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molecules and the graphene plane were absent, but
molecule’s “shadow” with a higher electron density
appeared on the plane under the real molecule (see
Fig. 7). In other words, the hovering of a molecule
above the graphene plane locally changed its con-
ductivity.

4. Conclusions

Using the electron density functional and ab initio
pseudo-potential methods, the distributions of the
valence-electron density and the total energy reliefs
for the water migration on the free graphene surface
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are calculated. Water or methanol molecules migrate
over the graphene surface, which is characterized by
an energy relief with barriers (at the centers of atomic
hexagons in the graphene plane) and wells (in vicini-
ties of carbon atoms). The barrier height depends on
the distances between the molecules and the graphene
plane. Interaction through regions with a low electron
density in the graphene plane is registered between
water molecules located on the different sides of the
plane. The hovering of molecules over the graphene
plane is found to locally change plane’s conductivity.
The estimation of energy costs during the propaga-
tion of adsorbent molecules on the graphene surface
testifies to the phobicity of graphene with respect
to water and alcohol, which is a result of the non-
uniform character of the energy barrier.
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A.T'. Bapuaxa, P.M. Baaabaii
SMOYYBAHHA I'PAGEHY METAHOJIOM ABO BOIOIO

Peszmowme

Meromamu dyHKIiOHAIA €IEKTPOHHOI I'YCTUHM Ta IICEBIOIO-
TEHIjaJly i3 HepIIUX NPUHIUINB OTPUMAHO DPO3IOIIJINA T'YyCTH-
HU BaJIEHTHHUX €JIEKTPOHIB Ta IOBHI eHepril njs mirparil Bojgu
(abo meranosy) Ha BlIbHIM noBepxui rpadeny. Byno Bcranos-
JIEHO, IO Mirpariisi MOJIEKYJI BOJU Ta METAHOJIY y3JO0BK IIOBEPX-
Hi rpadeHy BiIOyBa€ThCS 3 EHEPIETUYHUM PeJIbeE(OM, KOTPOMY
nputaMaHHi 6ap’epu Ta simu. 3adikcoBaHa B3aEMO/Iisl MOJIEKYJI
BOJIM, 1[0 3HAXOAATHCA IO Pi3HI OOKM BiJl IJIOMMHU TpadeHy,
gepe3 06s1acTi MaJsIol IMOBIPHOCTI B pO3NOALi €JI€EKTPOHHOL Iy-
cruau rpadenool mwiomunan. Crocrepiraiocs, M0 3aBUCAHHS
MOJIEKYJT HaJI IPadEeHOBOIO MIJIONUHOK JIOKAJIBLHO 3MIHIOBAJIO 1T
npoBigHicTh. OIiHKA €HEPreTUYHUX 3aTpaT i YaC MOUIUPEH-
HsI MOJIEKYJI aJICOPOEHTIB 10 TOBEPXHI rpadeHy IPOJSEeMOHCTPY-
BaJia Horo rinpodobHiCTs.
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