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We present the result of molecular-dynamics simulations of water adsorbed on top of a single graphene layer
at temperatures between 25 and 50 °C. The analysis of the energy per particle and the density profiles indicate
that the behavior of the adsorbed liquid is similar to the case of multiple graphene layers �graphite� with the
only difference being the values of configurational energy. Other structural properties, such as stability ranges,
hydrogen bond distributions, and molecular orientations are also presented.
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I. INTRODUCTION

In recent years, the family of carbon forms has increased
considerably with the discovery of fullerenes, carbon nano-
tubes, and other related structures. This has somehow made
decay on the interest on the well-known graphite, which is
basically a stack of flat layers separating each other in the z
direction by 3.35 Å. In these sheets, carbon atoms are lo-
cated in the nodes of a honeycomb lattice and are joined by
covalent bonds while the interlayer interaction is of disper-
sive type. However, it was recently reported that it was pos-
sible to isolate one of this layers, creating a different form of
carbon termed graphene.1,2 As in the case of carbon nano-
tubes, its discovery started a rush to study all of its proper-
ties, particularly the electronic ones.3–6

As in the case of carbon nanotubes, the graphene proper-
ties as an adsorbent species could be of great interest. One
can check, for instance, the different behavior, if any, of any
adsorbate in the presence of a variable number of graphene
sheets from single graphene to graphite. This would allow us
to tune the influence of the substrate attraction on the prop-
erties of the adsorbed species when the surface itself is kept
the same. Thus, our goal in the present paper will be to study
the adsorption of water on top of a single graphene sheet and
compare it to results when more graphene layers are added.
This is a relatively different subject because, even though
there are many studies related to what happens to water in-
side slit pores7–9 and, in particular, near graphite
surfaces,10–17 there were relatively few attempts to know
what happens to water on top of a single hydrophobic
surface18,19 and none related to what happens on this purely
two-dimensional �2D� adsorbent. There are, however, simu-
lations about what happens to water inside slit pores limited
by single graphene sheets.20,21 In this paper, we explore the
possible influence of the substrate on the energetics and
structure of the adsorbed species, studying other properties
such as the orientations of the water molecules in the two
interfaces: graphene water and water vacuum.

II. METHOD AND SIMULATION DETAILS

We considered liquid water on top of one of several
graphite sheets at temperatures between 298 and 323 K, and

densities ranging from 6.8�10−2 to 0.85 Å−2. Our simula-
tion box was, in all cases, 34.4�34.1�170 Å3 in the x, y,
and z directions, respectively. This means that, to vary the
density, we had to change the number of water molecules.
We started from a fully equilibrated high-density configura-
tion and simply subtracted a given number of water mol-
ecules to reach the selected density, allowing the system to
thermally equilibrate in subsequent simulation runs. No pe-
riodic boundary conditions were considered in the z axis.
Several series of simulations were made: one with only one
graphene layer, located at z=0, and other with up to four
sheets. When additional sheets were considered, they were
located parallel to the first one, under it �at negative z posi-
tions�, and separated from each other by 3.35 Å. All carbon
atoms were explicitly taken into account in the calculation
with each carbon layer being displaced in the �x ,y� plane
with respect to their neighbors to recreate the real structure
of graphite. All the graphene sheets were considered to be
rigid, i.e., the carbon atoms were not allowed to move in the
simulation runs. All of this means that we aimed to describe
the interactions of water with a model sheet or sheets of
graphene. The deviations due to any kind of real defects or
vibrations of the structure are out of the scope of this work,
which was meant to be a contact on the subject.

Water-water and water-carbon interactions have been
modeled by means of the flexible simple point charge �SPC�
potential already used in previous works,22 being basically a
combination of Coulomb interactions �water water� with
Lennard-Jones ones �water water and water graphene�. The
Lennard-Jones parameters for the water-carbon interaction
were �OC=3.28 Å, �HC=2.81 Å, �OC=46.79 K, and �HC
=15.52 K. The long-ranged electrostatic interactions have
been calculated by means of three-dimensional �3D� Ewald
sums since, as it was demonstrated by Spohr,23 and by Yeh
and Berkowitz,24 such procedure is fully equivalent to the 2D
Ewald procedure, which corresponds to systems with peri-
odic boundary conditions in only two dimensions. The only
requirement that we need to impose is a box length in the
perpendicular direction to graphene, namely the z axis in our
case, of at least five times the size of the water-graphene set
along z direction. No explicit cutoff was considered for the
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carbon-water potential, meaning that all the carbon-water in-
teractions within the simulation cell indicated above were
taken into account. The cutoffs in the calculation of water-
water interactions have been fixed at half of the box lengths.

A leap-frog Verlet integration algorithm with coupling to
a thermal bath has also been employed,25 i.e., we moved
within the parameters corresponding to the so-called
molecular-dynamics ensemble, i.e., number of molecules,
volume and total energy are fixed and the total linear mo-
mentum of the system is kept to zero, allowing temperature
to suffer small fluctuations around a fixed average value. Our
integration time step was 0.5 fs. Translational and internal
degrees of freedom were equilibrated separately. The equili-
bration in all cases ran for at least 50 ps and the averages
were calculated in runs of lengths longer than 125 ps.

One of our goals is to characterize the range of densities
in which the system is thermodynamically stable. To do so, it
is not enough to compute the configurational energy of the
system but there is the need to calculate the Helmholtz free
energy. However, since the free energy cannot be directly
obtained from a molecular-dynamics simulation, we have es-
timated it in the same way as in previous works for similar
systems.20 The procedure starts from proposing a functional
form for the free energy as a function of surface density and
temperature, F�� ,T�:

F��,T� = �
i=0

3

�
j=1

3

bij�
iT1−j + ideal poliatomic gas terms.

�1�

Given that

E = − T2��F/T�
�T

, �2�

if we propose a form for F�� ,T�, we can obtain the corre-
sponding one for E�� ,T� simply by standard derivation
scheme. We have then a polynomial whose coefficients are
the bij�s in Eq. �1�. If we fit the simulation data to that poly-
nomial, we obtain the corresponding coefficients that we can
substitute back in Eq. �1� to obtain the Helmholtz free en-
ergy. From the properties of this function, we can deduce that
the system is stable at any particular pair of � and T. In all
cases, the quality of the fits is good, having the �2 values for
degree of freedom of around one.

III. RESULTS

A. Thermodynamic stability

In Fig. 1 we show the results we used to perform the
least-square fittings that would allow us to obtain the free
energy of the system. From top to bottom we have the total
energy corresponding to temperatures of 323, 310, and 298
K versus water density. This density was obtained as the
number of water molecules divided by the surface area of the
simulation cell, i.e., it is a surface density. In all cases we
observe that, after a relatively steep decrease in the energy,
the trend forms something similar to a plateau for higher
densities. The limiting value for this plateau would be the

corresponding bulk water at the temperature at which the
simulations are done. In any case, no minimum in the energy
nor any inflection point was observed, at least not in the
temperature range considered.

The influence of the substrate attraction in the adsorption
energy could be seen with the help of Fig. 2. There, we
displayed energy versus water density at 298 K for one, two,
and three graphene layers. We observe the same trend as in
the previous figure, i.e., the convergence to a plateau at large
enough densities, but with energy limits noticeably different
for two and three layers compared to those of a single
graphene sheet. It can be also seen that the energy curves for
more than two carbon sheets are similar to each other within
the error bars. This is obviously the case for a greater number
of layers as well, meaning that the energy limit for water at
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FIG. 1. Energy per molecule for water on top of a single
graphene sheet: 50 �circles�, 37 �open squares�, and 25 °C �full
squares�. The densities correspond to the number of water mol-
ecules divided by the surface of the simulation cell.
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FIG. 2. Same as in Fig. 1 but only for water at 298 K. Energy
per molecule for a single graphene sheet �full circles�; energies for
two graphene layers �full squares�; energies for three graphene
planes �open squares�. Error bars are only displayed for the second
case, being similar in the other two.
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room temperature adsorbed on real graphite is reached only
with two graphene layers. This means that the properties as
adsorbent of bilayer graphene will be similar to those of
graphite, at least in the temperature range considered.

With the help of Fig. 3 we can establish the stability range
of water on top of a single graphene sheet. There, we repre-
sent the free energy obtained from a fit to the energy values
displayed in Fig. 1. The method was outlined in the previous
section. From top to bottom are free energies for 298, 310,
and 323 K. One feature is immediately apparent: there is a
single minimum for all temperatures considered, meaning
that only arrangements with inverse surface densities greater
than approximately 3.5 Å2 are stable, i.e., those with a posi-
tive pressure. In our case, this means that at least 340 mol-
ecules are adsorbed per simulation cell.

B. Density profiles and hydrogen bonding

Figure 4 gives us an idea about the structure of adsorbed
water at room temperature, corresponding to the full line to
the minimum stable density. In all cases, a thin interfacial
layer of 5 Å wide is formed, as is well known for water near
carbon-based structures.17,20,21 In particular, the structure of
water adsorbed in paraffinlike plates26 is very similar to the
one reported in Fig. 4, which suggests that the clue factor in
determining water structure is the hydrophobic nature of the
surface independently of the particular arrangement of sur-
face atoms. In our stable systems, one can see that two well
definite layers of water are formed, and after that, an increase
in the number of molecules only produces the formation of a
slab similar in density to that of bulk water. Obviously, that
slab ends in a water-vacuum interface about 5 Å wide in the
z direction.

The lowest density profile is similar to the one stable at
low densities when water is confined between two parallel
graphene layers separated by 31 Å.20,21 The influence of the
number of graphene layers and temperature in this profile

can be seen in Fig. 5. The data for a density of
0.51 molecule Å2 is similar in all the cases studied. The bot-
tom part of the figure shows the effects of a double graphene
layer while the upper part is the density profile for a single
graphene sheet at 323 K compared to 298 K. One sees easily
that the profiles are practically identical in all cases, i.e.,
neither the temperature nor the number of carbon layers sig-
nificantly affect the adsorbate, within the temperature range
analyzed. Nevertheless, if other ranges were considered �su-
percooled or high temperature regimes, for instance�, we
could not establish how density profiles would be from the
data reported in the present work and, consequently, further
analysis would be necessary.
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FIG. 3. Free energy per molecule obtained from the fit already
discussed in the text. 298 �full line�, 310 �long-dashed line�, and
323 K �dashed line�. x axis indicates the inverse of the surface
density displayed in previous figures.
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FIG. 4. Oxygen density profiles for several water surface densi-
ties on top of graphene. When more molecules are added, the tail of
the density distribution moves to higher distances of the graphene
layer. Densities from left �full line� to right �dashed line�: 0.29,
0.34, 0.41, 0.58, and 0.85 molecules /Å2. After a zone influenced
by the substrate, we found that the density is equal to one of the
bulk �dotted horizontal line�.
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FIG. 5. Oxygen density profiles of water. Top figure: Single
graphene layer with a water density of 0.51 molecules /Å2 �298 K,
full line; 323 K, dashed line�. Bottom figure: Temperature of 298 K
and water density of 0.51 molecules /Å2 �single graphene layer, full
line; two graphene layers, dashed line�.
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The relationship between the density profile and the aver-
age number of hydrogen bonds �nHB� can be deduced from
Fig. 6. There, we represent data for a density of
0.85 molecule Å2, fairly representative of what happens for
other densities. We observe that �nHB��3 for water mol-
ecules closer to the surface, then �nHB� quickly increases to a
bulklike value of 3.5, and decreases again in the water-
vacuum interface. This is similar to what happens in other
hydrophobic surfaces due to the existence of dangling bonds,
consisting of hydrogen atoms pointing directly to the
graphene surface.7,12,17,20,27,28 It is well known that the mol-
ecules having such bonds are unable to form more than three
hydrogen bonds since one of its OH molecular bonds is not
available.

However, this would maximize the number of bonds
formed. On the other hand, water, immediately on top of this
first layer of three bonds, is perfectly able to form as many
hydrogen bonds as it can with molecules located on top or
below it. That is the reason why the number of hydrogen
bonds increases after the first peak in the density profile. This
conclusion is supported by the analysis of the water orienta-
tions, both for the OH direction and for the water dipole
moment direction with respect to the carbon layer, as it will
be discussed in the following section.

C. Water orientations

An analysis of orientations of the molecular OH direction
as measured with respect to the unit vector perpendicular to
the graphene surface, i.e., using the tilt angle � as defined in
other works,20,29 confirms the existence of those dangling
OH’s �maxima at �1 in Fig. 7� for molecules located at
distances to the surface of 5 Å or less �up to the first mini-
mum in the density profiles�. The orientation of the second
molecular OH bond can be deduced, taking into account the
molecular water angle ��104°�. Thermal disorder accounts
in part of other orientations, even though the dipole distribu-
tion for the same type of molecules given in Fig. 8 suggests

another contribution from molecules located in planes
roughly parallel to the surface �maxima around 0°�, which
would merge within the single peak in the OH distribution.
These results are in good agreement with recent
findings.17,20,21,27 Configurations with a dangling bond
would, in return, contribute in broadening considerably the
maximum in the dipole distributions �from �0.61 down�.

From data reported in both Figs. 7 and 8, we can deduce
the orientation of the water molecules located from the end
of the bulk region and up. The molecules in the intermediate
zone between the water-graphene and water-vacuum inter-
faces show no preferential orientation, i.e., they have a bulk-
like profile and are not reported in the plots. The OH angle
distribution indicates that water in the outer layer orientates
with a bond pointing outward from the bulk intermediate
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FIG. 6. Oxygen density profile for a water density of
0.85 molecules /Å2 �full line�, the largest studied. Dashed line in-
dicates the average number of hydrogen bonds for a water molecule
in the corresponding z coordinate.
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FIG. 7. Distribution of probabilities of cos��OH� �see text� in
arbitrary units for a density of 0.58 molecules /Å2. Water closest to
the single graphene sheet, up to 5 Å of distance �open squares�, and
water in the outer 2 Å wide slab �full squares�. In the zone, in
between the former two, the distribution is nearly flat and it is not
shown for simplicity.
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FIG. 8. Same as in Fig. 7 but for the projection of the water
dipole moment direction �see text�.
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region. This correlates well with the maximum around 0.20
that will correspond to the second OH bond of the molecule.
As already discussed, the nonzero value in between those
maxima is probably due to thermal disorder. This means that,
close to a surface, water tends to maximize the number of
hydrogen bonds by pointing one bond outside the bulk, cre-
ating a distribution that is basically the mirror image of that
of the layer closest to the graphene. The differences can be
accounted for from the fact that vacuum exerts no attraction
on the water molecules, smoothing somehow the probability
functions. This averaging can also be seen in the dipole dis-
tribution of Fig. 8, which can be interpreted in the same lines
already discussed for water in the first layer, and taking in
consideration its mirrorlike characteristics.

IV. CONCLUDING REMARKS

We studied the structural characteristics of water adsorbed
on top of a single graphene layer by means of molecular-
dynamics simulations built on a flexible SPC force field for
water-water interactions, and Lennard-Jones forces between
water and carbon atoms. In our simulations, polarizability of
water has not been explicitly taken into account although
trivial changes of the molecular dipole moment of water are
considered because ours is a flexible potential allowing
variations of internal water geometry. This is a relevant as-
pect to be considered since, as has been recently reported,30

the influence of water polarizability on the air/water interface

when ionic species �iodide� are present into the system. We
do believe that, in the case of ionic solutions, the role of
polarizability should be taken into account in deeper detail
than that employed here by us. Pursuing this objective, in-
vestigation on this issue is currently being undertaken in our
laboratory.

We found that, as an adsorbent, graphene is quite similar
to graphite with the only sizeable difference being the value
of the binding energy of water to the substrate. However, this
energy is not distinguishable to that of graphite �multiple
graphene layers� once we have added a second graphene
layer to the first one. The structure on top of graphene is
quite similar to that of one observed for water in between
relatively wide graphene pores, as it was expected. The only
significant difference is the existence of a water-vacuum in-
terface that presents characteristics similar to that of the first
layer adsorbed but with its features smoothed out, particu-
larly when water orientations are considered.
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