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Adsorption of water on graphene: A van der Waals density functional study

Ikutaro Hamada*

Advanced Institute for Materials Research (AIMR), Tohoku University, Sendai 980-8577, Japan
(Received 26 August 2012; published 30 November 2012)

The van der Waals density functional (vdW-DF) was used to investigate the interaction of a water monomer
with graphene. It was found that a variant of vdW-DF [Hamada and Otani, Phys. Rev. B 82, 153412 (2010)]
predicts geometries and energetics of water on graphene which are in good agreement with those obtained
using more elaborate random-phase approximation and quantum Monte Carlo approaches. Interfacial electronic
structures were also analyzed in detail.
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I. INTRODUCTION

Water at interfaces plays a critical role in diverse disciplines,
ranging from daily life to science and technology, including
wetting, lubrication, corrosion, heterogeneous catalysis, and
electrochemistry, to name but a few. Recent studies highlight
the role of water at nanoscale in a rich variety of phenomena,
such as heterogeneous ice nucleation,1 friction,2,3 and
lubrication.4 Water is known to exhibit anomalous properties
when confined in nanostructures, and in particular, water
confined in carbon nanostructures has attracted much
attention.5–9 However, the mechanism of anomalous behavior
of confined water in carbon nanostructures remains to be
explored. This is, in part, because of the difficulty in describing
the interaction between water molecules and that between
water and walls (surfaces), which are weak in general and
still challenging even with a modern density functional theory
(DFT) based approach.

In many simulations of bulk as well as confined water,
classical force fields have been employed to describe the
interatomic interactions. The force fields used are, however,
mostly constructed so as to reproduce the properties of bulk
or small molecules obtained from experiments or accurate
quantum-mechanical calculations, and their accuracy in de-
scribing interfaces has yet to be examined. Thus, it is important
to describe the interaction between water and (carbon) walls,
as well as that between water molecules with similar accuracy,
to predict confined water. Furthermore, it was proposed10

that the fast diffusion of water in confined water is attributed
to the subtle electronic rearrangement of water interfacing
with the surface, and explicit treatment of electronic structure
is essential.

In this work, the interaction between water and graphene
has been studied by means of the van der Waals density
functional (vdW-DF)11 and its variants. The vdW-DF is a
promising density functional which is able to describe weak
van der Waals (vdW) interaction as well as covalent interaction
in a seamless fashion. It was also shown that vdW-DF is able
to describe hydrogen bonding with reasonable accuracy.12–16

I show that by choosing the appropriate exchange and
nonlocal correlation in vdW-DF, the interaction between water
and graphene is described accurately, which is comparable
to the results obtained with elaborate and highly accurate
approaches, such as random-phase approximation (RPA) and
the diffusion Monte Carlo (DMC) method.

II. METHOD

All the calculations were performed using the ultrasoft
pseudopotentials17 and a plane-wave basis set as implemented
in the STATE code.18 Wave functions and augmentation charge
density were expanded in terms of a plane-wave basis set
with cutoff energies of 25 and 225 Ry, respectively. A (5 × 5)
surface supercell was used, and only the � point was used
to sample the Brillouin zone. The Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional was used for calcula-
tions within the generalized gradient approximation (GGA).
The PBE-optimized lattice constant (0.2467 nm) was used to
construct the supercell (see also Ref. 19), and the graphene
sheets were separated by a 2-nm-thick vacuum. A spurious
electrostatic interaction between image graphene layers20 was
eliminated by solving the Poisson equation for the open
boundary condition for the surface-normal direction exactly,
using the Green’s function technique.21 For the vdW-DF
calculations, I used the C09 (Ref. 22) exchange in conjunction
with the nonlocal correlation of vdW-DF2 (Ref. 23; vdW-
DF2C09x ). vdW-DF2C09x is shown to outperform vdW-DF
and vdW-DF2 in describing graphene adsorption on metal
surfaces:19 The original vdW-DF is known to overestimate
equilibrium adsorption distance and vdW interaction near
the equilibrium because of the too repulsive exchange used
[revised PBE (revPBE)] and too attractive nonlocal correlation
near the equilibrium. The C09 exchange is designed to match
the gradient expansion approximation in the slowly varying
limit, and the vdW-DF2 nonlocal correlation gives a more
accurate vdW attraction than the original one by employing a
large-N asymptote in determining the internal function, and
thus vdW-DF2C09x provides a good description of adsorption
systems. For comparison, calculations were performed with
vdW-DF, vdW-DF2, and vdW-DFs with PBE, optimized
PBE,24 and optimized Becke24 exchange functionals, which
are denoted by vdW-DFPBEx , optPBE-vdW, and optB86b-vdW,
respectively. The vdW-DF calculations were performed non-
self-consistently (NSC) as a post-GGA perturbation, using the
self-consistent PBE charge densities.

III. RESULTS AND DISCUSSION

I calculated the interaction energy as a function of distance
between the water molecule and graphene sheet for one-leg
and two-leg configurations, with PBE and vdW-DFs (Fig. 1).
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FIG. 1. (Color online) Interaction energy of water with graphene
as a function of graphene-water distance for (a) one-leg and
(b) two-leg configurations. Lines were obtained by spline fitting. The
graphene-water distance is defined as the vertical distance between
the graphene sheet and the O atom of the water molecule. Insets
show side and top views of water on graphene. The results obtained
with the random-phase approximation are shown by the crosses. The
quantum Monte Carlo results are within the rectangles, indicating the
error bars in the calculations.

Other configurations of water on several adsorption sites were
investigated by Kurita et al.25 with GGA. The calculated
equilibrium distances and interaction energies are summarized
in Table I. The present GGA results are in good agreement
with those reported in the literature.25–27 While GGA predicts
a small interaction energy of the water monomer on graphene,
vdW-DF predicts a much larger interaction energy, suggesting
the importance of the vdW interaction between water and
graphene. Notably, the equilibrium distances and interaction
energies calculated with vdW-DF2C09x are in good agreement
with those obtained with RPA and DMC. Other vdW-DFs
overestimate the interaction energies of the systems, although
they predict interaction energies in good agreement with those
obtained by using vdW-DF,28 the density functional/coupled-
cluster method,29 extrapolation of interaction energy between
water and acene with DFT-based symmetry-adapted perturba-
tion theory,30 and the coupled-cluster method.31 However, the
results obtained using explicitly correlated methods29–31 may
be less accurate in describing water adsorbed on graphene
because the correlation effects were included locally, and the

inherent extended nature of graphene is not taken into account
in the calculation of correlation energy. Our results with
vdW-DF2C09x are also in good agreement with those obtained
using revPBE with dispersion correction based on the Wannier
functions (vdW-WF).27 Overestimation of the equilibrium
distance with vdW-WF based on revPBE is mainly because of
the too repulsive revPBE exchange. vdW-WF based on PBE
overestimates the interaction energies because of the spurious
binding of the PBE exchange. It is noted that vdW-DF with C09
exchange and nolocal correlation of vdW-DF overestimates the
interaction energy, as the use of the nonlocal correlation of the
original vdW-DF gives a too attractive vdW interaction near
the equilibrium. The accuracy of vdW-DF2C09x in describing
water adsorption on graphene suggests that the C09 exchange
describes the exchange repulsion in the vicinity of the graphene
surface reasonably well.

To confirm the validity of the NSC approach, self-consistent
vdW-DF32 calculations were performed by using the SIESTA33

code with the efficient implementation by Román-Peréz and
Soler.34 The Troullier-Martins norm-conserving pseudopoten-
tials and triple-zeta plus polarization basis was used. The
effect of pseudopotentials used in vdW-DF calculations35

was examined by performing vdW-DF calculations with
pseudopotentials and pseudoatomic orbitals generated using
PBE-GGA (vdW-DF2C09x @PBE) and vdW-DF2C09x . Other
details of the SIESTA calculation can be found in Ref. 36.
As shown in Table I, self-consistency and pseudopotential
effects on the equilibrium distance and interaction energy are
minor (�10-3 nm and <3 meV, respectively), corroborating
the present NSC vdW-DF approach.

In order to gain insights into the adsorption mechanism of
water on graphene, I calculated the charge-density difference
defined by �ρ(r) = ρtot(r) − ρgra(r) − ρH2O(r), where ρtot(r),
ρgra(r), and ρH2O(r) are the charge densities of the adsorption
system, isolated graphene, and the isolated H2O molecule,
respectively. I also calculated the spatial distribution of the
nonlocal binding energy,

�eNL
c (r) = eNL

c,tot(r) − eNL
c,gra(r) − eNL

c,H2O(r), (1)

where eNL
c,tot(r), eNL

c,gra(r), and eNL
c,H2O(r) are the nonlocal cor-

relation energy densities for the adsorption system, isolated
graphene, and the isolated H2O molecule, respectively, where
the nonlocal correlation is defined by

ENL
c = 1

2

∫∫
drdr′ρ(r)φ(r,r′)ρ(r′) =

∫
dreNL

c (r). (2)

φ(r,r′) is the vdW kernel, which is a function of ρ and
its gradient |∇ρ|, as given in Ref. 11. �ρ and �eNL

c for
one-leg and two-leg configurations are shown in Fig. 2.
It turns out that graphene is polarized considerably upon
adsorption of the water molecule [Figs. 2(a) and 2(b)], and
electrostatic interaction plays a role in attractive interaction.
The polarization is larger in the one-leg configuration than
in the two-leg one, giving a larger interaction energy. This
explains the water adsorption and relative stability of the water
molecule within GGA. �eNL

c , which is localized in the vicinity
of graphene and the water molecule [Figs. 2(c) and 2(d)],
gives the vdW attraction and is larger in magnitude for the
one-leg configuration (�eNL

c is more localized in the vicinity
of a hydrogen atom pointing toward graphene). Thus, both
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TABLE I. Equilibrium distances d0 and interaction energies E0 for one-leg and two-leg configurations obtained
using plane-wave (PW) and pseudoatomic orbital (PAO) basis sets.

One-leg configuration Two-leg configuration

Method d0 (nm) E0 (eV) d0 (nm) E0 (eV)

PW
PBE 0.3607 −0.032 0.3612 −0.028
vdW-DF 0.3533 −0.133 0.3548 −0.132
vdW-DF2 0.3423 −0.123 0.3432 −0.121
vdW-DFPBEx 0.3346 −0.195 0.3369 −0.181
optPBE-vdW 0.3400 −0.159 0.3446 −0.144
optB86b-vdW 0.3353 −0.143 0.3398 −0.139
vdW-DF2C09x 0.3420 −0.078 0.3465 −0.072

PAO
PBE 0.3617 −0.0300 0.3704 −0.027
vdW-DF2C09x @PBE 0.3441 −0.0802 0.3436 −0.073
vdW-DF2C09x 0.3426 −0.0751 0.3431 −0.071

DMCa 0.34–0.40 −0.07 ± 0.01 0.34–0.40 −0.07 ± 0.01
RPAa 0.355 −0.081 0.342 −0.077

aReference 26.

the electrostatic and vdW attractions are larger for the one-leg
configuration than in the two-leg one, resulting in the larger
interaction energy for the former.

In Fig. 3, the band structures for graphene and those with
different water orientations are shown.37 The band structures
were calculated using the charge density and potential obtained
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FIG. 2. (Color online) Charge-density difference �ρ and nonlocal binding energy �eNL
c for one-leg [(a) and (c), respectively] and two-leg

[(b) and (d), respectively] configurations.
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FIG. 3. Band structures of (a) pristine graphene and those of graphene with water in (b) the one-leg, (c) two-leg, and (d) O-down
configurations. The states derived from HOMO and LUMO are indicated by the arrows.

with a 12 × 12 k point to locate the Dirac point at K to the
Fermi level EF accurately. To compare the effect of geometry,
the band structure of an O-down configuration, in which the O
atom in water points toward graphene, was also calculated.38

Because the interaction between water and graphene is very
weak, the band structures of graphene with water molecules
are identical to that of the pristine graphene, except for the tiny
splitting of some bands due to the symmetry lowering upon
water adsorption and additional energy levels originating from
water molecular orbitals. No doping effect was observed, in
agreement with Refs. 39, 40, and 41. The highest occupied
molecular orbital (HOMO) of the water molecule is located at
−2.62, −2.60, and −3.33 eV relative to the Fermi level EF for
the one-leg, two-leg, and O-down configurations, respectively.
On the other hand, the lowest unoccupied molecular orbital
(LUMO) forms weakly hybridized states with the nearly
free electron (NFE) states of pristine graphene, which are
discernible at 3.31, 4.07, and 4.33 eV relative to EF at the
� point [Fig. 3(a)]. In the case of the one-leg configuration
[Fig. 3(b)], LUMO hybridizes with a NFE state, which is
apparent from the LUMO-derived states at EF + 3.25 eV
and EF + 3.89 eV at the � point with dispersion. The wave
function corresponding to the former eigenvalue has a slightly
larger amplitude in graphene. In the two-leg case [Fig. 3(c)],
LUMO forms hybridized states located at 3.26 and 3.96 eV
relative to EF, with the former having a larger amplitude of the
graphene wave function. The hybridized states are located at

2.75 and 3.51 eV relative to EF in the O-down configuration
[Fig. 3(d)], and the latter has a larger amplitude of the graphene
wave function, which is the opposite of the two-leg case,
suggesting the role of the water dipole moment in determining
the position of the hybridized states. The HOMO-LUMO
gap was estimated from the energy levels of HOMO and the
lowest hybridized state derived from LUMO at the � point,
leading to 5.87, 5.85, and 6.08 eV for the one-leg, two-leg,
and O-down configurations, respectively. The HOMO-LUMO
gaps for the adsorbed water molecules are slightly smaller
than the calculated gas-phase value (6.18 eV) because of the
hybridization of molecular orbitals with substrate states and
not the image potential effect,42 which is entirely missing in a
conventional semilocal density approximation.

It is noted that there are slight discrepancies with Ref. 41
in the positions of the water molecular levels and those of
NFE states when a water molecule is adsorbed. I presume
these discrepancies are attributed to the difference in the
supercell used, the distance between water and graphene,
and, most importantly, the artificial electrostatic interaction
(electric field) as a result of the periodic boundary condition
in Ref. 41. In the present calculations, however, such artificial
interaction is eliminated. Although the differences in energy
levels are very small, this fact suggests the importance of
accurate treatment of the electrostatic interaction in describing
water molecules, which have a considerable dipole moment.
In particular, because they are very sensitive to the external
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electric field,43 care must be taken in examining the field effect
of the NFE states of graphene.

IV. SUMMARY

The geometry and electronic state of water on graphene
have been investigated by means of vdW-DF. It is shown that
vdW-DF2C09x predicts the equilibrium distance and interaction
energy in good agreement with those obtained using RPA and
DMC. The structures of water confined in nanostructures and
on surfaces are determined by the subtle balance between
water-surface interaction and hydrogen bonding between
water molecules. Thus, new insight into confined and adsorbed
water may be obtained with vdW-DF, as it modifies the GGA
description of the water-surface interaction. Applications of

vdW-DF to water confined in carbon nanostructures are highly
anticipated.
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11M. Dion, H. Rydberg, E. Schröder, D. C. Langreth, and B. I.
Lundqvist, Phys. Rev. Lett. 92, 246401 (2004).

12A. K. Kelkkanen, B. I. Lundqvist, and J. K. Nørskov, J. Chem.
Phys. 131, 046102 (2009).
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