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Influence of water on the electronic structure of metal-supported graphene:
Insights from van der Waals density functional theory
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We investigate the interaction between water and metal-supported graphene through van der Waals density
functional theory calculations. Our results show a systematic increase in the adsorption energy of water on
graphene in the presence of underlying metal substrates. In addition, we find that the electronic nature of the
graphene-metal contacts behave differently upon water adsorption: In the case of a weak, physical graphene-metal
contact, the charge carrier doping level of graphene is tuned by water, resulting in a Fermi level shift on the order
of ~100 meV. In the case of a strong chemical graphene-metal contact, the = and 7* bands of graphene are
hardly perturbed by water adsorption. These results illustrate the correlated nature of the interactions between
water, graphene, and metal substrates, and show that the electronic structure and the doping level of graphene

can be tailored by water deposition.
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I. INTRODUCTION

Graphene monolayers have been prepared routinely on
a variety of metal surfaces,' producing highly ordered,
millimeter-scale, continuous stripes. Graphene-metal con-
tacts, as either independent functional devices or key com-
ponents for integrating graphene-based devices into more
traditional circuits, are potentially important for developing
next-generation electronics.*” Depending on the interaction
strength, graphene-metal contacts can be divided into two cat-
egories: The first group consists of Ni, Co, Ru, and Pd surfaces
which bind graphene strongly, and the second group including
Cu, Ag, Au, Pt, and Al binds graphene rather weakly. These
two cases exhibit quite different characteristics in electronic
structure and carrier transport,S’S‘“ with Ni(111) and Cu(111)
surfaces as respective representatives.'®!> When graphene
makes contact with metal surfaces, moiré superstructures are
often formed as a result of lattice mismatch between graphene
and the underlying metal surfaces, which represent suitable
templates for growing and stabilizing nanostructures.'>!> For
instance, xenon forms isolated two-dimensional (2D) patches
each comprising tens of xenon atoms on the underlying moiré
superstructures of graphene/Ru(0001)."3

Thanks to these attractive properties and the great incentive
for developing nanoelectronics, graphene/metal interfaces
have been intensively investigated with tremendous effort
devoted to understanding the functionality and the electronic
nature of graphene-metal interfaces. One of the foremost
challenges is to introduce charge carrier doping of graphene
in a controllable manner for better performance in elec-
tronic, optical, and catalytic applications. Traditionally, this
is achieved by changing the metal substrate to modify the
electronic structure of graphene.>!'! However, progress in
this direction has been dominated by incremental discoveries
rather than by the more desirable rational design. In this
regard, a detailed and quantitative understanding of the
electronic interaction between metal surfaces and graphene,
possibly including additional adsorbates, is much needed.
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Since water is ubiquitous in nature, as well as in fabrica-
tion and utilization of nanodevices, the interaction between
water and graphene-metal contacts is of practical importance
during the synthesis and routine use of graphene-based
devices.

In this paper we show that the electronic interaction and
the charge carrier doping level of graphene on metal surfaces
are modified by water adsorption, and sensitive to the orien-
tation of the water adlayer structures. Our results show that
water adsorption on graphene is enhanced (adsorption energy
increased by up to 30%) in the presence of the underlying
metal substrates. Our calculations reveal the specific role of
the metal substrates: They provide a nearly-free electron gas in
the vicinity of graphene, which enhances the induced electron
density of graphene in response to the dipole of adsorbed
water. In addition, different types of graphene-metal contact
respond differently to water adsorption: In the case of a weak
graphene-metal contact, the charge carrier doping level of
graphene is tuned by water, resulting in a Fermi level shift
of ~100 meV. In the case of a strong chemical graphene-metal
contact, the 7 and 7 * bands of graphene are nearly unperturbed
by water adsorption. In contrast, the isolated graphene and its
doping level are insensitive to water adsorption. These results
illustrate that it is viable to tailor the electronic structure of
graphene by polar adsorbate (water in this case) deposition.

II. METHODS

We use first-principles density functional theory (DFT) cal-
culations to investigate the geometric and electronic structure
of water adsorption on graphene/metal surfaces. The Vienna ab
initio simulation package (VASP)'®!7 with projector augmented
wave (PAW) potentials'® and a plane-wave cutoff of 500 eV,
is employed. We utilize the Monkhorst-Pack k-point meshes'”
of at least 20 x 20 x 1 per (1 x 1) surface unit cell to perform
the Brillouin zone summation. Mean-field dipole corrections
along the direction perpendicular to the surface are included
in the total energy.??!
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A vital role is played by van der Waals (vdW) interactions
for graphene-metal contacts’®> and water physisorption.>?
Since long-range correlation is not adequately captured in
popular generalized gradient corrected (GGA) exchange-
correlation functionals, we have employed various meth-
ods to include the relatively weak vdW interaction in our
first-principles calculations. These include (i) the DFT-D3
method?* with the revised PBE (revPBE) exchange-correlation
functional, for which, a semiempirical term, EP3, is added
to account for vdW interactions; and (ii) a modified version
of vdW-DEF, referred to as “0ptB86b—vdW,”25’26 in which
the revPBE exchange functional of the original vdW-DF
of Dion et al.?” is replaced with the optB86b exchange
functional to yield more accurate equilibrium interatomic
distances and energies for a wide range of systems. This
functional has recently been implemented in VASP by Klimes
et al *® following the scheme of Roman-Perez and Soler.?® For
comparison we also use the pure PBE exchange-correlation
functional® without any explicit vdW correction. As we
will show below, among the three methods optB86b-vdW
offers the best performance when compared to experiments.
Therefore, the main results and discussions herein are based on
optB86b-vdW.

We choose Ni(111) and Cu(111) as representative metal
substrates to study strong and weak graphene-metal interac-
tions, respectively. To make a clean comparison between the
three different methods, with and without vdW corrections,
we use the experimental lattice constants of Ni and Cu
after effects of zero-point anharmonic expansion have been
removed, namely, 3.508 A for Ni and 3.596 A for Cu.3®
Since the lattice constants of the (111) surfaces (2.48 A
for Ni and 2.54 A for Cu) are very close to that of the
graphene (\/3 X \/§) lattice (2.46 A), it allows us to use rather
small supercells to model the graphene-metal contacts without
having to introduce significant artificial strain. For the same
reason, these two surfaces do not produce moiré patterns in
most cases, except when there is an orientational mismatch
between graphene and the substrate.3! Slabs of four atomic
layers separated by 22 A of vacuum are used to model the
metal surfaces, with atoms in the bottom two layers fixed at
their respective bulk positions during structural relaxations.
Graphene is placed on one side of the slab, on which water
is then adsorbed. Spin polarization is taken into account for
systems with Ni. Structure optimizations are performed with
a convergence threshold of 0.01 eV/A on the interatomic
forces. As a reference, water on isolated graphene is also
calculated with the lattice constant of graphene being 2.466 A;
this is the optimized value obtained with optB86b-vdW. As
a benchmark, we have performed calculations with a higher
(700 eV) plane-wave cutoff, and harder PAW potentials
for metal elements explicitly treating the p electrons as
valence. This more accurate calculation yielded adsorption
energies differing only by <2 meV compared to those using
PAW potentials which treat the p electrons in the pseudized
core.

The binding energy between graphene and the metal
substrate is obtained from

Egwm = (E*'[G/M] — E*'[M] — E*[G])/n. ey
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The adsorption energy of water is calculated as

Ews = (E*'[H,0-G/M] — E*'[G/M]
—mE""[Hy01)/m. @)

Here, E*'[G/M] and E"'[H,O-G/M] are the total energies
per supercell of the graphene/metal and water-graphene/metal
systems, respectively. E''[M], E'*'[G], and E'"' [H,0] are
those for the clean metal surface slab, free-standing graphene,
and an isolated water molecule, respectively. The isolated
water molecule reference energy has been computed in a
20 A x 20 A x 20 A cell. Integers n and m are the numbers of
C atoms and water molecules in the supercell, respectively.

The nonlocal correlation energy, E", as given in Dion
etal.”’ is evaluated in the calculation of the total energy. There-
fore, the corresponding attraction due to nonlocal correlation
in the binding energy for graphene on the metal surfaces can
be obtained from

E™ = (E"™[G/M] — E™[M] — E™[G])/n.  (3)

The nonlocal correlation contributions in other adsorption
systems can be obtained in a similar manner.

To analyze the nature of the water-graphene/metal inter-
action, we have examined electron density differences at the
interface, Ap(r), and the planar-averaged density difference,
Ap*&(z), as well as the projected density of states (PDOS)
and band structures of the systems. Here Ap is defined as

Ap = p[G/M] — p[M] — plG], “4)
Ap = p[H20-G] — p[G] — p[H,0], %)

and
Ap = p[H,0-G/M] — p[G/M] — p[H,0], (6)

for graphene on a metal surface, water on graphene, and
water on graphene/metal, respectively. Here, o[G/M], p[H,0-
G], and p[H,O-G/M] are the electron densities of the
graphene/metal system, the water-graphene system and the
water-graphene/metal system, respectively. p[M], p[G], and
p[H,0] are those for the clean metal surface, free-standing
graphene, and the isolated water molecule, respectively. The
density differences are calculated on identical structures (i.e.,
with the same structures as in the adsorption state). The planar-
averaged electron density difference A p*8(z) is obtained from

Ap™(z) = / dxdyAp(x,y,z), (7
2(2)

where the z axis is along the surface normal direction and
where X(z) is the cross-section of the supercell in the x-y
plane at z.

III. RESULTS AND DISCUSSIONS
A. Metal-supported graphene

Before studying water adsorption, we first look at the
interaction between graphene and the metal surfaces. Taking
Ni(111) as an example, there are three possible arrangements
of the atomic positions at the graphene/metal interface: top-fcc
(TF for short), top-hcp (TH), and fcc-hep (FH), which are
named according to the positions of the carbon atoms projected
onto the metal surface lattice, shown in Fig. 1. In the TF
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FIG. 1. (Color online) Three possible structures with C;, sym-
metry for graphene on Ni(111) [or Cu(111)], shown in both top
and side views. (a) top-fcc (TF), (b) top-hcp (TH), and (c) fcc-hep
(FH). Adsorbed water monomer can be placed on three different
highly symmetric adsorption sites (in terms of oxygen’s location) in
these structures: (T) top, (B) bridge, and (C) center, with respect to
graphene, which are labeled by black characters in panel (a). Yellow
balls stand for C atoms, and blue for Ni (or Cu) atoms.

position, the C atoms are placed directly above the Ni atoms
of the first (top site) and third (fcc site) layers. A similar
terminology is used for the other two situations. In previous
theoretical studies there have been discrepancies over which
one of these structures is the most energetically favorable.?>33
The TF interface with a binding distance of 2.1 A is observed
in most experimental studies,?!**3> suggesting that it is more
stable than the other two structures.

We use the above fact to test the accuracy of the different
exchange-correlation functionals for these systems. Table I
shows our results using PBE, DFT-D3, and the optB86b-vdW
approaches. For the three structures, PBE gives essentially
no binding, and only a very shallow minimum of about
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FIG. 2. (Color online) The binding energy versus height of the
graphene sheet above Ni(111) in three adsorption structures, namely,
TF, TH, and FH, using three different methods, namely, PBE, DFT-D3
(D3 for short), and optB86b-vdW (DF).

3 meV at >4 A, which is within the numerical accuracy of
the simulations. A careful examination of the binding energy
versus height of the graphene sheet above the surface reveals an
unbound (positive adsorption energy) local minimum at about
2.2 A for both the TF and TH interfaces, as shown in Fig.2.The
presence of an unbound local minimum at 2.2 A, consistent
with previous PBE-based calculations of this system,?33
confirms that DFT at the GGA level is inappropriate for
describing the weak van der Waals interactions in this system.

Moving to the DFT-D3 scheme, we find that DFT-D3
reduces the binding distances to 3.25-3.40 A for the three
structures, which are better than the results of the PBE
functional, but still deviate significantly from the experimental
binding distance of 2.1 A. Using DFT-D3, the three structures
are all bound by about 100-110 meV/carbon, with the
TF configuration being the most stable, in agreement with
experimental results.*

The optB86b-vdW scheme gives both reasonable binding
distances and energies. In contrast to PBE and DFT-D3
results, for both the TF and TH interfaces, graphene is
close to the Ni(111) surface at a perpendicular separation
of 2.12-2.14 A. This is within the typical range for Ni-C

TABLE I. Binding energy (E.\m) and the average perpendicular distances (d) between graphene and the first layer of Ni(111) [or Cu(111)]
for graphene on Ni(111) [or Cu(111)] in three adsorption structures, namely, top-fcc (TF for short), top-hcp (TH), and fcc-hep (FH). Results
with three different methods, namely, PBE, DFT-D3 (D3 for short), and optB86b-vdW (DF for short) are reported. Eg_(D3) is decomposed
into two parts, EP? and ESCA, while Eg.q(DF) is decomposed into E™¢ and the remainder (E" for short). A negative (positive) E means that
graphene is bound (unbound) to the Ni(111) surface.

Egm(PBE) d(PBE) Eg.m(D3) EP3 EGGA d(D3) Eg.m(DF) EmMe E' d(DF)

(meV) (A) (meV) (meV) (meV) (A) (meV) (meV) (meV) &)
Ni-TF ~—32 ~4.36 -107 -147 40 3.25 -112 2717 165 2.12
Ni-TH ~-3 ~4 40 -106 -143 37 3.28 -103 272 169 2.14
Ni-FH ~=3 ~4.46 -97 -134 37 3.40 -63 -109 46 3.41
Cu-TF ~=2 ~4.39 -113 -151 38 3.33 —67 —125 58 3.24
Cu-TH ~2 ~4.44 -113 -152 39 3.32 —66 ~130 64 3.19
Cu-FH ~=2 ~4.52 -106 -139 33 3.34 -61 -116 55 3.30

ac, »

is placed before all the PBE numbers, because PBE gives essentially no binding and only very shallow minima within the limits of the
numerical accuracy of our simulations.
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chemical bonds similar to other vdW-DF calculations,?? and

notably close to the 2.1 A graphene-Ni(111) distance measured
using low-energy electron diffraction (LEED).* In the TF
configuration the graphene sheet is slightly closer to the
surface than in the TH configuration (Table I and Fig. 2).
On the other hand, the distance between graphene and the
Ni(111) surface for the FH configuration is about 3.41 A,
suggesting a physisorption by optB86b-vdW. Using optB86b-
vdW, the binding energies fall in the range from about 60
to 110 meV, with the TF model being the most stable, in
agreement with experimental observations.*> Thus, out of the
three approaches considered, optB86b-vdW is the only one
that predicts the correct adsorption configuration, and also
yields a graphene-Ni distance that is in good agreement with
available experimental data.

To further quantify the contribution from van der Waals
interactions in graphene-metal binding, we have decomposed
the binding energies obtained with the vdW-corrected methods
(Table I). For the DFT-D3 approach we have split it into
two parts, the GGA part, ES9A, and the vdW correction,
EP3. EGSA corresponds to the revPBE binding energies for
the relaxed geometries from DFT-D3, which gives unbound
results for all three structures with similar binding energies,
somewhat similar to the PBE results. Because the binding
distance for both the TF and TH interfaces is closer to the
optimal vdW value than that of FH interface, EP* for TF and
TH is larger than that for FH, and then TF becomes the most
stable after the D3 correction. We also decompose the binding
energies obtained by optB86b-vdW into two parts: E"' and the
remainder. The remainder also gives unbound results; with £ nle
correction, the order of stability of three structures changes and
agrees with experimental observations.®

We have also calculated the binding energy of graphene on
Cu(111) using the three methods (Table I), where optB86b-
vdW again performs best by comparing to experimental
results.>® The three structures of graphene/Cu(111), TF, TH,
and FH, all have a binding distance of 3.19-3.30 A, implying
physisorption, and an energy of —61 to —67 meV per C
atom (in optB86b-vdW). The interaction between graphene
and Cu(111) is weaker than the graphene-Ni(111) interaction,
in accordance with previous work.>® Therefore, we choose
the most stable TF interface of graphene/Cu(111), which has
a binding distance of 3.24 A and energy of —67 meV, as the
representative case for graphene/Cu(111).
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From the above discussion, it is apparent that the
optB86b-vdW approach is more suitable for describing the
graphene/metal systems considered here than the PBE and
DFT-D3 methods. Consequently, we use optB86b-vdW in
all the subsequent calculations. In addition, we note that the
three interface structures coincidentally correspond to three
different domains of moiré superstructure of graphene on
various metal surfaces. For instance, for graphene supported
on Ru(0001)," local top-fcc and top-hcp adsorption sites
are also observed as the lower and strongly bound regions,
with local hep-fce regions as the higher and weakly bound
region. These three interface arrangements also appear in some
moiré superstructures of graphene/Ni(111) produced by lattice
rotation. Therefore, the TF and FH graphene/Ni(111) interface
may be used as models of the hollow (lower) and mound
(higher) regions of a moiré superstructure,'? considering that
the TF and TH interfaces are very similar (Table I and Fig. 2).

B. Water monomer adsorption

We now explore the effect of water adsorption on the
graphene/metal surfaces. We choose three surfaces as mod-
els, referred to as graphene/Ni-TF, graphene/Ni-FH, and
graphene/Cu-TF, respectively, where Ni and Cu are the
substrates on which graphene is directly grown, and TF and
FH show the relative position of the graphene carbon atoms
on these substrates as defined before (cf. Fig. 1). We intend
to explore water adsorption on different domains of the moiré
superstructure by comparing results of Ni-TF and Ni-FH, and
the roles of different metal substrates by comparing Ni-TF and
Cu-TF.

We first calculated water adsorption on free-standing
graphene for comparison. The adsorption energies fall in
a narrow range between —140 and —132 meV/water, and
the adsorption heights between 3.33 and 3.35 A (Table II),
measured from the plane of graphene. The results for water
on graphene with the optB86b-vdW functional are reasonable,
only slightly larger than the upper end of the range of recent
reference values computed with accurate explicitly correlated
methods.>337-3

The adsorption of a single water molecule on the model
substrates is then investigated to reveal the nature of water-
graphene/metal interaction. We employ a 5 x5 supercell
of graphene (50 C atoms, together with 25 metal atoms

TABLE II. Adsorption energies and distances of water monomer on free graphene, graphene/Ni-TF, graphene/Ni-FH, and graphene/Cu-TF
obtained with the optB86b-vdW functional. Adsorbed water monomer can be placed in three highly symmetric adsorption sites (in terms of
oxygen’s location): (T) top, (B) bridge, and (C) center. For water monomer adsorption on a single layer of graphene, because two C atoms in a
unit cell of graphene are identical, the T sites are all equivalent. With the metal substrate under graphene the T sites are no longer all equivalent,
so there are two different T sites (T; and T,) for water monomer adsorption on graphene/metal. The distances (d) are the perpendicular
separations between the O atom of the water monomer and the surfaces.

C site B site T, site T, site
E (meV) d (A) E (meV) d (A) E (meV) dA) E (meV) d A
G —140 3.33 —135 3.34 —132 335 —132 3.35
G/Ni-TF —183 3.21 —176 3.26 —174 3.28 —173 3.28
G/Ni-FH —158 3.29 —152 3.31 —149 3.31 —149 331
G/Cu-TF —155 3.31 —151 333 —147 3.36 —145 3.36
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FIG. 3. (Color online) (a) The most stable adsorption structure of a water monomer on graphene/Ni-TF. In this structure the water is in a
vertical orientation at the center of a C hexagon with the O-H bonds directed to two neighboring carbon atoms. Similar structures are seen for
water on graphene, graphene/Ni-FH, and graphene/Cu-TF. Red balls represent the O atoms, white the H atoms, yellow the C atoms, and blue
the Ni atoms. 2D slice of the charge density difference (obtained with the optB86b-vdW functional) for water monomer on (b) graphene, (c)
graphene/Ni-TF, (d) graphene/Ni-FH, and (e) graphene/Cu-TF, through the plane of the adsorbed water molecule. (f) Plane-averaged electron
density differences, Ap*2(z), of the four systems. The vertical position z is given relative to the O atom of water monomer (zero point). A
(5 x 5) supercell of graphene was used, but only a portion of it is shown in panels (b)—(e).

substrate slab), large enough to eliminate significant water-
water interactions between neighboring periodic images. By
geometry optimization we find that water adsorption at the
center of a carbon hexagon [the center site, Fig. 1(a)] is
the most stable, where the water molecule stands vertically
with two O-H bonds pointing toward two neighboring carbon
atoms [Fig. 3(a)]. On graphene/Ni-TF, the adsorption energy is
—183 meV with an O-C vertical distance of 3.21 A (Table II).
The adsorption energies of water at the other two sites are only
slightly weaker. Specifically, water adsorption at the bridge
(top) site [Fig. 1(a)] has an adsorption energy 7 meV (9 meV)
smaller in magnitude, and a binding height 0.05 A (0.07 A)
higher, than for the case at the center site.

For water monomer adsorption on graphene/Ni-FH and
graphene/Cu-TF the adsorption energies are —158 meV and
—155 meV, respectively, with bonding distances of 3.29 A
and 3.31 A (Table II). Therefore, the energy difference for
water adsorption on graphene/Ni-TF and on graphene/Ni-FH
is 25 meV, similar to that for xenon on the mound and valley
regions of graphene/Ru(0001)"3 (a difference of 9 meV). This
suggests that water molecules prefer to adsorb on the hollow
rather than on the mounds of moiré superstructures, and may
self-assemble into ordered patterns on the metal-supported
graphene moiré superstructures at low temperature. Such
phenomena have been observed experimentally on a single
layer of hexagonal boron nitride on Rh(111).*> Moreover,
water is still physisorbed, although the magnitude of the
adsorption energy increases by 11%-31% when graphene is
supported on the metal substrates.

To understand the electronic nature of the water-
graphene/metal interaction, we display in Fig. 3 electron
density differences, Ap(r), of the nearby region of an
adsorbed water monomer along the plane of the water
monomer on graphene, graphene/Ni-TF, graphene/Ni-FH, and
graphene/Cu-TF, respectively. For the water monomer on

free-standing graphene, it is found that charge rearrangement
is spatially quite diffuse. On the upper and lower surfaces
of graphene, there are regions of electron density depletion,
while electron accumulation is observed at the intermediate
region between the water monomer and graphene, forming
a bulge of electron gain. On graphene/Ni-TF, it is observed
that the Ni atoms are affected by water adsorption. Although
these atoms are at least 5.5 A away from the water (counting
Ni-O distances) a small charge redistribution in their vicinity
(mainly of d» and d,, character) is observed. This interaction
is quite long ranged, extending to a few layers of Ni atoms
below the interface. The region of electron density gain above
the water molecule becomes smaller and the bulge of electron
accumulation becomes slightly larger, compared to the case of
water on isolated graphene. In addition, the electron depletion
region around graphene is slightly suppressed.

Moving to the weakly interacting graphene and metal
surfaces, the features of the electron density redistribution
plots are quite different. Although the d-orbital-like electron
density redistribution also shows up in the case of water
on graphene/Ni-FH, the magnitude is small and it decays
rapidly below the interface. It diminishes after the second
layer of Ni atoms. Charge redistribution is similar in the
case of graphene/Cu-TF, but electron density changes around
the substrate Cu atoms are even smaller. There is a second
layer of electron accumulation just above the metal surface,
which is not observed for water on free graphene or strongly
bonded graphene. Therefore, a weak graphene-metal inter-
action (graphene/Ni-FH and graphene/Cu-TF) corresponds
to weaker water binding, relative to the case of the strong
graphene-metal interaction (graphene/Ni-TF).

Figure 3(f) shows the plane-integrated charge density
difference along the cross sections (parallel to graphene) of
the model system. For water monomer on free graphene,
it displays a charge polarization of graphene due to water
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FIG. 4. (Color online) The lateral radial electron density dif-
ferences in the proximity of graphene for four systems. The green
solid line represents free graphene, the black solid line graphene/Ni-
TF, the red dashed line graphene/Ni-FH, and the blue dotted line
graphene/Cu-TF. r is the lateral radial distance from the origin of the
x-y plane, which is set to the location of O in water molecule. The
purple bold lines indicate the positions of C atoms in the graphene in
the model system.

adsorption, a —/+4/— sequence of charge difference as one
moves from the lower surface of graphene to the upper one.
But for the other three systems with the metal substrate,
the charge oscillation is one magnitude smaller, compared
to free graphene. However, the absence of significant vertical
oscillations in Ap(z) for the entire cell does not mean the
absence of a density response upon the approach of water to
graphene in the presence of a metal substrate. Quite to the
contrary, the adsorption-induced lateral density oscillations in
graphene are enhanced in the presence of the metal substrates
(see the supporting information for more details Ref. 41). To
see this, we calculate the lateral radial density difference in the
proximity of graphene, defined as

Aprad(r) _ 1 d 20+8/2

- dZ/ dxdyAp(x,y,z),
2r dr 20—8/2 xX24y2<r?

®)

where 7z corresponds to the height of graphene, the origin of
the x-y plane is set to the location of O in the water molecule,
with r being the distance from the origin, and § = 3.3 A,
corresponding to the interlayer separation in bulk graphite. The
lateral density difference is shown in Fig. 4. With or without
the metal substrate, the lateral-induced density responses show
buildups of electrons near the “legs” (H atoms) of water,
located around the position of the nearest C atoms on graphene.
There are several weak peaks corresponding to the position of
the C atoms, showing the charge rearrangement of the C atoms
after water adsorption. For water monomer adsorption on
graphene/Ni-TF, graphene/Ni-FH, and graphene/Cu-TF, the
first large peaks are systematically larger than free-standing
graphene. The density difference in all cases turns negative
(electron depletion) at larger r: at ~2.7 A for free-standing
graphene and at ~3 A when a metal substrate is present. This
finding is connected to the Friedel oscillation (FO),*>*} the
spatially oscillatory density response of an interacting electron
gas to an impurity. In two dimensions, the FO decays as 1/r.
In pristine graphene, the analytic form of the FO decays at
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large distance as 1/r3.** Our model is not large enough to see
the scaling behavior of the density at very large distances.

The presence of large electron pockets in the neighborhood
of the H-down water should enhance the physisorption energy
Coulombically. The peak for graphene/Ni-TF is the highest,
and the peaks for graphene/Ni-FH and graphene/Ni-TF are
slightly lower, while the peaks for graphene are lowest. A
Fermi sea in the neighborhood of graphene clearly modifies
the dielectric environment.*** With the metal substrate under
graphene, the screening effect is stronger than the one for the
free-standing graphene. The stronger screening effect makes
a larger electron density build-up, in response to a polar
molecule. Consequently, the presence of a metal substrate
enhances the binding of physisorption of a polar molecule on
graphene. The heights of induced density peaks are consistent
with the increments of adsorption energies. As a matter of
accounting, the electron density build-up comes not from the
metal underneath, but mainly from the electrons of graphene
itself, for the electron deficit (surplus) in metals is small and
superficial.

To look into the chemical nature of the molecular interaction
between water and the supported graphene, Fig. 5 shows the
sites of the 1b; orbital (HOMO) of water and projected density
of states (PDOS) onto the six C atoms which are closest to the
adsorbed water. We found that the PDOS on C shows a nice
linear feature around its minimum (the Dirac point), which
characterizes the electronic structure of graphene, except for
graphene/Ni-TF in Fig. 5(b). This feature is absent in the
graphene/Ni-TF case due to the strong chemical bonding
between graphene and Ni(111). For the cases of graphene/Ni-
FH and graphene/Cu-TF, the weak graphene-metal interaction
not only maintains the linear PDOS feature of graphene, but
also presents a hole (electron) doping effect in graphene,
manifesting as a shift of Fermi level below (above) the Dirac
point.

The 1b; orbital of water is very sensitive to the bonding
environment. Relative to the Fermi level of the system, it
shifts in the range from —2.29 eV (on graphene/Ni-FH) to
—3.11 eV (on graphene/Ni-TF). The shift to the Dirac point
is less pronounced. Compared to its energy for water on
isolated graphene, the 1b; orbital shifts by —0.59 eV on
graphene/Ni-TF, 4+-0.23 eV on graphene/Ni-FH, and —0.09 eV
on graphene/Cu-TF, where the extent of the shift is consistent
with the changes of the adsorption energy.

Note also that the PDOS of selected C atoms changes
slightly upon water adsorption, shown in Fig. 5. This demon-
strates that there is a response from the orbitals of graphene
to water adsorption on free graphene, graphene/Ni-FH, and
graphene/Cu-TF to a small extent, in spite of the molecule only
being physisorbed. However, it does not change for water on
graphene/Ni-TF, possibly because the strong graphene-metal
chemical contact makes graphene less sensitive to water
adsorption.

C. Adsorption of water overlayers

We now go beyond the monomer and investigate the
influence of water overlayers on the electronic interactions
between graphene and the metal surface. To this end, we
construct model icelike bilayer structures on the surface of
graphene/Ni(111) and graphene/Cu(111). Two ice bilayer
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FIG. 5. (Color online) Projected density of states (PDOS) onto the adsorbed water monomer and the C atoms of graphene closest to the
monomer for water monomer adsorption on (a) graphene, (b) graphene/Ni-TF, (c) graphene/Ni-FH, and (d) graphene/Cu-TF. The blue and red
curves represent the PDOS projected onto the C atoms of the four surfaces with and without water adsorption, respectively. The green bold
lines and the numbers nearby indicate the highest occupied molecular orbital (HOMO) of the water monomer on the four surfaces, while the
dashed lines indicate the HOMO of the water monomer on free graphene for comparison. Energy scales are zeroed to Er. For the Ni systems
only spin-up states are shown; the spin-down states are similar and not shown.

models were considered. In the first model, the non-hydrogen-
bonded OH group points toward (H-down configuration) the
surface, whereas in the other model OH groups point away
from (H-up) the surface. For simplicity we choose the (+v/3 x
V3)R30° graphene supercell shown in Figs. 6(a) and 6(b),
similar to what has been used before in previous theoretical
studies for ice bilayers on metal surfaces.**’ Although there
is no experimental confirmation of the formation of an icelike
bilayer structure on graphene, and the existence of bilayer
structures at surfaces is controversial,*® it is a useful and simple
model from which we can gain semiquantitative insights
into the role of water overlayers in tailoring the electronic
properties of metal-supported graphene. The adsorption ener-
gies of H-up and H-down water bilayers on free graphene,
graphene/Ni-TF, graphene/Ni-FH, and graphene/Cu-TF are
shown in Table III. The adsorption energy differences between
H-up and H-down ice bilayers on each surface are all very
small (all smaller than 7 meV/H,0). Adsorption energies of
the H-up bilayers are all slightly more stable than for H-down
bilayers, in contrast to previous results of ice bilayer adsorption
on free graphene without vdW corrections.*

Band structures for the H-down ice bilayer on
free graphene, graphene/Ni-TF, graphene/Ni-FH, and
graphene/Cu-TF are shown in Fig. 6. The band structures
for the H-up bilayers are similar and not shown. The Dirac
conical point lies at the I point, since in the (+/3 x +/3)R30°
supercell, the K and K’ points of the Brillouin zone are folded
back to the I point. Water adlayers on isolated graphene do
not destroy the shape of the Dirac cone, nor do they shift
the Fermi level. Only a small gap of ~40 meV opens up,

whose center coincides with the Fermi level [Fig. 6(c)]. It
indicates that water adsorption indeed opens a small band gap
in graphene, which can survive at room temperature.>

Prior to water adsorption, the graphene/Ni-TF interface
shows a large band-gap opening and strong band hybridization
between graphene and the Ni(111) substrate. Water overlayer
adsorption does not change the band structure, except for a tiny
band shift, 15 meV on average at I', for both H-down and H-up
bilayers. We infer that the strong carbon-metal hybridization
pins the levels of graphene 7 and * bands in this case.

As stated before, graphene is p doped for graphene/Ni-FH,
with the Fermi level located about 60 meV below the Dirac
point. The H-down ice bilayer on such a surface shifts the
Fermi level upwards by about 30 meV, while adsorption of
the H-up bilayer shifts the Fermi level downwards by about
80 meV, now at about 140 meV lower than the Dirac point. As

TABLE III. Adsorption energies and distances of H-up and H-
down water bilayers on free graphene, graphene/Ni-TF, graphene/Ni-
FH, and graphene/Cu-TF obtained with the optB86b-vdW functional.
The distances (d) are the perpendicular separations between the O
atoms of the lower water layer and the graphene surfaces.

G G/Ni-TF  G/Ni-FH  G/Cu-TF

H-up E (meV) —542 —565 —553 —-561
d (A) 3.17 3.01 3.09 3.07

H-down E (meV) —540 —558 —550 —559
d (&) 3.27 3.25 3.33 3.34
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FIG. 6. (Color online) Structures of (a) H-
down and (b) H-up water bilayers in the (W3 x
/3)R30° symmetry on graphene/Ni-TF. Red
balls represent O atoms, white the H atoms,

Energy (eV)

yellow the C atoms, and blue the Ni atoms. Band
structures of the H-down bilayer on (¢) graphene,
(d) graphene/Ni-TF, (e) graphene/Ni-FH, and
(f) graphene/Cu-TF. The red dots on certain
bands indicate states of p, character, with the
size of the dot proportional to the extent of p,
character. The energy scales are shifted with
respect to Ef taken as the zero of energy. For
the Ni systems, only the spin-up state is shown
as the spin-down state is similar. (g) The Fermi
level relative to the conical point, Eg—Ec, for
the four surfaces with and without the H-up and
H-down bilayers. Black squares are for the clean

P AN
r KT KT KT K substrates, red circles are for the H-down bilayer,
and the blue triangles are for H-up bilayer. For
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with the free graphene case, the adsorption of water overlayers
also increases the band gap by 20 meV. The shift is also
observed for the Cu-TF case: On Cu-TF, graphene is n doped
with the Fermi level about 200 meV higher than the Dirac
point; however, the H-down ice bilayer shifts the Fermi level
upwards by 120 meV, while the H-up ice bilayer shifts it
downwards by 60 meV. These results are summarized in
Fig. 6(g). These shifts can be explained based on the effect
of the bilayer electrostatic field, as we will discuss below.
Interestingly, the interactions between the water overlayers
and graphene, and between the physisorbed graphene and
the metal surface are coupled. Without the metal substrate,
H-down ice bilayer does not induce the distinct shift of the
Fermi level. However, on weakly interacting metal substrates
such as Ni-FH and Cu-TF, the H-down ice bilayer shifts
the graphene Fermi level upwards. With the H-down bilayer
adsorption, the metal substrates are polarized by the electric
field induced by the ice bilayer,’!*? and as a result the on-site
energy of electrons of both graphene and the metal substrate
are both shifted downward. But as graphene is closer to
the ice overlayer, its energy level shift is larger than that of
the metal. This leads to band realignment where the Dirac
point of graphene moves downward relative to the Fermi

level, mimicking electron doping. When the ice overlayer
has the H-up configuration, the electric field felt by graphene
and the metal substrate is just the opposite, producing a hole
doping effect with reference to the graphene-metal composite.
This way, the three components of the water-graphene-metal
composite are correlated in their mutual interactions: Both
water and the metal substrates play a role in modifying the
electronic structure of graphene, and they themselves are mu-
tually influenced via graphene as a bridge. The chemisorption
of graphene on Ni-TF, on the other hand, makes graphene
insensitive to ice layers. Simply put, depending on its local
orientation, the ice bilayer either moves up or down the Fermi
level of graphene with respect to the Dirac point, thus altering
the electron doping level of the graphene/metal interface.

IV. CONCLUSIONS

We have investigated the interaction between water and
metal-supported graphene. Both water monomer and water
overlayer adsorption (using simple bilayer models) was
considered. Among the different methods tested in describ-
ing graphene-metal interactions, the optB86b-vdW func-
tional developed recently by Klimes et al.?® gives the most
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reasonable structures and energies. We find that the presence
of a metal substrate enhances the induced lateral density
response in graphene to the dipole of the adsorbed water.
This enhancement of lateral density response leads water
to bind more strongly to graphene on a metal substrate,
relative to free-standing graphene. With metal substrates under
graphene, the adsorption energies of water monomer increase
by 11%~31%, but they have only a maximum value of
183 meV. Moreover, the adsorption energies of the ice bilayer
increase just by ~20 meV, while the adsorption energies are
~500 meV due to the formation of the H-bond interactions
between water molecules. Therefore, though the adsorption
energies increase with metal substrates, graphene/metal is still
hydrophobic (knowing how inexact, albeit very useful, the
meaning of hydrophobicity can be), weaker than the interaction
between water and metal substrate directly without graphene,
and weaker than the interaction between water molecules.*®
We also show that water adsorption and interaction with
the metal substrate are two effective ways to modify the
electronic structure of graphene. For the strong chemical
bonding between graphene and the metal, as represented by the
graphene/Ni-TF case, the metal substrate largely changes the

PHYSICAL REVIEW B 85, 085425 (2012)

conical band structure of graphene, opens a gap of ~400 meV,
and pins the graphene bands making them insensitive to water
adsorption. For the weaker physical contacts between graphene
and metals, such as the Ni-FH and Cu-TF systems, we found
that water and the metal substrates have a combined correlated
effect on electron doping of graphene. Without the metal
substrates, water hardly changes the Fermi level of graphene.
However, on weakly interacting metal substrates, the H-up
and H-down icelike bilayer shift the Fermi level of graphene
towards or away from the Dirac point by ~100 meV. These
results illustrate the potential for codoping effects, which
may find potential use in the development of next generation
graphene-based electronic devices.
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