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The interaction of graphene with various metal surfaces is investigated using density functional theory and
the meta-generalized gradient approximation (MGGA) M06-L functional. We demonstrate that this method is of
comparable accuracy to the random-phase approximation (RPA). With M06-L we study large systems inaccessible
to RPA with H adsorbed on graphene on a selected strongly (Ni) and a selected weakly (Pt) interacting substrate.
Very stable graphane-like clusters, where every other C atom binds to a H atom above and every other to a metal
atom below, are found on both substrates. Such graphane-like clusters have been proposed to be responsible
for opening a band gap in graphene. On Ni we find that the binding energies of the H clusters are almost

constant with the cluster size, whereas on Pt the binding energies increase with the cluster size. Comparing the
Perdew-Burke-Ernzerhof and M06-L functionals we demonstrate the importance of accounting for dispersive

interactions.
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I. INTRODUCTION

Since the first experimental synthesis and characterization
of graphene in 2004,! this two-dimensional (2D) material has
attracted continued interest due to its remarkable structural
and electronic properties,” such as the linear dispersion in the
band structure around the Fermi level and the exceptionally
high electron mobility. While the first graphene samples were
produced from mechanical exfoliation of graphite, epitaxial
growth on metal surfaces has proven a very efficient method for
producing large-scale graphene samples.’> Experiments show
that the electronic properties of adsorbed graphene are highly
dependent on the underlying metal substrate. On Ni(111)
and Co(0001)*° there is a strong hybridization between the
carbon p, orbitals and the metal d states inducing large
band gap openings. On Pd(111) and for graphene intercalated
with Cu or Ag,%’ small band gap openings of ~0.2-0.3 eV
have been observed, whereas on Pt(111) and Au(111),” the
graphene band structure is unperturbed except from a small
doping. An understanding of the graphene-metal interaction
is very important also for the process of making nanoscale
devices with graphene, as these must be connected to metal
electrodes.

It remains challenging to describe graphene adsorption on
metals with density functional theory (DFT) since many func-
tionals fail in treating dispersive interactions. The local-density
approximation (LDA) correctly reproduces the division into
strongly and weakly interacting metals.'” On the other hand,
the generalized gradient approximation functionals (GGAs),
which for many systems correct for the overbinding of LDA,
yield no binding of the graphene sheet.!! This gives us reason
to suspect that the apparent success of LDA is due to a
cancellation of errors rather than a correct description of
the physics. There have been several attempts to introduce
nonlocal dispersive interactions. van der Waals functionals
(vdW-DF and vdW-DF2)'>!3 have been applied with varying
success.!*!3 The results seem to be highly dependent on the
underlying exchange functional, but a good agreement with
experiments was found using vdW-DF2 in combination with
the C09 exchange functional of Cooper.'® More recently, a
higher-level, but computationally very costly, functional using
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the random-phase approximation (RPA) was used to study
graphene on Ni(111)"7 and graphene on Ni(111), Co(0001),
and Cu(111),'® and it was shown that the bonding in these
systems is a delicate balance between covalent and dispersive
interactions. Another approach to vdW interactions is given
by the empirical dispersion correction scheme of Grimme
(DFT-D)." This was used with success to describe graphene
on Ru(0001).2°

In this paper we present results obtained using the meta-
generalized gradient approximation (MGGA), which, in addi-
tion to the electron density and its gradient used in GGAs,
also includes the kinetic energy density in the functional
expression. The specific MGGA functional used is M06-L,?!
which was constructed by fitting the functional form to a
large database of organic and organometallic compounds. The
database included also systems with noncovalent interactions
such as hydrogen-bonding dimers and m-m stacking com-
plexes. The M06-L functional has been applied to a large
number of systems, covering areas such as organic, inorganic,
and biological chemistry, catalysis, and kinetics.?? Studies on
systems with noncovalent interactions, e.g., potential-energy
surfaces for small peptides containing aromatic residues®* and
binding energies of neutral and charged water clusters,’* have
validated its robustness in treating such systems outside of
the fitted database. Furthermore, in a study of several layered
structures including graphite, the M0O6-L functional has proven
capable of treating systems with mixed covalent and dispersive
interactions.?

This paper is organized as follows: The computational
details are given in Sec. II. In Sec. III A the interaction between
graphene and various metal surfaces is investigated, and the
accuracy of the M06-L functional in describing such dispersive
interactions is validated. Section III B deals with H adsorption
on two selected metal surfaces, Ni(111) and Pt(111), which
represent a strongly and a weakly interacting substrate. Finally,
the conclusions are summed up in Sec. I'V.

II. COMPUTATIONAL DETAILS

The calculations were performed with the real-space
projector-augmented wave code GPAW>*?7 using the recently
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FIG. 1. (Color online) Adsorption geometry for graphene on
(a) Ni and Cu(111) and on (b) Pd, Ag, Pt, Au, and Al(111). Top
views with unit cell shown in black and side views. The geometry
for Co(0001) is similar to (a). (c) Pt-graphene supercell for studying

H adsorption (only top Pt layer is shown). H clusters are adsorbed in
the region enclosed by the white dotted circle.

implemented”® M06-L exchange-correlation (XC) functional.
For studying the metal-graphene binding we used five-layer
metal slabs with graphene adsorbed on one side and a vacuum
region of 7.5 A on each side. Two-dimensional periodic
boundary conditions were employed parallel to the slab. The
graphene lattice constant was fixed to its optimized value
of 2.451 A, and the metal lattice constants were adapted
accordingly. To conform with previous studies we adopted the
adsorption geometries from Ref. 10, meaning that Ni, Co, and
Cu were treated in (1 x 1) cells while Pd, Ag, Pt, Au, and Al
were treated in (v/3 x +/3) cells [cf. Figs. 1(a) and 1(b)]. For
the small and large cells we used k-point samplings of (8 x 8)
and (4 x 4), respectively. The grid spacing was 0.16 A. For Ni
and Co spin polarization was taken into account. The Fermi
level shifts were calculated as the energy difference between
the crossing of the two graphene 7 bands and the Fermi level.

For studying H adsorption on graphene on Ni and on
freestanding graphene we expanded the unit cells to (6 x 6)
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supercells in order to avoid interactions between H clusters
in different periodic images. On Pt we used the (8 x 8)
graphene sheet on the (7 x 7) Pt slab [Fig. 1(c)], whereby we
achieved the same rotation of the graphene sheet relative to the
metal substrate as on Ni. Furthermore, we studied an infinite
graphane-like structure on Ni and graphane [see Fig. 6] in
(1 x 1) cells. For all cells three-layer metal slabs and a grid
spacing of 0.18 A were sufficient. Otherwise, the computa-
tional details were as described for the metal-graphene bind-
ing, providing the same or better k-point sampling. The charge
transfer upon adsorption of the graphene sheet on the metal
surface was calculated from the difference between the
charge density in the metal-graphene structure and the charge
densities in the isolated metal slab and graphene sheet kept in
the exact same positions as in the metal-graphene structure.

III. RESULTS AND DISCUSSION

A. Metal-graphene binding

The binding distances and binding energies are given in
Table I along with results from the literature obtained with
other XC functionals and available experimental data. On Co
and Ni we find two local minima: a chemisorbed minimum
with a binding distance around 2.3 A and a physisorbed mini-
mum with a binding distance around 3.25 A. On both substrates
the local minima are close in energy, with the physisorbed
being slightly more favorable. On Ag, Au, Cu, Pt, and Al the
binding distances are around 3.4 A, indicating a physisorbed
graphene sheet with mainly dispersive interactions. On Pd the
binding is intermediate with a binding distance around 3 A.

Interestingly, in contrast to the LDA and vdW-DF2¢%-
results, we do not find correspondingly higher binding energies
for the chemisorbed minima on Ni and Co. This is similar

TABLE 1. Equilibrium binding distances deq (in A) and binding energies Ej, (in meV per carbon atom) for graphene on various metal
surfaces along with Fermi-level shifts A Er (in eV) for weakly interacting metals. A negative (positive) A Er indicates n- (p)-type doping. For
results given in italic the graphene lattice constant has been adjusted to the optimized metal lattice constant and vice versa for nonitalic results.

Parameter Co Ni Pd Cu Ag Pt Au Al

MO6-L deg 2.29/3.25%;,2.27/3.23*  2.37/3.25% 2.29/3.25* 3.06 3.31;3.32 3.37 338 340 353

Ey 54/58% 82/66% 44/61%; 64 /64* 79 57; 61 56 62 54 39
AEg —0.07 -022 031 015 —031
LDA® deg 2.05 2.05 2.30 3.26 3.33 330 331 3.41
Ey 160 125 84 33 43 38 30 27
vdW-DF¢ deq 340 3.50 3.50 358 3.55 367 357 372
Ey 30 37 39 38 33 43 38 35
vdW-DF2¢%x¢ deq 2.07 292 294 3.23 324 329
Ey 141 72 62 53 68 59
RPA® deg 2.3/3.25° 2.3/3.25° 325
Ey 86/74* 69/77* 62
Experiment deg 2.11 3.3%

2Two local minima are found.
bReference 10.

‘Reference 14.

dReference 15.

¢Reference 18.

fReference 29.

gReference 8.
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FIG. 2. (Color online) Potential energy per C atom of graphene
on Ni and Pt as a function of the graphene-metal separation.
For the circular points the GPAW eigenstates were converged to
10~7-10% eV? per valence electron, whereas for the triangular points
they were converged to 1072-1073 eV? per valence electron.

to RPA results,'® where the binding energies for Ni and Co
are only slightly higher than for Cu. To allow for a direct
comparison we performed the calculations for Ni, Co, and Cu
using the geometry from Ref. 18, where the graphene lattice
constant is adjusted to the optimized metal lattice constant
(results shown in italic in Table I). Stretching the graphene
leads to somewhat larger binding energies for the chemisorbed
minima on Ni and Co, and overall, we get both binding
distances and energies in excellent agreement with the RPA
results.

From low-energy electron diffraction (LEED) studies on
Ni (Ref. 29) it is known that the graphene lattice constant is
stretched to match the Ni lattice constant and that the binding
distance (2.1 A) is characteristic of a chemisorbed state. From
our results using this geometry, it is below the limit of accuracy
to determine if the chemisorbed or physisorbed state is
most favorable. On Co(0001), scanning tunneling microscope
(STM) measurements revealed a stretching of the graphene to
match the Co lattice as well as a strong electronic coupling
between the graphene 7 states and the Co d states indicative
of a chemisorbed graphene sheet.” The MO06-L results for
this geometry show a clear preference of the chemisorbed
state (82 vs 66 meV), in agreement with the experimental
result.

In Fig. 2 we plot the potential energy per C atom for
graphene on Ni and Pt as a function of the graphene-metal
separation with the LDA, Perdew-Burke-Ernzerhof (PBE),
and MO6-L functionals. Relaxation effects were not taken
into account since they are very small. On Ni, the M06-L
potential energy curve with two equally deep local minima is
in excellent agreement with the RPA results. In contrast, LDA
overbinds the graphene sheet, whereas PBE yields almost no
binding. On Pt, the LDA functional underestimates the binding
energy compared to M0O6-L, whereas PBE again yields almost
no binding. RPA results for the Pt-graphene binding are not
available; however, the M06-L binding distance of 3.38 Ais
in excellent agreement with the experimental result of 3.3 A
These results underline the ability of the MO6-L functional to
describe the interaction of graphene with both strongly and
weakly interacting substrates.

To further examine the graphene-metal interaction we
calculate the band structure along graphene high-symmetry
directions in the Brillouin zone (Fig. 3). On Ni a strong
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FIG. 3. Band structure of graphene on Ni(111), Pd(111), and
Au(111). The size of the markers represents the weight on the
carbon p, orbitals. For graphene on Ni(111) both majority (MAJ) and
minority (MIN) spin channels are shown. Insets sketch the positions
of the d bands relative to the Dirac cone.

hybridization between the C p, orbitals and the Ni d states
is seen, which disrupts the conical shape of the graphene
m bands and induces a band gap opening. This is in good
agreement with experiments4 and LDA, vdW-DF2% and
RPA results. The different band dispersions for majority and
minority spins arise from the different positions of the Ni d
bands relative to the graphene Dirac cone, as illustrated in the
insets. A similar result is obtained for Co (not shown). On
Pd the hybridization is less pronounced, resulting only in a
smearing of the occupied parts of the graphene m bands. A
band gap opening is not observed, in disagreement with the
experimental result® and the LDA result but in agreement with
the vdW-DF2%x result. However, it has been argued' that this
is a result of not using the appropriate moiré superstructure.
On Au the graphene band structure is unperturbed around the
Fermi level except from a small p-type doping. This is in
good agreement with experiments’ and LDA results, whereas
vdW-DF2¢%+ yields a small n-type doping instead. Similar
results are obtained on Ag, Cu, Pt, and Al (not shown). In
Table I the Fermi-level shifts for all weakly interacting metals
are summarized.

B. Hydrogen adsorption

H adsorption can be considered a probe of the reactivity
of the adsorbed graphene layer, but it also has attracted much
attention in the literature in its own right. There are several
theoretical predictions®*? and a recent experimental verifica-
tion on Ir-adsorbed graphene™ that chemical functionalization
with H can lead to a band gap opening in graphene. Such a
band gap opening is essential to improve the on-off ratio of
graphene field-effect transistors.

From the band structure results we expect very differ-
ent electronic properties and thereby different reactivity of
graphene dependent on the metal substrate. As demonstrated
so far the M06-L functional is capable of describing the mixed
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FIG. 4. (Color online) Structures of H monomers, meta dimers,
and ortho and para dimers on graphene adsorbed on Ni and Pt and on
freestanding graphene. Binding energies per H atom are given in eV
using M06-L and PBE (in parentheses).

bonding in these systems to comparable accuracy as RPA, and
we expect to maintain this accuracy when the graphene surface
is chemically modified. Adsorption processes necessarily
involve larger systems, which are inaccessible to RPA. We
study the adsorption of H on graphene on a selected strongly
(Ni) and a selected weakly (Pt) interacting substrate and
compare to freestanding graphene.

Structures and binding energies of the investigated
monomers and dimers are shown in Fig. 4. For monomers
and meta dimers there are two inequivalent structures with
either top or hollow C atoms hydrogenated, whereas only
one structure is possible for ortho and para dimers. On Ni,
the monomer and meta dimer show a strong preference
(~0.4 eV/H atom) for adsorption on hollow C atoms. This
preference can be explained by evaluating the charge transfer
which occurs when the graphene sheet is adsorbed on the Ni
surface [Fig. 5(b), left]. Charge accumulates between the top
C atom and the underlying Ni atom, indicating the formation

Pt

FIG. 5. (Color online) (a) Top views of graphene adsorbed on Ni
and Pt. (b) Charge transfer upon adsorption cut along the dotted line
in (a). For Ni the color scale ranges from Ap = —0.01 ¢/A> (blue)
to Ap = 0.01 ¢/A? (red), whereas for Pt the color scale ranges from
Ap = —0.001 ¢/A3 (green) to Ap = 0.001 e¢/A> (orange). A nega-
tive value indicates a loss of electron density. (c) Side views cut along
the dotted line in (a) of the monomers and meta dimers on Ni and Pt.
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of a weak covalent bond. The hybridization between the C p,
orbital and the Ni d3,2_,> orbital is clearly seen; compare to
the band structure of graphene on Ni in Fig. 3. On the other
hand, the hollow C atom is depleted of charge, which makes it
more reactive towards a H atom. Furthermore, when H atoms
are adsorbed on hollow C atoms the covalent bonds between
the top C atoms and the Ni atoms can be kept intact or even
strengthened, and thereby the H binding energies become
very high. The fact that the top C atoms are responsible for
the covalent bonding to the substrate is in good agreement
with RPA results for the graphene adsorption on Ni.'8

On Pt, the two monomers have similar binding energies
(cf. Fig. 4). Again this can be explained from the charge
transfer [Fig. 5(b), right], which does not show any appreciable
difference between the top and hollow C atoms. Note that the
scale bar for the charge transfer on Pt is a factor of 10 smaller
than the scale bar for Ni. For the meta dimer on Pt, hollow
sites are favored over top sites by 0.17 eV. The reason for this
preference is apparent in the side views in Fig. 5(c) (lower
right). With two hydrogenated hollow C atoms it becomes
energetically favorable to bend the graphene sheet downwards
to make a bond between the unhydrogenated top C atom in the
middle of the cluster and the underlying Pt atom.

The ortho and para dimers on Pt have similar binding en-
ergies as the corresponding clusters on freestanding graphene
(cf. Fig. 4). This is in contrast to the monomers and meta
dimers, which are stabilized on metal-adsorbed graphene by
~0.38 and ~0.27 eV/H atom, respectively (ignoring any extra
stabilization from bonding to the substrate). The difference
between these structures is that monomers and meta dimers
result in an uneven hydrogenation of the two graphene sub-
lattices, whereas they are evenly hydrogenated for ortho and
para dimers. On freestanding graphene it has previously been
shown**-37 that the formation of monomers and meta dimers
yields unpaired electrons, which lead to a ferromagnetic
ground state. For monomers and meta dimers on Pt-adsorbed
graphene a spin polarized calculation does not reveal any
unpaired electrons. We attribute this to the charge transfer
from the substrate. This is in good agreement with a recent
investigation on the effect of charge doping on the monomer on
freestanding graphene,® where similar stabilization energies
and a decreasing energy splitting between the spin-up and
spin-down states in the electronic density of states was found.
On Ni, the binding energies of the ortho and para dimers are
dominated by covalent bonding to the substrate, as evidenced
by the ~0.5 eV/H atom stronger bonding.

The hollow monomer and meta dimer can be considered
small graphane-like clusters, where every other C atom binds
to a H atom above and every other to a metal atom below.
Such graphane-like clusters were proposed in recent studies of
H adsorption on graphene on Ir, Pt, and Ni.**-** We pursue this
trend and investigate larger graphane-like clusters on Ni and
Pt and the infinite graphane-like structure on Ni and compare
to a finite-size graphane-like cluster on freestanding graphene
and graphane. The size of graphane-like clusters is limited on
Pt due to the lattice mismatch, as indicated with the dotted
circle in Fig. 1(c).

The structures and binding energies of the investigated
larger graphane-like clusters are shown in Fig. 6. For large
(Pt) or infinite (Ni) clusters the binding energies are similar,
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FIG. 6. (Color online) Structures of larger graphane-like H
clusters on graphene on Ni and Pt and on freestanding graphene
at various coverages. On freestanding graphene H atoms attached
from below (above) are shown in yellow (red). Binding energies per
H atom are given in eV using M06-L and PBE (in parentheses).

around 1.9 eV. On freestanding graphene both the finite
graphane-like cluster and graphane have considerably higher
binding energies. Thus, it is more favorable for the H atoms to
adsorb in a structure with H atoms bonding from both sides of
the graphene sheet instead of bonding to the metal substrate
on one side and to H from the other.

Fig. 7(a) summarizes the evolution in H binding energies
as a function of coverage for the graphane-like clusters. On
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FIG. 7. (Color online) (a) Binding energies per H atom as a
function of coverage for graphane-like H clusters (connected dots)
and ortho dimers (stars) on graphene adsorbed on Ni (left) and on Pt
(right). The two series shown are calculated with M06-L (black line)
and PBE (dashed gray line). Side views of graphane-like H clusters
on (b) Ni and on (c) Pt calculated with M06-L (color) and PBE (gray
scale).
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Ni, the binding energies are almost constant with the cluster
size since graphane-like clusters can be formed already at the
lowest coverage. On Pt, H monomers and dimers are not very
stable. Rather, the H binding energy increases with cluster size,
rendering even ortho and para dimers on Pt much less stable
than, e.g., 12 H graphane-like clusters. Thus, these dimers are
expected to form only at low coverages or on the region of the
Pt-graphene unit cell where all C atoms are found on hollow
sites [lower left corner of unit cell in Fig. 1(c)]. We propose that
the close proximity of graphene to Ni helps stabilize small H
clusters since metal-C bonds can form easily, while the larger
graphene-metal separation on Pt introduces a deformation cost
which is best overcome by large H clusters. Evidence for this
is given in Figs. 7(b) and 7(c) (top structures), where side
views of the investigated graphane-like clusters are shown.
The deformations are small over Ni [Fig. 7(b)] but more sizable
over Pt [Fig. 7(c)].

To investigate the importance of dispersive interactions, we
repeated some of the H cluster calculations using the PBE
functional,*® which fails to describe dispersive interactions
and yields a repulsive graphene-metal interaction (see Fig. 2).
The resulting larger graphene-metal separation in PBE, which
is apparent in Figs. 7(b) and 7(c) (bottom structures), acts as
a hindrance to the formation of C-Ni or C-Pt bonds, whereby
H monomers and dimers become less stable. The effect is so
pronounced that with PBE, the H binding energies reverse
their trend for Ni to increase with cluster size, as marked with
gray symbols and dashed lines in Fig. 7(a). On Pt the differ-
ences are only significant at low coverages. Using M06-L,
two H atoms are needed in the cluster to achieve a back
bonding to the substrate, whereas with PBE three H atoms are
needed.

IV. CONCLUSIONS

In conclusion we have shown that the M06-L functional
provides an accurate description of the graphene-metal in-
teraction, yet at a moderate computational cost. Our results
are in good agreement with available experimental data
and with results obtained from the much more computa-
tionally costly RPA functional. We studied H adsorption
on graphene on a strongly (Ni) and a weakly (Pt) inter-
acting substrate. On Ni, the binding energies are almost
constant with the cluster size, whereas on Pt the binding
energies increase with the cluster size. Large graphane-
like clusters have similar binding energies on both sub-
strates. Comparing results obtained with the MO06-L and
PBE functionals shows the importance of using a functional
that provides an accurate description of the graphene-metal
interaction. The error made using PBE instead of M06-L is
largest at low H coverages and for the strongly interacting
substrate (Ni).
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