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Abstract

Bilayer graphene (BLG) has been shown to have advantageous electronic and physi-
cal properties relative to single-layer graphene (SLG) and is a model system for probing
the tribology of graphene-based lubricants. However, few studies have investigated how
metal substrates affect interlayer interactions, as quantified by the exfoliation energy
and the sliding barrier of the upper graphene layer. In this work, we present a study
of adsorbed BLG on several transition-metal surfaces using density-functional theory
(DFT) incorporating the exchange-hole dipole moment (XDM) dispersion model. Our
results show that physisorption of BLG on a surface does not significantly perturb
the interlayer interactions, exfoliation, or sliding. Conversely, chemisorption of BLG
increases the exfoliation energy and decreases the sliding barriers due to stronger dis-
persion contributions from the metal substrate. Changes in translational and rotational
orientations massively impact the sliding friction for Ni-group metals that can facilitate

both chemisorption and physisorption.

*To whom correspondence should be addressed



1 Introduction

Due to its unique two-dimensional electronic structure, graphene has attracted a great deal
of recent attention for its wide range of of potential device applications. A common route
to graphene synthesis involves chemical vapor deposition on metal substrates, which can
result in formation of adsorbed single-layer graphene (SLG) or bilayer graphene (BLG).!®
Few-layer graphene is an excellent friction modifier for metal contacts as its properties lead
to a high lubricity, reducing the sliding barrier relative to that of the unadorned bimetallic
interface.”

The interaction of graphene with metal surfaces varies with substrate type and lattice
commensurability. 2! Graphene can either physisorb, bound by weak dispersion interac-

HA13 or chemisorb, bound by a combination of electrostatic and dispersion interac-

tions,
tions. 15 Physisorption is characterized by SLG-metal interlayer distances of >3A and
effectively zero charge transfer, as occurs for Al and the Cu-group metals.'® Alternatively,
graphene can either physisorb on chemisorb on Ni-group metals, depending on the rotational
orientation. Chemisorption is characterized by interlayer distances of < 2.5A and significant
charge transfer. ¢

Tribologists have studied substrate effects on bilayer sliding,!” 2?3 demonstrating that the
energy barriers are dependent on the number of graphene layers and on the strength of
their surface adhesion. In general, the friction tends to decrease with increasing numbers of

22,23

layers, as this increases the smoothness of the graphene. Similarly, strong interactions

with the substrate result in smoother graphene layers and decrease the sliding barrier, while
weak interactions lead to increased roughness or corrugation and cause greater friction. 2022
However, relatively little is known regarding how an underlying metal substrate can affect
the adsorption and frictional properties of the upper graphene layer in adsorbed BL.G beyond
such changes in roughness.

Investigations of friction on highly-planar graphene surfaces can be conducted using a

quartz crystal microbalance (QCM), rather than by atomic force microscopy (AFM) where



the tip causes graphene wrinkling. QCM studies have examined adsorption and friction
of noble-gas atoms on graphene/Ni(111) surfaces?! and found the effect of the underlying
substrate to be negligible.?® However, this is at odds with combined DFT and Raman-
spectroscopy results that a hexagonal boron nitride substrate strengthens the adsorption of
molecular bromine on graphene.?% Additionally, a further QCM study found a significantly
greater interaction strength between gold nanocrystals a graphite substrate compared to
SLG graphene. 7

Several previous computational studies investigated BLG adsorbed on various metal sur-
faces, but either concentrated on carbon-metal distances and energies rather than interac-

28,29 or used the local density approximation,3® which lacks

tions between the graphene layers,
a treatment of dispersion interactions needed to describe these systems. A study of BLG
adsorbed on the Cu and Ni (111) surfaces using PBE functional®' and the D2 dispersion
correction®? found that the interlayer interaction is significantly stronger on Ni, relative to
freestanding BLG.?? Another PBE-D2 study found that a Ni(111) substrate both increases
interlayer adhesion and decreases the lateral sliding force for trilayer graphene.”

Use of a density-dependent dispersion correction has been shown to yield far more accu-
rate graphene-metal distances and energetics'%3* than the empirical dispersion corrections
used in previous BLG studies. ™ The exchange-hole dipole moment (XDM) model, 356 is
a non-empirical dispersion correction that uses the electron density to generate Cg (and

higher-order) dispersion coefficients. These dispersion coefficients are used to evaluate the

dispersion energy between all pairs of atoms, 7 and j:

1 Chijfn(Rij)

Expm = 5 Z Z — pn (1)
n==6,8,10 i#£j Y

where R;; is the interatomic distance and f,, is a damping function that attenuates the

dispersion correction at short range. Each pairwise-atomic dispersion coefficient, C,, ;;, is

determined from integrals involving the exchange-hole multipole moments for the interacting



atoms, as well as the atom-in-molecule polarizabilities. The XDM dispersion energy is added

to the base DF'T energy as a post-SCF correction:

E = Eyase + Expur- (2)

The non-empirical and environment-dependent nature of the dispersion coefficients allows
XDM to model dispersion interactions accurately for diverse systems ranging from molecular
dimers to supra-molecular systems to organic crystals.?® Most relevant to this paper, XDM
has been shown to accurately model physisorption of molecules®” and of SLG1%3* on metal
surfaces.

This article is the first to systematically consider substrate effects on bilayer graphene
for the late transition metals with state-of-the-art dispersion-corrected DFT methods. It
represents the third part of an investigative series on graphene-metal interactions using DF'T

paired with the XDM dispersion correction. 1634

In this work, we investigate if and how metal
substrates affect BLG interfacial distances and interaction energies, as well as energy barriers
for interlayer sliding. In the first section, we compare properties of BLG with graphite as
a reference to gauge how the graphite substrate affects BLG energies and distances. In the
remainder of the article, we consider BLG adsorbed on the (111) surface for seven metals
in two rotational orientations. The second section assesses how the metal substrates affect
exfoliation energies for the upper graphene layer, while the third section investigates how the
substrates affect the energy barriers for interlayer sliding of the adsorbed BLG. Our results
show that the substrate does significantly affect the energetics and interlayer distances of

BLG for cases where the lower graphene layer is chemisorbed on the metal due to stronger

dispersion attraction between the substrate surface and the upper graphene layer.



2 Computational Methods

As in our previous publications on graphene-metal interactions,®3* all DFT calculations
were carried out using periodic boundary conditions with the projector augmented wave
(PAW) formalism>® as implemented in Quantum ESPRESSO.3° The B86bPBE’ exchange-
correlation functional was used as it provides the best accuracy when paired with the XDM
dispersion model. %42 An 8 x 8 x 1 I'-centered k-point grid was used, with a plane-wave
cutoff of 60 Ry and a density expansion cutoff of 800 Ry. Cold smearing*® was employed
with a smearing parameter of 0.01 Ry.

The metal substrates considered here are the same as in our previous paper:'® aluminum,
copper, silver, gold, nickel, palladium, and platinum. Calculations for the Ni-group metals
used an initial spin-polarization. All metals have a face-centered cubic (fcc) crystal structure
and we consider only the (111) surface. The 0° and 30° rotational orientations, or Moiré
patterns are considered for all cases except for Cu and Ni, where only the 0° orientation is
considered due to the excessive compression of the adsorbed graphene that would occur in
the 30° orientation.'® The (1 x 1) surface unit cell is used for the 0° orientation, where the
lattice vector of graphene and the metal are aligned, and the (\/§ X \/§) unit cell is used
for the 30° orientation, where the graphene surface vector is rotated about the metal lattice
vector by this angle. Adsorption of graphene in the 30° orientation is more stable for Al,
Ag, Au, Pd, and Pt due to better lattice commensurability. However, this orientation does
not allow for chemisorption, which occurs in the 0° case for Pd and Pt.'% While many other
Moiré patterns are possible experimentally, they would require much larger units cells in the
DFT modeling and hence are not considered.

For the (1 x 1) cell, six unique translational orientations of SLG graphene layer, with
respect to the metal, are possible.'® In this work, only the minimum-energy of these ori-
entations are considered and were used to define the configuration of the lower graphene
layer in contact with the surface. These are top-hcp for Al; top-fcc for Ni, Cu, Ag, and Au;

and bridge-top for Pd and Pt.'® For nickel, we consider the chemisorption minimum favored



after inclusion of thermal-expansion effects.3* Additionally, we also studied the chemisorbed
top-fce orientations of graphene for Pd and Pt in the (1 x 1) cell for consistency with the
other metals and because graphene has been seen to have a combination of the bridge-top
and top-fcc orientations experimentally.**#7 Finally, calculations were also performed for
freestanding BLG and for BLG adsorbed on a graphite surface.

Each surface is modeled as a slab containing six layers of metal atoms, or six layers of
carbon atoms for the graphite substrate. A sufficiently large vacuum region was inserted
between the slabs to separate the periodic images, yielding unit-cells 70 Bohr in length.
BLG is adsorbed on the surface, with the lower layer in the orientations described above.
The carbon-metal distances for this layer were set to the optimum values from our previous
paper'® and were held fixed in all subsequent calculations to simplify computation of the ex-
foliation and sliding potential-energy surfaces (PES). For each combined BLG-metal system,
the (z,y)-unit-cell dimensions, which control the surface lattice constants, were systemati-
cally varied in 0.01 A increments and the minimum-energy geometry obtained from quadratic
interpolation. These optimum values of the lattice constants are given in Table 1 and were
also held fixed in all subsequent PES calculations. Alternatively, instead of optimizing the
lattice constant for the combined BLG-metal system, PES were also generated using sub-
strate lattice constants fixed to the experimental values (see Table 1 in Ref. 16); the results
are effectively identical and are presented for comparison in the Supporting Information.

Table 1 shows a comparison of the optimum lattice constants for the combined BLG-
metal system with those of freestanding BLG, which demonstrates the magnitude of the
lattice strain. The strain energies resulting from this lattice distortion for a single graphene

layer, also reported in Table 1, are

Estrain = ESLG(asurf> - ESLG; (3>

where the latter value corresponds to the minimum energy for SLG. The values of the strain



Table 1: Comparison of calculated surface lattice constants (agy,s in A) for BLG adsorbed on
the (111) surface of selected metals for the (1 x 1) and (v/3 x /3) unit cells. Also shown are
the differences in lattice constant, relative to graphite (Adagyf in A), and the strain energies

resulting from the changes in lattice constant for a single-layer graphene (Fgain in kJ/mol
per C).

Metal (1x1) (V3% V3)
Qsurf Aasurf Estrain Qsurf ACLsurf Estrain
Al 2.66 0.19 33.9 495 0.00 0.1
Cu 2,51 0.04 1.8 — — —
Ag 276 0.29 68.0 4.98 0.03 1.2
Au 2.80 0.33 88.0 5.02 0.07 2.2
Ni 2.47  0.00 0.1 — — —
2,71 0.24* 477

Pd Do oo acg 488 007 07
2.75¢  0.28%  64.1

Pt S gom oy 90 005 05

SLG 247 1.95

The lower graphene layer is: “chemisorbed, bridge-top; *chemisorbed, top-fcc.

energy are quite high for Al, Ag, Au, Pd, and Pt in the (1x1) cell (or 0° Moiré pattern), where
there is a large lattice mismatch. However, these aligned orientations are still considered as
they facilitate graphene chemisorption'® and are seen experimentally for Au, Pd, and Pt,
where the graphene distorts over large length scales to reduce the lattice strain. 34753
Potential energy curves for adsorption/exfoliation of the upper graphene layer were com-
puted to assess the strength of the BLG interlayer interaction for all substrates. The exfo-
liation PES were generated by translating the upper graphene layer in the z-direction, with
respect to the surface, while fixing all other geometric parameters. The adsorption energy of
the upper graphene layer is defined relative to the infinitely-separated, strained components,
as in our previous paper. ' Potential energy surfaces for interlayer sliding of BLG were also
computed for all substrates and orientations. Starting from the minimum-energy structures,
the top graphene layer was translated diagonally across the unit cell to generate the PES.
This allows for the entire sliding PES to be sampled while minimizing the number of cal-

culations by exploiting graphene’s symmetry. For each point, the z-position of the upper



graphene layer was varied in 0.05 A increments and the minimum-energy PES obtained from
quadratic interpolation. Because we are interested in the relative energies along the sliding

PES, we define the energies with respect to the most stable geometry for each substrate.

3 Results and Discussion

3.1 Comparison of Bilayer Graphene versus Graphite

We begin by considering the differences between BLG and graphite as a reference to under-
stand basic substrate effects. Figure 1(a) shows a comparison of the potential energy surfaces
for exfoliation of the upper graphene layer in BLG and in graphite, while Figure 1(b) shows
a decomposition of these PES into base-functional and dispersion contributions. The base-
functional contribution is entirely repulsive along the PES, as expected from analogy to the
benzene dimer.?* The base-functional contribution can be thought of as describing the Pauli
repulsion between the graphene sheets and is off-set by dispersion to give binding in the over-
all PES. From Figure 1(a), the magnitude of the exfoliation energy for BLG is 0.5 kJ/mol C
less than for the graphite slab, demonstrating that the graphite support causes stronger inter-
layer binding. Figure 1(b) reveals that the increased binding is due to additional dispersion
interactions with the underlying substrate in the graphite case. This is in agreement with
a combined QCM and molecular-dynamics study that found that a reduced Lennard-Jones
interaction strength was needed to reproduce experimental results for a graphene substrate,
relative to graphite.?” The stronger binding also affects the equilibrium interlayer distance;
the distance between the top two layers of the graphite slab is 3.37 A, intermediate between
the values of 3.39 A in BLG and 3.35 A in bulk graphite.

Figure 1(c) shows a comparison of the potential energy surfaces for sliding of the upper
graphene layer in BLG and on the graphite surface. Both of the PES show two minima, which
are equivalent for BLG and nearly degenerate for graphite. The global minimum-energy

configuration, shown in Figure 2(a), corresponds to the zero of energy for the interlayer-



Figure 1: Comparison of the potential energy surfaces for (a) exfoliation and (c) sliding
of the upper graphene layer in BLG and on a graphite surface. In (b) and (d), the PES
are decomposed in to the XDM-dispersion (solid lines) and base-functional (dashed lines)

contributions.
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sliding PES. For graphite, this is the “ABA” Bernal stacking seen experimentally.®%5¢ The

local minimum corresponds to “ABC” stacking, shown in Figure 2(b), and occurs one third

of the way along the fractional sliding coordinate. ABC stacking is marginally higher in

energy than ABA stacking due to slightly weaker dispersion stabilization. The maximum-

energy point on the sliding PES occurs two thirds of the way along the fractional sliding

coordinate. As shown in Figure 2(c), this transition state has “AA” stacking, where the top

two graphene layers are exactly aligned.

The sliding PES are decomposed into base-functional and dispersion contributions in

Figure 1(d). Note that this plot shows the various energy terms at the BS6bPBE-XDM op-

timized geometries and will not match the sliding potential for an uncorrected generalized-



Figure 2: Geometries of three extrema on the sliding PES for graphite. The top two graphene
layers are shown in the “tube” representation; black is the upper layer and grey the lower
layer. The underlying substrate is represented by the “ball” motif. The green atoms consti-
tute the third carbon layer, or the top of the graphite substrate. The purple atoms are the
fourth carbon layer, or the second layer of the graphite substrate.

(a) global minimum (b) local minimum (¢) maximum

gradient functional in the absence of a dispersion correction. The figure reveals that the
sliding barrier is primarily controlled by the XDM dispersion contribution. The AA orien-
tation, where the carbon atoms in the two graphene sheets lie directly above each other (as
in Figure 2(c)), gives rise to less dispersion attraction than when they are staggered, as in
the AB orientations shown in Figure 2(a,b). The dispersion-only barrier is even somewhat
higher than the overall barrier because the base functional contribution favors the stacked
AA orientation. To understand the reason for this behavior, recall from Figure 1(b) that the
base-functional contribution to the adsorption energy is purely repulsive at all points along
the PES, while the dispersion contribution is purely attractive. At the local minima (AB
orientations) on the sliding PES, there is greater dispersion binding, leading to a shorter
interlayer distance (3.37A for graphite and 3.38A for BLG), and this is offset by greater
repulsion from the base functional. Conversely, at the maximum (AA orientation), there is
less dispersion binding, leading to a longer interlayer distance (3.57A for graphite and 3.58A
for BLG), so this results in less repulsion from the base functional.

From Figure 1(c,d), the graphite substrate does not significantly affect the sliding PES.
The upper graphene layer is far enough from the substrate that the additional dispersion
attraction from interaction with the support is largely invariant with respect to its transla-

tion. This result is expected since it is well established that graphene rippling, and not other

10



electronic effects, is the dominant factor that causes the observed reduction in interlayer

friction with increasing numbers of graphene layers.2%:2%23

3.2 Exfoliation

The previous section showed that a graphite base increases the BLG exfoliation energy.
In this section, we investigate the exfoliation energy of the upper graphene layer of BLG
adsorbed on the various metal surfaces. The resulting interlayer distances and exfoliation
energies are reported in Table 2 and the exfoliation PES are illustrated in the first column
of Figure 3. Results for graphite are also included as a reference to gauge how each metal
affects the exfoliation energy. The dispersion energies along the PES for interactions between
the upper graphene layer and the metal are shown in the second column of Figure 3. These
results are expressed relative to analogous energies for graphite, where only the interaction
between the upper layer and the substrate base are included in the dispersion energy. As
such, the curves represent the additional dispersion stabilization gained by replacing the
graphite substrate with a given metal surface.

The results in Table 2 show that the interlayer distances and energies are nearly equivalent
for all metals in the (v/3 x v/3) cell. All BLG distances are within 0.01 A of graphite and
most exfoliation energies are similar to graphite, differing by no more than 0.3 kJ/mol C.
The dispersion contributions from the substrate are also quite similar to graphite, except for
Al, which has the lowest dispersion coefficient of the metals considered here. ¢

The results for physisorbed BLG in the (1 x 1) cell are similar to those for the (v/3 x v/3)
cell; the exfoliation energies and distances, again, vary little from those seen for graphite.
The dispersion contributions follow the same ordering as the Cy dispersion coefficients for
the metals,® namely Al < Cu < Au < Ag. The Cy coefficients increase down the periodic
group, except for gold, where relativistic effects increase the electronegativity and reduce the
dispersion coefficient.?” The slight increases in the surface dispersion contributions relative

to graphite (between 0.2-0.4 kJ/mol per C) are offset by the increased graphene strain in

11



Table 2: Optimum BLG interlayer distances (dprc), distances between the top graphene
layer and the upper layer of the metal surface (dy—top), and graphene adsorption energies
(Eaqs)- Relative values, with respect to results for the graphite surface, are also shown. All
distances are given in A and all energies in kJ /mol C.

dBLG AdBLG dM—top AdM—top Eads Al?ads

Al 1 x 1 top-hep 3.39 0.02  6.87 038 51  -0.2
V3 x V3 3.37 0.00  7.12 063 50  -0.3
Cu 1 x 1 top-fee 3.38 0.0l  6.60 0.11 5.3 0.0
Ag 1 x 1 top-fee 3.39 0.02  6.45 -0.04 54 0.1
V3 x /3 3.37  -0.01  6.68 0.19 5.3 0.0
Au 1 x 1 top-fcc 3.40 0.03 6.62 0.13 54 0.1
V3 x V3 3.38 0.01 6.79 0.30 5.5 0.2
Ni 1 x 1 top-fee 329  -0.08 551 -0.98 6.2 0.9
Pd 1 x 1 bridge-top 3.33  -0.04  5.45 -1.04 5.9 0.6
1 x 1 top-fec 332  -0.05  5.57 -0.92 5.9 0.6
V3 x+/3 3.36  -0.01 6.60 0.11 55 0.2
Pt 1 x 1 bridge-top  3.30  -0.07  5.40 -1.09 6.3 1.0
1 x 1 top-fee 3.30  -0.07  5.70 -0.79 6.0 0.7
V3 x3 336 -0.01  6.80 031 5.4 0.1
BLG 3.39 0.02 — — 48  -05
Graphite 3.37 — 6.49 — 5.3 —

this cell, resulting in negligible overall changes in the exfoliation PES. Thus, our results show
that rotational orientation and lattice commensurability have little affect on BLG exfoliation
energies when the BLG is physisorbed on Cu-group metals.

Graphene chemisorbs on Ni, Pd and Pt in the (1 x 1) cell and, therefore, the graphene-
metal interlayer distances are much shorter for these metals.3* Figure 3 and Table 2 show that
the exfoliation energies are somewhat higher when BLG is adsorbed on these metals, by up to
1 kJ/mol C for Pt when the lower graphene layer is chemisorbed in the bridge-top orientation.
The stronger interlayer interactions also manifest in the BLG interlayer distances, which are
up to 0.08 A shorter than in graphite. The additional binding can be attributed to a higher
dispersion contribution from the substrate, due to the much shorter distances between the
top graphene layer and the surface (0.8—1.1A in Table 2). Thus, dispersion contributions from

the underlying substrate can significantly affect the strength of the interlayer interactions in

12



Figure 3: PES for exfoliation of graphene from a graphene-metal or graphite base (left
column). Also shown are dispersion energies for interaction between the exfoliated graphene
layer and the metal slab, relative to analogous values for graphite (right column).
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computational modeling.

Finally, we compare our results with those of Wang et al.?? obtained using PBE-D2,

31,32
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who reported exfoliation energies of 5.8, 4.8, and 8.2 kJ/mol C for freestanding BLG and
BLG adsorbed on Cu and Ni substrates, respectively. Their result for freestanding BLG is
counter-intuitive as it is not physical to have a weakening of the BLG interlayer interaction
when it is adsorbed on a substrate. In the limit of extremely weak adsorption, the substrate
would have no effect, and the lower bound for the interlayer interaction energy would match
that of freestanding BLG. For stronger adsorption, the substrate will contribute additional
dispersion interactions to the interlayer binding, so the interlayer interaction energy must
increase. To test their prediction, we calculated the exfoliation energy of freestanding BLG
with PBE-D2 and obtained a value of 4.8 kJ/mol C, in agreement with our BS6bPBE-XDM
value in Table 2, as well with the result of Ref. 33 for BLG on Cu. We conjecture that the
reported values in Ref. 33 for freestanding BLG and for BLG adsorbed on the Cu surface
may have been switched accidentally. If this were indeed the case, the PBE-D2 exfoliation
energy for BLG on Cu would be slightly higher than the corresponding XDM result, which is
reasonable given the tendency of the D2 method to overestimate dispersion interactions for
metals.3” For BLG adsorbed on Ni, our calculated interlayer interaction energy is 2 kJ/mol
C lower than that obtained in Ref. 33. This is expected due to the tendency of the empirical
D2 method to overestimate dispersion interactions with Ni due to an overestimated Ni-C Cjy
dispersion coefficient (75.4 a.u. with D232 versus 39.3 a.u. with XDM '), This overestimation
of Cg will cause the “extra” dispersion contribution from the substrate to be overestimated,

explaining the difference between the two sets of results.

3.3 Graphene Sliding

Graphene sliding PES are reported on the left side of Figure 4; the panels on the right show
only the XDM dispersion contribution to the sliding PES. Figure 4(a) shows the PES for
interlayer sliding of BLG adsorbed on metal substrates in the (v/3 x v/3) cell. The computed
sliding barrier is highest for gold, which has the largest lattice mismatch with BLG, as shown
in Table 1.

14



To investigate the effect of lattice mismatch on the sliding barriers, additional calculations
were performed on freestanding BLG with a series of lattice constants spanning the full
range of ag,, s values listed in Table 1. The results are illustrated by a 2D representation
of the sliding PES as a function of the lattice constant in Figure 5(a). The figure shows
that stretching of the graphene lattice constant beyond the equilibrium value of 2.47 A
serves to increase the sliding barrier (from 0.8 kJ/mol C to 1.1 kJ/mol C over the range
considered). Figures 5(b,c) present the decomposition of the 2D PES into base-functional
and dispersion contributions. The dispersion contribution to the barrier is largely constant
and the increase in sliding barrier with lattice constant is shown to originate from changes
in the base-functional repulsion between the layers. Stretching the lattice constant beyond
the BLG equilibrium value decreases base-functional repulsion between the graphene layers
for the minimum-energy AB configuration, but increases base-functional repulsion for the
maximum-energy AA configuration. The net result is a higher sliding barrier due this change
in the base-functional contribution.

As shown in Figure 4(c), the sliding PES for the (1 x 1) cell exhibit a larger spread
between the various metals than for the (\/§ X \/3) cell. This occurs because of the greater
range of lattice constants and increasing strain for BLG on the (1 x 1) surfaces (see Table 1).
Physisorption on the (1 x 1) Ag and Au surfaces causes the greatest lattice mismatch and
hence the highest sliding barriers. Conversely, for Cu in the (1 x 1) cell, there is almost
no lattice mismatch and, consequently, the sliding barrier for BLG on this surface is almost
identical to that for graphite. Al has an intermediate lattice mismatch, but the increase
in barrier from the base functional is offset by a lower dispersion contribution, as shown in
Figure 4(d) and as expected due to the reduced dispersion binding for BLG on Al compared
to the other metals.

The PES shown in Figure 4(e), for cases where BLG is chemisorbed on the metal substrate
in the top-fcc orientation, are significantly different than those discussed above. The global

and local minima, shown in Figure 6(a,b), are no longer nearly degenerate. Rather, the
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Figure 4: PES for sliding of the upper graphene layer over a fixed graphene-metal or graphite
base, along the long diagonal of the unit cell, with the z-position of the translated layer
allowed to relax. The left column shows the total sliding PES and the right column shows
the XDM dispersion contribution only; both are relative to the lowest-energy orientation.
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local minimum, in which the upper graphene layer is translated one third of the way across

the unit cell, is significantly higher in energy. At the local minimum, the carbon atoms of

the upper graphene layer lie directly above the surface metal atoms. This can be contrasted
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Figure 5: 2D PES illustrating the dependence of BLG interlayer sliding on the lattice con-
stant. The total BLG interaction energy (a), as well as the XDM-dispersion (b), and base-
functional (c¢) contributions are shown.
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with the global minimum, where the carbons of the upper layer lie between the surface metal
atoms. The latter arrangement results in more close carbon-metal contacts and consequently
greater dispersion stabilization. However, it is only for the chemisorbed cases where the
upper graphene layer is sufficiently close to the surface (see Table 2) for this difference
to be significant. The destabilization of the local minimum is not seen for the bridge-top
orientations as this breaks the symmetry between the lower graphene layer and the surface.
The global and local minima, shown in Figure 6(d,e), are nearly degenerate. In the first case
the C-C bonds lie above metal atoms of the second surface layer (cyan) resulting in greater
stabilization from dispersion interactions, while in the second case, the C-C bonds lie above
the metal atoms of the third surface row (dark blue).

For the chemisorbed cases (Figure 4(e)) the sliding energy barriers are much lower than
for the physisorbed cases and this arises from the dispersion contribution (Figure 4(f)).
The additional dispersion from the substrate causes a reduction in the graphene interlayer
distance, by 0.08 A or less at the minimum-energy configuration. At the maximum-energy
configuration, the contraction in the interlayer distance is as much as 0.18 A. This reduction
in the interlayer distance serves to preferentially increase the dispersion attraction between
the two graphene layers at the maximum-energy configuration, lowering the barrier. The
finding that chemisorption of BLG on a metal surface simultaneously increases the interlayer

adhesion and decreases the sliding friction is a generalization of the previous PBE-D2 results

for Ni(111) in Ref. 7.
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Figure 6: Geometries of the extrema on the sliding PES for BLG adsorbed on Cu in the
top-fce orientation (top row) or Pt in the bridge-top orientation (bottom row). The top two
graphene layers are shown in the “tube” representation; black is the upper layer and grey
the lower layer. The underlying substrate is represented by the “ball” motif.

.3 5

a) top-fce, global minimum b) top-fcc, minimum ¢) top-fce, maximum
d) bridge-top, global minimum (e) bridge-top, local minimum f) bridge-top, maximum

The sliding barriers for chemisorbed BLG are also particularly sensitive to the transla-
tional orientation of the lower graphene layer with respect to the surface. Relative to the
top-fce orientation discussed above, the sliding barriers are further reduced for the bridge-top
orientation, due to more preferable dispersion interactions between the top graphene layer
and the metal surface at the transition state. For the top-fcc orientation, the transition
state has an all-aligned AAA configuration for the BLG and top layer of surface atoms, as in
Figure 4(c). This can be contrasted with the transition state for the bridge-top orientation
in Figure 4(f), in which the carbon atoms lie between the atoms of the top metal layer,
resulting in more favorable dispersion interactions.

The results for the sliding barriers are qualitatively similar to exfoliation energies, in
that physisorption effects are negligible, while chemisorption can significantly perturb the
interlayer interactions. While the substrate contributes additional dispersion interactions not

present in free BLG, the added dispersion is relatively constant with respect to translation for
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physisorbed BLG and thus will have little effect on the sliding barrier. The variations between
substrates are instead due to changes in the surface lattice constant, which stretches the BLG
and consequently affects the base functional repulsion between the layers. However, this is an
artifact of the highly-strained unit cells employed in the calculations (to ensure commensurate
lattice constants) and will be mediated in real systems by the adoption of different rotational
orientations by the graphene to minimize lattice strain. Thus, sliding of physisorbed BLG
is effectively independent of the choice of substrate. However, for chemisorbed BLG, the
effect of the substrate is much more significant and can lower the dispersion contribution to
the barrier by as much as 40%. Moreover, the translational orientations of the chemisorbed

BLG strongly affect the frictional behavior.

4 Summary

This paper investigated the effects of substrates on BLG interlayer interactions, as quantified
by exfoliation energies and sliding-energy barriers. The substrates studied were face-centered
cubic metal (111) surfaces of Al, Cu, Ag, Au, Ni, Pd, and Pt; a graphite substrate and
freestanding BLG were also considered as reference systems for comparison. Potential-energy
surfaces for exfoliation and translation of the top graphene layer were calculated using the
B86bPBE exchange-correlation functional and the exchange-hole dipole moment (XDM)
dispersion correction.

In the first section, we showed how the exfoliation energies and sliding barriers differ
between graphite and BLG. The addition of a graphite support increases the exfoliation
energy by 0.5 kJ/mol C, due to the added dispersion interactions between the top graphene
layer and the substrate. However, the sliding PES for the two systems are almost equivalent,
as this additional dispersion is effectively constant with respect to translation of the upper
graphene layer.

Physisorption of BLG on metal substrates results in similar exfoliation energies and
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sliding barriers to graphite. The BLG sliding barriers are sensitive to the surface lattice
constant, with greater lattice strain resulting in higher friction. However, this is an artifact of
enforcing commensurate lattices in our calculations, resulting in highly strained graphene in
some cases. In practice, the graphene can adopt differing rotational orientations to minimise
lattice strain.

Chemisorption of BLG occurs for differing rotational orientations on Ni-group metals
and results in shorter interlayer distances and increased dispersion attraction between the
top graphene layer and the metal surface. The closer proximity to the substrate increases
the BLG exfoliation energy by ~ 20% relative to graphite. Dispersion attraction to the
substrate preferentially stabilizes the maximum-energy “AA” stacked orientation of BLG,
reducing sliding barriers by up to ~ 30%. Additionally, when BLG is chemisorbed on a metal
substrate, changes in the translational orientations of the BLG with respect to the surface
can alter the sliding barriers by as much as ~ 50%. These results demonstrate the need

to explicitly include dispersion contributions from the substrate in computational studies of

chemisorbed BLG.
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