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Abstract

Graphene is a promising material for a number of technological applications due to its unique

electronic properties. It can be mass produced by depositing carbon atoms on metal scaffolds,

such as nickel. This work presents a detailed study of graphene adsorption on the nickel (111)

surface using the exchange-hole dipole moment (XDM) dispersion correction. XDM is shown to

accurately model graphene-nickel interactions, providing adsorption energies in excellent agree-

ment with available experimental data and with RPA calculations. All six graphene-nickel ori-

entations studied present a physisorption energy minimum, but only three exhibit chemisorption.

The physisorption and chemisorption minima are close in energy, and are separated by a barrier of

∼ 1 kJ/mol per carbon. The relative strength of the chemisorption and physisorption interactions is

found to depend heavily on the nickel lattice constant. Thermal expansion stabilizes chemisorption

relative to physisorption. The pairwise dispersion coefficients depend strongly on the graphene-

nickel distance, and their variation is determined by the exchange-hole dipole moments. If this

dependence of the dispersion coefficients with the environment is properly captured, a pairwise

dispersion correction (like XDM) is suitable to model surface adsorption.

1. Introduction

Graphene and its potential applications have received much attention over the past decade. In-

terest in this material grew as a result of the seminal investigation by Novoselov et al., in which

∗Corresponding author, E-mail: erin.johnson@dal.ca (Erin R. Johnson)

Preprint submitted to Elsevier February 16, 2017



the authors presented an experimental procedure, the “scotch-tape” method, to isolate high-quality

stable graphene layers from graphite[1]. In the past few years, numerous papers have detailed

graphene’s unique electronic structure and properties[1–14]. Though the scotch-tape method is

well suited to creating laboratory samples of graphene, the process is not applicable in the in-

dustrial scale. A promising scalable method for commercial graphene manufacturing involves

depositing carbon atoms on metallic scaffolds,[15–18] via processes such as chemical vapor de-

position (CVD).

In the CVD method, small molecules, such as methane and ethanol, are vaporized at high

temperature (∼ 1000 K). The resulting carbon soot is deposited on a metal surface, producing a

single monolayer of adsorbed graphene. Once the monolayer is synthesized, a polymer resin is

applied to the graphene surface and the metal is typically removed with an acid bath. The graphene

layer can then be transferred to the desired substrate and the polymer resin dissolved.[16, 19–21]

Nickel is an excellent substrate for graphene synthesis because it is both inexpensive and its (111)

surface has cell dimensions commensurate with graphene.[22–26] It has been shown that multi-

layer graphene can be manufactured similarly, although the exact mechanism as to how multi-

layers form is still under debate[6, 14, 16, 20].

Multiple studies of the graphene-nickel system using density-functional theory (DFT) have

been published[26–33]. These articles show that the generalized gradient approximation (GGA)

functionals alone grossly fail to predict experimental adsorption energies and geometries of the

graphene-nickel system because GGAs do not adequately describe London dispersion interactions.

Even when dispersion interactions are taken into account (e.g. by using one of the multiple avail-

able dispersion corrections[34–39]), reproducing the experimental graphene-nickel adsorption en-

ergies and interlayer distances is a challenge[27–30]. The difficulties arise from the competing

factors that determine the nature of the metal-graphene interaction in this system. Experimentally,

graphene is known to chemisorb on the nickel (111) surface[22, 40]; its adsorption energy and

distance depend critically on a fine balance between Pauli repulsion, dispersion, and the strength

of the incipient chemical bond between graphene and the metal surface[41].

The random-phase approximation (RPA) method[26, 42] is a significant improvement over

both the local density approximation (LDA) and GGA functionals regarding the calculation of
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intermolecular interactions. Unlike dispersion-corrected GGAs, RPA incorporates dispersion in-

teractions in a non-empirical seamless fashion, albeit at a much higher computational cost. Mit-

tendorfer et al.[26] and Olsen et al.[42] used RPA calculations to show that graphene not only

chemisorbs on nickel, but also physisorbs at larger interlayer distances, giving the adsorption

potential energy surface (PES) a characteristic double-minimum profile, with the chemisorption

and physisorption minima being very close in energy. Since RPA is too expensive for large sur-

face models, GGA-based functionals have been proposed in the past that include dispersion ei-

ther via an explicit non-local correlation contribution[43–45] or by adding a dispersion energy

correction[37–39, 46–49]. Janthon et al.[27] recently examined the ability of several of these

density functionals to predict the graphene-nickel adsorption energy. Good adsorption energies

and interlayer distances were obtained with optB86b-vdW[44, 50] and DFT-D[48]. The latter is

somewhat surprising given that both vdw-TS and DFT-D overestimate the strength of molecular

physisorption on noble metal surfaces.[51–53] More recent developments of the same functionals

(DFT-D3 and MBD) offer better performance[54].

In this paper, we investigate the adsorption of graphene on nickel (111) using GGA functionals

combined with the exchange-hole dipole moment (XDM) dispersion correction[39, 46, 55–57].

XDM has been previously shown to accurately model a wide variety of systems where dispersion

interactions play an important role: small noble gas clusters[58, 59], molecular dimers[60–62],

supramolecular systems[63], and molecular crystal absolute[64] and relative lattice energies[65,

66]. More relevant to this paper, we have demonstrated previously that XDM successfully predicts

physisorption of molecules to surfaces[67, 68]. An important point to note in these studies is that

XDM shows good performance in widely different systems without any change to the formalism,

implementation, or damping parameters, hence making it an ideal candidate for studying chemistry

on surfaces and the interaction between inorganic materials and organic molecules.

In the remainder of this paper, we show that XDM describes the graphene-nickel system ac-

curately. Our results reproduce reported RPA potential energy surfaces[26, 42] and agree with

available experimental adsorption energies.[69] We also show that the predicted mode of adsorp-

tion (chemisorption or physisorption) is highly sensitive to the nickel lattice constant, and that

accounting for thermal effects favors the chemisorption state. The results are discussed in the
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context of the mechanism of bilayer graphene formation on nickel substrates.

2. Computational Methods

Periodic-boundary DFT calculations were performed using the pseudopotential/plane-wave

approach and the Projector Augmented Wave (PAW) formalism[70]. Calculations were carried out

using the XDM implementation in Quantum ESPRESSO[46, 71] with the B86bPBE functional[72,

73], known to perform well in conjunction with XDM[61, 64]. Calculations using the LDA[74]

and PBE[73] exchange-correlation functionals were also conducted for comparison. An 8 × 8 × 1

Γ-centered k-point grid was used, with a plane-wave cutoff of 60 Ry, a density expansion cutoff of

800 Ry, and cold smearing[75] with a smearing parameter of 0.01 Ry.

The XDM dispersion functional is a correction to the base DFT energy:

E = Ebase + EXDM (1)

EXDM = −
1
2

∑
n=6,8,10

∑
i, j

Cn,i j fn(Ri j)
Rn

i j
(2)

In this equation, i and j run over atoms in the system and Ri j is the interatomic distance. fn is a

damping function that attenuates the dispersion correction at short range, and the Cn,i j are pairwise

dispersion coefficients. Each Cn,i j is approximated non-empirically via second-order perturbation

theory using the multipole moments of the electron plus exchange-hole distribution and atom-in-

molecule polarizabilities for the interacting atoms.[39]

The nickel (111) surface was modeled as an infinite slab consisting of six atomic layers. All

calculations used a (1 × 1) surface unit cell, with a vacuum of 25 Å inserted in the z-direction to

separate each slab from its periodic image. Six orientations of graphene on nickel were considered

for this study (see Figure 1). The adsorption energies were calculated as the difference between the

graphene-nickel system and the energies of the bare surface and isolated graphene sheet, whose

geometries were optimized independently:

Eadsorption = −
(
Eadsorbate − Esurf − Egraph

)
(3)

Throughout the article, adsorption energies are reported per carbon atom.
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(a) bridge-fcc (b) bridge-hcp (c) bridge-top

(d) fcc-hcp (e) top-fcc (f) top-hcp

Figure 1: Six orientations of graphene on nickel. The nickel top layer is shown in light gray, the second layer is

blue, and the third layer from the surface is green. The nomenclature for the different graphene orientations follows

previous works.[24, 32]

Potential energy surfaces (PES) for adsorption were generated by systematically varying the z

distance between graphene and the nickel surface and performing a series of single-point energy

calculations. The experimental lattice constants of graphene and nickel at room temperature are

similar, but not exactly equal, and lattice vibrations cause a small, but not negligible, thermal ex-

pansion. As such, the dependence of the adsorption energy on the bulk lattice constant of the nickel

slab was analysed. Note that this lattice constant defines the length of the two symmetry-equivalent

x, y-axes for the nickel slab, and the nickel-nickel interlayer distances as well. Calculations were

performed with the lattice constant ranging between 2.45 Å and 2.50 Å in 0.01 Å increments.

This range encompasses the minimum-energy interatomic distances in bulk nickel (2.450 Å with

B86bPBE-XDM and 2.451 Å with PBE-XDM) and in graphene (2.462 Å with both function-

als), as well as the minimum-energy lattice constant of a pure nickel (111) surface (2.465 Å with

B86bPBE-XDM and 2.464 Å with PBE-XDM). It also encompasses the experimental interatomic
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distances in graphite (2.46 Å[76]), in bulk nickel (2.49 Å[76]), and in the nickel (111) surface

(2.49 Å[77]). The final PES, minimum-energy structures, and adsorption energies for all orien-

tations were obtained by quadratic interpolation between the results for each discrete value of

the nickel lattice constant. This was done due to the strong dependence of the XDM dispersion

coefficients on both the lattice constant and graphene-nickel separation (see the Supplementary

Material).

Finally, The nature of the graphene-nickel interaction was investigated using Bader’s Quantum

Theory of Atoms in Molecules (QTAIM)[78, 79]. QTAIM atomic charges were calculated using

the Yu-Trinkle algorithm[80] implemented in the CRITIC2 program[81]. The differences between

the QTAIM charges for the isolated nickel and graphene sheet and the adsorbate determines the

degree of charge transfer.

3. Results and Discussion

3.1. Orientation effects on adsorption

The computed B86bPBE-XDM interlayer separations and adsorption energies for all six graphene

orientations are reported in Table 1. Reference distances taken from microscopy experiments[22,

82] are given for comparison. The reference adsorption energy range is reported as in the work of

Janthon et al.[27] and is based on the energies for graphene-nickel adsorption[69] relative to the

interlayer binding in graphite.[83, 84]

Figure 2 presents the calculated PES for adsorption of graphene in all six orientations, which

clearly show the previously reported competing chemisorption and physisorption minima[26, 42].

The PES for all six orientations show a physisorption minimum at interlayer distances between

3.15 Å and 3.35 Å. However, only three of the six orientations exhibit a chemisorption minimum,

consistent with previous DFT studies[24, 25, 32, 33]. The top-fcc orientation is found to be the

most stable, in agreement with experimental observations[22, 33]. Both the chemisorption and

physisorption energies fall well within the experimental range. The predicted interlayer distances

for the chemisorbed geometries are also close to experiment, although slightly longer. The PES

show that the energy barrier between the chemisorption and the physisorption regions is small, in
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Table 1: Calculated B86bPBE-XDM interlayer distances and adsorption energies for all orientations of graphene on

the nickel (111) surface at the minimum-energy nickel lattice constants. For the orientations in which chemisorption

occurs, both the chemisorption (C) and the physisorption (P) values are given. Experimental distances[22, 82] and

adsorption energies [27, 69] are shown for comparison. Distances are in Ångstrom (Å) and energies are in kJ/mol per

carbon.

Orientation Interlayer Adsorption

Distance Energy

bridge-fcc P 3.25 8.00

bridge-hcp P 3.26 7.97

fcc-hcp P 3.34 7.54

bridge-top C 2.14 7.31

P 3.18 8.33

top-fcc C 2.22 7.79

P 3.15 8.50

top-hcp C 2.28 6.48

P 3.17 8.40

Expt. 2.04–2.18 7.20–11.20

agreement with previous RPA results[26, 42], and varies depending on the orientation. Although

physisorption has not been experimentally observed for graphene on the nickel (111) surface, it

has been observed in rotated Moiré patterns[23, 85, 86].

All orientations present essentially the same physisorption energy, which is in line with Olsen

et al.’s RPA results[42]. Analysis of the separate base functional and XDM dispersion contribu-

tions to the adsorption potential energy surfaces (Supplementary Material) shows that the XDM

dispersion energy is effectively independent of the graphene-nickel orientation. Thus, all varia-

tions in the shape of the PES for the various graphene orientations originate at the base functional

level, from differences in both exchange-repulsion and charge-transfer between the surface and

substrate.
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Figure 2: Adsorption energies as a function of interlayer distance for the six graphene-nickel orientations using the

B86bPBE-XDM functional. At a given graphene-nickel distance the minimum-energy lattice constant is used.

The ordering of the adsorption energies for the different orientations can be understood by ex-

amining the interactions between the individual carbon and nickel atoms, as shown in Figure 1. For

the physisorption minima, the bridge-fcc and bridge-hcp orientations show slightly stronger ad-

sorption than fcc-hcp because there is slight, though significant, carbon-nickel overlap. At shorter

interlayer distances, these three orientations (bridge-fcc, bridge-hcp, and fcc-hcp) all show a steep

repulsive wall whereas the other three (top-fcc, top-hcp, and bridge-top) show the formation of

a chemisorption energy minimum. In the chemisorbed orientations, one carbon is either directly

on top of a nickel atom (top-fcc and top-hcp) or two carbons straddle a single nickel (bridge-top),

which is indicative of a weak chemical bond between both layers. The sub-surface nickel atoms

lie directly under the second carbon atom in the top-hcp orientation, which provides less stabi-

lization than if the sub-surface nickel atoms lie below the center of each graphene ring, as in the

top-fcc orientation. The bridge-top orientation has a shorter interlayer separation despite its lower

adsorption energy because the two carbon atoms bridge two nickel atoms, allowing the graphene
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to approach the surface more closely.

The small energy barrier between chemisorption and physisorption minima for the most-stable,

top-fcc orietation suggests that physisorbed states may be accessible through thermal fluctuations[85].

It also may provide insight into graphene bilayer formation mechanisms. A graphene bilayer forms

from the creation of a new graphene layer under an existing nickel-adsorbed graphene layer[18,

25, 85]. The proposed mechanism is based on nickel’s carbon solubility during CVD[18, 25, 85].

Upon cooling, the carbon atoms exit the bulk, but are trapped beneath the existing chemisorbed

graphene monolayer. The carbon atoms must push up the adsorbed graphene to assemble at the

nickel surface and form a second underlying layer of graphene. The presence of a small energy

barrier between the chemisorbed and physisorbed minima means that it would take little energy

to displace an existing graphene monolayer, allowing for the facile accumulation and migration of

carbon on the surface necessary to the formation of the graphene bilayer.

3.2. Comparison of selected desnity functionals

Calculated adsorption energies as a function of interlayer distance for the top-fcc using B86bPBE-

XDM, PBE-XDM, and the LDA are compared with reference RPA values[26, 42] in Figure 3. For

the XDM-corrected functionals, two sets of potential-energy curves are shown, using either the

minimum-energy nickel lattice constant (as in Figure 2) or using the experimental nickel lattice

constant to allow direct comparison with the RPA results.

Figure 3 shows remarkable agreement between the minimum-energy B86bPBE-XDM potential-

energy surface and experiment; the chemisorption energy is in the experimental energy range,

and the distance is only 0.04 Å higher. Additionally, the equilibrium distances and absorp-

tion energies at the experimental nickel lattice constant are in good agreement with the analo-

gous RPA calculations[26, 42]. The B86bPBE-XDM chemisorption and physiorption energies

are within 1 kJ/mol and 0.5 kJ/mol, respectively, from the RPA equivalents. Interlayer distances

are also in excellent agreement with RPA. PBE-XDM provides similar potential energy surfaces

to B86bPBE-XDM, although the PBE-XDM curves are slightly higher in energy and also have

higher energy barriers between the chemisorbed and physisorbed minima.

It has been suggested that accurate modeling of surface adsorption can only be achieved

9



−12

−10

−8

−6

−4

−2

 0

2.0 2.5 3.0 3.5 4.0 4.5

En
er

gy
 (k

J/
m

ol
 p

er
 C

)

Graphene−metal distance (Å)

B86bPBE−XDM (min)
B86bPBE−XDM (exp)

PBE−XDM (min)
PBE−XDM (exp)

LDA
RPA (Mittendorfer et al.)

RPA (Olsen et al.)

Figure 3: Adsorption energies as a function of interlayer distance for the top-fcc orientation using the B86bPBE-XDM

(black), PBE-XDM (red), and LDA (orange) functionals. The RPA results digitized from the work by Mittendorfer

et al.[26] (blue circles) and by Olsen et al.[42] (green squares) are also shown. The experimental distance and

energy ranges are shown as a shaded box[22, 27, 69, 82]. For B86bPBE-XDM and PBE-XDM, two results are

shown: energies using a minimum-energy lattice constant (solid lines) and the experimental bulk nickel lattice constant

(dashed lines).

through use of many-body dispersion corrections and not with “simple pair-wise” methods[87–

90]. A significant advantage of the XDM dispersion model over simple pair-wise methods is that

the dispersion coefficients are sensitive to the chemical environment in a physically-motivated way

and this dependence was key to the high accuracy of the method in studies of molecular physisorp-

tion on noble metal surfaces.[67] In the present study, the surface nickel-carbon C6 dispersion

coefficients were found to exhibit a strong dependence on both the interlayer separation and the

lattice constant (see the Supplementary Material). In particular, these C6’s decrease substantially

as graphene approaches the nickel surface, due to a decrease in the exchange-hole dipole moment

integral caused by compaction of the interface region between the graphene and the nickel surface.

This behaviour is only seen for nickel atoms at or near the surface; beyond the top two layers, there
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is no longer any change in the dispersion coefficients upon graphene adsorption. It is clear from

the good agreement between the B86bPBE-XDM results and both RPA and experimental data that

environmental effects captured by XDM’s use of the self-consitent ground-state electron density

are at least as important as non-pairwise many-body effects when modeling dispersion.

Comparison with literature adsorption energies and interlayer distances for the other orienta-

tions is included in the Supplementary Material. B86bPBE-XDM and PBE-XDM both predict

chemisorption for the bridge-top and top-fcc orientations and physisorption at the fcc-hcp ori-

entation. These are two of the three criteria for by Janthon et al.[27] for accurate modeling of

graphene-nickel interactions. The third criterion proposed by these authors is that graphene-nickel

adsorption energies must be greater than the exfoliation energy of graphite, which is also met by

B86bPBE-XDM (5.27 kJ/mol[46]) and PBE-XDM (4.76 kJ/mol[46]). These values are in good

agreement with RPA’s graphite exfoliation energy (4.63 kJ/mol[26]), as well as the reference ex-

perimental value (5.07 kJ/mol[83]).

Finally, although the LDA predicts a chemisorption energy and interlayer distance in good

agreement with experiment, the chemisorption energy is less than the calculated LDA graphite

exfoliation energy (2.39 kJ/mol[26]), in violation of the last of Janthon’s criteria. Figure 3 shows

that the LDA potential-energy surface is quite different than the DFT-XDM or RPA curves. The

LDA physisorption minimum is very shallow and lies much higher in energy, due to the neglect

of long-range dispersion stabilization. Thus, while the LDA predicts adequate adsorption energies

and interlayer distances for chemisorption, the failure to correctly describe physisorption means

that LDA cannot be recommended for any applications involving surface chemistry.

3.3. Lattice effects on adsorption

Our calculations reveal a strong dependence of the calculated chemisorption and physisorption

energies on the nickel lattice constant. The optimum lattice constant for the graphene monolayer

is predicted to be 2.46 Å with B86bPBE-XDM which is the same as seen in experiment[91].

However, there is notable difference between theory and experiment for the nickel lattice constant.

The energy minimum for the bare nickel surface was found to occur at a lattice constant equal to

2.465 Å for B86bPBE-XDM (as well as PBE-XDM), which is smaller than the experimental value
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of 2.49 Å[77]. This underestimation of the nickel lattice constant is characteristic for relatively

soft materials, and occurs due to neglect of vibrational and other thermal-expansion effects. These

are more significant in nickel than graphene because of the more compressible nature of the nickel

surface.

Figure 4 illustrates how small changes in the lattice constant affect the graphene-nickel poten-

tial energy surface. At the smallest tested lattice parameter, there is no chemisorption and only

a physisorption minimum. Increasing the lattice constant lowers the repulsive shoulder signifi-

cantly and the chemisorption minimum appears. The strongest physisorption occurs for lattice

constants 2.46–2.47 Å which corresponds to the graphene lattice constant. However, the strongest

chemisorption occurs when the lattice constant is equal to 2.48 Å. At this lattice constant, the

C-C bonds are slightly stretched from 1.421 Å to 1.432 Å, but the energy penalty incurred in

this process is offset by the much stronger C-Ni interactions. Thus, the physisorption minimum

is destabilized and the chemisorption minimum stabilized as the lattice-constant approaches the

experimental nickel lattice constant of 2.49 Å[77].

Figure 5 is a two dimensional potential energy surface that shows how the top-fcc adsorp-

tion energy changes as a function of lattice constant and interlayer distance. The chemisorption

minimum begins to stabilize at 2.46 Å and is competitive with the physisorption minimum near

2.47 Å. At 2.48 Å, the physisorption is destabilized and the chemisorption minimum becomes the

more stable region of the potential. Above 2.50 Å, the entire system destabilizes due to the highly

stretched C-C bonds. Generally, the physisorbed configuration is preferred when the lattice con-

stant is closer to the experimental graphene lattice constant and the chemisorption configuration is

preferred as the lattice constant approaches the experimental nickel lattice constant.

The important result coming from Figures 4 and 5 is that, for all lattice surface constants

above a given threshold value (ca. 2.48 Å), the chemisorption minimum is more stable than the

physisorption minimum. The simple but reasonable assumption can be made that the adsorption

free energy is given by Figure 5, after adjusting the geometry for the effects of thermal expansion.

This approximation is equivalent to a combination of a quasi-harmonic approach and a neglect of

the differences in the free-energy contributions as a function of temperature, which we expect to

be smaller than the differences in electronic energies. Under this assumption, our data predicts that
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Figure 4: The B86bPBE-XDM potential energy surface for the top-fcc graphene-nickel orientation for lattice constants

ranging from 2.45 Å to 2.49 Å.

chemisorption is favored compared to physisorption at the experimental geometry, in agreement

with the experimental observations. We therefore expect chemisorption to be somewhat preferred

over physisorption if thermal expansion of the nickel surface were taken into account in our cal-

culations. In addition, we also predict that a decrease in temperature may eventually result in

a physisorbed state, although the zero-point vibrational contribution to thermal expansion may

already send the system over the threshold at 0 K.

3.4. Charge Transfer

Analysis of the charge transfer between nickel and graphene is presented in Table 2. This

table reports the atomic charges for the three chemisorbed geometries at the experimental lattice

constant for nickel (2.49 Å). The charge transfer for all of the physisorbed structures is zero,

and is not shown. The largest charge transfer from nickel to graphene occurs for the bridge-top

orientation since both carbon atoms in the periodic cell bridge the surface nickel atoms equally,
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Figure 5: Two-dimensional B86bPBE-XDM potential energy surface, illustrating the dependence of the adsorption

energy for the top-fcc graphene-nickel orientation on the lattice constant.

leading to the shortest interlayer separation. The top-fcc and top-hcp orientations have similar

interlayer distances, but the top-fcc has a stronger adsorption energy and higher charge transfer.

Table 2 also shows that charge transfer from the graphene to the nickel surface increases as

lattice constant increases for the top-fcc orientation. The charge transfer from nickel to graphene

correlates with the optimum graphene-nickel distance for the chemisorption minimum of the PES

shown in Figure 1. Experimentally, it has been confirmed that graphene carbon-carbon bonds

expand upon chemisorption, distorting the structure such that the graphene lattice constant be-

comes commensurate with that of nickel[22, 25, 77]. Spectroscopic measurements have shown

that graphene’s band structure is strongly perturbed upon adsorption[91–93]. Taken together with

our results, this provides evidence that charge transfer is related to the stabilizion of the deformed

graphene layer[25].
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Table 2: Charge of the two unique carbon atoms in the (1× 1) cell and the surface nickel atom obtained from QTAIM

analysis of the B86bPBE electron densities. Results are shown for the three chemisorbed orientations at a lattice

constant of 2.49 Å and for the top-fcc orientation with lattice constants ranging from 2.46 to 2.49 Å. In all cases

except bridge-top, Ctop represents the carbon directly above a nickel atom.

Ni Ctop Cother

bridge-top 0.084 -0.049 -0.050

top-fcc 0.082 -0.069 -0.028

top-hcp 0.080 -0.069 -0.027

2.46 0.077 -0.067 -0.028

2.47 0.079 -0.067 -0.028

2.48 0.080 -0.068 -0.028

2.49 0.082 -0.069 -0.028

4. Summary

This paper presented a detailed density-functional study of graphene adsorption on the nickel

(111) surface. Our results show that both the B86bPBE-XDM and PBE-XDM methods predict

optimum interlayer distances and adsorption energies in excellent agreement with previously re-

ported reference RPA results[26, 42] and available experimental data.[22, 27, 69, 82] Thus, surface

adsorption can be accurately modeled by a pair-wise atomic dispersion correction provided that

the dispersion coefficients have an appropriate dependence on the chemical environment.

Graphene was found to physisorb to the nickel surface in all six graphene orientations consid-

ered (see Figure 1), at a distance between 3.15 and 3.35 Å. The physisorption energies increase

slightly with the number of close carbon-nickel atomic contacts. In this state, there is no signif-

icant chemical bond between graphene and nickel, and the binding is determined by dispersion

plus closed-shell repulsion between both surfaces.

Three of the studied orientations (bridge-top, top-fcc and top-hcp) have chemisorption min-

imum with optimum graphene-metal distances between 2.00 and 2.25 Å. The top-fcc orienta-
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tion was found to be the most stable, in agreement with previous theoretical studies[22, 24, 25,

32, 33, 82]. The potential energy as a function of interlayer distance for these orientations is a

double-minimum curve, with the barrier between the physisorption and chemisorption minima

being less than 1 kJ/mol per carbon. This suggests that physisorbed states may be accessible

through thermal fluctuations[85], and offers insight into the double-layer graphene formation in

CVD experiments[18, 25, 85]. Both the chemisorption and physisorption energies are higher than

the calculated graphite exfoliation energies.

The B86bPBE-XDM chemisorption energies are in the experimental energy range[27, 69] and

they also agree with RPA results[26] to within 1 kJ/mol (chemisorption) and 0.5 kJ/mol (physisorp-

tion) per carbon when the same lattice constant is used. We note, however, that the precision of the

experimental data is 4 kJ/mol, and the two previously reported RPA potential energy surfaces are

somewhat in disagreement with each other (up to about 2 kJ/mol), specifically regarding the pres-

ence of a double minimum in the energy profile. Hence, higher-quality reference data is required

before the accuracy of B86bPBE-XDM can be precisely quantified.

In the chemisorbed state, there is significant charge transfer between graphene and nickel,

which increases with the lattice constant. This is indicative of the formation of a weak chemical

bond and the disruption of the nickel and graphene band structures, as previously observed[41,

91–93]. The differences in the chemisorption behavior between orientations are determined by

whether there is a direct carbon-nickel contact that facilitates the approach between both surfaces.

Therefore, it is the base functional contribution, and not the dispersion correction, that determines

the behavior in the chemisorption distance range, although the dispersion correction is a major

component of the adsorption energy in all orientations.

It was also found that the graphene-nickel adsorption is strongly dependent on the lattice ge-

ometry, which somewhat hinders the comparison to experimental results. At the electronic energy

minimum (lattice constant around 2.46 Å), physisorption is preferred over chemisorption. How-

ever, as the lattice constant increases, chemisorption becomes the preferred state at a surface lattice

constant equal to 2.48 Å. Thermal expansion pushes the lattice constant over this threshold (the

experimental lattice constant is 2.49 Å for the nickel (111) surface), resulting in a stabilization of

the experimentally-observed chemisorption state.
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